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To successfully construct semiconductor
devices, the semiconductor industry
must measure fundamental material
parameters, especially when developing
new materials; measure the quality of
the matcrial as it is grown,; accurately
determine the details of thin films,
quantum wells, and other microstruc-
tures that control or affect device per-
formance; and measure propertics of
the devices themselves. Properties that
need to be determined, therefore, in-
clude basic band structure and trans-
port parameters, such as energy gap
values and carrier scattering times; the
presence and concentration of impuri-
tics and defects; alloy parameters; layer
thicknesses; the distribution of materi-
als in complex structures; and many
others. This process of determining a
wide range of material, structural, and
device parameters is called characteri-
zation. The semiconductor industry uscs
many characterization methods which
draw on electrical, chemical, and other
approaches. Among these, optical char-
acterization techniques, defined as
those using clectromagnetic radiation
from the ultraviolet to the far infrared,
stand out becausc they arc nondestruc-
tive and require minimal sample prepa-

for production use or to examine fin-
ished devices. Another benefit is that,
unlike electrical methods which require
fixed contacts, optical techniques can
give two- or three-dimensional maps of
propertics over the extent of a semi-
conductor wafer. The six techniques de-
scribed in this paper (ellipsometry,
infrared spectroscopy, microscopy, mod-
ulation spectroscopy, photoluminescence,
and Raman scattering) were chosen be-
cause they arc currently or potentially
widely used in the industry; they mea-
sure a broad array of scmiconductor
parameters; and they operate in differ-
ent regions of the clectromagnetic spec-
trum. The discussion of cach technique
indicates the basic semiconductor quan-
tities measured, gives the scientific basis
of the technique, and indicates how the
measurement is made. Hlustrative ex-
amples from the literature are discusscd
in detail, showing applications to im-
portant semiconductor materials. More
information can be obtained from the
detailed list of references included.
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1. Introduction

To successfully construct semiconductor devices,
the microelectronics industry must measure funda-
mental material parameters, especially when devel-
oping new materials; measure the quality of the
material as it is grown; accurately determine the
structural details of thin films, quantum wells, and
other microstructures at the heart of devices; and
measure properties of the devices themselves. Prop-
erties that need to be determined, therefore,
include basic band structure and transport parame-
ters, such as gap values and carrier scattering times,
the presence and concentration of impurities and
defects, alloy parameters, layer thicknesses, the dis-
tribution of materials in complex structures, and
many others.

The semiconductor industry uses many charac-
terization methods which draw on electrical, chem-
ical, and other approaches. Among these, optical
characterization techniques, defined as those using
electromagnetic radiation from the ultraviolet to
the far infrared, stand out because they are nonde-
structive and require minimal sample preparation,
since no contacts are needed. These features are of
great importance for production use, for on-line ap-
plications, and for examination of finished devices.
Another benefit is that optical techniques can give
two- or three-dimensional maps of properties over
the extent of a semiconductor wafer without requir-
ing fixed contacts.

Six techniques are described in this paper (ellip-
sometry, infrared spectroscopy, optical microscopy,
modulation spectroscopy, photoluminescence, and
Raman scattering). They were chosen because they
are currently widely used in the industry and be-
cause they measure a broad array of semiconductor
parameters. The discussion of each technique indi-
cates the basic semiconductor quantities measured
(see Table 1), the physical basis of the technique,
and how the measurement is made. Nlustrative ex-
amp!es from the literature are discussed, showing
applications to important semiconductor material
systems. A more detailed review of infrared, Raman
and photoluminescence spectroscopies is given in a
boqk by Perkowitz [1]. A recent review of the
optical properties of semiconductors

! ; is given by
Amirtharaj and Seiler [2].

1.1 A Note on Units

Some regions of the electromagnetic spectrum,
and some optical methods, refer to wavelength as a
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matter of usage; others use wavenumbers, or
photon energy. Each section here uses the most
common units for that technique, including wave-
length in nanometers (nm) and micrometers (nm);
wavenumber in cm™'; and photon energy in elec-
tron volts (eV). Table 2 shows conversion factors
for the main units of measure usually encountered.

