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Abstract 

In this thesis, photoconductive terahertz (THz) emitters and detectors suitable for the excitation 

with femtosecond laser pulses centered on 1550 nm are investigated. The motivation for this 

study is the development of cost-efficient, flexible and rapid THz time-domain-spectroscopy 

(TDS) systems for the application in growing fields like non-destructive testing (NDT) and in-

line process monitoring. In order to achieve this goal, the physics of the generation and 

detection of THz radiation in photoconductors is investigated. The combination of experimental 

data with the analytic modeling of the carrier dynamics in THz photoconductors allows for a 

detailed understanding of the interplay between the growth conditions of the photoconductor 

and the properties of the fabricated THz device.  

In this work, three different photoconductive materials were studied as THz emitters and 

detectors. All these photoconductors contain layers of the ternary semiconductor indium 

gallium arsenide (InGaAs). When InGaAs is grown lattice matched to an indium phosphide 

(InP) substrate, the material can be excited by erbium doped femtosecond fiber lasers with a 

central wavelength around 1550 nm. Therefore, InGaAs is a predestinated absorber in 

photoconductive THz emitters and detectors. 

Aside from the common InGaAs layers, the photoconductors investigated in this thesis feature 

essentially different electrical and optical properties. The reason is that theoretical models and 

experimental results obtained within the last two decades revealed different demands on 

photoconductors for THz emitters and detectors. On the detector side, a sub-picosecond electron 

lifetime is required for the detection of broadband THz radiation with high dynamic range. In 

contrast, photoconductive materials for THz emitters require high breakdown fields and carrier 

mobility, whereas the electron lifetime is of minor importance. Therefore, the first part of this 

work is dedicated to the development of InGaAs-based photoconductors for THz emitters and 

receivers. 

Photoconductors with sub-picosecond electron lifetimes were obtained by low-temperature 

growth of InGaAs with molecular beam epitaxy (MBE). At temperatures below 300 °C the 

growth is non-stoichiometric and arsenic antisites are incorporated as point defects into the 

lattice. When these antisites are ionized they serve as fast trapping and recombination centers. 

In this work, it is shown that the concentration of the (ionized) antisites can be controlled by 

the growth temperature, by using an additional p-dopant (beryllium), and by the temperature 

and the duration of a post-growth annealing step. Electron lifetimes as short as 140 fs were 

obtained. The precise adjustment of all these parameters allowed for the design and the 

fabrication of THz receivers with a spectral bandwidth of up to 6 THz and a peak dynamic 

range exceeding 95 dB. 
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For THz emitters, a high mobility, which is generally equivalent to a low defect density, is 

required in order to enable the efficient acceleration of the photoexcited carriers in the electric 

field applied to the emitter. Due to the high density of defects, low-temperature-grown (LTG) 

InGaAs based photoconductors are not the material of choice for THz emitters. Instead, a 

material comprising almost defect free layers of InGaAs surrounded by InAlAs barriers 

containing a high density of deep defects was used. These properties were achieved at growth 

temperatures close to 400 °C in a MBE system. At those temperatures, alloying forms deep 

defects inside the InAlAs layers, whereas InGaAs grows almost defect free. A THz-power of 

up to 112 µW ± 7 µW was measured for emitters fabricated from this photoconductor, which 

is an increase by a factor of 100 compared to emitters made of the LTG material. 

By combining the optimized photoconductive emitters and receivers compact THz-TDS 

systems with up to 6 THz bandwidth and 90 dB peak dynamic range were realized. In addition, 

an all fiber-coupled THz spectrometer with kHz measurement rate as well as a fully fiber-

coupled near-field imaging system with a lateral resolution of 100 µm was demonstrated with 

these optimized photoconductive devices. 

However, a critical disadvantage of individual THz emitter and detector devices appears when 

THz-TDS measurements are performed in reflection geometry. Since many applications in 

NDT and in-line process monitoring allow only one side access to the sample under test, 

reflection measurements are the common use-case of THz-TDS in these fields. In this thesis, a 

fiber-coupled, monolithically integrated THz transceiver was developed, which combines the 

emitter and the receiver on a single photoconductive chip. As the photoconductor, Be-doped 

LTG-InGaAs/InAlAs with 0.5 ps electron lifetime was used in order to enable a broadband 

detection. The optical coupling of the transceiver was realized with the help of a polymer 

waveguide chip. With a bandwidth of 4.5 THz and a peak dynamic range larger than 70 dB this 

THz transceiver showed a significant performance increase compared to previous transceiver 

concepts (2 THz bandwidth and 50 dB peak dynamic range). 

In order to further increase the performance of THz transceivers a novel photoconductor had to 

be developed, which combines the required properties of THz emitters and detectors in the same 

material. For this purpose, iron (Fe) doped InGaAs grown by MBE was investigated. At growth 

temperatures close to 400 °C iron could be incorporated homogenously up to concentrations of 

5 × 1020 cm-3. The resulting material combined sub-picosecond electron lifetime with high 

breakdown fields and high mobility. Applied as a photoconductive emitter, 75 µW ± 5 µW of 

radiated THz power were measured. As a detector, THz pulses with a bandwidth of up to 6 THz 

and a peak dynamic range of 95 dB were obtained. Hence, Fe-doped InGaAs has not only the 

potential to replace the relatively complex state-of-the art photoconductors, it also bears great 

potential for future integrated THz devices.  
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In conclusion, the systematic study of the electrical properties and the carrier dynamics in 

InGaAs-based photoconductive materials led to significant improvements of individual THz 

emitter and detector devices. The detectable bandwidth was increased by 50 % from below 

4 THz to 6 THz and the emitted THz power was enhanced by a factor of 100. Further, the 

knowledge from these studies was exploited for the fabrication of a fiber-coupled, 

monolithically integrated THz transceiver with a 4.5 THz bandwidth and 70 dB peak dynamic 

range. These results are a significant increase in THz performance compared to previous 

transceiver concepts (2 THz bandwidth and 50 dB dynamic range). In order to allow for further 

improvements of THz transceivers and integrated THz devices, Fe-doped InGaAs was 

investigated as a photoconductive emitter and detector. Due to the unique combination of sub-

picosecond electron lifetime, high resistivity (> 2 Ω cm) and high mobility (> 900 cm2V-1s-1) 

Fe-doped InGaAs showed a performance comparable to the optimized THz photoconductors. 

Hence, the results presented in this work pave the way for compact and integrated THz devices 

for applications in industrial environments. 
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Zusammenfassung 

In dieser Dissertation werden photoleitende Halbleiter zur Erzeugung und zur Detektion von 

Terahertz (THz) Strahlung untersucht, die mithilfe von Erbium-dotierten Faserlasern betrieben 

werden können. Das Ziel dieser Untersuchungen ist die Entwicklung von kostengünstigen, 

stabilen und kompakten THz Zeitbereichsspektrometern, die für Anwendungen in der 

zerstörungsfreien Materialprüfung und der industriellen Prozesskontrolle geeignet sind. Dabei 

ist das detaillierte Verständnis der physikalischen Prozesse bei der Erzeugung und Detektion 

von THz Strahlung die Voraussetzung für die gezielte Optimierung des THz Photoleiters. 

Durch ausführliche Messreihen in Verbindung mit analytischen Modellen der 

Ladungsträgerdynamik werden in dieser Arbeit die elektrischen und dynamischen 

Eigenschaften von Photoleitern mit der Leistungscharakteristik der daraus hergestellten THz 

Emitter und Detektoren verknüpft. 

Diese Arbeit analysiert drei unterschiedliche Materialkonzepte für photoleitende THz Emitter 

und Detektoren, wobei alle diese Photoleiter Schichten des ternären Halbleiters 

Indiumgalliumarsenid (InGaAs) enthalten. InGaAs ist der ideale Absorber für 

Femtosekundenpulse mit einer Zentralwellenlänge um 1550 nm, da die Bandlücke dieses 

Materials, bei gitterangepasster Komposition zu InP, mit der Energie der infraroten Laserpulse 

übereinstimmt, die von einem Erbium-dotierten Faserlaser emittiert werden.  

Abgesehen von den InGaAs-Absorberschichten unterscheiden sich die untersuchten 

photoleitenden Materialien signifikant in ihren elektrischen und optischen Eigenschaften. Dies 

ist durch die deutlich unterschiedlichen Anforderungen bedingt, die photoleitende THz Sender 

und Empfänger an ein optimales Halbleitermaterial stellen. Während beim Empfänger eine 

Ladungsträgerlebensdauer unterhalb einer Pikosekunde für die breitbandige Detektion von THz 

Strahlung unbedingt erforderlich ist, benötigen photoleitende Sender vor allem eine hohe 

Ladungsträgermobilität und eine hohe Durchbruchfeldstärke. Die Ladungsträgerlebens-dauer 

muss lediglich klein gegenüber der Pulswiederholrate des Lasers sein. Daher wurde im ersten 

Teil dieser Arbeit zunächst jeweils ein Photoleiterkonzept für die Anwendung als THz-Emitter 

bzw. THz-Detektor untersucht. 

Photoleiter mit einer Ladungsträgerlebensdauer unterhalb von 1 ps wurden mithilfe des 

Niedrigtemperaturwachstums in einer Molekularstrahlepitaxieanlage (MBE) hergestellt. Bei 

Wachstumstemperaturen unterhalb von 300 °C wird zunehmend Überschuss Arsen (As) als 

Substitutionsdefekt in das InGaAs-Kristallgitter eingebaut. Diese As-Punktdefekte bilden 

schnelle Einfang- und Rekombinationszentren, wenn sie durch einen p-Dotierstoff ionisiert 

werden. Die im Rahmen dieser Arbeit durchgeführten Studien konnten zeigen, dass die 

Konzentration der ionisierten As-Substitutionsdefekte durch die Wachstumstemperatur, durch 

die Konzentration des p-Dotierstoffs Beryllium und durch die Temperatur und die Dauer eines 
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an das eigentliche Wachstum angeschlossenen Ausheilschritts gezielt beeinflusst werden kann. 

Elektronenlebensdauern bis hinunter zu 140 fs konnten so erreicht werden. Mithilfe der THz 

Empfänger, die aus dem optimierten Photoleiter hergestellt wurden, konnten Pulse mit einer 

Bandbreite von 6 THz und einem maximalen Dynamikbereich von mehr als 95 dB detektiert 

werden. 

Um eine möglichst effiziente Beschleunigung der Ladungsträger im photoleitenden THz 

Emitter zu erreichen, ist eine hohe Mobilität erforderlich, was im Allgemeinen gleichbedeutend 

mit einer möglichst geringen Defektdichte ist. Das durch das Niedrigtemperaturwachstum 

hergestellte Photoleitermaterial enthält aufgrund der kurzen Ladungsträgerlebensdauer 

allerdings eine hohe Defektdichte, wodurch dieses Material als THz Emitter nicht optimal ist. 

Im Rahmen dieser Arbeit wurde ein photoleitendes Material als THz Emitter erforscht, welches 

aus nahezu defektfreien InGaAs Schichten besteht, die eine hohe Mobilität gewährleisten, und 

von Schichten aus Indiumaluminiumarsenid (InAlAs) umgeben sind, die eine hohe 

Konzentration tiefliegender Störstellen aufweisen. Durch dieses Prinzip sind die THz 

Erzeugung in den InGaAs-Schichten und die Ladungsträgerrekombination in den InAlAs-

Schichten räumlich voneinander getrennt. Die oben beschriebenen Eigenschaften konnten bei 

Wachstumstemperaturen um 400 °C in einer MBE erreicht werden. Durch 

Legierungsentmischung bilden sich in diesem Temperaturbereich tiefe Störstellen im InAlAs, 

während InGaAs nahezu defektfrei wächst. THz-Sender, die aus diesem Photoleiter 

hergestellten wurden, emittieren eine mittlere Leistung von bis zu 112 µW ± 7 µW. Im 

Vergleich zu THz-Emittern, die auf niedrigtemperaturgewachsenen Photoleitern basieren, 

entspricht dies einer Leistungserhöhung um den Faktor 100. 

Durch die Kombination der optimierten THz-Emitter und THz-Detektoren konnte ein 

fasergekoppeltes THz System mit einer Bandbreite von 6 THz und einem Dynamikbereich von 

mehr als 90 dB realisiert werden. Außerdem haben die verbesserten photoleitenden 

Komponenten die Entwicklung von Spektrometern mit Messraten im kHz-Bereich sowie 

fasergekoppelte Nahfeldmesssysteme mit einer lateralen Auflösung von 100 µm ermöglicht. 

Die Verwendung von diskreten und individuell optimierten THz-Sendern und Empfängern 

stellt sich bei Messungen in Reflexionsanordnung als sehr unvorteilhaft heraus, da der 

resultierende THz Strahlengang komplex und verlustbehaftet ist. Viele Anwendungen in 

Bereichen der zerstörungsfreien Materialprüfung erfordern jedoch THz-Reflexionsmessungen, 

da die zu untersuchenden Bauteile lediglich von einer Seite zugänglich sind. Für dieses 

Anwendungsgebiet ist daher ein THz-Messkopf erforderlich, welcher sowohl den Sender als 

auch den Empfänger enthält und orthogonal zur Bauteiloberfläche betrieben werden kann. Im 

Rahmen dieser Arbeit wurde ein solcher THz-Transceiver entwickelt, bei dem Sender und 

Empfänger in einem Abstand von lediglich 45 µm auf demselben photoleitenden Chip 

monolithisch integriert wurden. Der verwendete Photoleiter besteht aus einer Be-dotierten 
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InGaAs/InAlAs Struktur mit einer Ladungsträgerlebensdauer von 0.5 ps, um einen 

breitbandigen THz-Empfänger im Transceiver zu ermöglichen. Die optische Faserkopplung 

wurde mithilfe eines Polymerwellenleiters realisiert. Mit einer Bandbreite von 4.5 THz und 

einem maximalen Dynamikbereich von mehr als 70 dB ist dieser Transceiver eine erhebliche 

Verbesserung bestehender Konzepte, die lediglich eine maximale Bandbreite von 2 THz und 

einen Dynamikbereich von 50 dB ermöglichten. Somit ist der hier vorgestellte Transceiver ein 

vielversprechender Ansatz für die Anwendung der THz-Spektroskopie in Bereichen der 

zerstörungsfreien Materialprüfung. 

Um die Leistungsfähigkeit von THz Transceivern weiter zu steigern, ist jedoch ein 

photoleitendes Material erforderlich, welches sowohl die optimalen Eigenschaften eines THz-

Senders als auch die eines THz-Empfängers in nur einem Halbleiter kombiniert. Vor dieser 

Arbeit war ein solches Material für eine Anregungswellenlänge um 1550 nm noch nicht 

bekannt. Im Rahmen der vorliegenden Dissertation wurde eisendotiertes (Fe) InGaAs als 

geeigneter Photoleiter identifiziert, mit dem eine Ladungsträgerlebensdauer von 300 fs, eine 

Mobilität von mehr als 900 cm2V-1s-1 und ein elektrischer Widerstand oberhalb von 2 kΩ cm 

erreicht werden können. Photoleitende THz-Sender, die aus Fe-dotiertem InGaAs hergestellt 

wurden, emittierten eine THz-Leistung von bis zu 75 µW ± 5 µW. THz-Pulse mit einer 

Bandbreite von bis zu 6 THz und einem Dynamikbereich von mehr als 95 dB wurden mithilfe 

von Fe-dotierten InGaAs Empfängern detektiert. Somit erreicht eisendotiertes InGaAs die THz-

Eigenschaften optimierter, individueller Photoleiter und ist daher ein vielversprechendes 

Material für zukünftige integrierte THz Bauteile. 

Durch die systematische Analyse der elektrischen und dynamischen Eigenschaften von THz-

Photoleitern auf der Basis von InGaAs wurden in dieser Arbeit deutliche Verbesserungen 

sowohl auf Sender- als auch auf der Empfängerseite erzielt. Die detektierte Bandbreite konnte 

von ca. 4 THz auf 6 THz erhöht werden, und die vom Sender emittierte THz-Leistung wurde 

um den Faktor 100 gesteigert. Für THz-Reflexionsmessungen wurde erstmals ein monolithisch 

integrierter, fasergekoppelter Transceiver mit einer Bandbreite von 4.5 THz entwickelt. Dieser 

Transceiver ist ein kompakter Messkopf, der mithilfe kommerziell erhältlicher THz-

Spektrometer in der zerstörungsfreien Materialprüfung eingesetzt werden kann. Um die 

Leistungsfähigkeit von THz-Transceivern weiter zu steigern wird allerdings ein Photoleiter 

benötigt, welcher die optimalen Eigenschaften eines Senders und eines Empfängers in einem 

Material vereint. Im Rahmen dieser Arbeit wurde gezeigt, dass eisendotiertes InGaAs durch die 

Kombination von ultraschnellem Ladungsträgereinfang, hohem elektrischen Widerstand und 

hoher Ladungsträgermobilität die THz-Leistungscharakteristik optimierter Sender- und 

Empfänger erreicht. Somit sind die Ergebnisse dieser Dissertation ein wichtiger Schritt für die 

Anwendung der THz Technologie im industriellen Umfeld. 
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1 Introduction 

The first experiments with terahertz (THz) radiation, which is commonly regarded as the 

frequency interval of 100 GHz – 10 THz, were already conducted at the beginning of the 20th 

century by H. Rubens, M. Czerny and W. Woltersdorff [1]–[3]. At that time, the so-called 

Reststrahlenmethode was applied in order to extract radiation with a wavelength between 

15 µm – 100 µm (20 THz – 3 THz) from the spectrum of a gas mantle [1], [2]. However, it took 

another 60 years until the development of the first femtosecond pulse laser in the 1980s allowed 

for the generation of coherent THz radiation [4]. The reason for the long time delay arises from 

the fact that the generation of THz radiation is relatively difficult. Electronic oscillators are 

rather inefficient at frequencies above 100 GHz and lasers, which are commonly used for 

generating coherent infrared radiation, cannot be operated at room temperature in the THz 

frequency range [5]. Thus, the first generation and detection of coherent THz radiation relied 

on an optoelectronic technique. A femtosecond laser source was applied in order to induce a 

transient current in a light-sensitive, biased semiconductor [4]. 

Until today, several techniques for the generation and detection of THz radiation have been 

developed. THz quantum cascade lasers (QCLs) [6], high frequency electronics relying on non-

linear mixing, and photoconductive emitters and detectors can be used to generate and detect 

continuous wave (CW) THz-radiation [7], [8]. Pulsed THz signals, containing a broad spectrum 

ranging from 100 GHz to several THz, can be obtained by frequency mixing in non-linear 

crystals and air plasmas as well as by optoelectronic generation techniques using 

photoconductive devices [9], [10]. Since a plurality of processes in physics, chemistry, material 

science, and biology are related to THz frequencies, THz spectroscopy has become a versatile 

and important tool in these fields [9], [11]–[17]. 

However, one of the current challenges of the THz technology is the transfer from purely 

scientific studies to applications in out-of-the-lab environments [18]. Among all the 

aforementioned possibilities to generate and detected THz radiation, time-domain spectroscopy 

(TDS) based on photoconductive emitters and detectors is a promising technique to enable this 

technology transfer. The main advantages of THz-TDS include the operation at room 

temperature, the relative compact design, and the high bandwidth. Until recent years, 

photoconductive THz-TDS relied on titanium-sapphire (Ti:sapph) femtosecond lasers in 

combination with low-temperature grown (LTG) GaAs emitters and detectors [19], [20]. The 

main drawbacks of these systems are the relatively high cost of the Ti:sapph laser and the 

emission wavelength centered on 780 nm. The latter requires free-space optics for guiding the 

femtosecond pulse to the respective THz antenna, since optical fiber technology is hardly 

available in the 800 nm wavelength range. This circumstance leads to sensitive, inflexible and 

bulky setups, which impeded the use of photoconductive THz-TDS outside the laboratory. 
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With the development of ytterbium and erbium doped femtosecond fiber lasers, emitting at 

1030 nm and 1550 nm, respectively, all fiber-coupled, compact, and more cost effective THz 

systems came into close reach. Apart from the femtosecond laser, photoconductive materials 

which are both sensitive to the infrared pulses and suitable for THz emission and detection had 

to be developed. In the last decades, several photoconductive materials have been proposed as 

promising candidates [21]. These include iron-doped or iron implanted InGaAs [22]–[24], 

LTG-InGaAs [25], [26], Be-doped LTG-InGaAs/InAlAs superlattices [27]–[29], ErAs:InGaAs 

superlattices [30], and LTG-GaAsSb [31]. Compared to photoconductors made of LTG-GaAs 

the performance of all these materials suitable for the excitation with 1550 nm radiation has to 

be improved significantly. Therefore, novel concepts and specific improvements are required, 

in order to obtain compact, all fiber-coupled and flexible THz-TDS systems.  

The aim of this work is the development of photoconductive THz-emitter and detector antennas 

suitable for the excitation with femtosecond pulses centered around 1550 nm. Here, the main 

field of research is understanding the interplay between the epitaxial growth conditions, the 

material properties and the carrier dynamics in the THz antenna itself. Thereby, the work can 

be divided into two parts. In the first part, two different photoconductive materials are studied 

as individual THz emitters and detectors, respectively. In this context, the present work is the 

direct continuation of the work of Dr. Roman J. B. Dietz [32]. In the second part, 

photoconductors for integrated THz devices are investigated. A fiber-coupled THz transceiver 

with a bandwidth of 4.5 THz is demonstrated, comprising the THz emitter and detector in close 

proximity to each other on the same photoconductive chip. Further, iron (Fe) doped InGaAs 

grown by Molecular Beam Epitaxy (MBE) at temperatures close to 400 °C is studied as THz 

emitter and detector. This unique photoconductive material combines the sub-picosecond 

electron lifetime of state-of-the-art detectors with the high mobility and the high breakdown 

field of state-of-the-art emitter materials. Therefore, InGaAs:Fe is a promising material for 

future integrated THz devices. 

This work is a dissertation by publications. Thus, it summarizes the author’s main findings in 

the field of photoconductive THz antennas and combines the results in a closed, descriptive 

form. Each chapter highlights the main results and gives immediate references to the relevant 

publications of the author. 
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2 Background 

2.1 Photoconductive THz generation and detection 

This section gives a brief overview of the main mechanisms involved in the generation and 

detection of THz radiation in photoconductors. Several excellent and extensive reviews have 

been published on this topic [9], [10], [21], [33]–[35]. Thus, this section is restricted to those 

aspects, which are most relevant in the remainder of this work. 

In photoconductive THz-TDS the broad spectral bandwidth of a femtosecond laser pulse is 

translated into a broadband electromagnetic pulse by applying a photoconductive switch as the 

optical-to-electrical converter. When an external bias field is applied to the photoconductive 

emitter, the optically excited electrons and holes generate a transient current in the 

photoconductor, which is radiated into free space [36]. One of the simplest models, which 

describes the THz generation, is the Drude model of carrier transport. In this framework the 

current density can be described as follows [33], [35], [37] 

���� = 	−�		���
���. (2.1) 

Here, 	��� and 
��� are the concentration of electrons in the conduction band (CB) of the 

photoconductor and their velocity, respectively. The constant � denotes the elementary charge. 

Since the effective mass of CB-electrons is significantly higher than the effective mass of 

valence band (VB) holes in the most common III-V photoconductors, the main contribution to 

the transient current originates from CB-electrons. Thus, this analysis is restricted to electrons 

only. The dynamic equations describing the time dependence of 	 and 
 can be expressed as 

(see for example [38]): 

�	�� = 
��� − 	����� 	 , 
�
�� = −
����� + ���∗ ������ − ������ �	 , 
���� = −������ + ����. 

(2.2) 

(2.3) 

(2.4) 

In Eq. (2.2) the term 
��� represents the generation of electrons by the femtosecond laser pulse 

and the second term on the right hand side denotes the electron trapping with the time constant ��. Eq. (2.2) is a rather simple description of the dynamic trapping process in photoconductors. 

In the remainder of this work, Eq. (2.2) will be adapted to the investigated photoconductive 

material. In Eq. (2.3) the electron velocity increases due to the external bias field �����, whereas 

scattering processes, denoted by the electron scattering time ��, and the (dynamic) screening of 

the bias field decrease the velocity 
���. The screening itself is modeled via the time dependent 
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polarization ����, which builds up proportional to the current density ���� and decays due to 

carrier recombination, which is modeled by the time constant ��. In Eq. (2.3), the effective 

electron mass is represented by ��∗  and � is a geometrical factor [9], [39], [40]. By solving the 

set of Eqs. (2.2) - (2.4), the transient current density ���� can be determined. According to 

Maxwell’s theory of electromagnetism, the far field of an electric dipole is proportional to the 

time derivate of the transient current [4]. 

��� ��� ∝ ������� 	. (2.5) 

Hence, the carrier dynamics inside the photoconductive material determines the properties of 

the radiated THz pulse. 

The electric field of the emitted THz pulse can be detected by photoconductive sampling with 

an antenna structure similar to the emitter. Thereby, the photoconductive receiver is illuminated 

with a portion of the femtosecond pulse train, which was used for the illumination of the 

photoconductive emitter. The incoming THz pulse serves as the bias field of the 

photoconductive receiver. With the help of an optical delay line the electric field of the THz 

pulse is sampled successively by the receiver. Hence, the current induced inside the 

photoconductive receiver can be described by the convolution of the incoming THz pulse ��� ��� and the response function of the receiver antenna "��� [9], [41] 

#��� ∝ ��� ��� ∗ "���. (2.6) 

Here, the carrier dynamics inside the photoconductive receiver can be described in analogy to 

the dynamical processes inside the emitter (see Eqs. (2.2) -(2.4)). In order to point out the need 

of an ultra-short electron lifetime in photoconductive THz-receivers, Eq. (2.6) is analyzed in 

two limit cases.  

In the first regime, the response function of the photoconductive receiver "��� is regarded as a 

delta-function, which means that the duration of the exciting laser pulse and the lifetime of the 

photocarriers is much lower than the duration of the incoming THz pulse. In that case, the 

current induced inside the photoconductive receiver is directly proportional to the electric field 

of the THz pulse, such that the frequency response of the receiver can be written as [41] 

#�$� ∝ ��� �$�. (2.7) 

Hence, this regime describes the optimal photoconductive receiver, which resembles every 

frequency component of the incoming THz pulse. 

In the opposite regime, the receiver is assumed to be an integrating detector, in which the 

lifetime of the photoexcited carriers exceeds the duration of the incoming THz pulse by far. In 

this case, the frequency response of the photoconductive receiver can be written as [9] 

#�$� ∝ ��� �$�/$	. (2.8) 
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Note that #�$� decays stronger for higher frequencies, such that the receiver becomes more and 

more insensitive for higher THz frequencies. Since high THz frequencies are especially 

important for applications in NDT and broadband THz spectroscopy, this analysis underlines 

the importance of an ultrafast current response in photoconductive THz receivers, in order to 

obtain undistorted and broadband THz pulses. 

The desired properties of broadband photoconductive antennas, which will serve as a guideline 

throughout this work, can be summarized as follows: 

 High absorption coefficient for the femtosecond laser pulse, in order to obtain high 

concentrations of exited carriers in the photoconductor (see Eq. (2.2)). 

 High carrier mobility, for the efficient acceleration and deceleration of the optically excited 

carriers. 

 High breakdown fields, especially in the photoconductive emitter, for applying high 

external bias fields. 

 Ultrashort carrier lifetime, especially in the photoconductive receiver, for the detection of 

broadband THz pulses (see Eq. (2.6) and Eq. (2.7)). 

In general, high mobility and ultrashort carrier lifetime are opposed quantities. The carrier 

lifetime is commonly reduced by the incorporation of (ionized) point defects as trapping and 

recombination centers. However, the probability for carrier scattering increases with the density 

of these defects, which in turn reduces the carrier mobility. Hence, one of the principal 

challenges for the design of efficient THz photoconductors is the precise adjustment of these 

material properties. Therefore, the aim of the investigations presented throughout this work is 

to link the material parameters with the performance of the respective THz antenna. 

2.2 Experimental techniques 

In this section the experimental techniques employed frequently throughout this work are 

briefly introduced. Unless otherwise stated, the data presented in the following sections were 

acquired with the experimental setups described below. 

2.2.1 Time-resolved Differential transmission 

Time-resolved differential transmission (DT) is a powerful tool to characterize the dynamics of 

excited carriers in semiconductors [42]. A DT experiment is a pump-probe experiment, in 

which a strong pump pulse excites electron-hole pairs in a semiconductor. Due to the limited 

density of states in the CB and the VB of the photoconductor, the transmission of a weak probe 

pulse is increased directly after the excitation by the pump. When the transmission of the probe 

pulse is recorded as a function of the time delay between the pump and the probe pulse, the 
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transmission change is a direct measure for the population dynamics in the CB and – under 

certain conditions – in the VB of the photoconductor under test. The time dependent 

transmission can be modeled by the following equation: 

&��� = &' exp �−+, 	���-' �. (2.9) 

Here, &' is the transmission of the sample without any optical excitation, +, is the absorption 

length, -' represents the total density of states in the CB of the photoconductor and 	��� is the 

time dependent occupation of the CB. Hence, the differential transmission Δ&/&' reads: 

Δ&&' = &��� − &'&' = exp�−+, 	���-' � − 1. (2.10) 

In Eq. (2.10) one observes that the differential transmission is a direct measure for the time 

dependent occupation of the CB 	���. In the remainder of this work, rate equation models will 

be used in order to describe 	��� for the photoconductive materials under test.  

The time resolution of the DT experiment depends on the duration of the optical excitation 

pulse. Therefore, femtosecond lasers are employed in order to measure the carrier dynamics on 

sub-picosecond timescales. The DT-setup used throughout this work is schematically drawn in 

Fig. 2.1. It comprises a femtosecond fiber laser (C-Fiber, Menlo Systems GmbH) with a central 

frequency around 1550 nm, a pulse repetition frequency of 100 MHz and a pulse duration of 

90 fs (FWHM). The two fiber-coupled output ports of the laser are used for the pump and the 

probe pulse, respectively. A computer controlled optical delay line generates the time delay 

between the pump and the probe pulse. The average optical power of the two pulses can be 

adjusted by a fiber-coupled optical attenuator (Agilent N7752 A). In order to avoid the direct 

interference of the optical beams at the sample surface, pump and probe beam are orthogonally 

polarized. The angle of incidence measures 15 ° with respect to 

 

Fig. 2.1. Schematic of the time-resolved differential transmission setup. The abbreviations denote: fl – focusing 
lens, pf – polarization filter, cw – chopper wheel, s – sample. 
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the surface normal. Lock-in detection is used to measure the differential transmission of the 

probe beam. In order to avoid the illumination of the InGaAs photodetector with light from the 

intense pump pulse that was scattered at the backside of the sample into the direction of the 

detector, an additional polarization filter (pf) is mounted in front of the detector. The 1/e2-spot 

diameter of the pump beam measures approx. 15 µm. Thus, carrier densities of up to 

4 ×1018 cm-3 can be excited with the laser power provided by the system. In order to avoid any 

influence of the probe pulse on the carrier dynamics, the pump pulse is at least a factor of 10 

more intense than the probe pulse.  

2.2.2 THz spectroscopy 

The THz antennas fabricated from the photoconductive materials investigated in this work were 

characterized in a THz-TDS setup based on the schematic drawing in Fig. 2.2. A fiber laser 

providing pulses with a duration of 100 fs and 100 MHz repetition frequency was used for the 

optical excitation. The optical delay line as well as the data acquisition was part of a 

commercially available THz time-domain spectrometer [43]. The operation mode of this system 

was identical for all THz experiments: 1000 pulse traces with a length of 70 ps each were 

averaged for a single measurement. The acquisition time of a single pulse trace measured 60 ms, 

leading to a total acquisition time of 60 s for a single measurement. No lock-in amplification 

was used in the THz experiments. The optical illumination power of the fiber-coupled THz 

emitter (THz-Tx) and receiver (THz-Rx) was controlled by a fiber-coupled optical attenuator. 

The THz emitters are commonly biased with a DC voltage supplied by an external voltage 

source. Unless otherwise stated, the THz path consisted of two 90 °-off-axis parabolic mirrors 

(OPMs) with a focal length of 3 inch and a diameter of 2 inch for the collimation and the 

focusing of the THz beam. The total length of the THz path measured 25 cm, and all THz 

measurements were performed in ambient air. Unless otherwise stated, the antenna structure of 

the photoconductive THz emitter is a mesa-structured [29] strip-line antenna with a gap-width 

of 100 µm. The THz receiver contains a mesa-structured 0/2 dipole antenna with a 10 µm wide 

mesa and a dipole length of 25 µm. 

 

Fig. 2.2. Schematic of the THz time domain spectroscopy setup. OPM – 90 °-off-axis parabolic mirror. 
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3 THz receivers made of low-temperature grown 

InGaAs/InAlAs 

In this section, beryllium (Be) doped InGaAs/InAlAs heterostructures grown at low 

temperatures (< 250 °C) in a MBE system are investigated as photoconductive receivers for 

THz-TDS. The main focus is on the influence of the growth conditions on the electrical 

properties, the carrier dynamics, and the resulting performance as a photoconductive THz 

receiver. In particular, the effect of Be-doping and post-growth annealing of the material is 

systematically studied. The variation of these parameters allowed for a specific manipulation 

of the resistivity and the residual carrier concentration of the photoconductor by more than three 

orders of magnitude. By combining time-resolved differential transmission measurements with 

a rate equation model the processes of electron trapping and electron-hole recombination were 

investigated. Due to the fundamental understanding of the material properties, optimized 

photoconductive THz receivers with a bandwidth of up to 6 THz and a dynamic range 

exceeding 95 dB were fabricated. These devices have become one of the key components in 

state-of-the-art, fiber-coupled THz-TDS systems based on the 1550 nm technology [43]. Before 

the main findings are discussed in Sec. 3.2 - 3.5 an overview of the current research on low-

temperature grown (LTG) III-V semiconductors is given in the next subsection. The results 

discussed in this paragraph are based on the publications [II], [III] and [VI]. 

3.1 Low-temperature grown III-V semiconductors 

Low-temperature growth is a key technique to fabricate THz photoconductors with sub-

picosecond lifetimes. This subsection summarizes the results obtained by previous studies and 

identifies open questions. Since low-temperature growth was first established for the binary 

semiconductor GaAs, the properties of LTG-GaAs are compared with LTG-InGaAs based 

materials.  

In the last 30 years, the interplay of growth temperature, post-growth annealing, and doping 

with beryllium was studied extensively in LTG-GaAs [44], [45]. The main findings are the 

following: At temperatures below 300 °C the growth of GaAs is non-stoichiometric due to the 

incorporation of As atoms on Ga lattice sites [46], [47]. These defects are called arsenic antisites 

(AsGa) and their concentration increases for decreasing growth temperatures. At &2 = 200 °C, 

AsGa concentrations above 1020 cm-3 were reported [46], [47]. The energy level of the AsGa 

defects is approx. 0.75 eV below the conduction band minimum and, therefore, almost mid-

bandgap in GaAs [48]. The conductivity of as-grown LTG-GaAs is determined by hopping 

conductivity in this deep-defect band [48], [49]. When LTG-GaAs is annealed after the growth 

process at temperatures above 300 °C the excess arsenic precipitates and forms arsenic clusters, 

whereas the size and the spacing of these clusters depends on the duration and the temperature 



3 THz receivers made of low-temperature grown InGaAs/InAlAs 

10 
 

of the annealing process [49]–[54]. Due to the precipitation of AsGa the resistivity of LTG-GaAs 

increases as the probability of hopping conductivity decreases exponentially with the distance 

of the defect sites [53], [55]. In addition, the arsenic precipitates form Schottky-barriers in the 

material, which further increases the resistivity [56], [57]. During the annealing process, 342� 

defects diffuse via gallium vacancies (52�), which are incorporated during the growth process 

in concentrations of up to 1018 cm-3 [50], [58]–[60].  