Table 1. Semieonductor quantities (horizontal rows) and opti-
cal characterization methods (vertical columns, labeled as fol-
lows: ELL, cllipsometry; IR, infrared spectroscopy; MIC,
microscopy; MOD, modulation spectroscopy; PL, photolumincs-
cenee; and RAM, Raman scattering). A bullet at the interscction
of a given row and column means that the parameter can be de-
termined by that technique using conventional methodology.
Further details are given in the diseussion

ELL IR MIC MOD PL RAM

Carricr density o ot
Carrier mobility ot o8
Carrier scattering . o®

time
Composition . . . . . .
Crystal oricntation ¢
Crystallinity . . . .
Defects . . . .
Energy gap . . .
Film thickncss . . .
Impurities . . . . .
Resistivity . .
Stress . . . . .

* If the effective mass is known.
Y Time resolved.

Table 2. Conversion factors for units of measure
A/nm = IOJA/Mm
EyfeV = 1.2397/(A/um)
= 1.2397x107%*A " }fem ™!
AHem=! = 10%(A/um)

1.2 References

[1] S. Perkowitz, Optical Characterization of Semiconductors:
Infrared, Raman, and Photoluminescence Spcctmscopy,
Academie Press, London (1993). . .
P. Amirtharaj and D. G. Sciler, Optical Propertics of Sf{mlll
conductors, Chapter in Handbook of Optics, McGraw-bill,
to be published.
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2. Ellipsometry

2.1 Introduction

Ellipsometry is a technique widely used to mea-
sure the thicknesses of films important to semicon-
ductor technology, such as SiO; on Si. Thicknesses
measured are typically in the range of several nm to
several hundred nm. Surface cleanliness of semi-
conductor wafers during processing can also be de-
termined. In spectroscopic ellipsometry, the
ellipsometric data are obtained as a function of
wavelength. Then appropriate modeling and fitting
can yield the dielectric functions and thicknesses of
the layers in complex semiconductor/oxide multi-
layer systems, such as SIMOX (Separation by IM-
planted OXygen), a silicon-on-insulator material
formed by high-energy oxygen ion implantation in
silicon. The dielectric functions give a complete pic-
ture of composition for the entire layered strueture.

2.2 Physical Basis

Ellipsometry is based on the polarization trans-
formation that occurs when a beam of polarized
light is reflected from (or transmitted through) an
interface or film. For example, if plane- or linearly-
polarized light impinges on the surface of an ab-
sorbing medium, the reflected light usually beeomes
elliptically polarized because the reflection proeess
differently affects the in-plane component of the in-
cident electric field E,, relative to the perpendicular
electric field component . Each component is re-
flected with new values of amplitude and phise.
The key parameters obtained from an ellipsometrie
measurement are the ellipsometrie angles ¢ and 4.
These appear in the complex reflection ratio g,
defined as

p=% = tan (¢)€'", M
where the amplitude reflection coefficients rp and
Is are

ro= E r‘eﬂfected @
» = 'E, (incident)
ro= Es !l:eﬂecled! . (3)
* = E, (incident)
The ellipsometric angles  are fleﬁned as
Y=tan"'|p|, and 4 is the difference in phase be-

tween the p and s components.
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2.3 Experimental and Technical Details

Ellipsometric measurements start with Jight of
known polarization ineident on the sample. The po-
larization of the refleeted light is determined, from
which further analysis gives the parameters such as
refraetive index and film thickness which determine
the interaetion between light and sumple.

In its simplest form, single-wavelength ellipsonte-
try requires a manual nulling to gather data. Light
from the source (usually a laser for single-wave-
length work) passes through a linear polarizer, then
through a compensator which elliptically polirizes
the light. The light eontinues to the sample, is re-
flected, passes through a polarization analyzer, and
is finally detected. The null technique works by ad-
justing the angle of the polarizer with respect 1o
eompensator, sample, and analyzer until the reflec-
tion process just eancels the ellipticity the light
gained from the compensator. Then the reflected
light is linearly polarized a nd can he extingnished by
choosing the appropriate angle for the analyzer,
that is, until the photomultiplier shows a minimum
signal. The two values of the angles yickl p.

This null process is too slow for real-time mea-
surements, or for spectroscopic cllipsometry. Three
types of automatic ellipsometry (self-compensating,
rotating element, and p()lnriz:ltion-nunlnl:ngl), 10-
gether with dedieated computers, allow rapid mea-
surement  and analysis. In the automittic
self-compensating system [1]. the angles of the lin-
early polarized light Jeaving the pnl:nrin‘r. and ¢n-
tering the analyzer, arc rotated by l-.a(:xd;xy or
Pockels cells, until the null is achieved. This type ol
instrument ean give fixed wavelength data within |
ms, and spcclmsmpic data over a wide wavelength
range in 3 s. .

The optical layout of the rotating elcmgnl system
(Fig. 1) is like that of the sdf-conupgnsulmg f)'slgna
with the compensator omitted [I.]. The polarization
analyzer rotates around the axis f’f lhc‘rcﬂcclcd
light beam at a fixed angular \'clo'cny, l)'plC..’l”'\“C()‘r-
responding 10 50 11z l()‘l(}() Hz. lhc‘ rotating ‘m',h
lyzer would produce a smc-sgancd signal \\ll‘h two
maxima and two true zero minima every 10tation. if
the light werc linearly polarized. Tor elliptically

polarimd light, the signal is also of sinc«qu:ngl
form, but with smaller m:nipm: fmd nonzero nvnn.
ima, which depend on the ellipticity of the reflected
light. A Fourier analysis of the output of ll:c. m;,-:;.
ing analyze? gives p :nqd hence the angles v :;.m .
For an analyzer rotating at 100 Hz, the mg‘m;@,
ment at a single wavelength ean be eompleted 1
5 ms.
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Fig. 1. Sct.lcmalic diagrams of (a) oplical clements and (b) sig-
nal processing system for a rolaling analyzer speetroscopie ellip-
someter designed for high-precision measurements of the optiecal

properties of solids. (See Sec. 2.5, General Ref: i
e 3. p. 20308 efs., Collins (1990),

The fastest type of system is the polarization-
fnodulated ellipsometer [1], where the compensator
in the manual null system is replaced by a birefrip-
gent phase modulator (a piezobirefringent plate or
a P(?ckels cell). In the phase modulator, the elliptic-
lt.y lmparted to the linearly polarized light varies
smusondfllly with time, rather than remaining con-
stant as in the self~compensating System. The signal
which results at the detector can be Fourier z%na-
lyzed or analyzed by a phase-sensitive detector to
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give p. A piezobirefringent modulator is a fast
device, which can operate at 100 kHz or more;
hence, this system can obtain data in an interval of
10 ms per wavelength measurement, which means
that full scans over the range 400 nm to 700 nm can
be obtained in a few seconds or less.

Of the three automatic systems, the polarization-
modulated spectrometer is best for real-time rapid
data acquisition. However, in the self-compensating
and polarization-modulation cases, the compensa-
tor or modulator must be tuned for each wave-
length; hence, these are more complex and can be
less accurate than the rotating analyzer system.

For spectroscopic ellipsometry, a stable xenon
lamp with output covering the near ultraviolet to
near infrared is a commonly used source. The sam-
ple is mounted on a high-accuracy stage to allow
careful angle alignment. Usually an autocollimator
and apertures are used to control collimation and
alignment. In general, available equipment gives
good results over the near infrared to the near ul-
traviolet. The ellipsometric angles A and ¢ can be
measured to within millidegrees, resulting in uncer-
tainties of less than one part in 10° for the index of
refraction and tenths of a nanometer for the corre-
sponding thicknesses.