In addition to these effects on the electrical properties, low-temperature growth has a great 

impact on the carrier lifetime of GaAs. Positively charged arsenic antisites (342�6 ) are effective 

recombination centers with relatively large capture cross sections for electrons 7� = 7 × 10-

15cm2 and holes 7� = 6 × 10-17cm2, respectively [44], [61]. The ionization of AsGa defects is 

caused by gallium vacancies in as-grown LTG-GaAs [62]. Electron lifetimes as short as 100 fs 

were obtained in as-grown LTG-GaAs, whereas the electron lifetime increases for annealed 

samples due to the precipitation of (ionized) antisite defects [53], [61], [63]. 

The precipitation of arsenic antisites could be significantly reduced when LTG-GaAs was p-

doped with beryllium during the growth process [47], [58], [64]. The small Be dopants reduce 

the lattice strain caused by the AsGa defects, which is the principal driving force of the As-

precipitation [65]. Initially, Be-As complexes were suggested in order to explain the anneal 

stability of Be-doped LTG-GaAs [49]. However, these complexes have not been found in the 

material, yet [47]. 

In summary, the growth temperature, the duration and the temperature of the annealing process, 

and the Be-doping concentration determine the properties of LTG-GaAs. The optimization and 

tuning of these parameters allowed for the fabrication of THz photoconductors, suitable for the 

excitation with femtosecond pulses from a Ti:sapph laser centered at 780 nm [9], [21]. 

When low-temperature growth is applied to the ternary semiconductor In0.53Ga0.47As, which 

can be grown lattice matched to an InP substrate, AsGa defects are incorporated in LTG-InGaAs 

for growth temperatures below 300 °C [66], [67] (In the remainder of this work we use the 

abbreviation InGaAs for In0.53Ga0.47As.). In analogy to LTG-GaAs, the concentration of AsGa 

increases with decreasing growth temperatures and can reach a fraction of approx. 1 % of the 

total number of As Atoms in the lattice, which corresponds to 1020 cm-3 [66], [68]. The 

fundamental difference between AsGa defects in LTG-GaAs and LTG-InGaAs is the energy 

level of the defect. Whereas it is almost mid-bandgap in LTG-GaAs the ionization energy in 

uncompensated LTG-InGaAs is 30 – 40 meV [66], [68]. The important consequence is that a 

considerable amount of the AsGa defects is thermally ionized at room temperature, i.e. AsGa 

defects act as donors in LTG-InGaAs, which results in n-conductive material with carrier 

concentrations in the 1017 cm-3 range for growth temperatures around 200 °C [66]. Fig. 3.1 

shows the residual electron concentration n and the resistivity R of as-grown InGaAs with a 
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thickness of 1 µm determined by room temperature Hall measurements as a function of the 

growth temperature in the MBE. The increase of the carrier concentration for lower growth 

temperatures due to the incorporation of AsGa defects can be clearly seen. As a consequence, 

the resistivity of the material is lower than 0.01 Ω cm. Due to these unfavorable electrical 

properties, as-grown LTG-InGaAs is not directly applicable as THz photoconductor. 

 

Fig. 3.1. Residual electron concentration 
(black squares) and resistivity (blue circles) of 
1 µm LTG-InGaAs grown on top of an InP 
substrate as a function of the growth 
temperature &8 in the MBE determined by 
room temperature Hall measurements. The 
increase of n for lower growth temperatures is 
caused by an augmented incorporation of 342� defects, which are partially ionized at 
room temperature. 

In contrast to LTG-GaAs, post-growth annealing of LTG-InGaAs cannot increase the resistivity 

nor decrease the residual electron concentration considerably, although arsenic precipitates are 

formed [44], [67], [68]. The reason is the fundamentally different origin of the conductivity of 

as-grown LTG-InGaAs compared to as-grown LTG-GaAs. In the latter case the dominant 

mechanism is hopping conductivity between mid-bandgap AsGa defects, whereas thermally 

ionized 342� defects cause the conductivity of LTG-InGaAs. Since the probability of hopping 

conductivity decreases exponentially with the distance between the defect sites, annealing has 

a great impact on the electrical properties of LT-GaAs. In LTG-InGaAs, this effect is much 

smaller, since the probability of thermal ionization is directly proportional to the defect 

concentration.  

In order to reduce the residual electron concentration in LTG-InGaAs the material is commonly 

p-doped with beryllium [69]. Thereby, the resistivity can be increased to 10 – 100 Ω cm and 

the residual electron concentration decreases to 1014 cm-3 [25], [28]. In order to increase the 

resistivity of the material even more, multiple quantum wells (MQWs) consisting of up to 100 

periods of In0.53Ga0.47As/In0.52Al0.48As can be grown. Due to the high bandgap energy �2  = 1.45 eV of InAlAs the material is transparent for 1550 nm radiation. In addition, the 

resistivity of as-grown InAlAs is several orders of magnitudes higher than the resistivity of 

InGaAs. Therefore, the effect of these InAlAs barriers is purely compensatory as the LT-defects 

in these barriers trap residual electrons from the adjacent InGaAs [28], [70]. The thickness of 

the InGaAs layer used in former studies measured typically 8 nm - 12 nm whereas the InAlAs-

thickness varied between 7 nm – 10 nm. For Be-doped LTG-InGaAs/InAlAs heterostructures 

a resistivity of several 100 Ω cm was reported [27], [28].  
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Apart from the purely compensatory effect, Be has a great impact on the carrier dynamics after 

the optical excitation. When the doping concentration exceeds the residual electron 

concentration of LTG-InGaAs, the conductivity remains electron-like – even for Be doping 

concentrations of 2 × 1018 cm-3 [61], [71]. The reason is that Be dopants tend to ionize 

additional antisite defects, which increases the concentration of fast trapping centers in LTG-

InGaAs [68]. The carrier dynamics as well as the performance as photoconductive THz emitter 

and detector of Be-doped LTG-InGaAs/InAlAs (MQWs) were studied by several groups. The 

main findings are: 

 The electron lifetime can be reduced to below 1 ps for Be doping concentrations between 

8 × 1017 cm-3 and 2 × 1018 cm-3 [27], [72]–[74]. An electron lifetime as short as 230 fs was 

reported by Biermann and coworkers [74]. 

 As a photoconductive emitter and detector a bandwidth of 3 - 4 THz and a peak dynamic 

range of 60 dB was reported in THz-TDS. [28], [29], [75]. 

At the beginning of this work, the following properties of LTG-InGaAs/InAlAs MQWs were 

not unambiguously resolved: 

 The details of the carrier dynamics especially regarding the carrier recombination and its 

influence on the performance as a THz receiver. 

 The influence of annealing on the electrical and optical properties of the material. Several 

groups reported an increase of the electron lifetime after annealing [71], [74], [76] whereas 

others observed a lifetime decrease [77]. 

Since only a fundamental understanding of the material properties allows for a precise 

optimization of the photoconductive devices, the unresolved points were systematically 

analyzed and optimized in this work. 

3.2 Influence of beryllium doping 

The results presented in this subsection are based on the publications [II] and [III]. It is 

demonstrated that the concentration of fast trapping defects in LTG-InGaAs/InAlAs MQWs 

can be systematically influenced by the beryllium doping concentration. A rate equation model 

is employed in order to describe the details of the carrier dynamics. Afterwards, THz antennas 

were fabricated from these samples and the fundamental influence of the Be-doping 

concentration on the performance as a receiver in THz-TDS is shown. 

In total, five 2-inch wafers grown at a substrate temperature of 130 °C in an MBE system with 

nominal Be-doping concentrations of 0.3 × 1018 cm-3 - 4.0 × 1018 cm-3 were investigated. The 

layer structure consisted of 100 periods of 12 nm InGaAs wells and 8 nm InAlAs barriers. Both 
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wells and barriers were homogenously Be doped. All samples were annealed for 60 min. at 

500 °C inside the growth chamber of the MBE under arsenic overpressure in order to avoid out-

diffusion. The impact of the annealing process on the material properties is discussed in Sec. 3.4 

and publication [VI]. 

In publication [II], the details of the carrier trapping and carrier recombination in the material 

were investigated by pump-power dependent differential transmission (DT) measurements with 

femtosecond laser pulses centered on 1550 nm (see Sec. 2.2.1). A rate equation model, which 

accounted for the limited number of fast trapping and recombination centers in the material, 

was expanded in three limit cases in order to separate the processes of electron trapping, the 

recombination of trapped electrons and holes and the saturation of trapping defects for high 

concentrations of optically excited carriers. The derived equations (see Sec. 3.3) were applied 

to fit the experimental data in the three aforementioned regimes. The results reveal that the Be 

doping concentration is a direct measure for the concentration of ionized AsGa defects 

(342�6 �which serve as fast electron traps in the material. Photoexcited electrons are trapped by 342�6  and recombine with holes trapped by ionized Be dopants (9�:). Electron trapping times 

as low as 150 fs were measured. The electron capture cross section of the 342�6 	defects was 

calculated as 7� = 2 × 10-14 cm2 from the DT-signals.  

After this comprehensive study of the carrier dynamics in Be-doped LTG-InGaAs/InAlAs 

MQWs photoconductive antennas were fabricated from the same samples in order to reveal the 

influence of the material properties on the performance as a receiver in THz-TDS (see 

publication [III]). In analogy to the dynamical experiments the receivers were operated in 

different regimes, characterized by the ratio of excited carriers and available trapping and 

recombination centers. The main findings are:  

 The saturation of trapping centers, characterized by a higher concentration of optically 

excited carriers than available trapping centers, leads to a faster roll-off in the THz 

spectrum (see Fig. 3 of publication [III]).  

 The receiver noise current IN is dominated by Nyquist noise, which is anti-proportional to 

the square-root of the average resistivity R of the material 

;< ∝ =>:?	. 
Hence, short electron lifetimes lead to low receiver noise as electrons and holes recombine 

promptly after the optical excitation (see Fig. 5 of publication [III]). 

 The THz peak-to-peak amplitude detected by the receiver decreases for higher Be doping 

since the probability of ionized impurity scattering increases for higher doping 

concentrations (see Fig. 2 of publication [III]). 



3 THz receivers made of low-temperature grown InGaAs/InAlAs 

14 
 

 By optimized Be doping, THz receivers with a bandwidth of 6 THz and more than 90 dB 

dynamic range were demonstrated (see Fig 8 of publication [III]). 

The aforementioned results point out the well-known trade-off between a fast electron lifetime 

and a high detector current in THz-TDS. On the one hand, high Be doping leads to electron 

lifetimes as short as 140 fs and reduces the Nyquist noise in the receiver. On the other hand, 

ionized impurity scattering increases for higher doping concentration, which decreases the 

amplitude of the detected THz pulses. Hence, a careful adjustment of the Be doping 

concentration is required in order to design photoconductive receivers for THz-TDS capable to 

detect high THz amplitudes with both high bandwidth und high dynamic range. Fig. 3.2 shows 

the normalized power spectrum detected with a THz receiver fabricated from a LTG-

InGaAs/InAlAs MQW with a nominal Be doping concentration of 4.0 × 1018 cm-3. As the THz 

emitter, a fiber-coupled module comprising a high-mobility emitter was used (see Sec. 4 and 

publication [IV]). The emitter bias measured 120 V and the optical power at the emitter was 

25 mW. Details of the experimental setup are described in Sec. 2.2.2. Note that the bandwidth 

and the maximum dynamic range of the spectrum exceed 6 THz and 80 dB, respectively. These 

results were the highest reported values for a system operated with 1550 nm pulses at the time 

of publication and underline the competitiveness of this technology compared to 

photoconductors based on 800 nm excitation. 

 

Fig. 3.2. Normalized power spectrum detected 
by a THz detector fabricated from LTG-
InGaAs/InAlAs with a Be doping 
concentration of 4 × 1018 cm-3. The receiver 
was illuminated with 16 mW optical power. 
The spectrum is obtained by averaging 10000 
pulse trace with a length of 70 ps. The total 
acquisition time was 10 min. As THz emitter, 
a fiber-coupled high mobility photoconductor 
was used (see publication [IV]). The emitter 
was biased with 120 V and the optical power 
measured 25 mW. The THz measurement was 
done in ambient air. This figure was taken 
from publication [III]. 

3.3 Transient carrier dynamics 

In this section the rate-equation model of the carrier dynamics in Be-doped LTG-

InGaAs/InAlAs MQWs is described. The basic assumptions of the asymptotic analysis as well 

as the comparison of the analytic equations and the experimental data is presented. The explicit 

derivation of the equations can be found in publication [II] and the supplemental material 

therein. The experimental set-up of the pump-power dependent differential transmission 

experiments is described in Sec. 2.2.1. 
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The time dependent differential transmission of a sample can be described by Eq. (2.10). Here, 

the time dependent occupation of the conduction band 	��� determines the decay time of the 

DT signal. In order to model the transient carrier dynamics in Be-doped LTG-InGaAs/InAlAs 

MQWs the following assumptions are made: The optical pump pulse creates a population of 	 

electrons in the conduction band and ℎ holes in the valence band. Electrons are trapped by 

ionized arsenic antisite defects, whereas holes are trapped by ionized Be dopants. The 

recombination of trapped electrons and holes is modeled as a two particle process between 

neutral arsenic antisites and neutral Be dopants. In order to describe this process mathematically 

four dynamic variables are needed: the concentration of electrons in the conduction band 	���, 
the concentration of occupied electron traps 	����, which is equivalent to the concentration of 

occupied AsGa
+ defects, the concentration of occupied hole traps 	A�, which corresponds to the 

concentration of neutral Be dopants, and the concentration of valence band holes ℎ���. 
�	�� = 
��, 	� − 	�� �1 − 	�-B�6 � 

�	��� = 	�� �1 − 	�-B�6� − 9C�-B� − -B�6 + 	��	A� 

�	A��� = ℎ�� �1 − 	A�-B�6 � − 9C�-B� − -B�6 + 	��	A� 

�ℎ�� = 
��, 	� − ℎ�D �1 − 	A�-B�6 � 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

In Eqs. (3.1) - (3.4) the quantities -B� and -B�6  denote the concentration of neutral and positively 

ionized AsGa defects. The term 
��, 	� describes the optical excitation by the femtosecond 

pump pulse. The time dependence can be described by a Gaussian function and the density 

dependence arises from the limited total density of states in the conduction band. The factors �1 − 	�/-B�6 �	and �1 − 	A�/-B�6 �	account for the limited density of electron and hole traps. 

Here, the total concentration of available electron and hole traps is identical to -B�6 . It is shown 

later on that this assumption holds true since the concentration of ionized arsenic antisites is 

determined by the Be doping concentration for all samples discussed in this work. The term 9C�-B� − -B�6 + 	��	A� describes the recombination of trapped electrons and trapped holes, 

whereas �-B� − -B�6 + 	�� is the time-dependent concentration of neutral 342� defects and 9C 

symbolizes the two particle recombination coefficient, which is proportional to the overlap of 

the wavefunctions of the two bound trap states. The parameters �� and �� desribe the 

(unsaturated) electron and hole lifetimes. 

Since the numerical solution of Eqs. (3.1) - (3.4) would require a large number of fit parameters, 

we expanded the equations in three limit cases in order to extract the unknown quantities. By 

varying the energy of the optical pump pulse, the ratio between excited carriers and available 
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trapping centers was directly influenced. This ratio is the main parameter for the subsequent 

analysis.  

I. The unsaturated regime  

In the unsaturated regime the density of electrons and holes excited by the pump pulse is at least 

one order of magnitude lower than the density of available trapping centers. In that case the 

terms �1 − 	�/-B�6 �	and �1 − 	A�/-B�6 �	in Eq. (3.1) and Eq. (3.4) are very close to unity, since 

the occupation of trapping centers 	�, 	A� is small compared to the density of available trapping 

sites -B�6 . Therefore, Eq. (3.1) reduces to �	�� ≈ 
��, 	� − 	�� . (3.5) 

The time and density dependence of 
��, 	� can be neglected since the duration of the pump 

pulse measures only 90 fs in our experiments, and the density of excited carriers in the 

unsaturated regime is small compared to the total density of states in the conduction band. 

Hence, the solution of the Eq. (3.5) decreases mono-exponentially with decay time ��. In order 

to induce this regime experimentally we used the lowest optical pump power that generated a 

detectable DT signal. The density of excited carriers in this regime measured 3 × 1016 cm-3. The 

normalized DT signals of the samples with nominal Be doping concentration of 0.3 × 1018 cm-3, 

0.9 × 1018 cm-3, 2.0 × 1018 cm-3 and 4.0 × 1018 cm-3 are shown in Fig. 3.3. Note that all signals 

decay mono-exponentially whereas the decay time decreases from 3.3 ps for a Be doping 

concentration of 0.3 × 1018 cm-3 to 0.15 ps for a doping concentration of 4.0 × 1018 cm-3. The 

dashed blue lines in Fig. 3.3 are exponential fits to the data. The calculated decay time �� is 

plotted as a function of the Be doping concentration in  

 

 

Fig. 3.3. Normalized differential transmission 
signal of samples with a nominal Be doping 
concentration of 0.3 × 1018 cm-3, 
0.9 × 1018 cm-3, 2.0 × 1018 cm-3 and 
4.0 × 1018 cm-3 for unsaturated excitation. The 
density of carriers excited by the pump pulse 
was 3 × 1016 cm-3 for all measurements. The 
dashed blue lines are mono-exponential fits to 
the data. The carrier lifetime τe is plotted as a 
function of the Be doping concentration cBe in 
the inset. The dashed black line highlights the 
decrease of τe proportional to the Be doping 
concentration. This figure was adopted from 
publication [II] and slightly modified. 

 

the inset. It can be clearly seen that the decay time decreases anti-proportional to the Be-doping 

concentration. The dashed black line in the inset is a 1/FA� fit, which highlights the 

aforementioned anti-proportionality. Thus, the electron capture time �� is directly determined 

0.3x10 cm
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by the concentration of Be dopants due their ability to ionize 342� defects. By applying the 

Shockley-Read-Hall relation of carrier capture [78] 

7� = �
GD� FA����:?, (3.6) 

the electron capture cross section of the ionized arsenic antisite is determined as  7� = 2 × 10:?J cm2. This value is about a factor of two higher than the capture cross section 

of 342�6  defects in LTG-GaAs 7� = 7 × 10:?L cm2 determined in previous investigations [61]. 

Since the energy level of the 342� defects in LTG-InGaAs is closer to the conduction band than 

the energy level of the 342� defects in LTG-GaAs the electron trapping is supposed to be faster 

in LTG-InGaAs. For the calculation of 7� the thermal velocity of electrons in InGaAs 
GD� =5.5 × 10N cm/s was used [79]. 

II. Partial trap filling 

In the regime of partial trap filling, the density of optically excited carriers has the same 

magnitude as the concentration of trapping defects. In that case, the trapping centers start to fill 

up quickly after the optical excitation such that the terms �1 − 	�/-B�6 �	and  �1 − 	A�/-B�6 � are smaller than unity. Further, it is assumed that the process of carrier trapping 

is a much faster than the carrier recombination. This assumption is justified since the energetic 

distance from the conduction band to a bound trap state is much lower than the energetic 

distance for electron-hole recombination between bound trap states. Therefore, carrier trapping 

requires less phonons in order to fulfill energy and momentum conservation than electron hole-

recombination, which in turn increases the probability of electron capture compared to electron-

hole recombination [80]–[84]. Thus, the recombination terms in Eq. (3.2) and Eq. (3.3) can be 

neglected and the equations can be solved analytically [II]. The following relation is obtained 

for the time dependent electron concentration in the conduction band: 

	��� ≈ 	�O exp P−�1 − 	�O-B�6� ���Q	. (3.7) 

Here, 	�O denotes the total concentration of optically excited electrons, which means that 	��� 
decays mono-exponentially with a rescaled decay time  

�RG ≡ �� �1 − 	�O-B�6�
:?. (3.8) 

Note that �RG increases with the concentration of optically excited electrons 	�O, such that the 

carrier capture is slower for higher optical excitation.  
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Fig. 3.4. Natural logarithm of the normalized 
differential transmission of the sample with 
nominal Be doping concentration of 
4.0 × 1018 cm-3 for an increasing concentration 
of optically excited carriers. The plots are 
labeled by the energy (average optical power) 
of the pump pulse. The signal decay time 
increases for higher pulse energies due to 
partial trap filling. This figure was adopted 
from publication [II] and slightly modified. 

In the experiments, the energy of the pump pulse was successively increased in order to observe 

the transition between the unsaturated regime and the regime of partial trap filling. Fig. 3.4 

shows the natural logarithm of the normalized differential transmission of the LTG-

InGaAs/InAlAs MQW structure with a Be-doping concentration of 4.0 × 1018 cm-3 for 

increasing pump pulse energies. For the lowest energy (20 pJ) the signal decay is mono-

exponential with a decay time of 0.15 ps. This corresponds to the unsaturated electron capture 

time. When the pump pulse energy is successively increased, the signal decay remains mono-

exponential with decay times of 0.17 ps and 0.21 ps for energies of 40 pJ and 80 pJ, 

respectively, as predicted by Eq. (3.8). For the highest pulse energy (160 pJ) a deviation from 

the mono-exponential decay can be clearly seen, indicating that the assumptions made for the 

regime of partial trap filling are no longer fulfilled. 

III. The saturated regime 

In the saturated regime, the concentration of optically excited electrons is large compared to the 

density of trapping centers. The result is a DT signal, which consists of two components: an 

initially fast decay corresponding to the electron capture in 342�6  defects directly after the 

excitation and a slow component, which describes the recombination of trapped electrons with 

holes. Since carrier trapping is much faster than carrier recombination, the traps fill up gradually 

and finally almost every trapping site is occupied by an electron. In this case, the remaining 

conduction band electrons can only be trapped, if a trapped electron has recombined with a 

trapped hole. Therefore, the electron dynamic in the conduction band is completely determined 

by the electron-hole recombination. In order to expand Eqs. (3.1) - (3.4) in this regime the 

relations �1 − 	�/-B�6 � 	≪ 1 and �1 − 	A�/-B�6 � ≪ 1 were used, i.e. it was assumed that the 

trapping sites 	� and 	A� are almost completely filled. In that case, electrons and holes, which 

have recombined with each other, are almost instantaneously replaced by another free 

electron/hole from the CB/VB. Thus, the population of the trapping sites is clamped to its 

maximum as long as the saturation condition holds. In this case it can be shown that the 

population of the conduction band decays linearly with time [II] 
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	��G��� ≈ 	'��G − 9�-B�6-B��. (3.9) 

Here, 	'��G symbolizes the residual electron concentration in the conduction band when the 

complete saturation of trapping centers begins. The important point in Eq. (3.9) is the 

dependence of the recombination process on the concentration of ionized antisites -B�6 . This 

means that the recombination process becomes faster, when the concentration of ionized 

antisites, which is equivalent to the Be doping concentration, increases. 

 

Fig. 3.5. Natural logarithm of the normalized differential transmission of the 0.3 × 1018 cm-3 (a) and 0.9 × 1018 cm-

3 (b) doped samples. Each curve is labeled by the energy of the optical pump pulse. Solid blue lines indicate linear 
fits to the data. The saturation of trapping centers for increasing pulse energies is clearly seen. This figure was 
adopted from publication [II] and slightly modified. 

In the experiments, the two samples with the lowest Be doping concentration are investigated, 

since the effect of trap saturation is larger for a lower concentration of trapping centers. Fig. 3.5 

(a) and (b) show the natural logarithm of the normalized differential transmission of the samples 

with Be doping concentrations of 0.3 × 1018 cm-3 and 0.9 × 1018 cm-3 for increasing pump pulse 

energies. In both cases the transition from the unsaturated to the completely saturated regime 

can be clearly identified, whereas the saturation is stronger for the sample with lower doping. 

For the highest pump pulse energies (80 pJ and 160 pJ) the signal decay is mono-exponential 

for pump probe delay times larger than 5 ps. This is the regime of trap saturation, which is 

described by Eq. (3.9). The blue lines are linear fits to the mono-exponential part of the signals. 

One directly observes that the slope of the linear fit is independent of the pump pulse energy 

but depends only on the Be doping concentration. This is directly predicted by Eq. (3.9), due to 

its dependency on the concentration of trapping sites -B�6 . 

In conclusion, the results of pump-power dependent DT measurements on Be-doped LTG-

InGaAs/InAlAs MQWs were successfully described by expanding a rate equation model in 

three limit cases. This comprehensive study of the carrier dynamics was a prerequisite for the 

understanding of the THz performance of these structures studied in publication [III]. In 
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addition, the same asymptotic techniques were employed in Sec. 6.3 and publication [VIII] in 

order to describe the carrier dynamics in iron-doped InGaAs.  

3.4 Influence of annealing 

Apart from the growth temperature, which influences the overall density of antisite defects in 

LTG-InGaAs/InAlAs, and the Be-doping concentration, which determines the concentration of 

ionized arsenic antisites, post-growth annealing is an important mechanism to design the 

material properties of the future THz photoconductor. Extensive annealing studies were 

performed in publication [VI]. The central aim of that paper was to answer the question of how 

annealing of LTG-InGaAs/InAlAs MQWs determines the electron lifetime. Recently published 

results reported a lifetime decrease after annealing [77], several different groups observed a 

lifetime increase due to the precipitation of AsGa defects [71], [74], [76]. 

We investigated the influence of the annealing time at a fixed temperature (isothermal 

annealing) and the influence of the annealing temperature at a constant duration of the annealing 

process (isochronal annealing) on the electrical and optical properties of the material. The layer 

structure was identical to the layout of the samples investigated in the last two subsections: An 

InAlAs buffer layer with a thickness of 700 nm was grown on top of a 2-inch semi-insulating 

InP:Fe substrate. Afterward, 100 periods of 12 nm InGaAs and 8 nm InAlAs were grown at a 

substrate temperature of 130 °C. The samples were Be-doped with concentrations of 

8 × 1017 cm-3 – 12 × 1018 cm-3. The composition of all layers was lattice matched to the InP 

substrate, which was verified by XRD rocking curves.  

For the isothermal annealing, samples with a nominal Be doping concentration of 1 × 1018 cm-3 

were annealed at 500 °C inside the MBE growth chamber for 15, 30, 60 and 120 minutes. For 

the isochronal annealing, three 2-inch wafers with nominal Be doping concentrations of 

8 × 1017 cm-3, 4 × 1018 cm-3, and 12 × 1018 cm-3 were grown by MBE. After growth, the 

samples were removed from the MBE growth chamber and cleaved into eight pieces, which 

were individually annealed for 60 min. at 500 °C, 525 °C, 550 °C, 575 °C, 600 °C, 650 °C, and 

700 °C in an MOVPE system. One sample of each wafer was not annealed. The reason for the 

ex-situ annealing is the achievable arsenic and phosphorous overpressure, which is higher in a 

MOVPE system than in a MBE. The As and P flux measured 100 sccm up to 600 °C-annealing 

and 200 sccm for higher temperatures. All samples were analyzed by room temperature Hall 

measurements and pump-power dependent differential transmission. The main findings are: 

 After isothermal annealing between 15 min. – 120 min. the resistivity of the material 

increased by a factor of 4; the electron lifetime increased by approximately 50 % from 

0.9 ps – 1.3 ps (see Fig. 1 of publication [VI]). 
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 Isochronal annealing for 60 min. at 600 °C increased the resistivity by three orders of 

magnitude whereas the residual electron concentration decreased by approx. the same 

amount. 

 The electron lifetime increased up to a factor of 4 after isochronal annealing at 600 C. The 

influence of the annealing on the electron lifetime is stronger for samples with lower Be 

doping concentrations. 

These findings are illustrated in Fig. 3.6. The resistance (a), the residual electron concentration 

(b) and the unsaturated electron lifetime (c) are plotted semi-logarithmically as a function of 

the inverse annealing temperature for the isochronally annealed samples. The annealing 

temperature of the unannealed reference samples was set to 20 °C. The color coding of the plots 

is as follows: black squares, blue circles, and green triangles correspond to LTG-

InGaAs/InAlAs samples with a nominal Be doping concentration of 0.8 × 1018 cm-3, 

4.0 × 1018 cm-3, and 12.0 × 1018 cm-3, respectively. The dashed lines are linear fits to the data. 

In Fig. 3.6 (a) and Fig. 3.6 (b) the increase of the resistance and the decrease of the residual 

electron concentration for higher annealing temperatures can be clearly seen. In these semi-

logarithmic plots, the linear dependence of the resistance and the residual electron concentration 

on the inverse annealing temperature indicates a thermally activated diffusion process 

(Arrhenius plot). In analogy to the results of annealed LTG-GaAs, these findings can be 

explained by the diffusion of arsenic antisites via Gallium vacancies and the formation of 

arsenic precipitates [49]–[51], [58]. The precipitates are supposed to form Schottky-barriers in 

the material, which explains the increase of the resistance shown in Fig. 3.6 (a). Another strong 

argument in favor of this interpretation is the dependence of the electron lifetime on the 

annealing temperature. In Fig. 3.6 (c) the electron lifetime increases for all doping 

concentrations when the annealing temperature is increased. Hence, the concentration of fast 

trapping centers, i.e. 342�6  defects, is lower for samples annealed at higher temperatures. When 342�6  defects precipitate during the annealing process their concentration decreases and the 

electron lifetime of the annealed samples increases. In addition, one clearly observes that the 

slope of the linear fits in Fig. 3.6 (c) depends on the Be doping concentration. Thus, the 

activation energy for the diffusion of 342� defects is higher for samples with higher Be doping. 

The same trend was observed in annealing studies of Be-doped LTG-GaAs and was finally 

explained by the small Be dopants, which relax the lattice strain due to the high concentration 

of arsenic antisites in the material [65]. In conclusion, the results show unambiguously that the 

annealing of Be-doped LTG-InGaAs/InAlAs MQWs increases the electron lifetime of the 

material. In addition, resistance and residual electron concentration can be efficiently adjusted 

by the duration and the temperature of the annealing process. 
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Fig. 3.6. (a) Semi-logarithmic plot of the resistance and (b) the residual electron concentration determined by 
room-temperature Hall measurements as a function of the inverse temperature of the isochronal annealing. All 
samples comprise the same layer structure and were grown at 130 °C by MBE. Black squares, blue circles, and 
green triangles correspond to nominal Be doping concentrations of 0.8 × 1018 cm-3, 4.0 × 1018 cm-3, and 
12.0 × 1018 cm-3. Dashed lines are linear fits to the data indicating a thermally activated diffusion. (c) The 
unsaturated electron lifetime determined by differential transmission measurements is plotted semi-logarithmically 
as a function of the inverse annealing temperature. The carrier density excited by the pump pulse was 
6.5 × 1016 cm-3 for all measurements, which is significantly lower than the Be-doping concentration of all samples. 
Thus, the electron lifetimes correspond to the unsaturated regime described in Sec. 3.3. A lifetime of 140 fs was 
measured for a doping concentration of 12 × 1018cm-3. The annealing temperature of the unannealed samples was 
set to 20 °C in all plots. This figure is based on Fig. 2 and Fig. 3 of publication [VI].  

The detailed understanding of the influence of the Be doping and the annealing on the electrical 

and optical properties of the photoconductor was exploited to influence and optimize the 

properties of receivers for THz-TDS. Table 3.1 summarizes the growth conditions, the electrical 

properties and the electron lifetime of three wafers grown for the fabrication of photoconductive 

receiver antennas. Note that the electron lifetime of all samples is below 0.3 ps. In this case, the 

saturation of trapping centers is avoided even at high optical excitation of the THz receiver. 

Thus, the influence of the electrical parameters on the performance of THz receivers could be 

studied without losing the broadband detection capability of the devices. 

(a)

(b)

(c)
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Fig. 3.7 (a) Amplitude spectra detected by the THz photoconductive receivers fabricated from the samples in Table 
3.1. The horizontal lines indicate the noise level, which was determined by averaging the spectral amplitudes from 
7.5 THz – 10 THz. (b) Peak dynamic range as a function of the optical illumination power at the receivers. All 
measurements were performed in the TDS setup described in Sec. 2.2.2. As emitter, a fiber-coupled module 
containing an undoped InGaAs/InAlAs photoconductor (see Sec. 4) was applied. Bias voltage and optical power 
of the emitter measured 120 V and 20 mW, respectively. 

The receiver antennas were structured as 0/2-dipoles with a length of 25 µm and a 10 µm-wide 

photoconductive mesa. The antennas were characterized in the TDS setup described in 

Sec. 2.2.2. As emitter, a fiber-coupled high mobility InGaAs/InAlAs heterostructure (see 

Sec. 4) was employed. The bias voltage of the emitter measured 120 V and the optical 

illumination power was fixed at 20 mW for all measurements. Fig. 3.7 (a) shows the amplitude 

spectra, which were neither shifted with respect to each other nor normalized. Thus, the 

observable differences are attributed to different material properties. First, one observes that 

each spectrum features a bandwidth of more than 5 THz, which is explained by the sub-

picosecond lifetime of each material. The noise level of each spectrum, which was determined 

as the average of all spectral amplitudes in the range of 7.5 THz – 10 THz, is highlighted as a 

horizontal line in Fig. 3.7 (a). Note that the spectrum detected by the photoconductor with the 

highest doping (HHI-12-500) has the lowest noise level. Generally, the detector noise correlates 

with the resistivity U of the photoconductor (see Table 3.1).  

Table 3.1. Growth parameters, electrical properties and electron lifetimes of the samples used for 
the fabrication of the THz photoconductive receiver antennas. The symbols denote: cBe – Be doping 
concentration; TA – annealing temperature; ρ – Hall resistance; ne – residual electron concentration; 
µe – electron mobility; τe – unsaturated electron lifetime. 

Name cBe 
(1018 cm-3) 

Ta 
(°C) 

ρ 
(Ω / sq) 

ne 
(1011 cm-2) 

µe 
(cm2 V-1 s-1) 

τe 
(ps) 

HHI-4-0 4.0 - 1.5×104 8.1 517 0.16 

HHI-4-500 4.0 500 1.1×105 1.1 517 0.27 

HHI-12-500 12.0 500 3.3×105 0.9 194 0.14 

 

 

(a) (b)
P = 20 mWopt
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In Fig. 3.7 (b) the peak dynamic range of the receivers is compared for an increasing optical 

illumination power. HHI-4-500, the sample with a Be-doping concentration of 4 × 1018 cm-3 

and a 500 °C-annealing shows the highest values for all excitation densities. Due to the high 

noise of HHI-4-0, the dynamic range of this receiver is the lowest of all samples. Although the 

high doping concentration of HHI-12-500 leads to the lowest noise level of all receivers (see 

Fig. 3.7 (a)), the high concentration of ionized antisites and Be dopants in the material increases 

the probability of ionized impurity scattering. This in turn decreases the peak-to-peak amplitude 

of the detected THz signal, which explains the intermediate peak dynamic range of this sample. 

(For further discussions of the results see publication [VI]) 

In conclusion, the results of the last subsections demonstrated that photoconductive receivers 

with a bandwidth of up to 6 THz and a peak dynamic range exceeding 90 dB can be fabricated 

from Be-doped LTG-InGaAs/InAlAs MQWs by exploiting the complex interplay between 

growth temperature, Be-doping concentration and post-growth annealing. In the next 

subsection, Be-doped LTG-InGaAs/InAlAs photoconductors are used to fabricate THz near-

field probe tips. These devices allow for THz images with sub-wavelength resolution. 

3.5 Application: THz Near-field detector 

In this subsection we report on the development of a THz near-field detector based on Be-doped 

LTG-InGaAs/InAlAs photoconductors. The results were discussed extensively in 

publication [V].  