Parameters for a complex semiconductor/oxide
system examined by ellipsometry are determined by
sophisticated computer software [1-2]. These fitthe
measured ellipsometric parameters versus wave-
length, by assuming appropriate dielectric functio.ns
for each layer, and layer thicknesses. Commercial
systems include appropriate software, and fitting
routines are also available from other sources.

2.4 IMustrative Applications

An example of the kind of semiconductor analysis
that can be achieved with spectroscopic ellipsome-
try is shown in Fig. 2 for a sample of SIMOX, an
important silicon-on-insulator system. The ellipso-
metric angles A and  show complex spectra over
the range 1.5 eV to 4.5 eV, with the large oscilla-
tions related to interference effects. Multiparame-
ter regression analysis yields the fits displayed in the
plots, which determine the sample’s structural de-
tails as shown. ..

Table 3 presents typical sensitivities of quantities
obtained by ellipsometry, such as thicknesses, com-
position, and temperature. For more specific de-
tails, the reader can refer to the citations given In
the table.
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tating clement spectroscopic cllipsometer.
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diatcly below the 334 nm SiO; layer

Fig. 2. Ellipsomctric angles 4 and ¢ Vi
Individual points, data obtained from rof
Solid line, fit obtained by regression analy

composition shown on the right. The layer imme
is modeled as a granular mixture of crystalline Si (c-Si) and $i0;, with 47% volume

fraction c-Si, using effective medium theory. Shown to the right of the figurcs arc
the thicknesses of the layers. The calculated uncertainties of the modcl parameters
are set to one standard deviation as determined by the regression analysis. (After
D. Chandler-Horowitz et al. (1991), unpublished Jata, National Institute of Stan-

dards and Technology.)
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Table3. Speetral ellipsometry sensitivity. Given are sensitivities for the measurement of thickncsses, composition, damage profile, and
temperature in a number of systems. The notations usced for the measured quantity column are the complex reflection ratio, p; the
amplitude ratio, ; and the phase shift, 4

Method Matrix Quantity Mcasured Conversion Sensitivity* Ref.
quantity (see
below)
SE SiOy/Si SiO; thickness P Fresnel Equationst!) +02A w0 206 A 3
and Estimatort? @1000 A to 2300 A
(FE&E)
SE Si0y/Si0; + Si/Si Interfacial p FE&E 2 A@74A 4
SiO, +Si and EMAL
thickness
SE Si0y/Si0, + Si/Si SiO, thickness p FE&E (1112.1£0.2) A and 5
and EMA (276.9+02) A
SE SiOx/a-Sife-Si+ SiC/SiClc-Si Layer P FE&E and EMA +2Atw 225 A 6
thicknesses
SE Polysilicon Polysilicon P FE&E and EMA c-Si: 0.14x0.02 7
composition void: 0.25£0.06
(e.g., void +
¢-Si+a-Si)
SE Si Damage profile p FE&E and EMA Damage range 8
(170+50) A to
(320=20) A
SE SiOxfpolysilicon/SiOu/Si Polysilicon and p FE&E and EMA Native oxide (1503) A; 9
SiO; Poly=03 A to x39 A
thicknesses @ (240 to 1030) A;
Oxide 04 Ao x1.7A
@(50 to 130) A
SE SiOy/Si/SiN/Si Sb.lativ(ej o?(id(ej, p FE&E and EMA _ 10
i, and nitride
thickness
SWE i0/Si
SioJSi Temperature ¥ A polynomial +10°C 1
VASE i .
gi"gff G“:’/ Thicknesses p FE&E and EMA Oxide (34£3) A 12
G and AlGaAs GaAs (159=8) A
composition AlGaAs (865 14) A
AlGaAs, x =0.3520.02
VASE Oxi .
xide/GaAs/ Thicknesses p FE&E and EMA Oxide (26=1) A 13
Al,Ga,_, As/ and AlGaAs
GaAYAL Gads, - . /GaAs )3 GaAs (435+8) A
x 1-x composition AlGaAs (413 £14) A
AlGaAs, x =0.37+0.005
GaAs (142£10) A
AlGaAs/GaAs SLS
5@ (470=20) A
AlGaAs/GaAs SLS
=0.32x0.001
SE AL Ga, -, As/GaAs AlGaAs o * "
compositi p Trajectorics in ¢,
and lx;licS;(r:on and €, xr=0.2+0.03
ekness (x>02)
in situ