Near-field imaging offers the possibility to increase the spatial resolution of THz images into 

the deep subwavelength range [85]. By employing metallic apertures, a spatial resolution of 

10 µm at 1 THz was demonstrated [86]. THz imaging of nanoscopic structures was enabled by 

scanning near-field optical microscopy (SNOM) systems, which use atomic-force-microscope 

tips as scattering elements for THz radiation [87]. Photoconductive (PC) near-field detectors 

based on free-standing cantilever microstructures made of LTG-GaAs have been developed as 

a relatively simple alternative to the aforementioned approaches [88]. With a resolution of a 

few micrometers PC near-field detectors range between the metallic apertures and the scattering 

type near-field microscopes. The PC approach bears great potential for future applications of 

high resolution conductivity measurements on solar cells [89]. However, PC near-field 

detectors based on LTG-GaAs have to be illuminated with femtosecond pulses centered on 

800 nm for efficient device operation. This impedes the use of compact, stable and cost-

effective THz-TDS systems relying on fiber-optical technologies.  
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Fig. 3.8. (a) Optical micrograph of a high resistivity float zone (HRFZ) silicon wafer. The light structures of the 
image consist of chromium with a thickness of 40 nm, which was lithographically structured after deposition on 
the silicon wafer (dark structures). (b) Near-field image of the wafer shown in (a) recorded with a commercially 
available THz-TDS system together with the novel PC probe-tip. The image consists of 500000 pixels. For each 
pixel a THz pulse trace with a duration of 25 ps was acquired within 20 ms. This figure was adopted from 
publication [V] and slightly modified. 

In publication [V] the first PC THz near-field microprobe for the operation at 1550 nm and, 

therefore, directly compatible with a fully fiber-coupled THz-TDS system was demonstrated. 

This development combines the sub-wavelength spatial resolution of a near-field detector with 

state-of-the art time-domain spectroscopy, which allows for a fully fiber-coupled coherent near-

field imaging system.  

The microprobe itself was made of an optimized Be-doped LTG-InGaAs/InAlAs 

photoconductor with a carrier lifetime of 0.5 ps (see Fig. 2 of publication [V]). Gold electrodes 

forming a resonant near-field antenna were structured on top of the free standing 

photoconductive cantilever. A 5-µm-wide photosensitive gap is located at the very tip of the 

antenna. Prior to the application as a near-field microprobe, the device was used as a PC detector 

in a standard (far-field) THz-TDS system in order to verify the correct operation of the device. 

With a spectral bandwidth of 2 THz, the performance of the novel microprobe was competitive 

to PC near-field detectors based on LT-GaAs (see Fig. 4 of publication [V]). 

In the THz near-field imaging experiment the conductivity of a 6-inch high resistivity float zone 

(HRFZ) silicon wafer was investigated, comprising lithographically structured 40 nm-thick 

chromium thin-films on its topside. A photograph of the wafer is shown in Fig. 3.8 (a). The Cr 

layer is structured to a grid of bars with different sizes, ranging from a few micrometers to 

several millimeters. The total area measures 100 mm × 85 mm. The wafer was mounted on a 

motorized xyz-translation stage, which allowed for a continuous movement of the sample 

between the fiber-coupled THz emitter and the PC microprobe. During the scanning, an optical 

height sensor was employed in order to keep the distance between the near-field detector and 

the sample constant. The sample was scanned with a lateral resolution of 250 µm in a vertical 

distance of approx. 120 µm. For each of the 500000 pixels, a THz pulse trace with a duration 
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of 25 ps was acquired in 20 ms. While the amplitude of the transmitted THz pulse is mainly 

determined by the conductivity of the Cr-layer, the phase of the THz signal provides 

information about the substrate thickness. In previous near-field imaging setups, relying on LT-

GaAs based microprobes, amplitude and phase information were commonly not available for 

each pixel due to the lack of fast scanning TDS spectrometers. By using a commercially 

available THz-TDS system relying on 1550 nm technology [43], the full information of the 

THz pulse could be provided at every sampling point.  

The structures of the photograph in Fig. 3.8 (a) are nicely reproduced in the THz image Fig. 

3.8 (b). Here, light green to red color refers to areas of high-THz transmission (HRFZ silicon 

substrate) while violet to black color indicates low-THz transmission corresponding to those 

parts covered with the Cr thin-film. The horizontal light-blue lines in the THz image are 

measurement artifacts. In order to evaluate the lateral resolution limit of the microprobe, a high 

resolution image of a small wafer area was acquired. Here, the sample-to-detector distance was 

reduced to 15 µm and the lateral resolution was increased to 20 µm. Structures with a width of 

100 µm were nicely resolved in this image (see Fig. 6 of publication [V]). 

The results of this subsection underline that photoconductive near-field imaging systems can 

be significantly improved with respect to the measurement speed as well as the provided 

information by using THz-TDS systems relying on 1550 nm technology. 
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4 THz emitters based on undoped InGaAs/InAlAs MQWs 

In this section, THz emitters based on InGaAs/InAlAs multiple quantum wells (MQWs) grown 

at temperatures around 400 °C by MBE are investigated. This photoconductor exploits the 

spatial separation of THz generation and carrier trapping, which leads to a material with high 

carrier mobility and increased THz output power. At growth temperatures around 400 °C the 

InGaAs layers are almost free of defects, whereas the adjacent InAlAs layers contain deep-level 

recombination centers. Thus, optically excited carriers are efficiently accelerated in the InGaAs 

layers until they are trapped by the defects in the adjacent InAlAs. Due to the low defect 

concentration, the electron mobility in the InGaAs layers is significantly higher than in Be-

doped LTG-InGaAs/InAlAs photoconductors. THz-emitters fabricated from these undoped 

InGaAs/InAlAs MQWs emit broadband THz pulses with a bandwidth up to 6 THz and an 

average THz power above 0.1 mW. This corresponds to a 100-fold increase in THz-power 

compared to THz-emitters based on LTG-InGaAs/InAlAs. The results presented in this section 

are based on publications [I] and [IV]. 

4.1 Introduction 

Previous theoretical and experimental studies revealed that the demands on photoconductors 

for THz emitters and detectors are essentially different. In 1997, Tani and coworkers compared 

semi-insulating GaAs (SI-GaAs) with a carrier lifetime of several hundred picoseconds and 

LTG-GaAs with a carrier lifetime below 1 ps as a photoconductive THz emitter [39]. The 

radiation spectra of these two different emitter materials were almost identical, which indicated 

that an ultra-short carrier lifetime is of minor importance in photoconductive emitters. The only 

constraint on the carrier lifetime is given by the repetition frequency of the femtosecond laser 

source, which is typically on the order of 100 MHz. The carriers excited by one laser pulse have 

to have recombined until the next pulse hits the antenna. Thus, carrier lifetimes of several 

hundred picoseconds are acceptable for THz-emitters. These findings were explained by the 

fact that the high frequency components of the THz pulse are mainly created by the rising of 

the photocurrent right after the excitation by the ultrashort laser pulse instead of the falling 

current caused by carrier scattering, carrier trapping, and carrier recombination [37]. Several 

studies confirmed the results of Tani and coworkers [90]–[93].  

In general, photoconductors with longer carrier lifetimes feature a significantly higher electron 

mobility compared to their short carrier lifetime counterparts. A sub-picosecond lifetime is 

achieved by incorporating point defects as trapping and recombination centers into the material 

(see Sec. 3). These defects are commonly ionized and, therefore, they act as scattering centers, 

which reduce the carrier mobility. Since a high mobility is required for the efficient acceleration 

of photoexcited carriers in the bias field of the emitter, higher THz powers can be generated 

with photoconductors comprising longer carrier lifetimes. 
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In order to obtain a high mobility material with carrier lifetimes on the order of 100 ps the 

following concept was studied in the remainder of this chapter. The THz generation, i.e. the 

absorption of the infrared light and the carrier acceleration, was spatially separated from the 

carrier trapping and the recombination in the photoconductor.  

In 2011, Dietz and coworkers proposed a photoconductor consisting of up to 100 periods of 

undoped InGaAs and InAlAs layers with a thickness of 12 nm and 8 nm, respectively, grown 

by MBE at a substrate temperature of 400 °C [94]. The InGaAs layers were almost free of 

defects at that growth temperature. Especially, antisite defects and other deep centers are not 

incorporated into InGaAs at 400 °C [66]. In contrast, the InAlAs layers contained high 

concentrations of deep-level defects at that growth temperature [95]–[98]. The origin of these 

defects is a non-stoichiometric alloying due to the temperature dependent surface kinetic of the 

Al atoms [95]. This leads to areas with a diameter of about 35 Å inside the InAlAs layers where 

the material is more InAs-like than in the surrounding InAlAs [96]. The activation energy �B = 0.6 – 0.7 eV of these defects was determined via deep-level transient spectroscopy (DLTS 

[99]) [95], [97]. Hence, the deep-level defects in InAlAs are located below the conduction band 

(CB) minimum of InGaAs in the heterostructures proposed by Dietz and coworkers [94]. 

Therefore, optically excited electrons in the CB of InGaAs can be trapped by the defects in the 

adjacent InAlAs layers. A schematic band diagram of a single InGaAs layer arranged between 

two InAlAs barriers is shown in Fig. 4.1. The discontinuities of the CB and the VB in 

InGaAs/InAlAs heterostructures were taken from Ref. [100]. Thus, the photoconductive 

concept presented in Fig. 4.1 is supposed to spatially separate the optical excitation in the 

InGaAs layers from the carrier trapping and recombination in the InAlAs. In Ref. [94] the 

authors demonstrated that THz emitters fabricated this photoconductive material comprised a 

6-fold higher optical-to-THz conversion efficiency than emitters consisting of LTG-

InGaAs/InAlAs operated under the same conditions [94]. 

 

Fig. 4.1. Schematic band diagram of a 
single InGaAs layer sandwiched 
between InAlAs barriers. The band gap 
energy of InGaAs �2 , the band 
discontinuities of the valence band (VB) 
and the conduction band (CV) Δ�V/W  as 
well as the activation energy �B of the 
deep trap states are given. Blue and 
green circles denote photoexcited 
electrons and holes, respectively. The 
electron trapping occurs in the InAlAs 
layers, which is indicated by dashed 
arrows. 

The findings of Dietz and coworkers [94] are the starting point of the investigations and 

improvements described in this section. The influence of the growth temperature and the 
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thickness of the InAlAs layers on the transient carrier dynamics and the performance of THz 

photoconductive emitters were studied in publication [I]. The main findings are: 

 The carrier lifetime is a function of the thickness of the InAlAs barrier. The larger the 

barrier thickness (up to a maximum around 8 nm), the lower the carrier lifetime of the 

material (see Fig. 3 of publication [I]). These results show unambiguously that the carriers 

are trapped by defects inside the InAlAs layer. 

 The carrier lifetime shows a minimum for growth temperatures around 375 °C, indicating 

the highest concentration of the alloying defects close to that temperature. 

 The emitted THz spectrum is broadband for growth temperatures around 375 °C, 

comparable to Be-doped LTG-InGaAs/InAlAs emitters (see Fig. 4 of publication [I]) 

 The emitted THz power is a factor of 100 higher than the power emitted by Be-doped LTG-

InGaAs/InAlAs THz emitters (see Fig. 5 of publication [I]). 

In publication [IV] a calibrated power detector was employed in order to determine the absolute 

THz power emitted by a photoconductor consisting of 100 periods of 12 nm InGaAs and 16 nm 

InAlAs grown at 375 °C in an MBE. An average THz power of 112 µW ± 7 µW was measured, 

which is among the highest values published for THz emitters designed for the illumination 

with 1550 nm laser pulses. To the best of our knowledge the power measurement conducted in 

publication [IV] is the first calibrated power measurement of a THz emitter for TDS with a 

detector traceable to a national standard. Hence, these measurements set the standard for all 

subsequent power measurements of THz-TDS emitters.  

The high THz output power of the undoped InGaAs/InAlAs based photoconductors are the 

prerequisite for THz-TDS systems with high measurements speed. By combining the high 

power emitters and an electrically controlled optical sampling (ECOPS) system, an all fiber-

coupled THz-TDS system with kHz measurement rate could be realized [101]. 

In the next subsections, the optical and THz properties of the emitter material are discussed in 

more detail. 
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4.2 Optical properties 

In publication [I] three sample series were investigated in order to unambiguously show that 

the carrier trapping occurs in the InAlAs barrier layers. Table 4.1. summarizes the layer 

structures of the investigated samples. In Tg series 1 and Tg series 2 the growth temperature was 

varied between 325 °C – 450 °C and 350 °C – 425 °C, respectively, whereas the remaining 

growth parameters were kept constant. In the dB series the growth temperature was kept 

constant at 375 °C while the thickness of the InAlAs layers was changed between 2 nm and 

16 nm. The multi-quantum well structures were grown on top of an InAlAs buffer with a 

thickness of 777 nm. The substrate was semi-insulating InP:Fe with a thickness of 350 µm. The 

surface morphology of all samples was controlled by differential interference contrast 

microscopy in combination with XRD rocking curves. All samples were single-crystal with 

clearly resolved superlattices of the intended thickness. 

Table 4.1. Sample series investigated in publication [I]. The symbols denote: Tg – growth 
temperature, dInGaAs – thickness of the InGaAs layers, dInAlAs – thickness of the InAlAs layers, 
repetitions – number of multi-quantum wells consisting of an InGaAs and an InAlAs layer. 

Name  Tg (°C) dInGaAs 
(nm) 

dInAlAs 
(nm) 

repetitions 

Tg series 1 325 – 450 12 8 30 

Tg series 2 350 – 425 12 8 100 

dB series 375 12 2 – 16 100 

The carrier lifetime was determined by optical differential transmission (DT) measurements 

with femtosecond pulses centered on 1550 nm (see Sec. 2.2.1). Fig. 4.2 shows the natural 

logarithm of the normalized differential transmission signals for the samples of Tg series 2. 

Each plot is labeled by the growth temperature of the corresponding sample. For comparison, 

the DT signal of a Be-doped LTG-InGaAs/InAlAs heterostructure with the same layer structure 

as the samples from Tg series 2 is shown (&8= 130 °C). One clearly observes that the signal 

decay time increases with growth temperature. The dashed blue lines are linear fits to the data 

for pump-probe delay times above 2 ps.1 The extracted electron lifetime �X is plotted as a 

function of the growth temperature Tg in Fig. 4.2 (b). In this plot, the electron lifetime of Tg 

                                                 

1 The initially fast decay of the DT signals for pump-probe delay times below 2 ps is explained by the 
thermalization of hot carriers in the conduction band of InGaAs via phonon emission. We did not find any 
significant correlation between the duration of this fast signal decay and the growth temperature or the InAlAs 
barrier thickness. Therefore, this fast decay is neglected in the remainder of this thesis. For a more detailed 
discussion see publication [I]. 
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series 1 (empty squares) and Tg series 2 (full squares) are shown. Full and dashed lines are 

guides to the eye.  

 

Fig. 4.2. Natural logarithm of the normalized differential transmission for the samples of Tg series 2 (a). The signal 
comprises a fast decaying component, which is independent of the growth temperature and a slowly decaying 
component, which strongly depends on Tg. Dashed blue lines are linear fits to the slowly decaying component. 
The calculated decay constant is plotted as a function of the growth temperature for Tg series 1 and Tg series 2 in 
(b). This figure is a combination of Fig. 1 and Fig. 2 from publication [I]. 

The electron lifetime �X depends strongly on the growth temperature. The Tg series 1 shows a 

pronounced minimum for Tg = 375 °C whereas the electron lifetime of Tg series 2 is the smallest 

at Tg = 350 °C. Although the samples of Tg series 1 and Tg series 2 are nominally identical, the 

observed differences of �X are attributed to an uncertainty of the real growth temperature. In the 

MBE used for the material growth the substrate surface temperature could not be measured 

directly. Instead, the growth temperature was determined by interpolating from the temperature 

of the oxide desorption from the InP substrate, which occurs at 520 °C, to the desired growth 

temperature. This results in a temperature uncertainty, which is estimated to Δ& ≈ 15 °C since 

Tg series 1 and Tg series 2 were not grown in direct succession. Nevertheless, Fig. 4.2 clearly 

demonstrates that the growth temperature influences the lifetime of optically excited electrons 

in the InGaAs layer.  

In addition to the lifetime studies presented in publication [I], the dependence of the defect 

density on the growth temperature was investigated by temperature dependent 

photoluminescence (PL) measurements on Tg series 1 [102]. In analogy to the carrier lifetime 

shown in Fig. 4.2 (b), the PL intensity shows a pronounced minimum for Tg = 375 °C (see 

Fig. 3 of Reference [102]), which is a clear indicator for the highest defect density at this growth 

temperature. Furthermore, the PL-linewidth is broadened for Tg = 375 °C (see Fig. 3 of 

Reference [102]). In summary, these results underline the strong dependence of the defect 

density in the InGaAs/InAlAs MQWs on the growth temperature with a pronounced maximum 

around 375 °C. 

In order to demonstrate that the trapping defects are located inside the InAlAs, the carrier 

lifetime �X was analyzed as a function of the InAlAs layer thickness (see dB series in Table 4.1). 

T = 130°Cg

T = 350°Cg

T = 375°Cg

T = 400°Cg

T = 425°Cg

(a) (b)
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In Fig. 4.3, the carrier lifetime �X is plotted against the InAlAs thickness for all samples of the 

dB series.  

 

Fig. 4.3. Average penetration depth of the 
electron wavefunction into the InAlAs layer 
and the decay time �X of the differential 
transmission signal as a function of the 
InAlAs layer thickness. This figure is based 
on Fig. 3 from publication [I]. 

Note that the carrier lifetime decreases from above 80 ps for an InAlAs thickness of 2 nm to 

about 30 ps for a thickness of 8 nm. Since the absolute number of trapping defects increases 

with the InAlAs thickness these findings support the assumption that the electron capture occurs 

inside the InAlAs layers. However, samples with 16 nm thick InAlAs layers show a minor 

decrease of the electron lifetime, although the layer thickness doubles from 8 nm to 16 nm (see 

Fig. 4.3). This effect can be explained by the limited penetration depth of the wavefunction of 

CB electrons in InGaAs into the InAlAs layers. Due to the conduction band discontinuity Δ�Y = 0.44 eV (see Fig. 4.1), the excess energy of a photoexcited electron in the conduction 

band of InGaAs is not sufficient for a direct transfer into the InAlAs layer. Therefore, the 

electron wavefunction decays exponentially at the barrier between the InGaAs and the InAlAs 

layers. Hence, CB electrons in InGaAs can only be trapped by defects in the InAlAs layer when 

the overlap of the electron wavefunction and the defect wavefunction is nonzero. In order to 

verify this explanation, the 1D Schrödinger equation for 30 periods of the MQW structure with 

different InAlAs layer thicknesses was solved numerically and the averaged penetration depth 

of the electron wavefunction into the InAlAs was calculated by summing over all positions in 

the barrier with nonzero wavefunctions in the first sub-band of the MQW structure. The result 

is shown as open squares in Fig. 4.3. The penetration of the wavefunction into the InAlAs 

barrier has its maximum for an InAlAs thickness of 6 nm. Hence, CB electrons in InGaAs 

cannot reach defects sites, which are located more than 6 nm from the InGaAs/InAlAs interface. 

Therefore, the electron lifetime decreases only slightly when the InAlAs thickness is increased 

from 8 nm to 16 nm. 

In summary, the results of this subsection show that the optical absorption and the carrier 

trapping are spatially separated by the material concept depicted schematically in Fig. 4.1. In 

the next subsection these photoconductors are employed as emitters in THz-TDS. 

  

2
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4.3 THz results and absolute power measurements 

In this subsection the undoped InGaAs/InAlAs MQW structure with spatially separated layers 

for the THz generation and the carrier trapping is investigated as a photoconductive emitter in 

THz-TDS.2 The results are based on publication [I], in which THz emitters fabricated from Be-

doped LTG-InGaAs/InAlAs and undoped InGaAs/InAlAs MQWs were compared. The main 

findings are: 

 The THz power generated by undoped InGaAs/InAlAs emitters is up to a factor of 100 

higher than the average THz power from LTG emitters (see Fig. 7 of publication [I]). 

 The THz spectra of both types of emitters are comparable. The bandwidth exceeds 4.5 THz 

and the spectral roll-off is essentially equal for both emitter types. (see Fig. 4 (b) of 

publication [I]). 

The significantly higher THz power of the undoped InGaAs/InAlAs MQWs is attributed to an 

increased mobility in the InGaAs layers. An electron mobility higher than 2000 cm2V-1s-1 was 

measured for the undoped MQWs whereas the electron mobility of typical LTG materials is in 

the range of 200 cm2V-1s-1 [94], [III]. The mobility increase was enabled by moving the trapping 

defects from the InGaAs to the adjacent InAlAs layers. Moreover, these results underline that 

the generation of broadband THz pulses is not essentially determined by the carrier lifetime in 

the photoconductive material. In agreement with the findings of Tani and coworkers [39], the 

results of publication [I] show that photoconductors with an electron lifetime of several tens of 

picoseconds allow for the generation of broadband THz pulses.  

The combination of undoped InGaAs/InAlAs emitters and Be-doped LTG-InGaAs/InAlAs 

MQWs (see Sec. 3) enabled all fiber-coupled THz spectrometers with a bandwidth of up to 

6 THz and a peak dynamic range above 90 dB [43], which is the state-of-the-art in 

commercially available THz-TDS systems. However, the comparison of THz-TDS systems 

from different manufactures remains a challenging task since these systems are commonly 

characterized by the dynamic range at certain frequencies, which depends on the experimental 

geometry, the measurement speed and the precision of the optical delay line. Hence, the 

dynamic range is not only determined by the performance of the photoconductive antennas such 

that additional parameters are required for an independent characterization. 

                                                 

2 Due to the electron lifetime in the range of several tens of picoseconds, the material is inappropriate as a THz 
receiver. Tani and coworker compared SI-GaAs and LT-GaAs as a photoconductive receiver for the illumination 
with 800 nm radiation and found that the long carrier lifetime of SI-GaAs increased the receiver noise significantly 
compared to LT-GaAs receivers [122]. In analogy to the results presented by Tani and coworkers we found the 
same behavior for the undoped InGaAs/InAlAs MQWs.  
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In order to enable the direct comparison of the generated THz power of photoconductive 

emitters, we demonstrated, to the best of our knowledge, the first calibrated absolute power 

measurement of photoconductive emitters for THz-TDS [IV]. These experiments were 

conducted with a novel pyroelectric thin-film detector, which was developed by Sensor- und 

Lasertechnik (SLT) and calibrated to a national standard by the German national metrology 

institute (Physikalisch-Technische Bundesanstalt, PTB). Due to a spectrally flat absorption 

from 100 GHz to 5 THz and a power sensitivity down to 1 µW, these detectors are well suited 

for absolute power measurements of photoconductive THz emitters [103]–[106].  

In publication [IV], the THz output of a fiber-coupled emitter fabricated from an undoped 

InGaAs/InAlAs MQW structure grown at 375 °C comprising 100 periods of 12 nm InGaAs and 

16 nm InAlAs layers was analyzed. First, the predicted spectrally flat absorption of the 

pyroelectric thin-film detector was verified by THz transmission measurements. The 

pyroelectric detector was set in the focal point of a THz transmission setup, consisting of four 

90 ° off-axis parabolic mirrors with a focal length of 3-inch. A fiber-coupled THz emitter 

module, containing the above mentioned photoconductive material and a fiber-coupled THz 

receiver containing a Be-doped LTG-InGaAs/InAlAs receiver antenna, were operated together 

with a commercially available THz-system [43]. The average optical power at the emitter and 

the detector was 20 mW and the bias voltage of the emitter was set to 120 V. The measurements 

were performed under nitrogen purge in order to eliminate water vapor absorption from the 

THz spectrum. The lower panel of Fig. 4.4 shows the THz power spectra calculated by Fast 

Fourier Transformation (FFT). The light blue line indicates the transmission through the 

pyroelectric thin-film and the black line serves as the reference spectrum acquired without any 

sample inside the THz beam path.  

 

Fig. 4.4. Results of the THz transmission 
experiments on the pyroelectric thin-film. The 
power spectra (lower panel) were calculated 
via fast Fourier transformation (FFT) of the 
corresponding THz pulses. The light-blue line 
shows is the signal transmitted through the 
pyroelectric film and the black line serves as 
the reference spectrum without any sample in 
the THz beam path. Measurements were 
performed under dry nitrogen purge. The 
spectra are normalized to the maximum of the 
reference spectrum. The THz transmission 
(upper panel) is the quotient of the transmitted 
and the reference spectrum. By design, the 
transmission is supposed to measure 25 % in 
units of power. The dashed green lines 
indicate the uncertainty interval derived from 
the detector calibration. This figure is based 
on Fig. 2 from publication [IV]. 
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The broadband THz emission of the photoconductive emitter with a bandwidth of more than 

5 THz can be clearly seen. By design, the transmission through the pyroelectric thin-film 

measures 25 % in units of power, since 25 % of the incoming THz radiation is reflected at the 

surface of the thin-film and 50 % is absorbed by the material itself [103]. In order to verify the 

25 % transmission, the ratio of the detector transmission and the reference spectrum was 

calculated and plotted in the upper panel of Fig. 4.4. Here, the dashed green lines indicate the 

uncertainty interval derived from the calibration uncertainty of the pyroelectric detector (see 

publication [IV]). From 100 GHz to 3.2 THz the transmission amounts to 25 % ± 1.6 %, which 

is clearly inside the calibrated uncertainty. For higher frequencies, artefacts originating from 

residual water vapor absorption lead to a deviation from the 25 % transmission. Nevertheless, 

these results verify the spectral flatness of the pyroelectric thin-film for the frequency interval, 

in which the highest THz power is generated by the emitter.  

Next, the calibrated absolute THz power emitted by the fiber-coupled emitter was measured. In 

order to ensure that the detector signal exclusively stems from the emitted THz radiation, 

possible sources of unwanted signals were systematically ruled out. The details of these 

measures are explained extensively in publication [IV]. The absolute THz power calculated 

from the calibrated sensitivity of the pyroelectric detector (160 V/W ± 10 V/W) is plotted as a 

function of the applied bias voltage and the optical power at the emitter in Fig. 4.5 (a) and (b), 

respectively. In Fig. 4.5 (a) the THz power increases from below 1 µW at 30 V bias to more 

than 70 µW at 120 V bias voltage. For an optical illumination power above 30 mW the emitted 

THz power exceeds 0.1 mW (see Fig. 4.5 (b)). This corresponds to an optical-to-THz 

conversion efficiency of 0.33%. 

 

Fig. 4.5. (a) Calibrated THz power as a function of the bias voltage and (b) the optical illumination power at the 
fiber-coupled THz emitter. Error bars were calculated from the calibrated sensitivity of the pyroelectric detector 
measuring 160 V/W ± 10 V/W. This figure is based on Fig. 5 from publication [IV]. 
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In conclusion, it was demonstrated that broadband THz pulses with an average power of up to 

112 µW ± 7 µW can be generated by THz emitters fabricated from undoped LTG-

InGaAs/InAlAs MQW structures grown at temperatures close to 375 °C in an MBE. This 

material exploits the spatial separation of THz generation and carrier trapping. Inside the high-

mobility InGaAs layers, photoexcited carriers are efficiently accelerated leading to the emission 

of strong THz pulses. The carrier trapping and recombination occurs inside the adjacent InAlAs 

layers, which contain deep-level defects caused by nonstoichiometric alloying at temperatures 

around 375 °C [95], [96], [98]. These emitters are one of the key components in state-of-the-

art THz-TDS systems [43], [101]. 
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5 Integrated THz transceiver 

In the two previous sections the photoconductive materials for emitters and detectors in THz-

TDS were optimized separately. Be-doped LTG-InGaAs/InAlAs MQWs with electron lifetimes 

between 140 fs – 500 fs served as broadband THz receivers with a bandwidth of 6 THz and a 

maximum dynamic range exceeding 90 dB (see Fig. 3.2). Undoped InGaAs/InAlAs grown by 

MBE at substrate temperatures between 375 °C and 400 °C was used as a photoconductive 

emitter of broadband THz pulses with a calibrated power of up to 112 µW ± 7 µW (see Fig. 

4.5). 

However, most of the applications of THz-TDS in fields like non-destructive testing (NDT) and 

in-line process monitoring allow only one-side access to the sample under test, which requires 

measurements in reflection geometry. When individual THz emitters and detectors are 

employed for these measurements, either an angled THz beam path or a THz beam splitter is 

required. Both concepts lead to bulky and complex setups. Therefore, an integrated THz device, 

i.e. a THz transceiver, which combines THz emitter and detector on the same photoconductive 

chip, is highly desired. On the one hand, the transceiver would enable reflection measurements 

under normal incidence to the sample surface, which reduces the complexity of the THz beam 

path. On the other hand, the size of the sensor head could be significantly downscaled allowing 

for compact and ready-to-use devices.  

THz transceivers were investigated for the first time in the year 2000 by Tani and coworkers 

[107]. The authors employed a single photoconductive dipole-antenna, made of LTG-GaAs, for 

the generation and the detection of THz radiation suitable for THz reflection measurements 

under normal incidence to the sample surface. Since then, THz transceivers have been studied 

by several research groups and the investigated transceiver concepts can be divided into two 

groups: 

 Transceivers employing the same photoconductive gap for THz emission and detection 

[107]–[109]. 

 Transceivers comprising spatially separated photoconductive antennas for THz emission 

and THz detection, which are arranged in close proximity to one another on the same chip 

[110], [111]. 

The main advantage of the first concept is that only a single photoconductive gap has to be 

illuminated by the femtosecond laser. This allows for a rather simple optical (fiber) coupling. 

However, the bias voltage, which is required to drive the THz-emitter, and the residual carriers 

originating from the optical excitation of the emitter, increase the noise of the THz receiver. 
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Therefore, the maximum dynamic range obtained with this transceiver concept was limited to 

50 dB and the highest bandwidth measured 2 THz only [107]–[109]. 

This unwanted crosstalk is significantly reduced by the second concept, where emitter and 

detector are spatially separated. The challenge of this approach is the optical coupling of the 

individual photoconductive gaps. Since the diameter of a stripped single-mode fiber measures 

typically 125 µm, the spatial separation of emitter and detector on the transceiver is 

predetermined by this value, when the fibers are directly attached to the chip. In THz-TDS, the 

emitted THz pulse contains frequencies from 100 GHz – 6 THz, which corresponds to 

wavelengths between 50 µm – 3000 µm. When the spatial separation of emitter and detector on 

a transceiver chip is within this wavelength range, distortions of the THz pulse and unwanted 

resonances in the THz spectrum decrease the performance of the transceiver [110]. In previous 

studies, THz transceivers with a spatial separation of emitter and detector around 500 µm [110] 

and 250 µm [111] showed a bandwidth of 2 THz and a peak dynamic range of 40 dB. Since 

individual photoconductive antennas feature a bandwidth of up to 6 THz and a peak dynamic 

range exceeding 90 dB, the capability of THz transceivers has to be significantly improved for 

competitive performance. 

In order to overcome the aforementioned limitations a photoconductive transceiver chip was 

designed, on which the emitter and the detector are separated by 45 µm only (see 

publication [VII]). The optical fiber coupling was enabled by employing a polymer waveguide 

chip, which reduced the spacing of two polarization maintaining fibers from 500 µm at the front 

facet of the waveguide chip to 45 µm at the rear facet (see Fig. 5.1 (b)). The transceiver chip 

was attached to a hyper-hemispheric high-resistivity float zone (HRFZ) silicon lens, butt-

coupled to the polymer chip, and integrated into a cylindrical housing with a diameter of 25 mm. 

With a bandwidth of 4.5 THz and a peak dynamic range higher than 70 dB, this transceiver 

concept is a significant improvement compared to all results published previously [107]–[111]. 

Since the transceiver combines an emitter and a detector on the same chip, a photoconductor 

suitable for the emission and the detection of THz radiation had to be employed. For this 

purpose, the most important material property is the electron lifetime. For THz receivers, a sub-

picosecond electron lifetime is the prerequisite for the detection of broadband THz pulses (see 

Sec. 3). In contrast, undoped InGaAs/InAlAs with a lifetime of several tens of picoseconds 

allowed for significantly higher THz powers compared to photoconductors with ultrashort 

lifetimes (see Sec. 4). However, in case of a THz transceiver a sub-picosecond lifetime is 

beneficial for both THz emitters and receivers. Due to the close proximity of emitter and 

detector on the transceiver chip, long-living carriers are a potential source of low-frequency 

radiation, which increases the receiver noise. Therefore, the transceiver chip studied in 

publication [VII] was fabricated from LTG-grown Be-doped InGaAs/InAlAs.  
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Fig. 5.1. (a) Scanning electron micrograph of the transceiver chip. The emitter (Tx) and detector (Rx) mesa 
comprise an active area of 25 µm × 40 µm and 10 µm × 15 µm, respectively. The distance between Rx and Tx 
measures 45 µm. (b) Optical micrograph of the polymer waveguide chip. Two stripped PM-fibers with a diameter 
of 125 µm are mounted in two u-grooves with a pitch of 500 µm. Optical waveguides lead from the tip of each u-
groove to the facet of the chip and reduce the distance between the optical beams from 500 µm to 45 µm. For the 
optical coupling, the polymer waveguide chip is butt-coupled to the transceiver. This figure is based on Fig. 1 from 
publication [VII]. 

The photoconductor comprised an (unsaturated) electron lifetime of 0.5 ps, which was verified 

by transient differential transmission measurements (see Sec. 2.2.1). The emitter and the 

detector gap of the transceiver were mesa structured by chemically assisted ion beam etching 

(CAIBE) [29] and measured 25 µm × 40 µm and 10 µm × 15 µm, respectively. A scanning 

electron micrograph of the transceiver chip is shown in Fig. 5.1 (a). The receiver comprises a 

dipole antenna with a dipole length of 25 µm, whereas the emitter is contacted by a strip-line 

antenna. An optical micrograph of the polymer waveguide chip is depicted in Fig. 5.1 (b). The 

waveguides, which were lithographically structured into the polymer, are highlighted by dashed 

lines. The total size of the chip is 4 mm × 1 mm. Details about the polymer and the design of 

the fiber-coupled module can be found in Ref. [112] and publication [VII]. The fiber-coupled 

THz transceiver was operated in a THz reflection setup consisting of a 90 ° off-axis parabolic 

mirror in order to collimate the emitted THz beam and a plane, gold-coated mirror. The total 

length of the THz path was 15 cm and the measurements were conducted in ambient air. The 

average optical power at the emitter and the detector was set to 20 mW and the emitter was 

biased with a constant voltage of 35 V. The signal acquisition and the THz-TDS system are 

described in detail in Sec. 2.2.2. Fig. 5.2 (a) is an excerpt of the detected pulse trace. One 

observes a pronounced peak and subsequent undulation due to the water vapor absorption of 

the ambient air. In particular, features of increased cross-talk between the emitter and the 

detector are not observed. The corresponding power spectrum with a bandwidth exceeding 

4.5 THz and a peak dynamic range higher than 70 dB is shown in Fig. 5.2 (b).  
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Fig. 5.2. (a) Pulse trace and (b) corresponding FFT spectrum detected with the fiber-coupled THz transceiver in 
reflection geometry. The emitter and detector mesa of the transceiver were illuminated with 20 mW of average 
optical power. The emitter bias measured 35 V. The THz optics comprised a 90 ° off-axis parabolic mirror for the 
collimation of the THz beam and a plane, gold-coated mirror as the reflector. The total path length measured 
15 cm. The pulse trace shown in (a) is an average of 1000 individual pulse traces. The total acquisition time was 
60 s. This plot is based on Fig. 2 of publication [VII]. 

In addition to the operation of the transceiver in THz-TDS, the radiation pattern of the THz 

transceiver was compared to the radiation pattern of an individual fiber-coupled emitter in 

publication [VII]. Very similar radiation patterns were obtained, which underlines that the 

spatial separation of the emitter and the detector on the transceiver chip does not distort the 

emitted THz beam. Details of these measurements can be found in publication [VII]. 

In conclusion, the demonstrated transceiver concept is a versatile tool for THz reflection 

measurements. Due to the optical fiber coupling it is directly compatible to commercially 

available THz-TDS systems. A bandwidth of 4.5 THz together with a peak dynamic range of 

more than 70 dB are the highest values reported for integrated THz transceivers so far. 

Although this fiber-coupled transceiver is a great improvement of previously suggested 

transceiver concepts, the employed photoconductor is an essential compromise. By using Be-

doped LTG-InGaAs/InAlAs the main attention was laid on a sub-picosecond electron lifetime, 

in order to reduce the crosstalk between the emitter and the detector. However, the results of 

Sec. 4 indicate that the emitted THz power of optimized photoconductive emitters can be 

significantly higher than the THz power generated in Be-doped LTG-InGaAs/InAlAs. 

Therefore, a single photoconductor with a performance competitive to individual THz emitters 

and detectors is required, in order to close the performance gap between the THz transceiver 

and individual devices. In the following section it is shown that iron doped InGaAs grown by 

MBE at temperatures close to 400 °C combines the properties of high power emitters and 

broadband THz detectors in the same photoconductor. Hence, this material is extremely useful 

for the development of future THz transceivers. 

 

 

(a) (b)



41 
 

6 THz Emitters and detectors made of iron doped InGaAs 

In Sec. 5, fiber-coupled THz transceivers comprising spatially separated emitter and detector 

mesas on a single photoconductive chip were demonstrated as a versatile device for THz 

reflection measurements. Due to the compact design as well as the simple THz beam path these 

transceivers bear great potential to replace discrete emitter and detector devices. In addition, 

compact and easy-to-use sensor heads may permit novel THz applications in the future. 

However, the main drawback of the transceiver presented in Sec. 5 is the photoconductive 

material. In Sec. 4 it was shown that the emitted THz power of an optimized photoconductive 

emitter can be up to a factor of 100 higher than the THz power of Be-doped LTG-

InGaAs/InAlAs emitters employed for the transceiver. Hence, photoconductors for THz 

transceivers with competitive performance to individual emitters and detectors have to combine 

the following properties in a single material: 

 High resistivity in order to apply high bias fields at the emitter 

 High electron mobility for efficient THz generation and detection 

 Sub-picosecond electron lifetime for a broadband THz receiver and low crosstalk 

Prior to this thesis, a single photoconductive material that is both sensitive to 1550 nm 

excitation and that combines all the aforementioned properties was not identified.  

In publication [VIII] we demonstrated that iron doped InGaAs (InGaAs:Fe) grown by MBE at 

temperatures around 400 °C fulfills the desired properties far better than any other 

photoconductor presented to date. A Hall resistivity higher than 2 kΩ cm, a Hall mobility of 

almost 1000 cm2V-1s-1 and an (unsaturated) electron lifetime of 0.3 ps was obtained for 

InGaAs:Fe. Thus, this photoconductor combines the sub-picosecond electron lifetime of the 

optimized receiver material presented in Sec. 3 with the high resistivity and the high mobility 

of the optimized emitters (see Sec. 4). Consequently, Fe-doped InGaAs showed competitive 

performance to state-of-the art photoconductive emitters and detectors in THz-TDS. A THz 

power up to 75 µW ± 5 µW was measured for InGaAs:Fe emitters and THz pulses with a 

bandwidth of up to 5.5 THz and a peak-dynamic range higher than 90 dB were detected by 

InGaAs:Fe receivers. Therefore, this material bears great potential for future integrated THz 

devices. In the remainder of this section the key results are summarized. The extensive 

discussion can be found in publication [VIII]. 
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6.1 Previous results on InGaAs:Fe 

In the last decades, iron doping of InGaAs has been studied by several groups. Due to shallow 

impurities, as-grown InGaAs is n-conductive with a residual electron concentration around 

1015 cm-3 [66]. Since Fe dopants form mid-bandgap acceptors in InGaAs, iron doping is a well-

established technique for obtaining semi-insulating InGaAs layers [113]–[116]. The activation 

energy of substitutional iron in InGaAs is well known and measures �B = 0.35eV ± 0.02 eV, 

which is almost mid-bandgap [115]–[117].  

The first application of iron implanted InGaAs as a THz photoconductor was published by 

Suzuki and coworkers in 2005. The authors fabricated a detector antenna, sensitive to the 

excitation with 1.56 µm femtosecond lasers, and demonstrated THz pulses with a bandwidth of 

2 THz [22]. In 2010 and 2011, iron doped InGaAs grown by metal-organic vapor phase epitaxy 

(MOVPE) was applied as a THz emitter and detector, respectively [23], [24]. A resistivity of 

several kΩ cm and a bandwidth of up to 2.5 THz were reported. In addition, the authors found 

that samples with a lower Fe doping concentration showed superior performance as THz 

photoconductor than samples with higher doping. These results were explained by the 

compensatory effect of iron dopants in MOVPE grown InGaAs. Since iron serves as a deep 

acceptor, the conductivity of the material changes from n-type to p-type, when the residual 

electron concentration is entirely compensated by the Fe dopants. In agreement with the 

modelling of Tell and coworkers [115], the authors of Ref. [24] and Ref. [23] observed the 

transition from n-type to p-type InGaAs for Fe doping concentrations between 1017 cm-

3 – 1018 cm-3. Therefore, doping levels slightly below 1017 cm-3 led to the highest resistivity in 

MOVPE-grown InGaAs:Fe and, therefore, the best performance as a THz photoconductor. 

In publication [VIII] it is shown that Fe-doped InGaAs grown by MBE at temperatures close to 

400 °C has essentially different electrical and optical properties than those reported for Fe-

doped InGaAs grown by MOVPE at temperatures around 650 °C – 680 °C [23], [24]. These 

results are attributed to different kinetics at the substrate surface due to the lower growth 

temperature in the MBE. The main findings of this investigation are summarized in the next 

subsections. 

6.2 Electrical properties 

In publication [VIII], InGaAs samples with nominal Fe-doping concentrations between 

3 × 1016 cm-3 and 5 ×1020 cm-3 were investigated. The layer structure of the samples comprised 

a nominally undoped 700 nm-InAlAs buffer layer, which was grown on top of a 2-inch, 350 µm 

thick, semi-insulating InP:Fe substrate. The homogenously doped InGaAs:Fe layers with a 

thickness of 1.0 µm - 1.2 µm were grown on top of the InAlAs buffer. 
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Fig. 6.1. (a) Resistivity, mobility, (b) and residual carrier concentration determined by room-temperature Hall 
measurements as a function of the Fe doping concentration. Note that the conductivity is electron-like even for 
doping concentrations above 1020 cm-3. 

The growth temperature was set between 350 °C - 450 °C. All samples were single-crystal with 

sharp and clearly resolved peaks in the XRD rocking curves. In interference contrast 

microscopy a slightly rough surface was observed for all samples whereas the roughness did 

not increase for higher Fe doping. The nominal doping concentrations were verified by 

Secondary Ion Mass Spectroscopy (SIMS). The doping profile was homogenous inside the 

InGaAs layer with a sharp drop at the interface to the undoped InAlAs buffer (see Fig. 1 in 

publication [VIII]).  

The electrical properties of the samples were determined by room temperature hall 

measurements and are summarized in Table 6.1. The Hall resistivity and the Hall mobility are 

shown as a function of the Fe doping concentration Fig. 6.1 (a). The resistivity increases from 

values below 1 Ωcm for the undoped InGaAs samples to 2038 Ω cm for the  

 

Table 6.1 Growth temperature (Tg), doping concentration (cFe), residual electron concentration 
(nHall) and resistivity (U) of the iron doped InGaAs samples. The doping concentration was 
determined by secondary ion mass spectroscopy measurements and corresponds to the total 
density of Fe dopants. 

Sample 

name 

TG 

(°C) 

cFe    

(cm-3) 

nHall  

(cm-3) 

ρ 

(Ω cm) 

Fe5e20 350 5.0 × 1020 3.4 × 1012 2038.0 

Fe2e20 400 1.5 × 1020 4.8 × 1012 1328.0 

Fe3e19 400 3.0 × 1019 8.2 × 1013 379.0 

Fe1e18 450 1.0 × 1018 2.0 × 1015 3.0 

undoped 350 n.i.d. 4.0 × 1015 0.4 

(a) (b)
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highest Fe doping concentration (5 × 1020 cm-3). This is a huge contrast to the results obtained 

for MOVPE grown InGaAs:Fe. In the latter case, the resistivity decreased for doping 

concentrations above 1017 cm-3.  

The mobility in Fig. 6.1 (a) decreases from values above 4000 cm2V-1s-1 of the undoped InGaAs 

to 918 cm2V-1s-1 for a doping concentration of 5 × 1020 cm-3, which is a comparably high 

mobility for doping densities in the range of 1020 cm-3. In Fig. 6.1 (b) the residual electron 

concentration is plotted as a function of the Fe doping concentration. Here, the large difference 

between MOVPE and MBE grown InGaAs:Fe is clearly observable. The conductivity type of 

the MBE grown samples remains electron-like for all doping concentrations. In particular, the 

residual electron concentration of the highest doped samples measures 3.4 × 1012 cm-3, which 

is close to the intrinsic value of InGaAs at room temperature (6.7 × 1017 cm-3). Hence, the 

concentration of electrically active dopants in MBE grown InGaAs is below 1017 cm-3, even at 

Fe doping concentrations above 1020 cm-3. Higher concentrations of electrically active dopants 

would result in p-conductive material, which is not observed (see Ref. [115]). The remaining 

Fe dopants are electrically inactive forming interstitials or clusters. 

In order to determine the activation energy of the electrically active Fe dopants, temperature 

dependent Hall measurements between 300 K and 400 K were performed. The residual electron 

concentration of sample Fe3e19 is shown as an Arrhenius plot in Fig. 6.2 The activation energy �B = 0.33 eV is determined by assuming an uncompensated material such that the relation 	 ∝exp	��B/�2ZA&� can be employed [118]. These results agree well with the activation energy of 

substitutional iron dopants in InGaAs determined in previous studies [115]–[117]. Hence, the 

electrically active dopant is indeed the substitutional iron.  

In analogy to the annealing experiments presented in Sec. 3.4, the thermal stability of the Fe 

doped samples was studied by ex-situ annealing at 550 °C and 600 °C in an MOVPE system 

under arsenic and phosphorous atmosphere. In room-temperature Hall measurements no 

essential changes of the electrical properties before and after annealing were observed. The blue 

circles in Fig. 6.2 show the Arrhenius plot of the residual electron concentration of the 600 °C-

annealed sample. One clearly observes that the unannealed and the annealed samples feature 

the same residual carrier concentrations and the same activation energy. Hence, the iron dopants 

in MBE grown InGaAs:Fe occupy thermally stable positions in the lattice.  
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Fig. 6.2. Residual electron concentration 
determined by Hall measurements as a 
function of the inverse temperature in the 
range between 300 °C and 400 °C. Black 
triangles correspond to an as-grown sample 
with nominally doping concentration of 
3 ×1019cm-3. Blue circles denote the residual 
carrier concentration after annealing for 
60 min. at 600 °C in an MOVPE system under 
As and P stabilized atmosphere. The dashed 
lines are linear fits to the data. An activation 
energy of �B = 0.33 eV was calculated. This 

figure was adopted from publication [VIII]. 

6.3 Transient carrier dynamics 

In this subsection the concentration of active trapping defects as well as the capture cross section 

of electrons and holes in MBE-grown InGaAs:Fe is determined. In analogy to the experiments 

discussed in detail in Sec. 3.3, pump power dependent differential transmission measurements 

with femtosecond pulses centered on 1550 nm were conducted. Details of the experimental 

setup are given in Sec. 2.2.1. 

The procedure for extracting the relevant parameters from the experiments is analog to the 

procedure described in Sec. 3.3. A rate equation model was expanded in the unsaturated 

regime, the regime of partial trap filling and the saturated regime. The rate equations, which 

were used to describe the carrier dynamics in InGaAs:Fe, read: 

Here, the dynamic variables 	��� and 	���� denote the concentration of electrons in the 

conduction band of InGaAs and the occupation of trapping centers, respectively. It will be 

shown that the density of trapping centers is related to the concentration of Fe dopants. The 

remaining parameters in Eq. (6.1) and Eq. (6.2) are the electron lifetime ��, the total density of 

available trapping centers -�', the electron-hole recombination time �� and the generation term 
, accounting for the optical excitation of carriers by the pump pulse. For InGaAs:Fe samples 

only a single trapping defect is assumed, which simplifies the rate equations significantly as 

compared to Eqs. (3.1) - (3.4). The asymptotic analysis of Eqs. (6.1) - (6.2) was performed in 

direct analogy to the procedure presented in Sec. 3.3. The details can be found in 

publication [VIII]. In the following, the analytic expressions are directly compared with the 

experimental findings. 

�	�� = 
 − 	�� �1 − 	�-�'� 

�	��� = 	�� �1 − 	�-�'� − 	��� . 
(6.1) 

(6.2) 
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I. The unsaturated regime 

In this regime, the concentration of available trapping centers exceeds the concentration of 

excited carriers such that 	��� decays mono-exponentially with the time constant ��. In the 

experiment, the energy of the optical pump pulse was set to 2 pJ, corresponding to 5 × 1016 cm-

3 of excited electrons. The transient DT-signals were recorded for samples with Fe doping 

concentrations of a) 5 × 1020 cm-3, b) 2 × 1020 cm-3, c) 3 × 1019 cm-3, and d) 1 × 1018 cm-3. The 

natural logarithm of the normalized signals is shown in Fig. 6.3 (a). As expected for the 

unsaturated regime signals a) and b) show an essentially mono-exponential decay. In particular, 

the signal decay is much faster for higher Fe doping concentrations, which indicates that the 

electron trapping is directly connected to the Fe doping of the samples. However, signals c) and 

d) corresponding to doping concentrations of 3 × 1019 cm-3 and 1 × 1018 cm-3 show explicit 

features of trap saturation: An initially fast decay followed by a second slower decaying 

component. This finding is unexpected since it indicates that not all Fe dopants serve as fast 

trapping centers in InGaAs:Fe. In order to quantify the percentage of active trapping centers the 

regime of partial trap filling was investigated. 

 

Fig. 6.3. (a) Natural logarithm of the differential transmission signal for samples Fe5e20 a), Fe2e20 b), Fe3e19 c) 
and Fe1e18 d) for an excited carrier density of 5 × 1016 cm-3. Dashed blue lines are linear fits to the data. (b) 
Natural logarithm of the differential transmission signal of sample Fe5e20 for different carriers densities excited 
by the pump pulse: I) 5 × 1016 cm-3, II) 5 × 1017 cm-3, III) 1 × 1018 cm-3, IV) 2 × 1018 cm-3. Due to partial trap filling 
the signal decay time increases for higher excitation densities. Figures were taken from publication [VIII]. 

II. Partial trap filling 

In the regime of partial trap filling, the density of excited carriers and available trapping centers 

have to be of the same magnitude. If this requirement is fulfilled the solution of 

Eqs. (6.1) – (6.2) can be written as (see Sec. 3.3 and publication [VIII]): 

	��� ≈ 	�O exp P− ��RG 	Q, (6.3) 

where 	�O is the total density of optically excited electrons and �RG is a normalized decay time, 

reading �RG ≡ ���1 − 	�O/-�'�-1. Since �RG depends on the density of excited carriers 	�O and 

a)

b)

c)

d)

I) II)
III)

IV)

(a) (b)
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the total density of trapping centers -�' one can extract -�' from two independent DT 

measurements with a different density of excited carriers 	�O. These measurements are shown 

exemplarily for sample Fe5e20 in Fig. 6.3 (b). The density of exited electrons measures I) 

5 × 1016 cm-3, II) 5 × 1017 cm-3, III) 1 × 1018 cm-3, and IV) 2 × 1018 cm-3. As predicted by 

Eq. (6.3), the signal decay is mono-exponential. The dashed lines in Fig. 6.3 (b) are linear fits 

to the data. From the obtained normalized decay times �RG the total density of trapping centers 

in sample Fe5e20 was determined to -�' = �1.9 ± 0.7� × 1018 cm-3. The uncertainty is obtained 

by averaging the values of -�' of measurements II) - IV). Note that the calculated value of -�' 

corresponds to a fraction of approx. 0.5 % of all Fe dopants in sample Fe5e20, which underlines 

that only a small fraction of all dopants serves as a trapping defect in InGaAs:Fe. The nature of 

the trapping defect could not be determined so far, since additional experiments like electron 

paramagnetic resonance (EPR) would be required. In the remainder of this work, it is assumed 

that the concentration of active trapping defects represents 0.5 % of all Fe dopants in the 

samples. This assumption allowed us to determine the capture cross section for electrons from 

the results obtained so far. Together with the Shockley-Read-Hall relation of carrier capture 

(see Eq. (3.6)) we calculated 7� = 3.8 × 10-14 cm2. This value is approximately two orders of 

magnitude higher than previously published results of iron in InGaAs, which can be directly 

explained by the fact that only 0.5 % of all Fe dopants serve as fast trapping centers. 

III. The Saturated regime 

In the saturated regime, the density of excited carriers exceeds the density of fast trapping 

centers by far, such that the electron dynamic in the conduction band 	��� is completely 

determined by the recombination process of trapped electrons. Therefore, the relation 	��� ∝exp	�−�/��� holds in the saturated regime (see publication [VIII]). The recombination lifetime ��, which can be interpreted as the hole trapping time, is determined by a mono-exponential fit 

to the saturation tail of the DT signals. In the experiments, this regime was induced by exciting 

2 × 1018 cm-3 of electrons with the optical pump pulse. By fitting the saturation tail of each 

signal and evaluating the decay constant �� it could be shown that the recombination becomes 

faster for higher Fe doping concentrations. Thus, the recombination of trapped electrons occurs 

from defects related to the Fe dopants.  

In conclusion, pump power dependent DT experiments were performed in order to show that 

Fe doped InGaAs grown by MBE features electron lifetimes as short as 0.3 ps. The 

measurements also revealed that approx. 0.5 % of all Fe dopants act as fast trapping centers in 

the material. Thus, doping concentrations of 1020 cm-3 were required in order to obtain sub-

picosecond electron lifetimes in InGaAs, which is inevitable for broadband photoconductive 

THz detectors. 
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6.4 THz results 

Due to the combination of high resistivity (≈ 2 kΩ cm), high mobility (> 900 cm2 V-1s-1) and 

ultrashort carrier lifetime (< 1 ps) MBE grown InGaAs:Fe with doping concentrations in the 

range of 1020 cm-3 promises competitive THz performance to state-of-the-art photoconductive 

emitters and detectors. Thus, we compared photoconductive antennas fabricated from Fe-doped 

InGaAs to the specialized detectors and emitters described in Sec. 3 and Sec. 4, respectively.  

6.4.1 THz emitters 

The InGaAs:Fe based THz emitters were fabricated as mesa-structured [29], strip-line antennas 

with 25 µm wide gaps. The undoped InGaAs/InAlAs counterpart consists of a mesa-structured 

100 µm-wide strip-line antenna, since the output power of these emitters is significantly higher 

for 100 µm wide gaps [I]. 

In Fig. 6.4 (a), the absolute THz power detected by a calibrated pyroelectric detector [103], 

[104] is plotted as a function of the bias voltage at the emitter. Black squares correspond to the 

InGaAs:Fe emitter and blue circles symbolize the undoped InGaAs/InAlAs material of Sec. 4. 

The data of the undoped InGaAs/InAlAs material is identical to Fig. 4.5 and publication [IV]. 

Note that the maximal THz power of the InGaAs:Fe emitter measures 75.6 µW ± 4.7 µW 

whereas the undoped InGaAs/InAlAs emitter emits 76.3 µW ± 4.8 µW. Thus, InGaAs:Fe is 

indeed competitive to the state-of-the-art THz emitters. Due to the combination of high 

mobility, high resistivity and sub-picosecond electron lifetime, the InGaAs:Fe emitter allows 

bias voltages up to 150 V, which corresponds to an electric bias field of 60 kV/cm. In contrast, 

the undoped InGaAs/InAlAs is commonly operated at 12 kV/cm in order to avoid any damage 

of the device. In InGaAs:Fe emitters the average current through the photoconductor is about a 

factor of 10 lower than in InGaAs/InAlAs based emitters. Since the main cause of device failure 

is the current through the photoconductor and the resulting Joule heating, the breakdown field 

of InGaAs:Fe emitters is significantly higher than the breakdown field of undoped 

InGaAs/InAlAs. 

In addition to the absolute THz power, the bandwidth of the THz pulse generated by the two 

different emitters was compared. For this experiment, the emitters were operated in the THz-

TDS setup described in Sec. 2.2.2. A fiber-coupled THz module comprising a Be-doped LTG-

InGaAs/InAlAs photoconductive antenna served as the THz receiver. The optical excitation 

power at the emitter and the receiver measured 20 mW. In Fig. 6.4 (b), the power spectrum of 

the InGaAs:Fe emitter biased with 150 V is compared to the power spectrum of the undoped  
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Fig. 6.4. (a) Absolute THz power detected by a calibrated pyroelectric detector as a function of the bias voltage 
for an InGaAs:Fe (blue squares) and a state-of-the-art photoconductive emitter (blue circles). (b) Comparison of 
the power spectra of the two different emitter materials. As receiver, a fiber-coupled THz module containing a Be-
doped LTG InGaAs/InAlAs receiver was used. The optical power at the emitter and the receiver measured 20 mW, 
respectively. Both emitters were operated such that the emitted THz power was equal for both devices, i.e. the bias 
voltage of the InGaAs:Fe emitter measured 150 V whereas the undoped InGaAs/InAlAs emitter was biased with 
120 V. The horizontal lines correspond to the spectral noise level, which was calculated by averaging the spectral 
amplitudes between 7.5 THz – 10 THz. Details of the experimental setup can be found in Sec. 2.2.2. 

InGaAs/InAlAs emitter with 120 V bias. Under these conditions, the emitted THz power is 

identical for both emitters (see Fig. 6.4 (a)). Both spectra show a bandwidth of 6 THz with a 

peak dynamic range higher than 95 dB. However, the spectrum of the InGaAs:Fe emitter 

contains a larger amount of high frequency components than the corresponding undoped 

InGaAs/InAlAs emitter. In addition, the frequency with the highest spectral power is shifted 

towards higher frequencies for the InGaAs:Fe emitter. Note that the dynamic range in the 

interval from 1 THz – 5 THz is up to 10 dB higher compared to the state-of-the-art emitter. 

These results underline that InGaAs:Fe has the potential to replace the undoped InGaAs/InAlAs 

devices in fiber-coupled TDS systems operating at 1550 nm central wavelength. 

6.4.2 THz receivers 

The THz receiver antennas were structured as a 0/2-dipole with a dipole length of 25 µm and a 

10 µm-wide photoconductive mesa. The THz-TDS setup described in Sec. 2.2.2 was used for 

the characterization. As emitter, a fiber-coupled THz module containing an undoped 

InGaAs/InAlAs MQW structure, described in Sec. 4 and publication [IV], was used. A THz 

receiver made of sample Fe5e20 was compared with a state-of-the-art THz receiver antenna 

consisting of Be-doped LTG-InGaAs/InAlAs. In Fig. 6.5 (a) the power spectrum detected by 

the respective receivers are plotted for an average illumination power of 20 mW. One clearly 

observes that the spectral bandwidth of both receiver materials exceeds 5.5 THz with a peak 

dynamic range higher than 90 dB. The sub-picosecond electron lifetime of both materials 

guarantees this broadband detection capability. In analogy to the emitter results presented in  

 

(a) (b)
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Fig. 6.5 (a) Normalized power spectrum calculated by FFT of the corresponding pulse traces for an InGaAs:Fe 
receiver (black) and a state-of-the-art photoconductive detector based on Be-doped LTG-InGaAs/InAlAs (blue). 
The horizontal lines indicate the noise level of the signals, obtained by averaging the spectral components between 
7.5 THz – 10 THz. The detectors were illuminated with an average optical power of 20 mW. The fiber-coupled 
emitter was a state-of-the-art emitter presented in section 4 and publication [IV]. The operation conditions were 
Vb = 120 V and Popt = 20 mW. The THz measurements were performed with the setup described in Sec. 2.2.2. (b) 
Maximum dynamic range of the two TDS-receivers as a function of the optical power at the receiver. 

the last subsection, the spectrum of the InGaAs:Fe receiver contains a higher fraction of high 

frequency components: in the frequency interval between 2 THz and 5 THz the dynamic range 

of InGaAs:Fe is up to 10 dB higher than the dynamic range of the Be-doped LTG-

InGaAs/InAlAs counterpart. The increased electron mobility and the higher Hall resistivity is 

assumed as one of the reasons for the superior performance of InGaAs:Fe photoconductive 

detectors. The high dark resistivity translates into a low noise-level (see publications [III], [VI]), 

whereas the mobility of almost 900 cm2V-1s-1 allows for the efficient acceleration of carriers in 

the bias field of the incoming THz pulse. In Fig. 6.5 (b) the peak dynamic range of the two 

receiver materials is plotted as a function of the optical excitation power at the receiver. In both 

cases the peak dynamic range exceeds 90 dB for average optical powers between 

5 mW and 35 mW. In combination with the superior spectral roll-off of the InGaAs:Fe 

receivers (see Fig. 6.5 (a)) these results underline the suitability of InGaAs:Fe THz receivers in 

future THz-TDS systems. 

In conclusion, iron-doped InGaAs grown by MBE at temperatures close to 400 °C was 

investigated as a photoconductive emitter and detector in THz-TDS. Due to the unique 

combination of high mobility, high resistivity and ultra-short electron lifetime, this material 

shows competitive or even superior performance to specialized photoconductive emitter and 

receiver materials. InGaAs:Fe bears not only the potential to replace existing photoconductors 

in THz-TDS systems, it also paves the way for fully-competitive, integrated THz devices. 

 

(a) (b)
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7 Summary and Outlook 

In the present thesis, the physical properties of photoconductive terahertz (THz) antennas for 

the excitation with 1550 nm femtosecond laser pulses were investigated. The overall goal was 

the development of efficiency enhanced photoconductive emitters and detectors suitable for the 

integration into fully fiber-coupled THz-TDS systems. Thereby, the understanding of the 

underlying physical processes involved in the generation and detection of THz radiation in 

photoconductors as well as the analysis of the interplay between growth conditions, material 

properties and THz performance was the main objective. In the first part of this thesis two 

different material concepts for THz-photoconductors were developed and optimized: one being 

particularly designed as a receiver for pulsed THz systems and one optimized as an emitter. In 

the second part, a fiber-coupled THz-transceiver, containing the THz-emitter and detector on 

the same photoconductive chip, was developed. This integrated device is a promising concept 

for THz reflection measurements, which are one of the main applications of THz-TDS in 

industrial environments. In this context, iron doped-InGaAs was studied as a novel 

photoconductive material, which can be applied as THz-emitter and receiver. Therefore, it is a 

promising photoconductor for future integrated THz devices. In this section, the main results 

of this thesis are summarized and an outlook on possible future work is given. 

Beryllium (Be) doped low-temperature grown (LTG) InGaAs/InAlAs was investigated as a 

photoconductive receiver in Sec. 3. The main focus was the description of the transient carrier 

dynamics after the optical excitation by a femtosecond laser pulse. By applying a rate equation 

model, which was expanded asymptotically in different limit cases, the role of the intentionally 

incorporated defects could be identified. It was found that optically excited electrons are trapped 

by ionized arsenic antisite defects (342�6 ) and recombine with holes trapped by ionized Be 

dopants. The density of the trapping and recombination centers can be precisely adjusted by the 

doping concentration and the duration and the temperature of a post-growth annealing step. 

With the help of time-resolved differential transmission measurements (see Sec. 2.2.1) it was 

further shown that annealing at temperatures above 500 °C reduces the density of fast trapping 

centers, which suggests the formation of arsenic precipitates. Previous investigations have not 

obtained unambiguous results on this topic. Carrier lifetimes as low as 140 fs were obtained for 

doping concentrations of 1.2 × 1019 cm-3 and annealing for 60 min. at 500 °C. Furthermore, the 

influence of the density of recombination centers in the material on the performance as a 

receiver in THz-TDS was studied. The frequency response as well as the noise of the receiver 

is strongly influenced by the density of recombination centers. The precise adjustment of all 

material parameters led to broadband receivers with a bandwidth of 6 THz and a peak dynamic 

range above 95 dB. 
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In Sec. 4, THz-emitters with spatially separated photoconductive and recombination regions 

were investigated. For this purpose, InGaAs was embedded into barriers of InAlAs grown at 

temperatures close to 400 °C in an MBE. In that temperature range, the photoconductive 

InGaAs layers are almost defect free, resulting in high carrier mobility, whereas the InAlAs 

contains deep-level defects, due to alloying. Time-resolved differential transmission 

experiments on samples with different InAlAs thickness revealed that the carrier recombination 

occurs indeed inside the InAlAs. In general, the carrier lifetime of this photoconductor 

measured 10 ps – 100 ps, which renders them inappropriate as THz receivers. However, in 

agreement with previous studies on long-lifetime photoconductors, the undoped 

InGaAs/InAlAs heterostructures were extremely efficient emitters. A radiated THz power as 

high as 112 µW ± 7 µW was detected with a calibrated pyroelectric detector, which is an 

increase by a factor of 100 compared to emitters made of LTG-InGaAs/InAlAs.  

The optimized photoconductive emitter and receiver materials allowed for the development of 

compact THz-TDS systems with up to 6 THz bandwidth and more than 90 dB dynamic range. 

The THz performance of an integrated transceiver with a bandwidth of 4.5 THz developed for 

THz reflection measurements was presented in Sec. 5. The transceiver comprised the THz 

emitter and receiver in a distance of only 45 µm on the same photoconductive chip. Due to the 

optical fiber coupling and a radiation pattern similar to individual THz emitters, this transceiver 

is directly compatible to commercially available THz-TDS systems. Therefore, it is a crucial 

step toward the application of THz-TDS in out-of-lab environments.  

However, the THz photoconductor applied for this first transceiver was Be-doped LTG-

InGaAs/InAlAs, originally developed for broadband THz receivers. Thus, the performance of 

THz-transceivers may be significantly increased by using a photoconductor, which is 

competitive to the optimized individual emitters and receivers. For this purpose, iron (Fe) doped 

InGaAs grown by MBE at temperatures close to 400 °C was studied. Homogenous Fe doping 

profiles with a concentration of up to 5 × 1020 cm-3 were obtained at these growth conditions. 

In contrast to iron doped InGaAs grown by MOVPE at temperatures around 650 °C, the MBE 

grown samples remain n-conductive even at the highest doping concentrations. The 

incorporation of iron into InGaAs was investigated in detail in Sec. 6. The relatively low growth 

temperature leads to modified incorporation properties in the MBE-grown material. A carrier 

lifetime of 300 fs combined with a Hall resistivity of 2 kΩ cm and a mobility of 918 cm2V-1s-1 

was obtained for a Fe concentration of 5 × 1020 cm-3. Applied as a photoconductive emitter, 

75 µW ± 5 µW radiated THz power was measured. As a receiver, broadband THz pulses with 

up to 6 THz bandwidth and more than 90 dB dynamic range were detected. Thus, Fe-doped 

InGaAs is well suited for the application as THz-emitter and receiver and, therefore, bears great 

potential for the application in THz transceivers and similar integrated THz devices. 
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With regard to future work in the field of THz-TDS, the transceiver concept developed in this 

thesis may pave the way for novel applications of THz-TDS in out-of-lab environments. In 

particular, the Fe-doped InGaAs should be applied in fiber-coupled THz-transceivers, in order 

to increase the device performance. However, a THz transceiver is just the first step toward 

highly integrated THz devices. The combination of passive polymer components as optical 

waveguides or phase shifters and active THz photoconductors allows for the fabrication of THz 

emitter and detector arrays. On the emitter side, the array concept has the potential to enhance 

the output power of the device, which enables the measurement of absorptive materials. THz 

receiver arrays in combination with sophisticated image reconstruction algorithms have the 

potential for future high resolution THz imaging in NDT. Since polymer based devices become 

more and more prominent in many industrial fields, the demand for non-destructive inspection 

technologies will increase in the near future. Since THz-TDS is a contact-free measurement 

technique with a depth-resolution of several 10 µm it has great potential for applications in this 

field. 

The photoconductive concepts investigated in this dissertation may also be applicable for 

continuous-wave (CW) THz-systems. State-of-the-art CW systems rely on a photodiode (PD) 

as the THz-emitter and a photoconductive THz-receiver [119]. Due to its unique properties 

InGaAs:Fe has the potential to replace the relatively complex PD-emitter. In contrast to pulsed 

THz-system, in which the high peak power and the dispersion of the exciting femtosecond laser 

pulse prevents the use of complex waveguide networks, the existing optical integration 

technology can be exploited immediately for CW THz-systems. Applications in field like THz-

imaging, NDT and THz-communications are possible. Here, efficient photoconductors are the 

prerequisite for high performance CW-THz-systems. 

Regarding novel photoconductive materials, transition metals like ruthenium (Ru) or rhodium 

(Rh) might serve as an efficient deep-level dopant in MBE-grown InGaAs. Previous studies on 

MOVPE grown InGaAs doped with these transition metals showed electrical properties 

superior to InGaAs:Fe [120], [121]. Hence, these dopants could further increase the bandwidth 

and the emitted THz power of future photoconductive antennas designed for the excitation with 

1550 nm femtosecond pulses. 
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64 µW pulsed THz emission from growth optimized InGaAs/InAlAs heterostructures with separated photoconductive and trapping regions 
Roman J. B. Dietz,1,a) Björn Globisch,1 Marina Gerhard,2 Ajanthkrishna Velauthapillai,2 Dennis Stanze,1 Helmut Roehle,1 Martin Koch,2 Thorsten Göbel1 and Martin Schell1 
1Fraunhofer Instiute for Telecommunications, Heinrich-Hertz-Institute, Einsteinufer 37,10587 Berlin, Germany 2Department of Physics, Philipps-Universität Marburg, Renthof 5, 35032 Marburg, Germany 
Abstract: We present results on optimized growth temperatures and layer structure design of high mobility photoconductive THz emitters based on molecular beam epitaxy (MBE) grown In0.53Ga0.47As/In0.52Al0.48As multilayer heterostructures (MLHS). The photoconductive antennas (PCA) made of these MLHS are evaluated as THz emitters in a THz time domain spectrometer and with a Golay cell. We measured a THz bandwidth in excess of 4 THz and average THz powers of up to 64 µW corresponding to an optical power-to-THz power conversion efficiency of up to 2×10-3. 