* Typically caleulat i
ypically cd as the 90 % confidence interval from the mean square deviation and eovarianec matrix
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3. Infrared Spectroscopy

3.1 Introduction

Infrared (IR) spectroscopy in the range from 10
cm™' to 10,000 cm™' can be used to determine
impurity type and concentration in semiconductor
materials, film thickness, semiconductor alloy com-
position, carrier density and scattering time. These
determinations can be made for bulk, film, and mj-
crostructure systems. One application in Si mea-
sures the amount of interstitjal oxygen, whose
cor?centra.tion is critical; correct values provide get-
tering action, reducing the level of other impurities,
and hence, producing material with low leakage
currents. Concentrations of oxygen in silicon and
other impurities can be determined by infrared
spectroscopic evaluation during processing,

3.2 Physical Basis

Infrared radiation interacts with semiconductor
lattif:es, carriers, and impurities, and is affected by
semiconductor layer thickness. Binary semiconduc-
tors like GaAs have vibrational lattice transverse
qptical (TO) modes which couple to infrared radia-
tion, with resonant absorption when the incoming
frequency matches the TO frequency. Ternary al-
loys like Al,Ga;_,As display two TQO modes, whose
strength and frequency vary with x,

Semiconductor impurities can absorb infrared
energy by photoionization of thejr bound carriers
or may modify their immediate lattjce environment,
to produce a so-called local vibrational mode
(LVM). In the case of photoionization, the impurity
must be in a populated or ground state; hence, this
absorption process is normally observed at ,cryo-
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genic temperatures. Local vibrational modes occur
when an impurity atom is lighter than the host lat-
tice. Impurities important to semiconductor pro-
cessing such as oxygen and carbon in Si produce
LVM absorptions in the infrared region. If a semi-
conductor film is not too highly absorbing (device
grade material is often highly conductive, and,
therefore, absorbing), interference between in-
frared radiation reflected from the front surface,
and that reflected from the back, can produce
fringes whose spacing is related to the film thick-
ness. Finally, free charge carriers in a semiconduc-
tor also absorb electromagnetic radiation. The
absorption increases with wavelength; hence, ab-
sorption can be significant at infrared wavelengths
even for low carrier concentrations.

An important feature of optical processes such as
those occurring in the IR region is that quantitative
measurements can be made based on absorption,
reflection, or transmission data, and then accuratley
described by simple theory. The infrared properties
are specified by the complex dielectric function
€(w)=e(w)+ie(w), which is related to the com-
plex refractive index A(w)= n(w)+ik(w) by

n*—k?=e(w)

2nk = e)(w) . )
If i{w) is known, then the reflection and transmis-
sion properties can be calculated. For instance, a
semiconductor film has at normal incidence a front-
surface reflection coefficient R,

R L =17+k?) ©)
T(n +1)+k7]
and a transmission coefficient,
Fo(1=RYe ©

- (1 _RZC—Zud) ’

where a is the absorption coefficient (=4mk/)) and
d is the film thickness. These expressions apply O,nly
when interference effects can be neglected, 1.6+
when noncoherent light is used.

For absorption due to lattice vibrations, or due to
local impurity vibrational modes, the dielectric
function ¢ is

Swk
wk~w?—iwl”

()

e(w)y=e. +
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In this well-known Lorentzian form, e~ is the
high-frequency limit of e(w); S is the oscillator
strength; I"is a damping term; and the resonant fre-
quency wg is the TO frequency for a lattice oscilla-
tion, or characteristic fingerprint frequency for an
impurity vibrational mode. For a ternary semicon-
ductor like Al;_,Ga,As, each TO mode is repre-
sented by a resonant term like that in Eq. (7), whose
parameters depend on x.