Terahertz time domain spectroscopy (THz TDS) is among the most promising methods for industrial and scientific applications within the rapidly developing and promising field of terahertz technology.1 In order to find widespread applications, THz TDS systems have to be compact, stable and cost effective. Therefore, various attempts have been made to exploit readily available Er-doped femtosecond fiber lasers at 1550 nm wavelength, of-the-shelf telecom components as well as efforts to design suitable InGaAs based PCAs.2,3,4,5,6 However, great potential remains for further improvement of InGaAs based PCAs concerning their efficiency and output power. It has recently been shown that InAlAs/InGaAs MLHS grown by MBE at substrate temperatures of approx. 400 °C exhibit a high optical-to-THz conversion efficiency and broadband THz emission.7 In this growth temperature range InGaAs shows a minimum of defect incorporation with a residual carrier concentration on the order of n = 1016 cm-3.8 On the contrary, InAlAs exhibits increased defect incorporation in this temperature range, associated with alloy clustering due to the interplay of surface kinetics and thermodynamics during the MBE growth process.9 By exploiting above characteristics it is possible to obtain InAlAs/InGaAs MLHS with low defect density and high mobility InGaAs layers adjacent to high defect InAlAs layers for carrier trapping at the same growth temperature. For further understanding and optimization of these MLHS for THz generation we investigated the influence of growth temperature and InAlAs layer thickness on the defect incorporation, carrier relaxation dynamics and THz emission characteristics.  __________________ a) Electronic mail: Roman.Dietz@hhi.fraunhofer.de. Tel.:+493031002522 

Therefore, we performed differential transmission (DT) measurements, THz time domain spectroscopy (TDS) and determined the emitted THz power with a Golay cell. To investigate the influence of the MBE growth temperature two sample series were grown. The first one with substrate temperatures ranging from Tg = 325 °C to Tg = 450 °C in steps of 25 °C with 30 periods of 12 nm InGaAs and 8 nm InAlAs (Tg-series 1), and the second series (Tg-Series 2) with temperatures ranging from Tg = 350 °C to Tg = 425 °C in 25 °C steps grown with 100 periods and the same layer thicknesses as in Tg-Series 1. In order to probe the carrier relaxation dynamics we performed DT measurements using an Er-doped femtosecond fiber laser with 100 MHz repetition rate and a center wavelength of 1560 nm as excitation source. The pump and probe beam were focused on the sample with a spot size of approx. 15 µm diameter. Their polarizations were kept orthogonal to avoid interference effects between pump and probe beam. The probe power was kept constant at 0.1 mW while the pump power was varied between 1 mW and 16 mW in order to investigate possible trap saturation effects. Fig. 1(a) shows an example of the measured DT signals for a pump power of 16 mW for Tg-Series 2 as well as the DT measurement of a low temperature (LT) grown (Tg = 130 °C) and Beryllium doped MLHS sample. This sample will serve as a reference, since LT-grown Be-doped MLHS are known to exhibit very fast carrier trapping and have been demonstrated to be suitable materials for THz PCAs.6 The LT-grown Be-doped MLHS sample shows a fast mono-exponential decay with a decay time of approx. 550 fs for 1 mW (not shown) and approx. 1 = 770 fs at 16 mW of pump power. This fast decay in the DT signal is governed by electron trapping out of the conduction band (CB) into AsGa-anti-site defect related trap states inside the InGaAs layers.10,11
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FIG. 1. Example of differential transmission signals measured with 16 mW pump power and at 0.1 mW probe power for samples of Tg-series 2 and a LT-grown Be-Doped MLHS as reference sample. (b) Example of the short decay component 1 for samples of Tg-series 2. The thin red solid lines in (a) indicate the fit functions, mono-exponential for the LT-grown reference and bi-exponential for all other samples. 
The slight increase of the decay time for increased pump powers, which also leads to a deviation from a purely mono-exponential decay, is assumed to be due to partial trap state filling. Trap state filling occurs because of the relatively slow recombination of electrons within trap states with holes in the valence band (VB), for which the time constant is assumed to be on the order of several tens of picoseconds. The samples of Tg-Series 1 and 2 on the other hand show two distinct decay components: A relatively small component with a very fast decay time ( 1) on the order of a few hundred femtoseconds (example in Fig. 1(b)) and a dominating decay component with a relatively slow decay time ( 2) of several tens of picoseconds. The origin of the short time constant 1 is manifold: Part of the signal is due to the coherent interaction of pump and probe beam that is present despite the thoroughly crossed polarization. Furthermore, some of the absorption recovery is due to the redistribution of the carrier population in the CB via carrier-carrier scatteringand phonon emission. Another part is assumed to originate from fast carrier trapping into a small amount of AsGa-related defects in the InGaAs layers that exist even for these elevated growth temperatures. This contribution becomes slightly more dominant for samples grown at Tg  375 °C. However, there is no strong correlation of this combined short decay 1 with growth temperature or 

THz dynamics of the samples. The second time constant 2 is associated with electron trapping into defect states within the InAlAs layer and shows a strong dependence on growth temperature (Fig. 2). Furthermore we see a strong correlation between THz dynamics and 2, as will be shown later on. As visible in Fig. 2 there is a minimum of 2 for samples grown at Tg = 375 °C and Tg = 350 °C, for series 1 and 2, respectively. This indicates the expected maximum of defect incorporation in the InAlAs layers at these growth temperatures. The two growth series seem to be shifted in temperature with respect to each other. This is supposed to originate from a systematic error in the calibration of Tg that is constant over each growth series. The temperature calibration was performed via the observation of oxide desorption from the InP substrate on the RHEED signal at Tg  500 °C. We assume an uncertainty of up to Tg = ±15 °C in this calibration, especially for growth series that were not grown in direct succession as it is the case for Tg-series 1 and 2. The vertical shift, i.e. the on average faster decay times for samples from Tg-Series 2, is attributed to the increased number of periods, i.e. 100 versus 30, thus offering a higher total amount of traps. The fastest decay time with 
2 = 12.78 ± 0.04 ps for sample HHI33129 is still at least one order of magnitude higher than for LT-grown samples. This indicates that the capture cross section and/or the density of the trap states in the InAlAs layers is still small compared to arsenic anti-site related trap states obtained via LT-growth of InGaAs. We see a minor influence of the pump power on the slow decay component 2 tending towards faster relaxation for higher pump powers and for samples with high defect densities, i.e. Tg = 350-400 °C. Higher electron excitation densities result, after thermalization with the lattice, in a higher phonon density that in turn increases the carrier trapping probability into defects states within the InAlAs layers. 

FIG. 2. Fit results for slow decay time constant 2 extracted from bi-exponential fits on DT measurements for Tg-series 1 (empty symbols) and Tg-series 2 (filled symbols) at various pump powers. 
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For a detailed analysis of the carrier capture into trap states associated with defects in the InAlAs barrier, we investigated the influence of the barrier thickness (dB) on carrier relaxation dynamics. Therefore, samples with 2 nm, 4 nm, 8 nm, 16 nm of InAlAs layer thickness were grown while keeping the InGaAs thickness fixed at 12 nm (dB-Series). All samples consisted of 100 periods and where grown at substrate temperature of approx. Tg = 400 °C.  

FIG. 3. Fit results for decay time constant 2 from bi-exponential fit on differential transmission signals for samples with different barrier thicknesses (right) and the calculated average penetration depth of the electron wave-function in to the barrier as a function of barrier thickness (left). The lines are guidelines for the eyes. 
Additionally, we calculated the electron wave functions (WF) solving one dimensional (1D) Schroedinger equation for a 30 period MLHS. The WF was used to calculate an averaged penetration depth of the WF into the barrier, by summing over all positions within the barrier with non-zero WF values and averaging over all 30 (in 1D) degenerate energy eigenvalues of the first sub-band. Considering a homogeneous trap density within the barrier, this quantity gives a measure of how many defect states are “reachable” by an electron. The results from the DT measurements on the samples and the results from the above mentioned calculation are shown in Fig. 3. As can be seen from the measurements, an increased barrier thickness leads to a faster decay. This is due to the higher absolute number of available and/or reachable trap states in the InAlAs barrier assuming that the trap state density is independent of the barrier thickness and solely dependent on Tg. The slightly reduced slope of the curve for 1 mW pump supports this assumption if possible trap saturation at higher carrier densities is taken into account. In order to investigate the THz emission the samples were structured with mesa-type strip-line antennas with gap sizes of 100 µm and employed as emitters in a THz-TDS setup.6 The applied receiver was a mesa-type dipole antenna with a gap size of 10 µm and a contact line separation of 25 µm made from the LT Be-doped reference sample HHI33122 shown in Fig. 1(a). For the sake of brevity we only show pulse traces and spectra for four of the samples. The sample parameters and the measured 2 are given in Table I. As visible in Fig. 4(b) the THz-TDS 

spectrum of the fast LT-sample shows a slight shift of the spectral maximum towards higher frequencies compared to the other samples. However, no significant difference in overall bandwidth or dynamic range is evident. This strongly suggests that the bandwidth of the generated THz radiation is mainly governed by the rising edge of the carrier density, i.e. the exiting laser pulse duration, and not trapping or recombination dynamics. This is in agreement with studies conducted on Si:GaAs by Liu et al.12  
Sample Tg [°C] Be-doping [cm-3] dB [nm] decay time [ps] 
33122 130 3×1018 8 0.77±0.07 ( 1) 33129 350 no doping 8 12.78±0.04 ( 2) 33124 400 no doping 8 31.53±0.04 ( 2) 33141 400 no doping 2 86.0±0.2 ( 2) 

Table I. List of samples measured in THz-TDS Setup with respective growth and DT parameters. 
Furthermore, the samples with slower decay time show strongly increased THz emission amplitudes under equal excitation conditions as visible from the THz pulse traces in Fig. 4(a).  

FIG. 4. Pulse traces (a) and corresponding Fourier spectra (b) obtained for 100 µm strip-line antennas made of samples listed in Table I. The receiver was a 10 µm dipole antenna made from sample HHI33122. Emitter bias was 10 kV/cm and 16 mW optical power for both, emitter and receiver. The spectra are shifted vertically for clarity. 
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FIG. 5. Measured average THz power obtained from samples of Tg-Series 2 and the LT-grown Be-doped sample in dependence on the decay time obtained from DT measurements. The bias field strength was 10 kV/cm and 16 mW of optical power were used for all measurements. 
In order to quantify the emitted THz power, the coherent receiver, i.e. the dipole antenna, was substituted with a Golay cell. For each sample of Tg-Series 2 and the dB-Series several 100 µm strip-line antennas were tested in this setup to eliminate adjustment errors and possible fluctuations of antenna quality. We observe a clear increase of the average emitted THz power for samples with increasing decay time 2 for both sample series as shown in Figure 5 and 6.  

FIG. 6. Measured average THz power obtained from samples of the dB-Series in dependence on the decay time obtained from DT measurements. The bias field strength was 10 kV/cm and 16 mW of optical power were used for all measurements. 
Considering that the measured decay time of all samples (except HHI33122) is long compared to the time scale on which the THz radiation is produced, i.e. < 2 ps, this result is counterintuitive. However, this correlation does not necessarily mean that the underlying physical process is carrier capture. The decay time 2 can be considered an adequate measure of the trap state density in the InAlAs layers. Considering this, the decrease in THz emission can be explained in terms of an elastic scattering process of electrons that is trap density related and hence limiting the carrier mobility. There are two possible mechanisms for this scattering process. One is scattering due to surface roughness at the interfaces 

between InAlAs and InGaAs layers that is increased for increased clustering in the InAlAs layers. However, in case of the dB-series this explanation would only be valid if surface roughness is strongly dependent on the InAlAs layer thickness which we assume is not the case. More plausible is elastic scattering directly at the defects within the InAlAs barrier. Other than a capture process, an elastic scattering process does not require the emission of phonons for the sake of energy conservation. An elastic scattering process is thus assumed to have a much higher probability than a capture process at the same defect state.We like to point out, that complete removal of the InAlAs layers, i.e. bulk InGaAs, increases dark conductivity by several orders of magnitude due to the relatively high residual carrier concentration of InGaAs of n  1016 cm-3 and thus would render the application of sufficiently strong bias fields impossible. This is also the case for growth temperatures of Tg  450 °C where the reduced density in the InAlAs barriers does not suffice to obtain an overall semi-insulating sample. The maximum applicable field strength for 100 µm strip-line antennas reached up to 15 kV/cm. The dependence of the THz power on the optical excitation power emitted by antennas from samples HHI33122 and 33141 are given in Fig. 7. At 32 mW optical excitation we measured an average THz output power for the antenna from HHI33141 of 64 µW corresponding to an optical power-to-THz power conversion efficiency of 2×10-3. 

FIG. 7. Emitted THz power of a 100 µm strip-line antenna from sample HHI33141 and HHI33122 in dependence on the optical excitation power at a bias field of 15 kV/cm. 
In conclusion we have shown that the carrier relaxation shows a (local) minimum at a growth temperature of around Tg = 350-375°C. Additionally the carrier relaxation time decreases when the barrier thickness is decreased. However, the emitted THz bandwidth has been shown to be mostly independent on the carrier relaxation time in the semiconductor and is hence governed by the excitation laser pulse width. Furthermore, the THz emission efficiency is reduced for increasing trap densities, which is associated with trap related elastic carrier scattering. 
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For optimal growth parameters of the semiconductor material we measured 64 µW of emitted average THz power for 32 mW of optical excitation. This corresponds to an achieved optical-to-THz conversion efficiency of 2×10-3 which is two orders of magnitude higher than values accessible with LT-grown Be-doped InGaAs/InAlAs MLHS and the highest value for InGaAs based emitters reported so far. This work was funded by the German Research Foundation (DFG). 
1 P.U. Jepsen, D.G. Cooke, and M. Koch, Laser & Photonics Reviews 5, 124 (2011). 2 M. Suzuki and M. Tonouchi, Applied Physics Letters 86, 051104 (2005). 3 B. Sartorius, H. Roehle, H. Künzel, J. Böttcher, M. Schlak, D. Stanze, H. Venghaus, and M. Schell, Optics Express 16, 9565 (2008). 4 A. Schwagmann, Z.-Y. Zhao, F. Ospald, H. Lu, D.C. Driscoll, M.P. Hanson, a. C. Gossard, and J.H. Smet, Applied Physics Letters 96, 141108 (2010). 5 C.D. Wood, O. Hatem, J.E. Cunningham, E.H. Linfield, a. G. Davies, P.J. Cannard, M.J. Robertson, and D.G. Moodie, Applied Physics Letters 96, 194104 (2010). 6 H. Roehle, R.J.B. Dietz, H.J. Hensel, J. Böttcher, H. Künzel, D. Stanze, M. Schell, and B. Sartorius, Optics Express 18, 2296 (2010). 7 R.J.B. Dietz, M. Gerhard, D. Stanze, M. Koch, B. Sartorius, and M. Schell, Optics Express 19, 122 (2011). 8 H. Künzel, J. Böttcher, R. Gibis, and G. Urmann, Applied Physics Letters 61, 1347 (1992). 9 J.E. Oh, P.K. Bhattacharya, and Y.C. Chen, Journal of Electronic Materials 19, (1990). 10 K. Biermann, D. Nickel, K. Reimann, M. Woerner, T. Elsaesser, and H. Künzel, Applied Physics Letters 80, 1936 (2002). 11 B. Grandidier, H. Chen, R.M. Feenstra, D.T. McInturff, P.W. Juodawlkis, and S.E. Ralph, Applied Physics Letters 74, 1439 (1999). 12 T.-A. Liu, M. Tani, and C.-L. Pan, Journal of Applied Physics 93, 2996 (2003).  
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Carrier dynamics in Beryllium doped low-temperature-grown InGaAs/InAlAs 
B. Globisch,a),b) R. J. B. Dietz,a) D. Stanze, T. Göbel, M. Schell Fraunhofer Institute for Telecommunications, Heinrich Hertz Institute, Einsteinufer 37, 10587 Berlin, Germany 
The electron and hole dynamics in low-temperature-grown (LTG) InGaAs/InAlAs multiple quantum well structures are studied by optical pump-probe transmission measurements for Beryllium (Be) doping levels between 3×1017 cm-3 and 4×1018 cm-3. We investigate electron dynamics in the limit cases of unsaturated and completely saturated electron trapping. By expanding a rate equation model in these limits the details of carrier dynamics are revealed. Electrons are trapped by ionized arsenic antisites whereas recombination occurs between trapped electrons and holes trapped by negatively charged Be dopants. 

Low-temperature (LT) growth of III-V compounds such as LTG-GaAs and LTG-InGaAs has become a widespread technique to fabricate semiconductors with sub-picosecond carrier lifetime.1The reduction of growth temperature leads to the incorporation of excess arsenic as point defects on Ga lattice sites (antisite defect, AsGa), which form deep donor levels in the material.1 In LTG-GaAs these defects are mid-bandgap1,2 whereas AsGa defects in LTG-InGaAs lie energetically close to the conduction band (CB) edge with activation energies around 30-40 meV.3 The reduction of the electron lifetime in LTG material compared to standard temperature grown semiconductors is attributed to electron capture byionized arsenic antisites (AsGa+). In LTG-GaAs the arsenic antisites are ionized by Ga vacancies4 whereas ionization in LTG-InGaAs is mainly thermal due to the low activation energy of the defect.3 This leads to highly n-conductive material at room temperature.3 For compensation LTG-InGaAs is usually p-doped with Beryllium (Be). While LTG-GaAs has been studied extensively within the last decades, there are only few investigations of the carrier dynamics in Be doped LTG-InGaAs based structures. However, photoconductors fabricated from LTG-InGaAs/InAlAs have become a standard emitter and detector material for THz time domain spectroscopy (THz-TDS) within the last years.5,6 In LTG-InGaAs/InAlAs the fast carrier capture is supposed to occur in the InGaAs, whereas the InAlAs barriers increase the resistivity of the structure by trapping of the residual carriers.5,7 Since THz-TDS bears great potential for future applications in industrial processes improved photoconductors are highly desirable. In this letter we reveal the fundamental processes of electron and hole capture in Be-doped LTG-InGaAs/InAlAs heterostructures by combining pump power dependent differential transmission (DT) measurements with a rate equation model. In our experiments we investigate a series of five samples of 130 °C MBE grown InGaAs/InAlAs structures. Each sample features 100 periods of 12 nm InGaAs and _______________ a) B. Globisch and R. J. B. Dietz contributed equally to this work. b) Electronic mail: Bjoern.Globisch@hhi.fraunhofer.de.  

8 nm InAlAs grown on top of an InAlAs buffer layer and a semi-insulating InP substrate. The InGaAs/InAlAs layers were homogeneously Be-doped with nominal concentrations of 3×1017 cm-3, 9×1017 cm-3, 2×1018 cm-3, 4×1018 cm-3 and an undoped reference. After MBE growth the samples were in-situ annealed for 60 min. at 500°C.  The electron density obtained from Hall measurements is shown in Fig. 1. The horizontal, dashed line indicates the free electron concentration of an undoped, standard temperature grown (STG, TG ≈ 500°C), 1.1 µm thick InGaAs sample. Since no excess arsenic is incorporated at 500°C this line indicates the background doping level. The free electron concentration of the undoped LTG material is more than two orders of magnitude higher than in the STG material. This is caused by thermally ionized arsenic antisite defects.3 Be-doping with a nominally concentration of 3×1017 cm-3 reduces the electron density to the level of the STG sample. Since the reduction of free electron density and the doping concentration between the undoped and the 3×1017 cm-
3 doped sample features the same order of magnitude Be compensates the excess arsenic. For higher doping levels the electron concentration is further reduced but no transition to p-conductivity is observed. Grandidier et al.8 explained this effect by the additional compensatory behavior of Beryllium. The authors estimated the total number of AsGa defects in p-doped LTG-InGaAs material to 3×1019 cm-3. 

Fig. 1. Electron density vs. Be doping concentration of LTG-InGaAs/InAlAs. The horizontal, dashed line indicates the free electron concentration of undoped, 500 °C grown, 1.1 µm thick InGaAs. 
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Fig. 2. Low pump power ( 2 pJ) DT-signals of LTG-InGaAs/InAlAs (a) and extracted mono-exponential electron lifetime vs. Be doping concentration (inset). Light blue lines indicate mono-exponential fits. Dashed line in the inset is 1/x fit to the data. 
Hence, Be-doping concentrations higher than the density of free electrons in the undoped material lead to the ionization of additional arsenic antisites. This lowers the Fermi-level of the material but the conductivity remains n-type. In contrast, the authors of Ref. 5 observed a transition to p-type conductivity for increased Be-doping. We attribute this to the increased growth temperature of 200°C for their samples. This leads to a higher concentration of Gallium vacancies which facilitates the redistribution of AsGa defects during anneal.In order to investigate the influence of Be-doping on carrier dynamics after transient optical excitation wavelength degenerate DT measurements were performed. We used a 1550 nm erbium doped fiber laser with 100 MHz repetition rate and 90 fs optical pulse width for pump and probe, respectively. All samples had been processed into 10 µm mesa-type structures according to Ref. 6. This ensures homogenous illumination of the sample for laser spot diameters of about 12 µm. Pump and probe beam were cross polarized and incident under an angle of 15° to the surface normal. The transmission change of the probe beam was measured by an InGaAs photodetector via lock-in detection. Since the ionized arsenic antisite is the dominant trapping center in the material, we expect the lifetime of electrons in the CB to decrease for higher AsGa+ density. Since the Hall results of our samples suggest that increased Be-doping increases the AsGa+ density a lifetime decrease proportional to the Be-doping concentration is expected. In order to measure this in DT experiments the number of electrons excited by the pump pulse has to be small compared to the total number of electron traps in order to avoid any saturation or carrier accumulation effects. Therefore, the optical pump pulse energy in the subsequent DT experiments was set to 2 pJ corresponding to about 3.0×1016 cm-3 of excited electrons. This is at least one order of magnitude smaller than the Be-doping concentration of all samples. The normalized low power DT signals are plotted in Fig. 2. Light blue lines correspond to mono-

exponential fits. The exponential decay time e was extracted from each fit and plotted against Be doping concentration in the inset. The reduction of e from 3.3 ps for Be: 3×1017 cm-3 to below 200 fs for Be: 4×1018 cm-3 is nicely described by a 1/x-fit (dashed black line). This confirms that electron trapping becomes faster for higher Be-doping. Hence, the doping concentration is a direct measure of the density of electron traps, i.e. AsGa+ defects.9The electron capture process saturates when the optical pump pulse excites electron densities in the CB that exceed the number of traps since the trapping is orders of magnitudes faster than the recombination of trapped electrons. In our DT experiments 160 pJ pump pulse energy corresponds to approximately 4×1018cm-3of excited electrons. Hence, strong saturation of the DT-signal can be observed for the samples with the lowest concentration of electron traps, i.e. lowest Be-doping, in Fig. 3(a). The signal decay time for the 3×1017 cm-3 and 9×1017 cm-3 doped samples increases to values above 200 ps and 100 ps, respectively, whereas the highest doped samples keep their picosecond or sub-picosecond decay. In order to investigate the development of this saturation Figs. 3(b)-(c) show DT-signals for various pump pulse energies (dashed black lines). Two regimes can be identified for the highest pump pulse energies: An initial fast decay within the first few picoseconds and a slow linear feature (i.e. mono-exponential decay in a linear plot) for pump probe delays above 20 ps. Since the initial fast decay is attributed to electron trapping the fraction of the fast decay scales with the difference between excited electrons and available AsGa+ defects. In Fig. 3(b) higher optical pump power reduces the fraction of the fast decay component due to the faster saturation of trapping centers when more electrons are optically excited. The higher Be doping concentration of 9×1017cm-3  in Fig. 3(c) attenuates the onset of saturation features since the increased number of trapping centers reduces the difference between traps and electrons in the CB. Hence, the behavior of the fast component in the DT-signals of Figs. 3 can be described within the picture of trapping saturation. The slow, linear features in the DT-signals, which appear for low doping and high optical pump power, are interpreted as complete filling of trapping centers. In this regime the slope of the saturation is a direct measure for the recombination time in the corresponding sample. Fig. 3(a) suggests that higher Be doping accelerates recombination. This is unexpected within the common model of electron recombination. When all the AsGa+ defects are occupied by trapped electrons recombination is supposed to take place between neutral arsenic antisites (AsGa) and free holes in the valence band (VB). Since Be doping does not enhance the number of AsGa defects7 nor the density of free holes a faster recombination for higher doping is not expected. In order to explain the results of Figs. 3 Be dopants have 

 ! " # $ % & '

 ( 

 ("

 ($

 (&

 ()

!( 

 
!
 

"

#
$
%
&
'
(
)

 !" # $%&'#(')*+#,-"'#.# /

-01$'*/-02#

3'#(% -02

 

!*! 

!)

"*! 

!)

#*! 

!)

$*! 

!)

 

!

"

#

$

#"%0%'4 %0'0,-*)#

#######)-5',-"'

#6.4#5-,

*
+
,
+
-
.
&
%
$
*
,
/
0
+
.
/
'
+
*

+

*
!
*
1
2
*

3'#(% -02#1%01'0,$*,-%0#.#1"

78



85 

Fig. 3. Natural logarithm of normalized DT-signals for 160 pJ pump pulse energy (a). Curves are labeled by the corresponding Be-doping concentration. Pump power dependent DT-signals for LTG-InGaAs/InAlAs with Be doping concentration of 0.3×1018cm-3 (b) and 0.9×1018cm-3 (c). Bold lines are linear fits to the long time tail of each signal. Curves are labeled by the energy of the pump pulse. 
to assist in electron recombination. This is most probably due to direct recombination between electrons captured by ionized antisites and holes captured by negatively charged Be dopants. In order to confirm this conclusion and to analyze the electron and hole dynamics we developed a rate equation model, which is described in the following. The time dependent transmission of a semiconductor with thickness L and linear absorption coefficient  can be written as: 

( ) ( )( )00 /exp NtnLTtT α= . (1) Here, the constant N0 is the saturation carrier density, i.e. the density of states in the CB integrated over the laser bandwidth. )exp(0 LT α−=  denotes static, linear transmission and n(t) is the time dependent occupation of the CB. Thus, the DT reads: 
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Here, nT(t) denotes the occupation of the ionized arsenic antisites (electron traps) and nBe(t) is the occupation of ionized Be dopants (hole traps). We assume that the total number of electron and hole traps is determined by the Be doping concentration and use the parameter NAs+ for both quantities. The number of free holes in the VB is given by h(t). All parameters appearing in Eqs. 3 are listed in Table I. Electrons in the CB and holes in the VB are created by an optical femtosecond laser pulse via the electron/hole generation rate G(t,n). The density dependence of Gaccounts for the limited density of states in the CB. Free electrons in the CB and free holes in the VB are trapped by ionized arsenic antisites and ionized Be dopants, respectively. The terms 1-nT/ NAs+ and 1-nBe/NAs+ account for the partial filling of these traps. Carrier recombination is modeled as a two particle process with recombination rate BR between neutral arsenic antisites (NAs-NAs++nT) and neutral Be dopants (nBe).  In order to model the results of our DT measurements Eqs. 3 were analyzed in three limit cases. First, we considered low-power optical excitation comparable to the experimental situation of Fig. 2. Here, the density of excited carriers in the CB is small compared to the density of electron traps, i.e. nT(t)/NAs+<<1 for all t. In this regime Eq. (3a) and Eq. (3b) decouple since the saturation term 1-nT/NAs+reduces to unity. Hence, n(t) decays mono-exponentially with time constant e. In addition, Eq.(2) can be expanded for small exponents since nT(t)/N0<<1:
( ) ( ) )./exp(/ 0 etNtnLtT τα −∝≈∆  (4) Hence, in the low power regime, the DT signal decays   TABLE I: Parameters of Eqs. 3. NAs total number of arsenic antisites NAs+ number of initially ionized antisites G electron/hole generation rate BR electron/hole recombination rate 

e electron capture time 
h hole capture time 

160 pJ

(a)

(b)

(c)
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mono-exponentially and the decay time is the electron capture time e. Together with the results of Fig. 2 the electron capture cross section eAs+ of the ionized arsenic antisite can be deduced from Shockley-Read-Hall theory:11 
( ) 1−

++

= AstheAsee Nvστ , (5)where veth = 5.5×107 cm/s is the thermal velocity of electrons in the CB, yielding eAs+  2×10-14 cm2. Lochtefeld et al.12 determined the electron capture cross section of the ionized arsenic antisite in LTG-GaAs to eAs+  0.7×10-14 cm2. Since electrons in LTG-GaAs and LTG-InGaAs/InGaAs are captured by the same defect, similar values of eAs+ are reasonable. Next, Eqs. 3(a-d) were expanded under trap saturation conditions in order to model the experimental situation of Figs. 3. In this regime the density of electrons excited by the optical pump pulse is considerably higher than the number of electron traps NAs+. Since electron and hole trapping is assumed to be more than one order of magnitude faster than electron/hole recombination trapping centers will fill up continuously. The limit of this trap saturation process is reached when each electron/hole trap is occupied. In this regime the decay of the electron population in the CB is determined by the electron/hole recombination rate BR, since each recombined electron-hole pair is directly replaced by a free electron/hole. When Eqs. 3 are expanded in this limit case, i.e. dnT/dt = dnBe/dt = 0, the following expression for the density of electrons in the CB is obtained:13 
tNNBntn AsAsrsatsat +−≈ 0)( . (6) Here, n0sat denotes the occupation of the CB when complete saturation of the AsGa+ traps occurs. The superscript sat indicates that Eq. (6) is only valid when electron and hole traps are saturated. Eq. (6) predicts a linear decrease of the electron density in the CB. The decay becomes faster when the number of electron traps (NAs+) and the number of antisites (NAs) increases. In addition, the carrier recombination rate BRdetermines the electron dynamic in the CB instead of 

e. Combining Eq. (6) and Eq. (2) a mono-exponential decay of the DT is predicted and the decay constant is proportional to NAs+ and hence the Be doping concentration. This is identical to the behavior observed in the measurements. The saturation tail of the DT in Figs. 3 decays mono-exponentially and the decay time decreases for higher doping. Hence, the modeling together with the experimental data suggest that negatively charged Be dopants capture holes from the VB and recombination occurs between trapped electrons and trapped holes.  Finally, Eqs.(3) were analyzed in the regime of partial trap filling. In this case the number of excited electrons in the CB is supposed to be smaller than NAs+but high enough to reduce the number of electron traps significantly. Since electron trapping is still fast compared to the recombination process the last term on the right hand side of Eq. (3b) does not contribute on 

the timescale of the electron dynamics. Therefore, the coupling of Eq. (3b) and Eq. (3c) is resolved and Eq. 3(a) and Eq. 3(b) can be solved analytically:13 

−−≈
+ eAs
exex tNnntn

τ
1exp)( , (7) 

with nex being the number of electrons excited by the optical pump pulse. The factor 1-nex/NAs+ describes the enhancement of the electron lifetime e when nex is on the order of NAs+. This behavior is illustrated in Fig. 4 for the LTG-InGaAs/InAlAs sample with 4×1018cm-3Be doping concentration.  

Fig. 4. Natural logarithm of the normalized DT signal for the LTG-InGaAs/InAlAs sample with 4×1018cm-3 Be doping concentration. Symbols are equal to Fig. 3(b),(c). 
Due to the high doping of this sample the condition of partial trap filling is valid even for high optical pump pulse energy. For 160 pJ, the DT-signal deviates from the mono-exponential trend indicating that a significant number of electron traps are filled and the approximations of Eq. (7) loose validity. In summary, we have analyzed the carrier dynamics of Be doped LTG-InGaAs/InAlAs samples by power dependent DT measurements. Our results show that electrons are captured by ionized arsenic antisite defects with capture cross section eAs+  2×10-14 cm2. High power DT measurements, which induce strong trap saturation in the material, imply that trapped electrons do not recombine with free holes in the VB as has been commonly assumed. Instead, recombination occurs with neutral Be dopants, that have captured the VB holes. Hence, Be doping does not only compensate the high electron density in LTG-InGaAs/InAlAs, but accelerates electron capture and electron recombination in the material. Therefore, it is an important mechanism to fabricate semiconductors with low carrier lifetime and high resistivity, properties that are desired for fast photoconductive switches.
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Abstract: We investigate the influence of Beryllium (Be) doping on the performance of photoconductive THz detectors based on molecular beam epitaxy (MBE) of low temperature (LT) grown In0.53Ga0.47As/In0.52Al0.48As multilayer heterostructures (MLHS). We show how the optical excitation power affects carrier lifetime, detector signal, dynamic range and bandwidth in THz time domain spectroscopy (TDS) in dependence on Be-doping concentration. For optimal doping we measured a THz bandwidth in excess of 6 THz and a dynamic range of up to 90 dB. ©2014 Optical Society of America  
OCIS codes: (040.2235) Far infrared or terahertz; (260.5150) Physical optics: Photoconductivity; 
(300.6495) Spectroscopy: Spectroscopy, terahertz; (320.7130) Ultrafast processes in condensed matter, including semiconductors. 
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1. Introduction  
Over the past decade, terahertz time domain spectroscopy (THz TDS) has matured from pure scientific research and expensive laboratory sized setups to industrial applications and compact, portable THz-TDS systems [1]. Therefore, many future applications for terahertz technology have come into close reach [2]. A great portion of this development originates from the utilization of readily available Er-doped femtosecond fiber lasers at 1550 nm wavelength, of-the-shelf telecom components, and the design of suitable photoconductive antennas (PCAs) [3-7]. More recently, progress has been made concerning photoconductive THz emitters based on InGaAs/InAlAs multi-layer heterostructures (MLHS) [8]. Here, MBE growth at substrate temperatures of approx. 375-400 °C together with an adjusted heterostructure design led to good optical-to-THz conversion efficiencies with output powers up to 64 µW [9]. However, the results of principal physical models of THz generation and detection predict that material development for emitters and receivers has to be done separately, since the main requirements are different [10-12]. The goal of this paper is the careful investigation of how the interplay of carrier lifetime and carrier mobility in PCA detectors influences THz bandwidth, dynamic range and detector noise. Therefore, we investigated four different samples of low temperature (LT) grown Beryllium (Be)-doped InGaAs/InAlAs MLHS with different nominal Be-doping concentrations of 0.3×1018 cm-3, 0.9×1018 cm-3, 2.0×1018 cm-3 and 4.0×1018 cm-3 (cf. Table 1). To obtain a detailed picture of the carrier trapping, carrier recombination and trap saturation dynamics, the samples were probed via differential transmission (DT) measurements at different pump pulse powers. A detailed presentation of the results on the DT measurements performed with these samples and their theoretical interpretation has been published in [13]. After giving a brief overview on these DT results for illustration, this paper focuses on the influence of carrier dynamics and carrier lifetime on PCA detector performance in a THz-TDS system made from the exact same samples.  
2. Influence of Beryllium Doping on the Carrier Lifetime  
The dominating mechanism of electron relaxation from the conduction band (CB) in LT-grown Be-doped InGaAs/InAlAs MLHS is phonon-assisted electron capture into arsenic anti-
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site defects (AsGa) and subsequent recombination with a hole. More precisely, electron capture is dominated by the part of the arsenic antisite defects that has been positively ionized (AsGa+) due to doping with Be-acceptors and hence lowering the Fermi level. Since, to a good approximation, every Be-dopant ionizes one AsGa defect, the density of fast traps is equal to the Be-doping concentration [13, 14]. The time constants for the electron capture process are typically on the order of a few hundred femtoseconds (fs) to picoseconds (ps) depending on the AsGa+ density. The time constant for the recombination process of electrons captured in AsGa defects with holes is on the order of a few tens of ps to hundreds of ps. As pointed out in [13], there is strong evidence that the recombination occurs with holes captured by Be-dopants rather than with free holes in the valence band (VB) and hence is also dependent on the Be-doping concentration. However, even for high doping concentrations the recombination time remains on the order of several tens of picoseconds. The excitation source for all DT and THz-TDS measurements was a mode-locked fiber ring laser with a center wavelength of 1550 nm, a pulse width of approx. 90 fs and 100 MHz repetition rate. The excitation spot size was approx. 12 µm for both DT and THz TDS measurements in order to obtain similar excitation conditions for a quantitative comparison between both measurements. Additionally, all the samples were structured with mesa-type dipole antennas with a 10 µm×10 µm photoconductive gap. Hence, the optically excited photoconductive region was precisely defined for both measurement methods. The results obtained from DT measurements at 1550 nm pump and probe wavelength are given in Fig. 1(a), Fig. 1(b) and Fig. 1(c) for a low (0.25 mW), intermediate (2 mW) and a high pump power (16 mW), respectively. These excitation powers correspond to carrier densities in the CB directly after fs-excitation of approx. 1×1017 cm-3, 6.5×1017 cm-3 and 1.28×1018 cm-3, respectively. For the calculation of these carrier densities, the absorption saturation due to the limited density of states in the CB over the photon energies covered by the excitation laser pulse was taken into account. For 0.25 mW pump power none of the samples shows significant trap filling as the induced carrier density in the CB is a least a factor of three smaller than the AsGa+ density of every sample. Thus the absorption relaxation, i.e. the DT signal, can be fitted by assuming a mono exponentially declining carrier density within the CB. The respective fit results for the electron lifetime from the DT data are given in Table 1, the corresponding  capture cross section according to Shockley-Read-Hall theory for the AsGa+ defects was determined to 
eAs+ 2×10-14 cm2 [13]. 

Table 1. List of samples used as detectors in THz-TDS Setup with respective growth and DT parameters. 
For the intermediate pump power of 2 mW MLHS 1 already shows a very slow absorption recovery. This is because the induced carrier density in the CB is on the same order as the available AsGa+ trap density, i.e. 0.3×1018 cm-3. Hence, the DT signal is dominated by the recombination time of electrons in AsGa defects with holes captured by Be-dopants, since this process forms a bottleneck for the carrier relaxation. MLHS 2 shows a slightly increased absorption recovery time which is caused by partial filling of the available AsGa+ traps.  
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Fig 1. Plot of the logarithmic DT signals measured for (a) 0.25 mW, (b) 2 mW and (c) 16 mW pump power for all four different doping levels. At 0.25 mW all signals decay mono-exponentially. At 2 mW, there is an onset of trap saturation for MLHS 2 and 1, respectively. For 16 mW, both MLHS 1 and 2 show strong trap saturation, while MLHS 3 and 4 only show minor partial trap filling. 
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MLHS 3 and 4 show no significant increase of absorption recovery time due to the high amount of AsGa+ that still exceeds the density of electrons in CB at this excitation power.  For 16 mW pump power [Fig. 1(c)], the samples MLHS 1 and 2 both show strong AsGa+ trap saturation and thus very long relaxation times in the DT signal, again governed by the electron-hole recombination time. The DT signal of MLHS 3 shows a slight deviation from a mono-exponential decay and an increased carrier lifetime due to partial trap filling. MLHS 4 still shows almost no change in the DT signal since the density of AsGa+ traps, i.e. nt  4×1018 cm-3, is still significantly higher than the excited carrier density in the CB of ne  1.28×1018 cm-3.  
3. Influence of the Optical Power on the detected THz Signal and Bandwidth 
For further investigation of the influence of the Be-doping concentration and the resulting carrier dynamics on the THz detection properties, we performed THz-TDS measurements in dependence of the optical power at the detector. The photoconductive THz emitter used for the measurements in this chapter was a strip-line mesa-antenna with 25 µm gap made from the 4.0×1018 cm-3 Be-doped sample MLHS 4. For all measurements the applied bias was 50 V at an optical excitation power of 25 mW. For an efficient out-coupling of the THz radiation, the emitter and the respective detectors were attached to hyper-hemispherical HRFZ silicon substrate lenses. Furthermore, two off-axis parabolic mirrors for THz collimation and focusing were used.  The peak-to-peak signals obtained from THz-TDS measurements for the case of low excitation power (0.25 mW) are given in Fig. 2. In this low carrier density regime, the potential influence of THz field screening by free carriers in the CB and VB can be safely neglected leaving only two main influences to the current signal. One is the carrier scattering time (cf. Table 1) which limits carrier velocity and hence the detector current. The other influence is the carrier capture time which limits the integrated detector current, i.e. the value of the convolution integral in TDS detection Eq. (1). The scattering time extracted from Hall mobility data and the unsaturated carrier capture time from DT measurements at 0.25 mW are also shown in Fig. 2. It should be noted that the carrier capture time enters the carrier scattering time via Matthiessens rule since carrier capture is inelastic scattering.  

Fig. 2. Measured scattering time constants (black squares), unsaturated capture time constants (blue triangles) for DT measurements and THz peak-to-peak detector current (green circles) from THz-TDS measurements at an optical excitation of 0.25 mW. 
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However, because scattering mechanisms such as phonon scattering and more importantly elastic ionized impurity scattering due to the Be-doping are dominant in our case, the contribution of carrier capture to the carrier scattering time can be safely neglected.  For an understanding of the influence of carrier capture time on the frequency behavior of a PCA detector, it is instructive to consider two simplified limiting cases:  
1. An infinitely short carrier lifetime, i.e. a Dirac delta function like carrier density in the CB: ( ) ( )n t tδ= . 2. An infinitely long carrier lifetime, i.e. a theta function like carrier density in the CB:( ) ( )n t tθ= . 

The TDS current of the detector for a linear response with respect to the electric field, i.e. neglecting influences such as THz field screening by charged carriers, can be described by the convolution: 
( ) ( ) ( ) e n(t) (t) ( )THz THzj t E t E tτ σ µ= ∗ = ⋅ ∗ ∗ ,     (1) 

which in Fourier space is given by 
( ) e n( ) ( ) ( )THzj Eω ω µ ω ω= ⋅ ⋅ ⋅ .      (2) 

Here σ is the conductivity, THzE is the incident THz field, n is the carrier density, µ is the mobility, ∗  denotes the convolution operation and e  is the elementary charge. For the first case Eq. (2) yields 
1( ) e ( ) ( )2delta THzj Eω µ ω ω

π
= ⋅ ⋅ ⋅ ,     (3) 

where for second case Eq. (2) yields 
( ) e ( ) ( ) ( )2theta THzij Eω δ ω µ ω ω

πω
= ⋅ + ⋅ ⋅ .    (4) 

From Eq. (3) and Eq. (4) it is obvious that for a slow, integrating detector one would expect a nonzero DC component in the signal and a faster roll-off towards higher frequencies as compared to a Dirac-like sampling detector. To investigate the effects of partial trap filling and trap saturation on the THz detector performance in terms of dynamic range and bandwidth we performed THz-TDS measurements in dependence of the optical excitation at the receiver. The obtained THz-TDS spectra for 0.25 mW, 2 mW and 16 mW excitation power are given in Fig. 3. The measurement time for each trace was approx. 1 minute (average over 1000 pulse traces measured at 16 Hz).  In case of the 0.25 mW, i.e. without trap saturation, MLHS 1 shows the highest THz peak-to-peak amplitude (cf. Fig. 2). When compared with the other samples it is obvious that the amplitude increase is mostly due to an increase of lower frequency components, i.e. < 2 THz. At higher frequencies, e.g. 2-4 THz, the detected amplitudes are smaller as compared to the other MLHS. We attribute this to the slow trapping time (cf. Table 1). A closer investigation of the results in Fig. 2 reveals that, in general, longer carrier lifetimes in the detector shift the center frequency towards lower frequencies and enhance the frequency roll-off, as expected from Eq. (3) and Eq. (4). Furthermore, it agrees with predictions from more sophisticated Monte Carlo calculations in [12].  
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Fig. 3 THz-TDS spectra obtained from detectors made from the different MLHS samples for  0.25 mW, 2 mW and 16 mW of optical excitation power at the detector. The grey striped line indicates the noise of the detection electronics without a connected antenna. 
The 2.0×1018 cm-3 doped MLHS 3 shows the highest signal in the frequency range of 2-4 THz at this low excitation power, indicating a trade-off between fast trapping and high mobility. The dynamic range for all detectors under this excitation condition was limited by the noise of the detection system itself and not the respective MLHS. The system noise amplitude measured with an open circuit, i.e. without an antenna, is depicted as a grey line in Fig. 3.For medium optical excitation power of 2 mW, the frequency roll-off for MLHS 2-4 remains almost equal to the roll-off at 0.25 mW. For MLHS 1, a minor shift of the center frequency towards lower frequencies and a slightly steeper roll-off is visible. Considering the prolonged carrier lifetime of MHLS 1 at this excitation condition (cf. Fig. 1(b)) the change of the 
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frequency roll-off is weaker than what would be expected from Eq. (4). The relative increase of the THz signal amplitude as compared to the other samples is small indicating the onset of a saturation behavior, as will be discussed later in more detail. At 16 mW MLHS 1 shows a further red shift of the center frequency as expected for this long carrier lifetime and hence a mostly integrating antenna behavior. The peak in the frequency components around 5-30 GHz originates from resonances in the contact metallization. The damping of these resonances is reduced for long carrier lifetimes. MLHS 2 also shows a steeper frequency roll-off due to the prolonged carrier lifetime at 16 mW. However the effect is not as pronounced as for the MLHS 1. MLHS 3-4 show almost no difference in the roll-off behavior and MLHS 3 shows only a slight shift of the center frequency and thus a superior bandwidth. These results indicate that the benefit of a short carrier capture time outweigh the lower detector signals due to the simultaneous increase of the carrier scattering time for higher Be doping concentrations. Furthermore, in case of MLHS 1 we observed a strong saturation and even reduction of the detector peak-to-peak pulse amplitude for higher excitation powers which can be seen in Fig. 4. We assume that the decrease is due to screening of the incident THz field by free and trapped carriers which in case for MLHS 1 gets relevant due to the long carrier capture and recombination lifetimes. In this case the detector response is not linear in the electric field since the carrier acceleration becomes dependent on the CB carrier density and Eq. (1) loses its validity. A model describing carrier screening effects in the semiconductor response of a PCA has been proposed by Jepsen et al. [10].  
The peak-to-peak amplitudes of MLHS 2 to 4 do not show such a saturation behavior even at higher optical excitation powers suggesting a linear response. The slight sub-linear behavior of the peak-to-peak amplitude with respect to the optical power is assumed to be due to absorption saturation. The amplitudes of MLHS 2-4 are therefore determined by the carrier scattering time and the carrier capture lifetime which enters via the convolution integral [Eq. (1)] as explained before. 

Fig. 4. Peak-to-peak amplitude of the detected THz-TDS pulse in dependence of the optical excitation power at the detectors made form MLHS 1-4. The striped lines are guidelines for the eyes. 
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4. Noise and Bandwidth 
Another important characteristic of THz detectors is the electronic detector noise which potentially limits the dynamic range and thus the detectable bandwidth. Duvillaret et al. [15] and Jepsen et al. [16] have analyzed how noise limits the extractable data in THz-TDS spectroscopy. Even though, the authors of [15] show that emitter noise dominates the noise in TDS measurements they find that detector noise contributions are not negligible. Grischkowsky and Van Exter [17] as well as Castro-Camus et al. [18] have shown that the major detector noise contribution arises from thermal Nyquist noise. Shot noise and generation-recombination (GR) noise are found to have only minor influence as they scale with the square root of the THz field induced detector current which is generally relatively small. The Nyquist noise current is given by: 

14N BI K T f R−= ⋅ ⋅ ⋅ ∆ ⋅     (5) where BK , T  and f∆  are Boltzmann constant, absolute temperature and measurement bandwidth, respectively. R  is the detector resistance. Since the measurement of the signal in TDS detection is essentially a DC or very low frequency current measurement, the time average resistance of the detector is sufficient for analysis. We measured the average root-mean-square (rms) noise current in the detector, without an incident THz field, in dependence of the optical power at the detector. Additionally, we calculated the Nyquist noise currents from PCA resistances by numerically solving the carrier density equations given in [13]. Both results are given in Fig. 5. For MLHS 1 and 2 there is a strong increase (~factor 7) in the measured and calculated Nyquist noise current for higher excitation powers, which is due to the long carrier lifetimes in the saturation regimes and hence a low average resistivity. For MLHS 1 and 2 the general behavior of the Nyquist noise as a function of optical excitation power, is covered quite well by the simulation results. However, the absolute values differ by a factor of approx. 2. Here, it should be noted that thermal re-excitation of carriers from trap states into to the CB and the VB was not included in the calculation. After the optical excitation and until electrons and holes in trap states have recombined, only Quasi Fermi levels are defined.  

Fig. 5 Measured (full symbols) root mean square noise current and calculated Nyquist noise current (open symbols) shown in dependence of the optical excitation power for four different detectors made form MLHS 1-4. The grey striped line indicates the system noise measured with an open circuit. 
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During this time the probability for thermal re-excitation is increased, leading to a further reduction of the samples resistance. This effect could explain the discrepancy between measurement and simulation. For MLHS 3 and 4 the measured noise currents seem to show a minor increase (~ factor 1.5). However, since the measured noise currents are very close to the average system noise level (measured with an open circuit) the result is inconclusive. The prediction of the simulation for MLHS 3 is within the margin of the factor 2 discrepancy. The simulation of MLHS 4, however, is significantly lower than the measured one, suggesting that the system noise could be the limiting factor in this case. 
To further examine the influence of the Be-doping level, we extracted the dynamic range and measureable bandwidth from all measured TDS spectra at different detector excitation powers for each of the MLHS samples. The noise floor for the dynamic range calculation was defined as the average value of the spectral amplitude between 6.5 and 10 THz. The detectable bandwidth was defined as the highest frequency component with an amplitude 6 dB above the noise floor in the respective THz power spectrum. The obtained results are given in Figs. 6(a) and 6(b). For MLHS 1, the dynamic range decreases for excitation powers in excess of 4 mW due to the amplitude saturation and the increase in Nyquist noise. In conjunction with the strong frequency roll-off, the detectable bandwidth is significantly limited at high excitation powers. Similarly, MLHS 2 shows a saturation behavior of the dynamic range for the highest excitation power due to an increased noise level (cf. Fig. 5) and a decrease of the detectable bandwidth for higher excitation. Both MLHS 3 and 4 show no saturation in the dynamic range or bandwidth as expected from their short carrier lifetime for all excitation levels. Interestingly, the highest measurable bandwidth is not obtained for MLHS 4 which features the shortest carrier lifetime. Instead, the slightly higher carrier lifetime and scattering time of MLHS 3 leads to an increase of the detected THz current. Since the noise level is defined by the system noise for these samples, the THz bandwidth increases for higher detector currents as long as the carrier lifetime is short enough. Considering the noise calculations shown in Fig. 5, MLHS 4 could potentially exceed the dynamic range of MLHS 3 if the system noise could be further reduced. 

Fig. 6. (a) Dynamic range and (b) detectable bandwidth of the THz-TDS signal in dependence of the optical excitation power for four different detectors made form MLHS 1-4. The striped lines are guidelines for the eyes. 
In an attempt to overcome the system noise limitation and increase the dynamic range, we employed a 100 µm strip-line emitter fabricated from a high mobility MLHS which has a significantly higher THz output than LT-grown Be-doped MLHS [8, 9]. The bias of the emitter was 100 V and the optical excitation was set to 25 mW. As detector we employed MLHS 4, which features the fastest trapping time. The average noise floor in the spectra was  
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Fig. 7.  Average noise floor in THz-TDS spectra taken between 6.5 THz and 10THz in dependence of the optical excitation power at the detector made form MLHS 4 and for a high mobility MLHS emitter at 100 V bias (blue squares), a LT-grown emitter made from MLHS 4 at 50 V bias (green circles) and without an incident THz field (black triangles). 
extracted for different excitation powers at the detector for the high mobility emitter, the LT-grown emitter and without a THz field present, which is shown in Fig. 7. In accordance with our previous results the noise of the LT grown emitter is on the order of the system noise level. However, there is an increase of the noise floor for higher excitation levels if a THz field is present in case of the high mobility emitter. The square root like behavior strongly suggests that the increase is due to shot noise from the detector current which in turn, to a good approximation, is directly proportional to the optical excitation power at the detector and is given by: 

,det2 2N THz optI e I e P= ⋅ ⋅ ∝ ⋅ ⋅    (6) 
Here THzI  is the THz-field induced detector current, ,detoptP is the optical power at the detector and e  is the elementary charge. Since for the high mobility emitter the detector currents have much higher values (approx. 285 nA for 16 mW excitation at the detector) the shoot noise contribution appears to become significant. However, since the shoot noise scales with the square root of the detector current were as the signal scales linear with the detector current the dynamic range is further increased as compared to the previous emitter. Finally we increased the emitter bias to 120 V and averaged over ten thousand trace taken at 16 Hz (approx. 10 min) resulting in a measureable bandwidth of over 6 THz and approx. 90 dB dynamic range as can be seen in Fig. 8. For this emitter and detector combination the spectrum of a single pulse trace with a measurement time of 62.5 ms still shows a dynamic range in excess of 65 dB and a bandwidth >4.5 THz (not shown). 
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  Fig. 8.  FFT spectrum obtained for a high mobility MLHS emitter at 120 V bias and 25 mW optical excitation and a detector made from MLHS 4 at 16 mW optical excitation. The spectrum is obtained by averaging ten thousand pulse traces at 16 Hz measurement rate (approx. 10 min). The corresponding THz Pulse trace is shown in the inset. 
5. Conclusion and Outlook 
We have shown that knowledge of the influence of Beryllium doping on carrier dynamics in LT-grown InGaAs/InAlAs MLHS is crucial for the design of THz-TDS detectors made from this material. We have found that trap saturation, i.e. long carrier lifetime, limits the detector dynamic range and bandwidth because of increased frequency roll-off and Nyquist noise. Furthermore, we have shown that in case of detectors with short carrier lifetimes and sufficiently strong THz fields the shot noise in the detector becomes a relevant noise source. Finally, it was demonstrated that for fast LT-grown InGaAs/InAlAs detectors, i.e. with appropriate Be doping concentration, together with highly efficient THz emitters it is possible to obtain PCA based THz-TDS measurement systems at 1550 nm excitation with 90 dB dynamic range and more than 6 THz bandwidth. 
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Publication IV
B. Globisch, R. J. B. Dietz, T. Göbel, M. Schell, W. Bohmeyer, R. Müller, and A. Steiger, “Absolute terahertz power measurement of a time-domain spectroscopy system,” Opt. Lett., vol. 40, no. 15, p. 3544, 2015.
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First absolute terahertz power measurement of a time-domain spectroscopy system 
Björn Globisch,1,* Roman J. B. Dietz,1 Thorsten Göbel,1 Martin Schell,1 Werner Bohmeyer,2 Ralf Müller,3 and Andreas Steiger3  

1Fraunhofer Institute for Telecommunications, Heinrich Hertz Institute (HHI), Einsteinufer 37, 10587 Berlin, Germany2Sensor und Lasertechnik (SLT), Schulstr.15, 15366 Neuenhagen, Germany 3Physikalisch-Technische Bundesanstalt (PTB), Abbestr. 2-12, 10587 Berlin, Germany *Corresponding author: Bjoern.Globisch@hhi.fraunhofer.de

We report on the first absolute terahertz (THz) power measurement of a photoconductive emitter developed for time-domain spectroscopy (TDS). The broad-band THz radiation emitted by a photoconductor optimized for the excitation with 1550 nm femtosecond pulses was measured by an ultrathin pyroelectric thin-film (UPTF) detector. We show that this detector has a spectrally flat transmission between 100 GHz and 5 THz due to special conductive electrodes on both sides of the UPTF. Its flat responsivity allows the calibration with a standard detector which is traceable to the International System of Units (SI) at the THz detector calibration facility of PTB. Absolute THz power in the range from below 1 µW to above 0.1 mW was measured.  
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Abstract— We present a new generation of photoconductive 

(PC) Terahertz (THz) near-field probes based on freestanding 

Beryllium-doped, low-temperature-grown InGaAs/InAlAs 

cantilevers. The PC probes are compatible to optical sampling 

with femtosecond-laser pulses having a center-wavelength of 

1550 nm. Therefore, they are well-suited for a cost-efficient direct 

integration with fiber-coupled THz time domain spectroscopy 

(TDS) systems. The photoconductor material features electron 

lifetimes of 500 fs allowing for broadband detection up to 2 THz, 

which is comparable to existing LT-GaAs-based near-field 

detectors requiring, however, 800 nm wavelength excitation. We 

demonstrate the detector operation in a state-of-the-art fiber 

based TDS system with fast and coherent data acquisition and 

show obtained sheet-resistance mappings of conductive thin-films 

featuring sub-wavelength resolution. 

 
Index Terms— time domain spectroscopy, terahertz (THz), 

near-field imaging, near-field microscopy, photoconductor 

I. INTRODUCTION 

 The unique properties of terahertz (THz) radiation have 

stimulated a multitude of applications and research activities. 

THz-based methods have seen a rapid development in the past 

and have been successfully exploited to inspect solar cells [1], 

to identify gases or explosives by their spectroscopic 

fingerprints in this specific frequency range or to detect 

damages in packaged chip-structures [2]. By now, THz 

research has left its infancy. Time domain systems and 

spectroscopy kits are commercially available and THz 

imaging is involved in a wide range of topics [3]. Despite of 

the relatively long THz wavelengths , enormous results in 

terms of deep sub-wavelength spatial resolution have been 

achieved by various near-field imaging techniques [4][3]. 

With metallic apertures, a spatial resolution of /100 at 1 THz 

has been demonstrated [5]. Using atomic-force-microscope 

tips as scattering elements for THz radiation in scanning near-

field optical microscopy (SNOM) systems even allowed THz 

imaging of nanoscopic structures [6], [7].  
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Photoconductive (PC) near-field detectors [8] based on free-

standing cantilever microstructures made of low-temperature-

grown Gallium Arsenide (LT-GaAs) have been developed as 

an alternative to scattering-type and aperture-based 

approaches. With a maximum resolution of a few µm they 

range between sub-µm SNOM-approaches and conventional 

THz spectroscopy far-field systems with a diffraction-limited 

resolution of several hundred µm to millimeters. Taking 

advantage of their high-sensitivity and capability for high-

speed scanning they were recently introduced for wafer-scale 

inspection tasks [9]. The PC micro-probe detectors sample the 

amplitude and phase information of a THz field signal and 

have been used for miscellaneous temporally and spectrally 

resolved THz near-field imaging applications. Examples 

include the characterization of THz emitting nano-photonic 

devices [10], or meta-material characterization [11]. 

For efficient photo-carrier generation, GaAs requires an 

excitation wavelength around 800 nm, which is usually 

provided by a free-space optical beam. In order to configure 

more compact and flexible imaging systems fiber-coupled 

probe excitation is highly desirable. An 800 nm operation 

wavelength implies not only a comparably high cost of the 

required femtosecond source but also increased effort to set up 

a dispersion compensation for fiber-based pulse transmission. 

The majority of commercially available THz-TDS systems 

rely on cheap and highly integrated Erbium (Ytterbium) doped 

fiber lasers emitting at 1550 nm (1060 nm) central 

wavelength. The combination of these well-developed TDS 

-

  

Simon Sawallich, Björn Globisch, Christopher Matheisen, Michael Nagel, Roman J. B. Dietz, and 

Thorsten Göbel 

 

Fig. 1.  Schematic of the THz near-field setup including a magnified 

image of the near-field microprobe detector in close vicinity to the sample 

surface. The fiber coupled THz-spectrometer allows for fast and easy 

access to the entire pulse trace.  
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systems with a LT-GaAs based detector is possible by placing 

a second-harmonic generation (SHG) module between the out-

put of the fiber and the PC probe. However, since the SHG 

requires high optical power as well as additional optical 

components, the development of a near-field probe suitable for 

direct illumination with femtosecond pulses centered on 

1550 nm is highly desirable. 

In this work, we present the first photoconductive THz 

near-field micro-probe for operation at  = 1550 nm and 

demonstrate its direct combination with a fully fiber-coupled 

THz-TDS system developed by the Fraunhofer Heinrich Hertz 

Institute [12], [13]. The fast data acquisition of this 

spectrometer allows us to acquire a 25 ps long pulse trace 

within 25 ms. We investigate the potential of this 

configuration and demonstrate a fast near-field imaging 

system featuring amplitude and phase information for each 

pixel. We will show that the system is well suited for wafer-

scale THz transmission measurements with a spatial resolution 

of some 10 µm. 

The outline of this paper is as follows: In the following 

chapter, we describe the detector layout and investigate the 

semiconductor properties of the raw material and the readily 

processed near-field probe. In chapter III, we focus on the 

measurement performance of the THz near-field detector in 

combination with the THz time domain spectrometer. 

Exemplarily, we evaluate this technique for sheet resistance 

measurements on a 6-inch silicon wafer with sub-wavelength 

metal-based microstructures.   

II. THZ NEAR-FIELD PROBE 

The near-field detector device is based on a free-standing 

Beryllium-doped LT-InGaAs/InAlAs [14] cantilever only 

1 µm thin to achieve minimum field invasiveness. Gold-

electrodes forming a resonant near-field antenna are structured 

on top of the photoconductor. A 5-µm-wide photo-switch in 

the center of the antenna is located at the very tip. In order to 

enable highest spatial resolution the tip is placed in a few 

micrometer distance to the surface of interest (cf. Fig. 1).  

The photoconductor material itself is designed to have 

electron lifetimes significantly below 1 ps, to allow for the 

detection of broadband THz radiation. Fig. 2 shows the 

normalized 1550 nm differential transmission (DT) signal of 

the photoconductor before and after fabrication of the near-

field probe. A detailed description of the measurement 

technique can be found in [15]. For optical excitation, we used 

a fiber laser with 100 MHz repetition rate and 90 fs pulse 

duration which was focused to a spot with a diameter of 

15 µm. The optical power was kept constant at 3 mW for both 

samples in order to characterize the semiconductor under the 

same conditions as it will be applied in the subsequent near-

field imaging setup. The DT signal, as seen in Fig. 2, decays 

mono-exponentially with a time-constant of 500 fs before as 

well as after processing of the near-field probe indicating that 

the fabrication process does not influence the fundamental 

properties of the photoconductor. Nevertheless, the DT signal 

of the final near-field probe shows a slowly decaying 

component after the initial sub-picosecond decay in contrast to 

the raw photoconductor. We attribute this additional, slow 

decay to increased thermal heating of the free-standing 1-µm-

thick probe-tip. The DT measurement of the raw 

semiconductor was done with a 350 µm semi-insulating InP 

substrate underneath the photoconductive layer. This served as 

a thermal heat sink. During the fabrication process of the free-

standing cantilever, this substrate was removed such that the 

thermal conductivity of the probe tip is significantly reduced 

compared to the raw photoconductor. 

In order to verify the functionality of the structured 

photoconductive switch and the quality of the metal-

semiconductor-contact of the deposited electrodes, we 

measured the detector’s current-voltage (I-V) characteristics 

without the presence of any THz field. Fig. 3 shows the dark 

current in dependence of the applied bias voltage as well as 

the photocurrent for an optical illumination power of 3 mW. In 

both cases, the expected ohmic behavior is observed. 

 

Fig. 2.  Normalized differential transmission signal of the photoconductive 

material before and after fabrication of the near-field probe. The sub-

picosecond electron lifetime is preserved after the fabrication process. 
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Fig. 3.  Current-Voltage characteristics of the near-field probe. Both I-V 
curves for dark current (black) and photocurrent under optical illumination 

of the photo-switch with 3 mW (blue) indicate ohmic contacts. 
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Before we applied the photoconductive near-field probe as 

an imaging tool, we recorded THz pulse traces with a distance 

of 15 mm between the detector probe and a fiber coupled THz 

emitter without employing any further THz optics. The emitter 

was illuminated with 20 mW optical power and biased at 

120 V resulting in broadband THz emission with an overall 

power of approximately 75 µW [15]. In Fig. 4 the normalized 

power spectrum (blue) as well as the corresponding pulse trace 

(inset) recorded with the near-field probe as photoconductive 

receiver are depicted. The pulse trace was averaged 100 times 

leading to a total acquisition time of 2.5 s. The bandwidth of 

2 THz confirms the broadband detection capability of the 

device. For comparison, a typical power spectrum acquired 

with an LT-GaAs near-field probe illuminated with 800 nm 

laser pulses of 100 fs duration is shown by the black line in 

Fig. 4. Although the data was recorded with a completely 

different spectroscopic setup, the frequency roll-off as well as 

the dynamic range is similar for both detectors. In particular, 

the strong decrease of spectral power for frequencies above 

1.5 THz is a typical characteristic for the applied resonant 

detector design with a resonance frequency at approx. 1 THz. 

As for other LT-GaAs based probes, we expect that a further 

increased bandwidth of the InGaAs probe with a continuous 

roll-off from 1 to 4 THz will be obtained by using a non-

resonant antenna design. 

III. NEAR-FIELD IMAGING  

In this section we present the results of our THz near-field 

imaging experiments using the above described microprobe 

detector operated at 1550 nm. All measurements are based on 

the fiber-coupled THz TDS system which has been described 

earlier [12], [13]. The system is used for data acquisition and 

THz generation  in combination with the micro-probe for THz 

near-field detection, as schematically depicted in Fig. 1. For 

near-field microscopy measurements with some 10 µm of 

spatial resolution the tip-to-sample distance is set to a few µm. 

Spatial scanning is enabled by a motorized xyz-stage moving 

the sample between the THz emitter and the near-field 

detector. During scanning, we force the detector-to-sample 

distance to be constant by dynamically following the sample 

topography, as measured with an optical height sensor. Height 

variations of up to 2 mm can be compensated, limited by the 

applied height sensor. To avoid unnecessary de- and 

acceleration movements, which would result in prolonged 

measurement runs, the sample is continuously xy-scanned 

below the detector and the position is recorded at a fixed rate. 

Synchronously to the sample movement, the THz time domain 

data acquisition gathers full time transients of 25 ps duration 

at a rate of 40 Hz. In frame of the THz near-field imaging 

experiments we record the peak-to-peak amplitude and the 

temporal position of the THz pulse peak and map this data to 

the corresponding xy-sample coordinates.  

Exemplarily, we apply this technique for conductivity 

measurements of a 40 nm Chromium (Cr) thin-film on top of a 

6-inch high-resistivity float-zone (HRFZ) silicon wafer.  Such 

sheet resistance measurements of thin conductive layers are 

needed e.g. for graphene inspection tasks [16] or solar cell 

development. The Cr-top-layer of our test sample is structured 

to a grid of bars with different sizes, ranging from a few µm to 

several mm. Fig. 5 (a) displays a photograph of the wafer, 

while the THz image obtained by near-field microscopy is 

shown in Fig. 5 (b). The scanned area measures 

100 mm x 85 mm and is sampled with a lateral resolution of 

250 µm in a vertical distance of approx. 120 µm, acquiring 

THz pulse traces with a duration of 25 ps for each pixel. While 

the amplitude of the transmitted THz signal is mainly 

determined by the conductivity of the top layer, the substrate 

thickness is the main factor influencing the signal phase. Both 

parameters are separately available for each pixel of the near-

field image. 

 

Fig. 4.  Normalized power spectrum measured with the LT-InGaAs near-

field probe (blue) under illumination with 1550 nm femtosecond pulses 

and the corresponding THz pulse trace (inset). The THz transient was 

averaged 100 times corresponding to a total acquisition time of 2.5 s. For 

comparison, the spectrum obtained with a LT-GaAs near-field detector, 

operated with 800nm fs-laser pulses, is shown in black.  

 

Fig. 5.  Photograph (a) and THz near-field image (b) of a HRFZ silicon 

wafer covered with a 40 nm layer of Chromium, structured 

lithographically into bars of variable sizes and spacing. Half a million 

THz pulse traces of 25 ps duration were recorded for the full image. 
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The top-layer structures of the sample shown in the 

photograph of Fig. 5 (a) are easily found in the THz image. 

Here, the color-coding is as follows: Light green to red color 

refers to areas of high THz transmission corresponding to the 

bare HRFZ silicon substrate. Violet to black color indicates 

those parts covered with the Cr thin-film leading to low THz 

transmission. The horizontal light-blue lines in the THz image 

are measurement artifacts caused by dust particles, which 

adhered to the sample surface during the measurement and 

touched the detector tip. 

In Fig. 6 (a), a high-resolution measurement of the area 

framed in Fig. 5 (b) is shown. The size of this field measures 

7.5 mm x 3 mm. The lateral scan resolution was increased to 

20 µm and the vertical sample-to-tip distance was set to 

15 µm. The data acquisition rate and the length of the THz 

pulse trace remained unchanged. In the right part of Fig. 6 (a) 

the bar-shaped areas in light green refer to areas of bare 

HRFZ-Si. They are clearly distinguishable from the adjacent 

areas covered with Cr, which are characterized by a strongly 

reduced THz transmission amplitude. Next to this area, in the 

lower part of the image the inverted structure is depicted: Bars 

of low THz transmission become visible due to the high 

conductivity of the Cr layer compared to the surrounding bare 

substrate. The nominal width of these clearly resolved bars 

measures 300 µm. In the THz transmission image the apparent 

transition between substrate and Cr-bars occurs within five 

pixels, i.e. within 80 µm. The upper part of Fig. 6 (a) shows a 

smaller structure with 100 µm wide bars of Cr and HRFZ-Si, 

which are barely recognizable. Concluding from this data, we 

estimate our resolution limit to be about 100 µm under this 

configuration. Up to 20 µm resolution, can be expected for the 

applied probe antenna design using a vertical probe/sample 

distance in the range of 1-2 µm. Optimized semiconductor and 

antenna designs should lead to even better resolution as 

observed for  LT-GaAs based counterparts.  

The sheet resistance RSH of the Cr-layer we can calculate 

from the THz data by using the Tinkham formula [17]: 

 

.

 

Here, TSL is the signal amplitude transmitted through the 

sample areas covered by the conductive Cr layer, whereas TS 

is the reference transmission value for the bare silicon 

substrate. Further constants are the substrate refractive index 

n  3.42 and the free-space impedance Z0 = 377 . Fig 6 (b) 

shows the calculated sheet resistance map based on the 

transmission image in Fig. 6 (a). Here, the black areas 

correspond to the highly resistive silicon and the blue to green 

areas indicate the conductive Cr thin-film. The mean sheet 

resistance of the complete Cr layer is RSH = (24.6 ± 3.2) /sq. 

Local sheet resistance variations in the Cr-layer, structure 

dimensions below the resolution limit and measurement noise 

contribute to the specified uncertainty of ± 3.2 /sq. In order 

to confirm the sheet resistance value deduced from the THz 

near-field image we applied a 4-point-probe (4pp) 

measurement in the larger outer areas of the sample. The 

measured result of 25 /sq. is clearly within the standard 

deviation obtained by THz near-field imaging. 

However, sheet resistance measurements of conductive 

thin-films are just one possible application for THz near-field 

imaging. The benefits of this measurement technique in fields 

like non-destructive testing of semiconductor devices or the 

development of meta-materials have also been demonstrated 

[18], [10]. The developed LT-InGaAs/InAlAs detector in 

combination with a fully fiber-coupled TDS system opens up 

the door for a more flexible and cost-efficient utilization of 

THz near-field microscopy at large scale. Practical advantages 

of fiber-coupled detectors and emitters for near-field 

measurements are evident: For applications like pulse tracing 

on a THz waveguide it is often required to freely move the 

THz emitter or detector device instead of moving a sample 

only. The use of fiber-coupled emitter and detector devices 

facilitates these measurement procedures significantly. 

IV. CONCLUSION AND OUTLOOK 

In this work, we presented a LT-InGaAs-based 

photoconductive THz near-field probe, designed for the direct 

operation with 1550 nm femtosecond laser pulses. We 

demonstrated that the semiconductor features sub-picosecond 

electron lifetimes resulting in a detectable bandwidth of up to 

2 THz. The main advantage of the new 1550 nm near-field 

probe compared to existing 800 nm LT-GaAs probes is its 

direct compatibility with fiber-coupled THz-TDS systems. 

This enables stable and fast data acquisition of the entire THz 

pulse trace for each pixel of a near-field image without the 

need of time-consuming lock-in measurements. We 

demonstrated a first fully fiber-coupled THz near-field 

microscopy system, which combines operational flexibility, 

measurement speed and high spatial resolution.  

 

 

Fig. 6.  High resolution near-field image of the framed area in Fig. 5 (b). 