If there are free carriers present, € has an addi-
tional term — €« wy¥/[w(w —i/7)], where 7is the car-
rier scattering time, and w,’ is the plasma frequency
47rNe¥m *€., with N the carrier concentration and
m* the carrier effective mass. Hence, N and the
drift mobility u =er/m* can be found from these
parameters if m* is known. Also, the dc resistivity
p=m*/ne*r = w,2r can be found from these quanti-
ties, even if m* is not known.

From the theory discussed above, measured re-
flection, transmission, and absorption data can be
related to the microscopic semiconductor parame-
ters. Thus, concentrations of impurity oxygen and
carbon in silicon, for instance, in the parts-per-mil-
lion range can be determined. Infrared analysis can
also be used to determine carrier concentrations,
mobilities, and resistivities for carrier concentra-
tions as low as 10 cm ™3, with results that agree well
with conventional Hall effect and resistivity data.

Further, analysis of infrared reflectivity for thin
films of semiconductors, which show interference
effects, can be used to accurately determine the
thicknesses of films in the micrometer range. For
nonabsorbing films, the peaks of observed interfer-
ence fringes occur at the wavelengths

2n(w)d

Ap= (8)
P

where d is the layer thickness, n(w) is the real part
of the refractive index, and p is the interference or-
der, an integer or half integer 1/2,1,3/2... - 1 ()
is known for semiconductors of interest, so that d
can be derived from Eq. (8). .

Infrared methods can also be used to determine
the presence of shallow impurities. A shallow dongr
imPurity behaves like a hydrogen atom immersec! in
amedium with dielectric constant € and condlfcllO“
band effective mass ratio m */mo, where mo 1 the

free electron mass. From the Bohr model, the ion-
1zation energy (in eV) is
136 () ©)
Eion= e \mo
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which is approximately 6 meV for GaAs. This
simple model cannot predict ionization encrgies for
different impurities in different materials, but
shows that shallow donor ionization energies lie in
the infrared region. Their exact values, and hence
identification of the particular impurity, can be
found from infrared photoconductivity spectra.
The theory developed above can be used to ana-
lyze inhomogeneous microstructures composed of
layers of different semiconductors. Each layer is de-
scribed by the same infrared theory and parameters
that define its bulk behavior, to give its complex re-
fractive index. Then, using standard theory for the
reflection and transmission at cach interface, the
total infrared response of the structurc can be cal-
culated by computer. This model works well in
fitting such data to determine average carrier prop-
erties, layer thicknesses, and phonon behavior
which is related to microstructure propertics and

quality.
3.3 Experimental and Technical Details

Infrared spectroscopy often requires only mini-
mal sample prcparalion, and the low energy and
power of infrarcd radiation sources guarantec that
the samples arc not altered by the mcasurement.
Because infrared light typically penctrates several
micrometers into a semiconductor, this radiation
can also be used to examinc the various layered
regions of an entire microstructure such as a super-
lattice. N

Low source intensity and low detector sensitivity
in the infrared region make Fouricr lr:msf()‘rrp spec-
troscopy the method of choicc. for obtaining IR
spectra. In the Fouricr method, infrared light, hav-
ing traversed or been reflected fr‘om a Sflmp!c, is an-
alyzed with an interfcrometer. The optical intensity
reaching the detector through the mlcrfc'r()mcl%-r is
the optical Fouricr transform of the d(.js:red trans-
mission or reflcction spectrum. The interference
spectrum is computationally transformc_d l):'fk into
an intensity spectrum by means of the Fast I‘ou‘n;r
transform algorithm on a computer. The light
throughput advantage of a large .mlcrfcrnmglcr
aperture rather than the narrow §hl of a 'C(;)n\cl"l-
tional dispersive monochromator 1s rcfcrr‘c mf as
the Jacquinot advantage. In addmon.‘lhc 1r;lcr’cr~'
ometer allows simultancous ohscrvnn'on of many
wavelengths, the so-callgd Ecllgcll ad\an‘:;'g(}:‘, o