The distance between probe tip and sample surface was 15 µm and the 

lateral resolution of this measurement 20 µm. The clearly resolved green 

and violet bars in (a) are 300 µm wide. In (b) the corresponding sheet 

resistance values calculated from the THz transmission data are shown, 

indicating a sheet resistance around RSH = 25 /sq. for the Cr-areas. 
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Terahertz detectors from Be-doped low-temperature grown InGaAs/InAlAs: Interplay of annealing and terahertz performance
B. Globisch,1,a) R. J. B. Dietz,1 S. Nellen,1 T. Göbel,1 M. Schell1 
1Fraunhofer Institute for Telecommunications, Heinrich Hertz Institute, Einsteinufer 37, 10587 Berlin, 
Germany

The influence of post-growth annealing on the electrical properties, the transient carrier dynamics and the performance 
as THz photoconductive receiver of Beryllium (Be) doped InGaAs/InAlAs multilayer heterostructures grown at 
130 °C in a molecular beam epitaxy (MBE) system was investigated. We studied samples with nominally Be doping 
concentrations of 8 ×10 17 cm-3 – 1.2 ×1019 cm3 annealed for 15 min. – 120 min. at temperatures between 500 °C – 
600 °C. In contrast to previous publications, the results show consistently that annealing increases the electron lifetime 
of the material. In analogy to the annealing properties of low-temperature grown (LTG) GaAs we explain our findings 
by the precipitation of arsenic antisite defects. The knowledge of the influence of annealing on the material properties 
allowed for the fabrication of broadband THz photoconductive receivers with an electron lifetime below 300 fs and 
varying electrical properties. We found that the noise of the detected THz pulse trace in time-domain spectroscopy 
(TDS) was directly determined by the resistance of the photoconductive receiver and the peak-to-peak amplitude of 
the THz pulse correlated with the electron mobility. 
I. INTRODUCTION 
Within the last decades low-temperature growth of III-V compounds has become an important 
technique for the fabrication of semiconductors with sub-picosecond carrier lifetime and semi-
insulating properties. The most prominent examples of low-temperature grown (LTG) 
semiconductors are GaAs and InGaAs.1 Whereas the properties of LTG-GaAs have been studied 
extensively within the last 35 years, only a few studies of LTG-InGaAs exist. Due to its 
compatibility with the telecommunication band around 1550 nm LTG-InGaAs has become an 
important photoconductive material. The principal applications are semiconductor saturable 
absorber mirrors (SESAMs)2, which are applied for the passive mode-locking of femtosecond 
fiber-lasers, and photoconductors for the generation and detection of THz radiation.3,4 LTG-
InGaAs based photoconductors are the state-of-the art detector antennas in commercially available 
THz time-domain spectroscopy (THz-TDS) systems.5,6 However, the improvement of devices 
fabricated from LTG-InGaAs based materials demands a fundamental understanding of 
__________________________ 
a) Electronic mail: Bjoern.Globisch@hhi.fraunhofer.de
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the properties of the material itself.  
In this publication we study the influence of post-growth annealing on the electrical and dynamical 
properties of Be-doped InGaAs/InAlAs multilayer structures. Previous investigations have not 
drawn a consistent picture of the annealing process (see Sec. II). We show that annealing increases 
the electron lifetime and the resistivity of the material. Since a sub-picosecond electron lifetime is 
a prerequisite for broadband detectors in THz-TDS the control of the annealing process offers a 
great possibility for the optimization of these devices. Exemplarily, we fabricated THz receivers 
with an electron lifetime below 300 fs and varying electrical properties and showed that the noise-
level as well as the peak-to-peak amplitude of the THz pulse trace were directly influenced by the 
annealing. 
Before we discuss our results in Sec. III - V of this publication we give a short summary of the 
state of knowledge about LTG-GaAs and LTG-InGaAs and point out similarities, differences and 
open questions in the next section. 
II.  LOW TEMPERATURE GROWTH 
The MBE growth of GaAs at temperatures below 300 °C leads to the incorporation of excess 
arsenic on Gallium lattice sites.7,8 The concentration of these arsenic antisite (AsGa) defects 
increases for lower growth temperatures and can reach values of up to 3 × 1020 cm-3 with still good 
crystal quality.7 The energetic position of the AsGa in LTG-GaAs is approx. 0.75 eV below the 
conduction band minimum, which corresponds to a mid-bandgap position.9 Due to the high 
concentration of point defects, as-grown GaAs is conductive at room temperature caused by 
hopping conductivity between arsenic antisites.9,10 When LTG-GaAs is annealed at temperatures 
above 300 °C the excess arsenic starts to precipitate.10–12 The density and the size of the 
precipitates depends strongly on the duration and the temperature of the annealing process.13,14
Generally, temperatures higher than 400 °C lead to a strong increase in resistivity14 since the 
probability for hopping conductivity decreases exponentially with the decreasing density of point 
defects due to precipitation.15 In addition, the arsenic precipitates form Schottky-barriers in the 
crystal, which further increase the resistivity of the material.16,17 The diffusion of excess arsenic 
during the annealing process occurs via Gallium vacancies (VGa), which are incorporated during 
low-temperature growth.11,18–20 Equally to the AsGa defect, the concentration of VGa increases for 
lower growth temperatures and reaches values of up to 1 × 1018 cm-3.19 The ultrashort carrier 
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lifetime of LTG-GaAs is due to carrier trapping by ionized AsGa defects (AsGa+).1,21 In LTG-GaAs 
arsenic antisites are ionized by Gallium vacancies.22 Since annealing leads to the formation of 
arsenic precipitates and thus reduces the concentration of AsGa defects, the electron lifetime of 
LTG-GaAs increases when the material is annealed at temperatures above 400 °C.11,21 The 
formation of arsenic precipitates during the post-growth annealing process is significantly 
suppressed by p-doping of LTG-GaAs with Beryllium (Be).8,10,23 First, it was believed that Be-
doping reduced the concentration of VGa in the material and therefore impeded the diffusion of 
excess arsenic.10 However, Gebauer and co-workers24 showed by positron annihilation 
spectroscopy that the concentration of VGa was not influenced by Be-doping. Instead, the authors 
proposed that the relatively small Be dopant, incorporated on substitutional group III lattice sites, 
reduced the lattice strain caused by the AsGa defects and therefore eliminated a driving force for 
the diffusion of AsGa during the annealing.24 Be-As complexes, which were proposed in several 
publications, could not be observed in LTG-GaAs.8
Whereas the influence of the Be-doping and the annealing on the material properties of LTG-GaAs 
is quite well understood, several points are still ambiguous for LTG-InGaAs. Similar to LTG-
GaAs, the low temperature growth of InGaAs leads to the formation of AsGa defects.25 One of the 
major differences between LTG-InGaAs and LTG-GaAs is the energetic position of the AsGa
defect in the bandgap. Whereas it is almost mid-bandgap in LTG-GaAs9 the defect level in LTG-
InGaAs is located only approx. 0.1 eV below the conduction band minimum.25 Therefore, a 
considerable fraction of the AsGa defects is thermally ionized at room temperature leading to n-
conductive material with electron densities higher than 1 ×1017 cm-3.25 In contrast to LTG-GaAs, 
annealing of LTG-InGaAs does not produce highly resistive material although arsenic precipitates 
are formed.1,25,26 This can be explained by the fundamentally different reason for the n-
conductivity of the as-grown LT-InGaAs compared to the as-grown LT-GaAs. Whereas LTG-
GaAs shows hopping conductivity that depends exponentially on the concentration of AsGa defects, 
the n-conductivity of LTG-InGaAs is caused by thermal ionization of the arsenic antisites, which 
leads to a linear dependency of the n-conductivity on the AsGa concentration.  
In order to compensate the n-conductivity and increase the resistivity of the material, LTG-InGaAs 
is commonly p-doped with Beryllium.27 Apart from the pure compensatory effect of Be-doping, 
the electron lifetime in LTG-InGaAs decreases for a higher Be-doping concentration due to the 
ionization of additional AsGa defects by Be dopants.28,29 Electron lifetimes below 0.5 ps were 
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measured in LTG-InGaAs:Be. However, carrier concentrations below 1 × 1014 cm-3 could only be 
obtained by an additional annealing step in combination with the growth of a multilayer 
heterostructure consisting of Be-doped InGaAs and Be-doped InAlAs.30,31 Here, the LTG-
InAlAs:Be layer, which contains mid-bandgap defect levels, is purely compensatory.32 In contrast, 
the influence of the post-growth annealing step has not been resolved entirely. Only a few 
publications studied the annealing process of LTG-InGaAs and LTG-InGaAs/InAlAs and obtained 
partially inconsistent results. Whereas it was consistently shown that the resistivity increases after 
annealing33,34, the influence of annealing on the carrier lifetime is indistinct. On the one hand it 
was reported that annealing increased the electron lifetime due to the formation of arsenic clusters, 
similarly to LTG-GaAs.28,27,35 On the other hand a recent study on annealed Be-doped LTG-
InGaAs/InAlAs multilayer structures revealed a decrease of the electron lifetime for annealing 
temperatures between 350 °C and 600 °C.34 In this publication we address this inconsistency and 
show that annealing indeed increases the electron lifetime due to the precipitation of arsenic 
antisites. 
III.SAMPLE GROWTH AND CHARACTERIZATION 
We studied multilayer-heterostructures grown at 130 °C in an MBE system on 2-inch semi-
insulating InP:Fe-substrates. The layer stack consists of 100 periods of 12 nm InGaAs and 8 nm 
InAlAs lattice matched to the InP substrate. This multilayer structure was grown on top of a lattice 
matched InAlAs buffer with a thickness of 700 nm. All samples were homogenously Be-doped 
during the growth process. 
We investigated the influence of the annealing time (isothermal annealing) and the annealing 
temperature (isochronal annealing) on the electrical and dynamical properties of the material. For 
the isothermal annealing, samples with a nominally Be doping concentration of 1.0 × 1018 cm-3
were annealed at 500 °C under an arsenic atmosphere for 15, 30, 60 and 120 minutes within the 
MBE growth chamber. For the isochronal annealing, three 2-inch wafers with nominally Be doping 
concentrations of 0.8 × 1018 cm-3, 4.0 × 1018 cm-3 and 12.0 × 1018 cm-3 were cleaved into eight 
samples. We annealed seven of them for 60 min. at 500 °C, 525 °C, 550 °C, 575 °C, 600 °C, 
650 °C and 700 °C in a metal organic chemical vapor epitaxy (MOVPE) system and kept one 
samples as an unannealed reference. The annealing was done inside the MOVPE growth chamber 
in order to prevent the out-diffusion of As and P from the samples at temperatures above 500 °C. 
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The partial pressures of As and P achieved in the MOVPE were significantly higher than those 
obtained in the MBE system. We used an As and P flux of 100 sccm for annealing temperatures 
below 600 °C and 200 sccm for annealing temperatures of 600 °C and higher.  
We controlled the surface morphology of all samples by difference interference contrast 
microscopy. For annealing temperatures up to 600 °C a smooth surface was obtained whereas the 
samples annealed at 650 °C and 700 C showed a strong degradation of the surface quality. 
Therefore, the latter two samples are not discussed in the remainder of this publication. XRD 
rocking curves revealed good crystallinity with sharp peaks for all other samples. In contrast to the 
findings for LT-GaAs,14 annealing did not essentially affect the XRD data of the multilayer 
structures investigated in this paper. For the electrical characterization, room temperature Hall 
measurements in van-der-Pauw geometry were conducted.  
In order to determine the carrier lifetime, wavelength degenerate differential transmission (DT) 
measurements were applied.31 In our setup, a femtosecond fiber laser with two fiber-coupled 
output ports provided 90 fs-pulses with a repetition rate of 100 MHz and 1550 nm central 
wavelength. A fiber-coupled attenuator was used to set the optical power of the pump and the 
probe beam, respectively. For all measurements the optical power of the pump pulse was at least 
one order of magnitude higher than the probe pulse.
A. Isothermal annealing 
In Fig. 1 (a) the electron lifetime ( e) determined from wavelength degenerate DT measurements 
is plotted as a function of the annealing time. The Be doping concentration of all samples was 
1 × 1018 cm-3 and the annealing temperature measured 500 °C. The density of carriers excited by 
the pump pulse was 6.5 × 1016 cm-3, which is more than an order of magnitude lower than the Be-
doping concentration. In this regime, the density of trapping sites is significantly higher than the 
density of excited carriers such that the DT-signal decays mono-exponentially and the electron 
lifetime ( e) can be determined by mono-exponential fits to the data.21,31 In Fig. 1 (a) a gradual 
increase of e for longer annealing times is observed. According to Shockley-Read-Hall36 theory 
of carrier trapping, e increases when the density of trapping sites decreases. Hence, annealing of 
Be doped LTG-InGaAs/InAlAs at 500 °C reduced the density of trapping centers, 
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FIG.1. Electron lifetime (a) in dependence of the annealing time determined from wavelength degenerate differential transmission (DT) measurements. The excited carrier density was 6.5 × 1016 cm-3 in order to avoid the saturation of trapping sites. The electron lifetime was determined by mono-exponential fits to the DT signals. All samples were annealed at 500 °C in an arsenic atmosphere inside the MBE growth chamber. The Resistance and the electron concentration determined by room temperature Hall measurements are shown as a function of the annealing time in (b).  
which is the AsGa+ defect. In LTG-GaAs annealing at temperatures above 400 °C also increased 
the electron lifetime, which was explained by the formation of arsenic clusters (see Sec. II).11,21
Thus, we attribute the lifetime increase in our samples to the precipitation of AsGa+.  
In addition to the electron lifetime, we studied the electrical properties as a function of the 
annealing time. A semi-logarithmic plot of the resistance and the electron concentration obtained 
from room temperature Hall measurements is shown in Fig. 1 (b). The gradual increase of the 
resistance with longer annealing is also attributed to the precipitation of arsenic antisites. In Sec. II 
we showed that arsenic precipitates act as Schottky-barriers, which increase the resistance of the 
material. The decreasing electron concentration for longer annealing can be explained by the 
reduction of thermally ionized antisites due to the arsenic precipitation.  
B. Isochronal annealing 
In this section we investigate the influence of the annealing temperature on the resistance, the 
electron concentration and the electron lifetime. All samples were annealed in an MOVPE system 
for 60 min. with As and P stabilization. Fig. 2 shows (a) the resistance and (b) the electron 
concentration determined by room temperature Hall measurements as a function of the inverse 
annealing temperature for samples with a Be doping concentration of 0.8 ×1018cm-3, 4.0 ×1018cm-
3 and 12.0 ×1018cm-3. The annealing temperature of the as-grown samples was defined as room 

(b)(a)
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temperature (20 °C). First, one observes that Beryllium acts as a p-dopant since the resistance 
increased and the electron concentration decreased for higher doping concentrations. Annealing 
between 500 °C – 600 °C further increased the resistance and decreased the electron concentration 
for all doping concentrations. Compared to the as-grown samples annealing at 600 °C changes the 
resistivity and the electron concentration by approx. three orders of magnitude. Hence, the post-
growth annealing is an important technique for the adjustment of the electrical properties of the 
samples. Especially the annealing temperature has great influence on the material parameters. 
The dashed lines in Fig. 2 (a) and (b) are linear fits to the data indicating that the resistivity 
decreases exponentially with the inverse annealing temperature whereas the electron concentration 
increases exponentially. This is the characteristic shape of a thermally activated diffusion process 
(Arrhenius plot). In agreement with the conclusion drawn from the results presented in Sec. III A 
we attribute this finding to the diffusion of AsGa defects via Gallium vacancies during the annealing 
process.11

FIG. 2. (a) Resistance and (b) residual electron concentration determined by room temperature Hall measurements in van-der-Pauw geometry as a function of inverse annealing temperature for samples with Be doping concentration of 0.8 ×1018 cm-3 (black squares), 4.0 ×1018 cm-3 (blue circles) and 12.0 ×1018 cm-3 (green triangles). All samples were annealed in a MOVPE system in an As and P stabilized atmosphere. The annealing temperature corresponds to the temperature of the susceptor. The as-grown, samples are plotted for an annealing temperature of 20 °C. 
Equally to the results discussed in Sec. III A we determined the electron lifetime ( e) by 
wavelength degenerate differential transmission measurements for an excited carrier density of 
6.5 ×1016 cm-3, in order to avoid any saturation of trapping defects. In Fig. 3 a semi-logarithmic 
plot of e is shown as a function of the inverse annealing temperature. First, we notice that the 
electron lifetime decreases for higher Be doping concentrations since Be dopants ionize additional 

(a) (b)
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antisite defects, which in turn increases the density of fast trapping centers.28,29,31 Furthermore, the 
fact that Be dopants ionize additional antisites explains why the conductivity of all the samples 
shown in Fig. 2 was electron-like, although the Be doping concentration was up to two orders of 
magnitude higher than the residual electron concentration of the undoped material.28,31 Apart from 
these well-known effects of Be-doping Fig. 3 shows that annealing increases the electron lifetime 
of all samples. Similar to Fig. 2 the dashed lines in Fig. 3 are linear fits to the data, which indicate 
a thermally activated diffusion process. Note that the slope of the linear fits decreases for higher 
doping concentrations, i.e. the diffusion of arsenic antisites is retarded when the density of Be 
dopants increases. The same effect was observed previously in LTG-GaAs: The precipitation of 
excess arsenic was reduced in Be-doped samples and could be explained by the relaxation of the 
lattice strain due to the small size of the substitutional Be dopants on group III lattice sites (see 
Sec. II and Ref. 24).  

FIG. 3. Semi-logarithmic plot of the electron lifetime determined by wavelength degenerate differential transmission measurements as a function of the inverse temperature. Experimental conditions can be found in the caption of Fig. 1 (a). The electron lifetime increases for higher annealing temperatures and decreases with the Be doping concentration. 
In summary, we have demonstrated that the annealing of Be doped LTG-InGaAs/InAlAs 
multilayer heterostructures had great impact on the electrical and dynamical properties of the 
material. In general, long-time annealing at higher temperatures increased the resistance and the 
electron lifetime whereas the electron concentration decreased. These effects were consistently 
explained by the precipitation of excess arsenic during the annealing process, analogously to LTG-
GaAs.  
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IV. THZ CHARACTERIZATION 
In the last 20 years, the influence of the carrier lifetime and the annealing of LT-GaAs on the 
performance as a THz photoconductor was extensively studied.37–41 In contrast, comparably few 
investigations of the interplay between the material properties and the THz performance of 
photoconductors suitable for the illumination with 1550 nm radiation were conducted.42–44
Recently, the influence of Be doping of LTG-InGaAs/InAlAs heterostructures on the performance 
as THz photoconductive detectors was described.6 It was shown, that the spectral roll-off, the 
amplitude of the detected THz pulse and the noise-level were strongly influenced by this 
parameter. In this publication we studied samples with carrier lifetimes below 300 fs but 
significantly different electrical properties as THz photoconductive detectors. This was achieved 
by adjusting the Be-doping concentration and the post growth annealing temperature carefully 
which allowed us to study the influence of the electrical properties almost independent of the 
electron lifetime. Therefore, a detailed understanding of the principal parameters influencing the 
performance of photoconductors in THz-TDS can be obtained. 
The electrical and the optical properties of the three samples are summarized in Table I.  
TABLE I. Material properties of the samples selected for the fabrication of THz photoconductive detector antennas. The names are a combination of the prefix HHI, the doping concentration in units of 1018 cm-3 and the annealing temperature. The symbols denote: cBe – Be-doping concentration, Ta – annealing temperature,  – resistance, ne – electron concentration, µe – electron mobility, e – electron lifetime. 

Name cBe(1018 cm-3) Ta(°C) (  / sq) ne(1011 cm-2) µe(cm2 V-1 s-1) e(ps) 
HHI-4-0 4.0 - 1.5×104 8.1 517 0.16 

HHI-4-500 4.0 500 1.1×105 1.1 517 0.27 
HHI-12-500 12.0 500 3.3×105 0.9 194 0.14 

The THz detector antennas were mesa-structured45 as /2-dipoles with a length of 50 µm and a 
10 µm × 10 µm photoconductive gap. For all subsequent experiments a commercially available 
THz time-domain spectrometer operating with femtosecond laser-pulses centered around 1550 nm 
was used.5 The fiber-coupled THz emitter was illuminated with 20 mW of optical power and 
biased with 120 V.46 For an individual measurement 1000 pulse trace with a  
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FIG. 4. (a) Amplitude spectrum obtained by Fast-Fourier-Transformation of pulse traces recorded for samples HHI-4-0, HHI-4-500 and HHI-12-500 as THz photoconductive receivers. The optical illumination power was 20 mW for all samples. The noise level obtained by averaging the spectral amplitudes from 7.5 THz – 10 THz are shown as horizontal lines. The peak-to-peak THz amplitude (b), the spectral noise-level (c) and the peak dynamic range (d) are shown as a function of the optical illumination power of the receiver. The THz emitter was illuminated with 20 mW of optical power and biased with 120V for all measurements. Pulse traces with a duration of 70 ps were recorded and averaged 1000 times for a single measurement leading to a total acquisition time of 60 s. 
duration of 70 ps were recorded and averaged, leading to a total acquisition time of 60 s. The THz 
path consisted of two 2-inch 90 ° off-axis parabolic mirrors with a focal length of 3-inch. All 
measurements were done in ambient air. Similar to the emitter, the THz receiver antenna was 
attached to a hyper-hemispherical silicon lens and integrated into a fiber-coupled module. The 
optical illumination power of the receiver was controlled by a fiber-coupled attenuator.  
A summary of the THz results is given in Fig. 4. The amplitude spectra, obtained by Fast Fourier 
Transformation (FFT) of the corresponding pulse trace, are shown in Fig. 4 (a). The optical 
illumination power at the receiver was set to 20 mW for these measurements. First, one observes 
that the spectral roll-off is almost identical for the three devices leading to a bandwidth of more 

(b)(a)

(c) (d)

HHI-4-0

HHI-12-500

HHi-4-500
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than 5 THz. Since the electron lifetime determines the spectral roll-off and therefore the bandwidth 
of the THz detector the principal reason for the shape of the THz-spectra in Fig. 4 (a) is the 
ultrashort electron lifetime of all samples. However, obvious differences in the amplitudes of the 
spectral components as well as the noise level, which is depicted as a horizontal line for each 
spectrum, can be observed. The samples with lower Be doping (HHI-4-0, HHI-4-500) show higher 
amplitudes for all frequencies, whereas the noise level is the lowest for sample HHI-12-500. In 
order to investigate the influence of the material properties on the receiver performance in more 
detail we plotted the peak-to-peak amplitude of the THz pulse and the noise-level as a function of 
the optical illumination power at the receiver in Figs. 4 (b) and (c), respectively. Here, the 
conclusions drawn in the analysis of Fig. 4 (a) are confirmed: The THz amplitude is approx. a 
factor of three higher for the samples HHI-4-0 and HHI-4-500 than for HHI-12-500. We explain 
this with an increased scattering on ionized defects for higher Be doping concentrations, which 
reduces the detector current.6 The ratio between the electron mobility of these samples (cf. Table 
I) agree well with the increase of the THz amplitude. Therefore, a high mobility of the 
photoconductive material translates into high THz amplitudes.  
In Fig. 4 (c) the noise level of the three samples are compared. Colors and symbols are equivalent 
to Fig. 4 (b). We averaged the spectral amplitudes from 7.5 THz to 10 THz and interpreted the 
value as the spectral noise. The open symbols in Fig. 4 (c ) correspond to the spectral noise-level 
when the THz pulse is blocked, i.e. the noise-level generated by the receiver only. Since full and 
open symbols are in good agreement the receiver determines the noise level in our system. In order 
to relate the noise level of the THz-spectrum with the electrical properties of the photoconductors, 
we labeled each graph with the resistance determined from Hall measurements. Here, we observe 
that the Hall resistance correlates with the spectral noise of the receiver, i.e. the higher the 
resistance is the lower is the noise-level. This is directly expectable, since the duty cycle of the 
laser is 10-5 and the electron lifetime of all receiver devices is below 1 ps. Therefore, the receiver 
is unilluminated almost all the time, such that the noise current is simply determined by the 
resistance of the photoconductor.  
After having analyzed the THz amplitude and the noise-level of each receiver separately, we 
finally investigated the combined parameter, which is the peak dynamic range. In Fig. 4 (d) we 
observe that HHI-4-0 - the sample with the highest THz amplitude - shows the lowest dynamic 
range due to the relatively high noise level. In contrast, the highest doped sample (HHI-12-500), 
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which had the lowest THz amplitude in Fig. 4 (b) shows an intermediate dynamic range due to the 
low noise-level. However, the sample HHI-4-500, with a Be doping concentration of 4 × 1018 cm-
3 and 500 °C annealing has the highest dynamic range due to the optimal combination of signal 
amplitude and noise-level. 
The results presented in this section underline that a detailed understanding of the interplay 
between material parameters and THz performance allows for the precise optimization of THz 
photoconductive receivers. Particularly, the post-growth annealing of the photoconductive 
material is a suitable parameter for tuning resistance, electron lifetime and electron mobility of the 
future device.
V. CONCLUSION 
We investigated the influence of annealing on the electrical properties, the carrier dynamics and 
the performance as THz photoconductive receiver of Be-doped LTG-InGaAs/InAlAs multilayer 
heterostructures. We analyzed doping concentrations between 8 × 1017 cm-3 – 1.2 × 1017 cm-3, 
annealing times between 15 min. – 120 min. and annealing temperatures between 500  C – 600 °C. 
In contrast to previously published results we found that annealing generally increases the 
resistivity and the electron lifetime of the material and decreases the residual carrier concentration. 
We explain these effects by the formation of arsenic clusters (precipitates) during the annealing 
process, similar to the annealing behavior of LTG-GaAs. Subsequently, we analyzed three selected 
samples as THz photoconductive receivers in a TDS system. The resistance and electron 
concentration of these devices differed by more than an order of magnitude, whereas all samples 
featured electron lifetimes below 300 fs. Hence, we could analyze the influence of the electrical 
properties on the performance as THz receiver without losing the broadband detection capability 
of the devices. We found that the noise-level of the THz spectrum was directly determined by the 
resistivity of the device: The higher the resistivity is, the lower is the noise-level. The peak-to-peak 
amplitude of the THz pulse increased for higher electron mobility. Since low noise and high 
amplitude lead to high dynamic range, the detailed understanding and precise control of the 
interplay between Be doping and post-growth annealing allows for the optimization of THz 
photoconductive receivers. 
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Iron doped InGaAs: Competitive THz emitters and detectors fabricated from the same photoconductor 
B. Globisch,1,a) R. J. B. Dietz,1 R. Kohlhaas,1 T. Göbel,1 M. Schell,1 D. Alcer,2 M. Semtsiv,2W. T. Masselink2 
1Fraunhofer Institute for Telecommunications, Heinrich Hertz Institute, Einsteinufer 37, 10587 Berlin, Germany 2Department of Physics, Humboldt University Berlin, Newtonstrasse 15, 12489 Berlin, Germany 
Per today, the optimum material systems for photoconductive emitters and receivers are different. In THz reflection measurements, this leads to complicated optics or performance compromises. We present photoconductive emitters and detectors fabricated from molecular beam epitaxy (MBE) grown iron (Fe) doped InGaAs, which are well suited for THz time-domain spectroscopy (THz-TDS) both as emitters and detectors. As a photoconductive emitter, 75 µW ± 5 µW of radiated THz power were measured. As a detector, THz pulses with a bandwidth of up to 6 THz and a peak dynamic range of 95 dB could be detected. These results are comparable to state-of-the-art THz photoconductors, which allows for simple reflection measurements without performance decrease. The incorporation of Fe in InGaAs during MBE growth is investigated by Secondary Ion Mass Spectroscopy (SIMS), Hall, and transient differential transmission measurements. Growth temperatures close to 400 °C allow for homogeneous Fe doping concentrations up to 5 × 1020 cm-3 and result in a photoconductor with an electron lifetime of 0.3 ps, a resistivity of 2 k  cm, and an electron mobility higher than 900 cm2 V-1 s-1. We show that iron dopants are incorporated up to a maximum concentration of 1 × 1017 cm-3 on substitutional lattice sites. The remaining dopants are electrically inactive and form defects that are anneal-stable up to a temperature of 600 °C. The fast recombination center in Fe-doped InGaAs is an unidentified defect representing ≈ 0.5 % of the nominal iron concentration. The electron and hole capture cross section of this defect are determined as  = 3.8 × 10-14 cm2 and  = 5.5 × 10-15 cm2, respectively. 

I. INTRODUCTION 
Photoconductive THz antennas excited by 1550 nm femtosecond lasers have become a standard component in commercial THz time-domain-spectroscopy (THz-TDS) systems within the last years.1 On the one hand, this was enabled by the development of compact femtosecond fiber-lasers with integrated pre-compensation of dispersion. On the other hand, the photoconductive material was improved by several orders of magnitude in output power and signal-to-noise ratio within the last 10 years.2–6 These improvements were enabled by using different materials for THz emitters and detectors. Whereas the emitter requires high resistivity in combination with high electron mobility for efficient acceleration of the photogenerated carriers4, the crucial parameter for the detector is an electron lifetime below 1 ps for the accurate sampling of the THz pulse.5,7–9 Several photoconductive materials have been investigated as THz emitters and detectors sensitive to 1550 nm excitation.10 These include iron-doped or iron implanted InGaAs,11–14 low-temperature grown (LTG) InGaAs,15,16 Beryllium-doped LTG-InGaAs/InAlAs 

superlattices,2,3,17,18 ErAs:InGaAs superlattices,19 and LTG-GaAsSb20. However, a single photoconductive material that is sensitive to 1550 nm excitation and that combines a sub-picosecond lifetime with high carrier mobility and high resistivity has not been found.  The combination of these properties in one photoconductive material can be especially interesting for integrated THz devices: A single chip containing THz emitter and detector would allow for a compact THz reflection head applicable in material inspection and in-line process monitoring. Therefore, the quest for new THz photoconductive materials, suitable for the excitation with 1550 nm radiation, remains an important field of study. A promising candidate, which may combine all the desired properties, is iron (Fe) doped InGaAs grownlattice matched to InP. Iron is incorporated as a deep acceptor in the middle of the bandgap of InGaAs and acts as a recombination center.21,22 THz emitters and detectors made of InGaAs:Fe grown by metal organic vapor phase epitaxy (MOVPE) at temperatures around 650 °C showed a bandwidth of up to 2.5 THz and a signal-to-noise ratio of 50 dB.13,14 These results demonstrate the potential of the material although the bandwidth and the signal-to-noise ratio have to be increased to about 5 THz and 90 dB for competitive 



142 

THz devices.1,5In this publication, we show that Fe-doped InGaAs grown by gas-source molecular beam epitaxy (MBE) at temperatures close to 400 °C features sub-picosecond electron lifetime, high resistivity and high mobility for Fe concentrations exceeding 1020 cm-3. Compared to MOVPE growth, the MBE permits essentially lower growth temperatures, which leads to modified incorporation properties of iron in InGaAs and, therefore, allows for significantly higher doping concentrations. THz emitter and receiver antennas fabricated from this material are competitive to the respective state-of-the-art photoconductors. The paper is organized as follows: In Sec. II we summarize the properties of Fe-doped InGaAs determined by previous publications. Temperature-dependent Hall measurements of as-grown and annealed samples are discussed in Sec. III and the electron and hole dynamics after transient optical excitation are investigated in Sec. IV. The results of InGaAs:Fe as photoconductive THz emitter and detector are presented in Sec. V.  
II.  PROPERTIES OF INGAAS:FE. 

Transition metal doping of semiconductors has been studied extensively in the last decades.23–25 The unique properties of transition metals stem from their partially filled d-orbitals, which determine their electrical and optical properties. Generally, impurities can be incorporated as a point defect on two stablelattice sites in the host crystal: The substitutional and the interstitial position. In sphalerite crystals substitutional 3d impurities are incorporated exclusively on the cation lattice site24, which corresponds to the In or Ga position in InGaAs. As the cation site in III-V semiconductors is trivalent a neutral substitutional iron impurity is symbolized as Fe3+ since three electrons are needed to repair the dangling bonds of the host crystal. Consequently, when substitutional iron has trapped an electron it is labeled Fe2+. Oxidation states other than Fe2+ and Fe3+ have not been reported for Fe-doped InGaAs.21 In general, impurities are called electrically active when they occupy substitutional lattice sites.24For the interstitial lattice site two positions are possible: The tetrahedral interstitial and the hexagonal interstitial. In III-V semiconductors only the tetrahedral interstitial has been observed whereas iron interstitials in InGaAs have not been found.24 In contrast, iron is almost exclusively incorporated on interstitial lattice sites in Silicon.26For the energetic position of the Fe3+ acceptor level in the bandgap of InGaAs values of 0.15 eV27, 0.3 eV28up to 0.38 eV29 above the valence band maximum have been published. This large variation is mainly caused 

by different growth conditions and a relatively low doping concentration of the samples. The three most recent publications consistently determined the Fe3+acceptor at 0.39 eV – 0.40 eV above the valence band maximum in InGaAs grown by liquid phase epitaxy (LPE)21,22 and MOVPE30. With this value the authors could successfully describe the band offset of the interface between InGaAs/InP in the framework of the internal reference rule.22,31  Regarding the electron lifetime and the electrical properties of InGaAs:Fe previous investigations have not drawn a consistent picture. One of the reasons is that these parameters have not been studied on the same samples, yet. In addition, the results published for LPE-, MOVPE- and MBE-grown samples differ significantly. Nevertheless, some important conclusions can be drawn from previous publications: Fe-doped InGaAs grown by MOVPE at temperatures of 650 °C – 680 °C changes its conductivity from n-type to p-type for doping concentrations higher than 1 × 1017 cm-3.13,14,30 Here, the substitutional iron dopants compensate the residual electron concentration of InGaAs up to an Fe concentration of 1 × 1017 cm-3. For higher doping, the substitutional Fe-acceptor leads to p-type conductivity.13,30Electron lifetimes of 8.1 ps and 0.3 ps were measured in Fe-doped InGaAs/InP quantum-wells grown via MBE at 450 °C for Fe-concentrations of 2.5 × 1018 cm-3 and 2.0 × 1019 cm-3, respectively.32,33These results show that sub-picosecond lifetimes can be obtained in Fe-doped InGaAs. However, the electrical properties of these samples were not published and,therefore, the conductivity type, the mobility and the resistivity of the samples are unknown.  A resistivity above 107  cm, an electron mobility of 2395 cm2V-1s-1, and an electron lifetime of 0.3 ps was demonstrated for Fe-doped Ga0.69In0.31As with a bandgap of 1.0 eV grown by a hybrid vertical Bridgman and gradient freezing directional solidification process.34,35 Although this material cannot be efficiently excited with 1550 nm femtosecond fiber lasers these results underscore that iron doping of InGaAs may result in high resistivity, high mobility, and sub-picosecond electron lifetime in a single photoconductor. The electron capture cross section  of Fe-doped InGaAs grown by LPE was determined via deep-level transient spectroscopy (DLTS).21,22 From Shockley-Read-Hall theory of carrier capture the cross section edetermines the electron lifetime e via36: 
( ) 1−

= Tethe Nv στ . (1) Here, vth is the thermal velocity and NT is the concentration of trapping centers. Guillot and co-workers21 published e = (3 ± 2) × 10-16 cm2 whereas Srocka and co-workers22 measured 
e = (8 ± 5) × 10-18 cm2. The relatively large difference 
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between these two values is not directly clear from the results presented. Nevertheless, with the help of Eq. (1) we conclude that sub-picosecond lifetimes in InGaAs:Fe can be obtained for doping levels in the range of (1019-1020) cm-3 and an electron capture cross section higher than 10-16 cm2. In this publication we show that the incorporation of iron in InGaAs depends strongly on the growth temperature. In contrast to the MOVPE results presented above we do not observe p-type conductivity for samples grown by MBE at temperatures around 400 °C. In contrast, we obtain homogenous doping profiles up to a concentration of 5 × 1020 cm-3 with n-type conductivity and 0.3 ps electron lifetime. We attribute this to different incorporation properties of iron in InGaAs grown at 400 °C compared to temperatures of 650 °C – 680 °C. 
III. SAMPLE GROWTH AND ELECTRICAL CHARACTERIZATION 

We investigated a series of five two-inch wafers grown by gas-source molecular-beam epitaxy (GSMBE) on a RIBER compact 21 system. The structures consist each of two layers grown on top of a semi-insulating InP:Fe substrate: A nominally undoped InAlAs buffer with a thickness of 0.7 - 1.0 µm followed by a Fe-doped InGaAs layer with nominal doping concentration in the range of 1 x 1018 cm-3 - 5 x 1020 cm-3 and a thickness between 1.0 µm and 1.2 µm. The compositions of all layers were such that they were lattice matched to the InP substrate, as verified by x-ray diffraction. The growth temperature was set between 350 °C and 450 °C. Table I summarizes the properties of all samples. 

FIG. 1. SIMS profiles of Fe in three Fe-doped InGaAs layers with a thickness of 1.2 µm (a) and 1.0 µm (b), (c). The underlying InAlAs buffer layer is nominally undoped. The vertical dashed lines indicate the beginning and the end of the buffer layer for samples Fe5e20 and Fe3e19. Iron concentrations of 5 × 1020 cm-3 (a), 1.5 × 1020 cm-3 (b), 3.0 × 1019 cm-3 (c) were obtained.  

The surface morphology was checked by differential interference contrast microscopy. We observed slightly rough surfaces for all samples with no significant increase for higher Fe doping concentrations.  The nominal Fe-doping concentration was verified by SIMS measurements. Fig. 1 shows the Fe concentration profiles of samples (a) Fe5e20, (b) Fe2e20 and (c) Fe3e19. Measurements were conducted by Evans Analytical Group, Santa Clara, CA, USA, who claim an uncertainty of 10 % on their results. Almost flat doping profiles with Fe-concentrations of 5 × 1020 cm-3 (a), 1.5 × 1020 cm-3 (b) and 0.3 × 1020 cm-3(c) were obtained within the first 1.2 µm (a) and 1.0 µm (b), (c) of the InGaAs layer. The transition between the nominally undoped InAlAs buffer and the Fe doped InGaAs is marked by a sharp drop of the Fe concentration to values below 1018 cm-3. We attribute the unintended doping of the buffer layer to diffusion of iron dopants from the InGaAs layer into the buffer during the growth process. The Fe-concentration of the InP substrate could not be determined due to the resolution limit of the SIMS measurement. One observes an accumulation of Fe-dopants between buffer and substrate, which is most probably caused by Fe-clustering on interface states. Due to the location deep inside the buffer these clusters will not influence the properties of the Fe-doped InGaAs layer. 
A. Room temperature Hall Results 

The results of Hall measurements at room temperature are shown in Fig. 2. Ohmic contacts were obtained by soldering In droplets on top of square samples. In Fig. 2 (a) the resistivity (black triangles) and the carrier mobility (blue circles) are shown as functions of the Fe doping concentration. The resistivity increases by more than three orders of magnitude from undoped InGaAs to Fe doping concentrations of 5.0 ×10 20 cm-3. The maximum resistivity of 2038  cm is obtained for Fe5e20. The mobility decreases for higher Fe doping from 3655 cm2 V-1 s-1 of undoped InGaAs to 984 cm2 V-1 s-1 and 912  cm2V-1s-1 for samples Fe2e20 and Fe5e20, respectively. Considering the high doping concentrations of these samples a mobility of nearly 1000  cm2V-1s-1 is still very high. Note that the mobility of sample Fe3e19 is rather low compared to all other samples. We assume that a slightly higher impurity concentration in this sample, maybe from incomplete oxide desorption or unintended contamination of the substrate, decreased the mobility. However, this effect is not attributed to Fe dopingconcentration. 

(a) Fe5e20

(b) Fe2e20

(c) Fe3e19

InAlAs
buffer

InAlAs
buffer
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FIG. 2. Resistivity, electron mobility (a) and electron concentration (b), versus Fe doping concentration of MBE grown InGaAs. Solid lines are guides for the eye. The correspondence between the Fe doping concentration and the sample names can be deduced from Table I. Note that the conductivity remains n-type for all doping levels. This is in contrast to Hall data of MOVPE grown, Fe-doped InGaAs that shows p-type material for doping levels higher than 1018 cm-3. 

The resistivity increases by more than three orders of magnitude from undoped InGaAs to Fe doping concentrations of 5.0 ×10 20 cm-3. The maximum resistivity of 2038  cm is obtained for Fe5e20. The mobility decreases for higher Fe doping from 3655 cm2 V-1 s-1 of undoped InGaAs to 984 cm2 V-1 s-1 and 912  cm2V-1s-1 for samples Fe2e20 and Fe5e20, respectively. Considering the high doping concentrations of these samples a mobility of nearly 1000  cm2V-1s-1 is still very high. Note that the mobility of sample Fe3e19 is rather low compared to all other samples. We assume that a slightly higher impurity concentration in this sample, maybe from incomplete oxide desorption or unintended contamination of the substrate, decreased the mobility. However, this effect is not attributed to Fe doping. In Fig. 2 (b) the residual carrier concentration is plotted as a function of the Fe doping concentration. 

The undoped sample shows n-type conductivity with an electron concentration of 4 × 1015 cm-3. Residual carrier concentrations of a few 1015 cm-3 are commonly observed in nominally undoped InGaAs due to shallow impurities. For higher Fe doping the residual carrier concentration decreases more than three orders of magnitude to 3 × 1012 cm-3 for sample Fe5e20, which is close to the intrinsic carrier concentration of InGaAs at room temperature (6.7 × 1011 cm-3). This stands in contrast to all results reported on Fe-doped InGaAs grown by MOCVD. In that case, the material changed from n-type to p-type conductivity for doping concentrations above 1017 cm-3.13,14 Tell and coworkers modeled the electron and hole concentration in Fe-doped InGaAs and showed that the transition to p-type conductivity is expected for doping densities above 1 × 1017 cm-3.30 The authors assumed that iron was the  

(b)(a)

Table I. Sample series, results of room temperature Hall measurements, and carrier lifetimes derived from Fig. 5. The unsaturated carrier lifetime of the undoped sample, Fe1e18, and Fe1e19 could not be determined (see Sec. III B 1). The legend of the symbols is: TG – growth temperature, cFe – Fe doping concentration, nHall – residual electron concentration,  – Hall resistivity, µ – Hall mobility, e – unsaturated electron lifetime. 
Sample 
name 

TG
(°C) 

cFe    
(cm-3) 

nHall  
(cm-3) (  cm) 

µ 
(cm2V-1s-1) 

e
(ps) 

Fe5e20 350 5.0×1020 3.4×1012 2038.0 912 0.3 
Fe2e20 400 1.5×1020 4.8×1012 1328.0 984 0.9 
Fe3e19 400 3.0×1019 8.2×1013 379.0 201 - 
Fe1e18 450 1.0×1018 2.0×1015 3.0 928 - 
undoped 350 n.i.d. 4.0×1015 0.4 3655 - 
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dominant acceptor in the material with an ionization energy of 0.35 eV. Hence, the n-type conductivity in our MBE grown samples with Fe concentrations above 1020 cm-3 indicates that the majority of dopants is not incorporated on substitutional lattice sites. We assume that the growth temperature around 400 °C leads to the incorporation on interstitial lattice sites, where the dopants are electrically inactive. Therefore, the relatively high electron mobility at doping concentrations above 1020 cm-3 (see Fig. 2 (a)) can be explained by the low concentration of electrically active and, therefore, ionized Fe impurities. In contrast, the higher temperatures during MOVPE growth (650 °C – 680 °C) favor the incorporation on substitutional lattice sites. The difference in growth temperature leads to different kinetics on the surface of the substrate, which has direct influence on the incorporation of dopants into the lattice 
B. Temperature dependent Hall results 

In this subsection we analyze the temperature dependent resistivity, electron concentration, and electron mobility of sample Fe3e19, doped with a nominal Fe concentration of 3 × 1019 cm-3. In order to investigate the thermal stability of the Fe dopants in the material, we performed post-growth annealing studies. Two pieces of sample Fe3e19 were annealed at 550 °C and 600 °C for 60 min. in a MOVPE growth chamber under arsenic and phosphorous atmospheres. This stabilization is necessary in order to prevent the outgassing of As from the InGaAs and InAlAs layers and P from the substrate. The Hall measurements were performed between room temperature and 400 °C. In Fig. 3, the residual carrier concentration (a) and the resistivity (b) of the as-grown (black triangles) and the 600 °C-annealed sample (blue circles) are plotted as functions of the inverse temperature. Both quantities show almost identical values within the entire temperature range, which indicates that annealing up to 600 °C has no influence on the electrical properties of the material. The insensitivity towards annealing indicates that the Fe dopants occupy thermally stable positions in the lattice. In particular, annealing up to 600 °C cannot activate additional Fe dopants, which would increase the residual carrier concentration and lead to p-conductivity. Annealing at higher temperatures was impeded since the required As overpressure could not be provided by the MOVPE system. The logarithmic plot in Fig. 3 (a) shows a linear dependence of the residual carrier concentration on the inverse temperature. This is indicative of a thermally activated defect level.30,37 The dashed lines in Fig. 3 (a) are linear fits to the data. 

FIG. 3. Residual electron concentration (a) and Hall resistance (b) versus inverse temperature of the as-grown (black triangles) and the 600 °C-annealed (blue dots) sample Fe3e19. Dashed lines in (a) are linear fits to the data. An activation energy of 0.33 eV is calculated from the data, which compares well to the activation energy of substitutional Fe dopants in InGaAs (  = 0.35 ± 0.02 eV)21,22. 
We calculated the activation energy of the defect  = 0.33 eV by assuming no compensation, so that . This result compares well to the ionization energy of substitutional Fe dopants in InGaAs determined from previous studies (  = 0.35 eV ± 0.02 eV).21,22,30

FIG. 4. Hall mobility versus temperature for the as-grown (black triangles) and 600 °C-annealed (blue dots) sample Fe3e19. The increasing mobility for higher temperatures indicates ionized impurity scattering as the dominant scattering mechanism in Fe-doped InGaAs. In contrast to the room temperature Hall measurements presented in Fig. 2, the temperature dependent measurements were performed on different samples in different setups and different laboratories. The slightly different mobility values are most likely caused by the soldered In contacts. 
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The resistivity of the as-grown and annealed sample is shown in Fig. 3 (b). One observes an exponential increase as a function of the inverse temperature, which is again indicative of a thermally activated defect level. Finally, the electron mobility is plotted as a function of the temperature in Fig. 4. The mobility increases for higher temperatures, which indicates that ionized impurity scattering is the dominant scattering mechanism in the material. Since ionized substitutional Fe-dopants carry positive charge (Fe3+) the ionized impurity scattering increases when substitutional Fe dopants are thermally ionized (Fe2+  Fe3+). In conclusion, the results of temperature dependent Hall measurements indicate that substitutional iron is the electrically active dopant in MBE-grown InGaAs:Fe with an activation energy of 0.33 eV. 
IV. CARRIER DYNAMICS AFTER OPTICAL EXCITATION 

The carrier lifetime after optical excitation by femtosecond laser pulses is one of the most important parameters for THz photoconductive devices. Especially the detector requires an electron lifetime below 1 ps for an almost instantaneous sampling of the incoming THz pulse.5,7 We analyzed the depopulation of the conduction band after transient optical excitation by wavelength degenerate differential transmission (DT) measurements. This measurement technique has become a standard for the investigation of ultrashort carrier lifetimes in photoconductors.38–40 An intense femtosecond pump pulse excites electrons from the valence band into the conduction band of the material while the transmission of a time-delayed probe pulse is measured. Due to Pauli-blocking, the transmission of the probe pulse increases directly after the excitation by the pump. Trapping of electrons and holes in defects of the fast photoconductor reduces the transmission of the probe pulse to its level before the excitation. In our setup a femtosecond fiber laser with two fiber-coupled output ports provided 90 fs-pulses with a repetition rate of 100 MHz and a 1550 nm central wavelength. A fiber-coupled attenuator was used to set the optical power of the pump and the probe beam, respectively. For all measurements the optical power of the pump pulse was at least one order of magnitude higher than the probe pulse. In order to avoid interference on the sample surface we assured orthogonal polarization of pump and probe beam by polarization filters. The diameter of the laser spot on the sample surface was 15 µm. We measured the transmission change of the probe beam via lock-in detection. Before we discuss the results of our DT experiments, the carrier dynamics are modeled via rate equations in the next subsection. 

A. Modeling of DT experiments 
We use rate equations in order to model the electron dynamics after transient optical excitation, analogously to previous studies.38,41  
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Here, the dynamic variables n and nT describe the density of electrons in the conduction band and the occupation of the recombination centers, respectively. Due to the charge neutrality condition we omitted a dynamic equation for the holes. The generation of electrons by the optical excitation is described by the parameter G. The electron trapping time and the recombination time of trapped electrons with holes from the valence band are symbolized as  and , respectively. The total density of trapping centers in the material is , and the term  accounts for the fraction of unoccupied traps. The unknown parameters in Eqs. (2) – (3) are , , and . Together with the Shockley-Read-Hall relation Eq. (1), these parameters allow for the calculation of the capture cross section of electrons and holes . In contrast to a numerical solution of Eqs. (2) – (3), which requires the fitting of all three parameters to a large number of DT signals, , and  can be determined independently from the experimental data by studying three limit cases: The unsaturated regime, the partial trap filling, and the saturated regime.38 First, we introduce dimensionless quantities in order to facilitate the subsequent analysis. Time is measured in units of the electron trapping time  and carrier densities are normalized to the density of trapping centers  and . Hence, Eqs. (2) - (3) read: 
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Here,  is the ratio of electron capture and electron recombination time. Moreover, we defined the time of the optical excitation by the pump pulse at  and included the density of excited electrons  in the initial conditions shown in Eq. (6). Here, the time dependence of the optical excitation is neglected, which 
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is a minor inaccuracy since the pulse duration in our experiments was 90 fs only. Note that  is normalized to  and, thus, a dimensionless quantity. For the analysis of the three limit cases we exploit that  is a small quantity, i.e. the recombination time is much longer than the trapping time. It will be shown during the analysis of the experimental data that this assumption is valid.  
1. The unsaturated regime 

For unsaturated electron capture, the density of carriers excited by the pump pulse  is much smaller than the density of available traps , i.e. . In this case the occupation of trapping centers is low at all times ) and Eq. (4) can be written as: 
.' NdtdN

−=  (7) 
The solution of this equation is an exponential function of the form: 
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For clarity, we transformed back to variables with dimensions. From Eq. (8) we deduce that the population of the conduction band decays mono-exponentially with the electron trapping time . Hence,  can be determined by a mono-exponential fit to the DT signal in the unsaturated regime. 

2. Partial trap filling 
For partial trap filling the density of excited carriers is smaller but on the same order of magnitude as the density of available trapping centers, i.e. . Hence, Eqs. (4) – (5) can be written in the form: 
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Here, we assumed that  is a small quantity, i.e. the recombination process is slow compared to carrier trapping. Eq. (9) – (10) can be solved analytically and one obtains: 
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In the next step the condition of partial trap filling is applied, i.e. , such that Eq. (11) can be simplified to: 
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By neglecting the term quadratic in  and transforming back to unscaled quantities one obtains: 
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From Eq. (13) a modified carrier lifetime due to partial trap filling is defined as: 
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When the unsaturated time constant  as well as the density of excited carriers  are given,  can be obtained by a mono-exponential fit to the DT signal when the condition of partial trap filling holds. 

3. The saturated regime 
In the saturated regime the density of excited carriers is much higher than the density of trapping centers . The available traps fill up relatively fast after the optical excitation. Since we assumed that carrier trapping is much faster than carrier recombination the remaining electrons in the conduction band can only be trapped if a trapped electron recombines with a hole in the valence band. Hence, the electron dynamic in the conduction band is completely determined by the carrier recombination. In Eq. (5) we write  as long as the saturation condition  holds and obtain: 
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In analogy to Eq. (7) and Eq. (8), the solution of Eq. (15) can be written as an exponential function with decay time  by inserting unscaled quantities. Hence, the recombination of trapped electrons is mono-exponential in this regime. Since the trapping dynamics is completely determined by the recombination process a mono-exponential fit to the DT signal delivers the carrier recombination time. A mathematically more rigorous derivation of Eq. (15) can be found in one of our previous publications.38

B. Experimental results 
In this subsection the three regimes are studied experimentally and , and  of iron-doped InGaAs are derived from the data. 

1. The unsaturated regime 
In order to induce the unsaturated regime, in which the carrier density excited by the pump pulse is supposed to be much lower than the density of trapping centers, we applied the lowest optical pump power that  
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FIG. 5. Natural logarithm of the normalized differential transmission signal of samples Fe5e20 (a), Fe2e20 (b), Fe3e19 (c) and Fe1e18 (d). The excitation power of the pump beam was 0.2 mW for all samples which corresponds to 5 × 1016 cm-3 of excited carriers. The signal decay time decreases for higher Fe-doping. Dashed lines are linear fits to the signals. 
induced a measurable DT signal in our setup. This was 0.2 mW corresponding to 5 × 1016 cm-3 of excited electrons in the conduction band. In Fig. 5 the natural logarithm of the normalized differential transmission signal is plotted for the samples Fe5e20 (a), Fe2e20 (b), Fe3e19 (c) and Fe1e18 (d). The dashed lines in Fig. 5 are linear fits to the data. First, one observes that the decay time of the signal is faster for higher Fe doping concentrations. Hence, electron trapping can be directly related to defects inducedby Fe doping. However, one also notices that the signal decay is mono-exponential only for samples Fe5e20 and Fe2e20. The deviation of line (b) from the mono-exponential decay for delay times higher than 1.5 ps is attributed to the relatively high noise caused by the low optical excitation density. From the linear fits in Fig. 5 an electron trapping time of 0.9 ps and 0.3 ps was calculated for Fe2e20 and Fe5e20, respectively.  The signals of the samples Fe3e19 (c) and Fe1e18 (d) consist of two components: An initially fast decay within the first 0.5 ps followed by a second, slowly decaying component. This signal shape is indicative of saturation of trapping centers, which occurs when the density of excited carriers exceeds the concentration of available traps. This result is rather unexpected since the doping concentrations of 3 × 1019 cm-3 (c) and 1 × 1018 cm-3 (d) are more than an order of magnitude higher than the density of excited carriers of 5 × 1016 cm-3. If all Fe dopants served as active electron traps saturation should not occur for the samples Fe3e19 and Fe1e18. Thus, the DT signals in Fig. 5 suggest that only a small fraction of all Fe dopants contributes to the trapping process. In order to quantify the density of active trapping centers we investigate the regime of partial trap filling in the next subsection . 

FIG. 6. Natural logarithm of the normalized differential transmission of sample Fe5e20 for an increasing carrier density excited by the pump pulse: (a) 5 × 1016 cm-3, (b) 5 × 1017 cm-3, (c) 1 × 1018 cm-3, (d) 2 × 1018 cm-3. The increase of the exponential decay time for higher excitation densities is attributed to partial trap filling. 
2. Partial trap filling 

For partial trap filling in a DT experiment the density of carriers excited by the pump pulse has to be of the same magnitude as the density of trapping centers. We study this regime on sample Fe5e20 since the unsaturated decay shown in Fig. 5 (a) should gradually disappear due to partial trap filling when the optical pump power is increased. Fig. 6 shows the natural logarithm of the normalized differential transmission signal of sample Fe5e20 for excitation densities of 5 × 1016 cm-3 (a), 5 × 1017 cm-3 (b), 1 × 1018 cm-3 (c) and 2 × 1018 cm-3 (d). The signal decay maintains mono-exponential for all excitation densities, whereas the signal decay time increases gradually. The dashed lines in Fig. 6 are linear fits to the data and the corresponding decay times  measure 0.30 ps (a), 0.54 ps (b), 0.80 ps (c) and 1.04 ps (d). In agreement with the results of the unsaturated DT measurements in the last subsection we assume that 0.3 ps is the unsaturated decay time . By using Eq. (14), the density of trapping centers can be calculated as  = (1.9 ± 0.7) × 1018 cm-3. The uncertainty is obtained by averaging the values of  derived from lines (b) - (d) in Fig. 6. Note, that the calculated density of active trapping centers  corresponds to a fraction of 0.38 % ± 0.14 % of all Fe dopants in sample Fe5e20. The nature of this trapping defect could not be identified so far. Experiments like electron paramagnetic resonance (ESR) spectroscopy would be helpful to specify the defect, which were not within the scope of this paper. For all subsequent investigations, it is assumed that 0.5 % of the nominal Fe-doping concentration serves as an active trapping center in Fe-doped InGaAs.  
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FIG. 7. Natural logarithm of the normalized differential transmission signal of samples Fe2e20 (a), Fe3e19 (b) and Fe1e18 (c). The fastest and slowest decaying signal in each panel correspond to an excited carrier density of 5× 1016 cm-3 and 2 × 1018 cm-3. For the signals in-between the optical pump power was gradually increased. For clarity, only two signals are shown in (c). The dashed, light-blue lines correspond to a linear fit to the saturated DT signal of each sample. 
3. The saturated regime 
In the saturated regime the density of carriers excited by the pump pulse exceeds the concentration of trapping centers by more than an order of magnitude. As a consequence the DT signal features two components: An initially fast decaying component due to trap filling followed by a slowly decaying component arising from the recombination of trapped electrons with holes from the valence band. Fig. 7 shows the natural logarithm of the normalized DT signals of samples Fe2e20, Fe3e19 and Fe1e18 for increasing optical pump power. The fastest and slowest decaying signal of each plot correspond to an excited carrier density of 5× 1016 cm-3 and 2 × 1018 cm-3, respectively. One observes that the signal decay time increases when the Fe doping concentration decreases. In addition, Fig. 7 (a) shows the transition from the unsaturated 

decay for the lowest excitation density to the saturated regime for the highest excitation. In Fig. 7 (b) and (c) the saturated regime can be clearly identified by the initially fast decay followed by a slowly decaying component for pump probe delay times above 1.5 ps. In agreement with the results of our rate equation model in Sec. II A 3.,the signal corresponding to the highest excitation density shows the strongest saturation and decays exponentially for delay times longer than 1.5 ps. The dashed, light-blue lines are linear fits to this part of the signals. In Fig. 8 the slope of this linear fit is plotted as a function of the Fe doping concentration. In agreement with Eq. (15) this parameter is interpreted as the hole trapping rate. One observes a linear increase for higher Fe doping in Fig. 8, which indicates that the recombination process involves electrons trapped byFe-related defects and holes from the valence band.  We studied pump-power dependent DT measurements in the unsaturated regime, for partial trap filling and in the saturated regime and determined the electron trapping time , the density of active trapping centers  and the recombination time of trapped electrons  in Fe-doped InGaAs. Together with Eq. (1) the capture cross section of electrons  = 3.8 × 10-14 cm2 and holes  = 5.5 × 10-15 cm2 was calculated from these results. Here, we used the thermal velocity of electrons and holes  = 5.5 × 107 cm/s and  = 2.0 × 107 cm/s, respectively. In contrast to previously published results we considered only 0.5 % of all Fe dopants as active recombination centers. Therefore, the calculated capture cross sections are significantly higher than those obtained in former studies. Although the nature of these trapping centers could not be determined from the data, we unambiguously showed that their density is proportional to the concentration of Fe dopants in the material. 

FIG. 8. The slope of the linear fits to the saturated DT signals in Fig. 7 is plotted as a function of the Fe doping concentration. This parameter corresponds to the hole trapping rate (cf. Eq. (15)) and increases for higher Fe doping. The dashed line is a linear fit to the data. 
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In summary, the results of the last three sections show that photoconductive materials with sub-picosecond electron lifetime combined with high mobility and high resistivity were obtained in Fe-doped InGaAs grown at temperatures close to 400 °C in a MBE system. The relatively low growth temperature compared to MOVPE and LPE allows for doping concentrations above 1020 cm-3 with preserved n-type conductivity. The sub-picosecond lifetime can be explained by electron and hole recombination via Fe-related defects. In the next section we demonstrate the potential of this photoconductive material for emitters and detectors in THz-TDS. 
V. THZ RESULTS 

We selected wafers Fe5e20 and Fe2e20 for the fabrication of THz antennas due to their promising electrical and optical properties. Photoconductive emitters (detectors) were structured as strip-line (dipole) antennas with 25 µm × 25 µm (10 µm × 10 µm) mesas.3 The total length of the dipole antenna of the THz detector measured 50 µm. All THz measurements were done in ambient air. Two 90 °-off-axis parabolic mirrors with a focal length of 3 inch and a diameter of 2 inch guided the THz radiation from the emitter to the detector. The total length of the THz path measured 25 cm. A fiber-laser providing femtosecond pulses with a duration of 100 fs and 100 MHz repetition rate was used for the optical excitation. The optical delay line as well as the data acquisition was part of a commercially available THz spectroscopy system.1 The operation mode of this system was identical for all following THz experiments: We averaged 1000 pulse traces with a length of 70 ps each. A single trace was recorded in 60 ms. No lock-in amplification was used for data acquisition.  
A. THz detector 

For the characterization of InGaAs:Fe as a detectorin THz-TDS, we used the same fiber coupled THz emitter for all measurements, which was illuminated with 20 mW of optical power and biased with 120 V. Under these conditions the THz output power measures approx. 75 µW.6 Fig. 9 (a) shows the detected THz peak-to-peak amplitude as a function of the optical illumination power at the detector. For sample Fe2e20 one observes a steep rise of the amplitude to approx. 800 nA when the optical power increases from 0 mW to 5 mW. For higher levels of optical illumination a constant plateau is seen before the amplitude decreases gradually for an illumination power above 10 mW. In contrast, the THz amplitude detected by Fe5e20 shows no decrease for higher optical powers. After a steep rise from 0 mW to 5 mW the amplitude increases gradually 

for higher optical illumination. However, the absolute value of the detected amplitude differs significantly between both detectors: Fe2e20 detects THz pulses with 50 % higher amplitudes than Fe5e20. This behavior can be directly understood by analyzing the THz spectra obtained via Fast Fourier Transformation (FFT) of the corresponding pulse trace. Fig. 9 (b) shows two THz spectra detected by Fe5e20 for an optical power of 5 mW and 32 mW, respectively. The equivalent spectra detected with Fe2e20 are shown in Fig. 9 (d). A bandwidth higher than 5.5 THz is obtained in all cases, which is comparable to optimized THz detectors made from Be-doped LTG-InGaAs/InAlAs heterostructures.5 The comparison of Fig. 9 (b) and (d) reveals several important differences: First, the frequency at which the spectrum shows its largest amplitude is lower for Fe2e20 than for Fe5e20. This indicates a higher percentage of low-frequency components in the spectrum of Fe2e20. Second, the roll-off in the spectrum of Fe2e20 changes strongly compared to Fe5e20 when the optical power is increased from 5 mW to 32 mW. Additionally, the noise level, highlighted by a horizontal line in each spectrum, becomes higher for the Fe2e20 detector illuminated with 32 mW than for the Fe5e20. All these features can be explained by the results obtained from electron lifetime measurements in Sec. IV. The saturation of carrier trapping was more pronounced for sample Fe2e20 than for Fe5e20 when the optical excitation power was increased. This was directly connected to the lower density of trapping states in Fe2e20 due to the reduced Fe doping concentration. These long living carriers increase the average conductivity of sample Fe2e20 after the optical excitation, which translates into a higher noise level (see Fig. 9 (d)).5 Additionally, the relatively long carrier lifetime broadens the THz pulse, resulting in the suppression of high frequency components in the THz spectrum. On the other hand, the lower density of trapping centers in Fe2e20 decreases the probability for elastic electron scattering on ionized defect sites. This increases the detected-peak-to-peak amplitude of Fe2e20 compared to the higher doped sample Fe5e20 in Fig. 9 (a). In Fig. 9 (c) the maximum dynamic range is plotted as a function of the optical illumination power. This parameter is defined as the distance between the maximum frequency in the THz spectrum and the noise level. Hence, the dynamic range is a combined parameter, which accounts for changes of the detected THz amplitude and changes of the noise level. First, one observes that the maximum dynamic range is higher than 90 dB for an optical power exceeding 2 mW, which is competitive to values obtained for LTG-InGaAs/InAlAs detectors.1,5 Fe2e20 shows up to 6 dB higher dynamic range than Fe5e20 between 2 mW and 10 mW. For an optical excitation above 10 mW the  
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Fig. 9. Peak-to-peak THz amplitude (a) and maximum dynamic range (c) as a function of optical excitation power for THz detectors fabricated from Fe5e20 and Fe2e20. THz spectra for 5 mW and 32 mW of optical excitation power are shown in (b) and (d) for Fe5e20 and Fe2e20. The horizontal lines in (b) and (d) indicate the noise level of the spectrum, which is calculated by averaging all frequency components higher than 7 THz in each spectrum. All measurements were done in ambient air. Hence, the dips in the spectra stem from water vapor absorption 
dynamic range of Fe2e20 decreases due to an increasing noise level combined with a decay in the THz amplitude. A detailed analysis of the influence of carrier lifetime and trap saturation on the performance of THz detectors can be found in previous publications.5,8,9In summary, the results of this section underscore the suitability of Fe-doped InGaAs as broadband THz detectors. The doping range between 1.5 × 1020 cm-3and 5 × 1020 cm-3 offers flexibility for adjusting the properties of the detector to the desired optical illumination power. 
B. THz emitter 

The most remarkable property of the samples Fe2e20 and Fe5e20 is the combination of high resistivity and mobility with an electron lifetime below 1 ps. Whereas the ultrashort carrier lifetime is a crucial parameter for THz detectors, the high resistivity allows for high bias fields on the emitter site. In fiber-coupled THz-TDS systems the maximum optical power is commonly limited due to optical nonlinearities in the fiber that increase quadratically with the optical power. Therefore, increasing the THz output of photoconductive emitters without increasing the optical power is a principal aim in the development of THz emitters. Here, the bias voltage can be a suitable parameter if the resistivity of the material, or more 

precisely, the breakdown field, is sufficiently high. Since the Hall resistivity of samples Fe2e20 and Fe5e20 is higher than 1500  cm and the mobility measures almost 1000 cm2 V-1 s-1, high breakdown fields can be expected. Fig. 10 shows the peak-to-peak THz amplitude detected with a fiber-coupled LTG-InGaAs/InAlAs detector as a function of the bias field 

FIG. 10. THz peak-to-peak amplitude versus bias field for photoconductive emitters fabricated from Fe2e20 (black triangles) and Fe5e20 (blue circles). A fiber-coupled module with an LTG-InGaAs/InAlAs photoconductor served as the detector. The optical excitation power for emitter and detector was 20 mW. Due to a high resistivity combined with high mobility, bias fields of up to 36 kV/cm respectively 60 kV/cm can be applied. high as 36 kV/cm and 60 kV/cm were applied to Fe2e20 and Fe5e20, respectively. This is significantly higher than all values reported previously for 1550 nm photoconductors. 
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FIG. 11. THz spectra obtained with a bias field of 60 kV/cm (Fe5e20) and 36 kV/cm (Fe2e20) at the THz emitter. The horizontal lines indicate the noise level of each spectrum, which was calculated by averaging the spectral amplitudes between 7 THz – 10 THz. 
at the emitter. The optical illumination power of the emitter and the detector was 20 mW throughout all measurements. Bias fields as high as 36 kV/cm and 60 kV/cm were applied to Fe2e20 and Fe5e20, respectively. This is significantly higher than all values reported previously for 1550 nm photoconductors. Bias fields higher than 60 kV/cm could not be applied to sample Fe5e20 due to limitations of our voltage supply. The breakdown field of sample Fe2e20 was approx. at 40 kV/cm such that 36 kV/cm corresponds to the maximal bias field. Fig. 11 shows the THz spectra corresponding to bias fields of 36 kV/cm (Fe2e20) and 60 kV/cm (Fe5e20). In both cases the bandwidth is as high as 6 THz and the maximum dynamic range measures almost 100 dB in power. Although the spectral roll-off is nearly identical the frequency of the maximum in the spectrum of Fe2e20 is shifted towards lower frequencies compared to Fe5e20. In general, the spectrum of the Fe5e20-emitter contains a higher amount of high frequency components compared to 

FIG. 12. Full width at half maximum (FWHM) of THz pulses as a function of bias field at the emitter. The inset illustrates the data extraction from a representative THz pulse. Due to the combination of sub-picosecond electron lifetime and high electron mobility the pulses emitted by Fe5e20 (blue circles) are 30 fs shorter than those of Fe2e20 (black triangles).  

Fe2e20. Again, we attribute this to the ultra-short electron lifetime of Fe5e20. On the emitter side, long-living carriers screen the externally applied bias field and, therefore, decrease the acceleration of carriers, which broadens the THz pulse. Fig. 12 shows the full width at half maximum (FWHM) of the THz pulses emitted by Fe2e20 (black triangles) and Fe5e20 (blue circles) as a function of the bias field. The THz-pulses emitted by Fe5e20 are approx. 30 fs shorter than those generated by Fe2e20. For increasing bias fields the pulse-width decreases to about 340 fs for the Fe5e20-emitter. These short pulses explain the high bandwidth of the signals displayed in Fig. 11.  

FIG. 13. Absolute THz power measured with a calibrated pyroelectric detector by Sensor- und Lasertechnik GmbH as a function of the bias field at the emitter. The optical excitation power was 20 mW for all measurements. The maximum value of 75 µW ± 5 µW is competitive to recently published values of photoconductive emitters based on InGaAs/InAlAs heterostructures. 
In order to give quantitative results on the output power, we used a THz detector calibrated by the German National Metrology Institute.42,43 Due to its unique properties this detector can be traced back to a national standard detector, which allows us to measure absolute power values with calibrated uncertainties for the entire frequency range of the emitter.6 Results are shown in Fig. 13. The maximum output power obtained at a bias field of 60 kV/cm measures 75.6 µW ± 5.2 µW. Recently published values of photoconductive emitters based on an InGaAs/InAlAs heterostructures state 70 µW - 80 µW for the same optical illumination power of 20 mW. Hence, Fe-doped InGaAs is a competitive alternative to existing THz emitters. 

VI. CONCLUSION 
We studied Fe doped InGaAs grown by MBE at temperatures around 400 °C as photoconductive material for THz-TDS. Homogenous doping profiles with concentrations up to 5 × 1020 cm-3 were obtained. Room temperature Hall measurements show that even the highest doped samples are n-conductive. This is in 
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contrast to all results published for Fe-doped InGaAs grown by MOVPE and LPE. We assume that the low temperature during MBE growth prevents the incorporation of more than 1 × 1017 cm-3 of Fe on substitutional lattice sites. The activation energy of the electrically active, substitutional dopants was determined by temperature dependent Hall measurement to be   = 0.33 eV, which agrees well with the activation energy of substitutional iron in InGaAs. The remaining dopants are electrically inactive – probably as tetrahedral interstitials. Post-growth annealing at 550 °C and 600 °C had no impact on the electrical properties of the material, which indicates that both the substitutional and the electrically inactive dopants occupy thermally stable lattice sites. From pump-power dependent differential transmission experiments with 1550 nm femtosecond pulses the capture cross section of electrons and holes as well as the density of active trapping sites in the material were determined. For this analysis, we expanded a rate equation model in three limit cases which allowed us to determine the desired parameters independently. We found that approx. 0.5 % of all Fe dopants serve as recombination centers with an electron and hole capture cross section of  = 3.8 × 10-14 cm2 and  = 5.5 × 10-15 cm2, respectively. This suggest a hitherto unknown recombination defect in iron doped InGaAs, which is electrically inactive. The samples with Fe doping concentrations of 1.5 × 1020 cm-3 and 5.0 × 1020 cm-3 comprise a resistivity higher than 1000  cm, a residual carrier concentration around 4 × 1012 cm-3, an electron mobility above 900 cm2 V-1 s-1 and an electron lifetimes below 1 ps. To the best of our knowledge, this is the first time that sub-picosecond carrier lifetime and the aforementioned electrical properties were obtained in a single photoconductive material suitable for the illumination with 1550 nm-femtosecond lasers. Due to these unique properties, Fe-doped InGaAs shows compatible performance to state-of-the art photoconductive emitters and detectors. The combination of high resistivity and high mobility allows for bias fields of 60 kV/cm at InGaAs:Fe emitters resulting in a calibrated THz power of 75 µW ± 5 µW. Used as a THz-detector, peak signal-to-noise ratios of 95 dB and a THz bandwidth exceeding 5.5 THz were obtained. Whereas state-of the art photoconductive antennas rely on different photoconductive materials for THz emission and detection, Fe-doped InGaAs combines the desired properties of THz emitters and detectors in a single material. Therefore, it is a convenient photoconductor for the development of integrated THz devices and compact reflection heads. 
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