Figure 3 is @ scllcmat]c diagram of ab. :cd (;) on
interferomcter. Radiation from a rg; .1 11 "
source, S, 1S divided by a bgamsn]nllc}r, 5 ‘cﬁ:d
reflected from the beamsplitter is also relic
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from fixed mirror M1, whereas light transmitted
through the beamsplitter is reflected from a mov-
able second mirror, M2. The two light beams re-
combine to produce a net intensity whose
magnitude depends on the difference A between
the paths that the two beams traverse. As mirror
M2 moves, A varies continuously. The intensity
function I(4), called the interferogram, is

1(4)= j: S(f) [1+cos 2ufA)ldf,  (10)

where S(f) is the intensity spectrum of the source
as modified by the sample, and f = w/7c is the opti-
cal frequency in cm™'. Equation (10) is the cosine
Fourier transform of §(f), which can be calculated
from the inverse transform

S(f)=L [1(4)-%1(0)] cos2ufA)dd. (1)

Qs

BS
A M,
A4

——

2

Fig. 3. Diagram of a Michelson
sample reflectanee measurement
M1, fixed mirror; M2, movable
by 1the double-headed

nterferometer configured for
.s. S, souree; BS, beamsplitter;
mirror, which moves as indicated

arrow; SA, sample; D, deteetor. The ¢
of sourcc and beamsplitter depends on the region of the infrazzz

where data arc to be obtajned. The light beams reflected from

M1 and M2 recombine to form the i i
: nterfe i
Is measured by the deteetor. rosram signal, which

This is implemented in the
ing the measured 1(4) with a
the inverse transform. The
wavenumbers of the Fourier

laboratory by process-
computer to carry out
spectral resolution in
system is 1/L, where I,
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is the total travel of the movable mirror. Most ma-
chines use a rapid scan method, where the mirror is
swept through its entire travel in a short time. Many
sweeps are averaged together to enhance the signal-
to-noise ratio.

Because of the small intensities of infrared
sources, especially at the very long wavelengths of
the far infrared spectrum, high-quality detectors are
important. Liquid helium bolometers give the
highest sensitivity, but are expensive and complex to
operate. Mercury-cadmium-telluride detectors op-
erating at liquid nitrogen temperatures work well in
the mid infrared spectrum. Pyroelectric detectors
operate at room temperature and are simple and
rugged. They are sufficiently sensitive, from ultravi-
olet to millimeter wavelengths, for much semicon-
ductor work.

Commercial Fourier transform infrared systems
are available that cover the near infrared to the far
infrared spectrum, by suitable choice of light
source, beam splitter, and detector. To avoid the
effect of water vapor absorption on the desired
spectrum, these spectrometers are evacuatefi.
Often, semiconductor samples must be cooled in
order to better study electronic properties by
removing the effects of lattice vibrations or phonons
in the absorption spectra. This can be accomplished
to 77 K with liquid nitrogen, and to 4.2 K with a
liquid helium cryogenic system or by a mechanical
refrigerator.

3.4 Tustrative Applications

Figure 4 illustrates the absorption peaks for in-
terstitial oxygen at 1107 cm~" and substitutional
carbon at 605 cm~! in Czochralski-grown silicon.
Such absorption data can be converted into oXygen
concentration values, giving a rapid, nondestructive
way to determine this important quantity. Figure 5
demonstrates how a semiconductor film, in this cas
an epitaxial layer of high-resistivity silicon de-
posited on low-resistivity silicon, gives clear inter”
ference fringes that can be used to measure the
layer thickness. Figure 6 correlates resistivitY_o_b'
tained from infrared measurements with resistivity
obtained from carrier transport measurements. The
data, from epitaxial n- and p-type H&Cd‘,“Te
films, are compared to results from conventional
electrical measurements, which require ohmic con-
tacts that can be difficult to apply. Figure 7 shows
infrared reflectance data for an AlAs-GaAs supe
lattice. As the caption discusses in detail, the TO
phonon mode for each constituent material is cleah
as are interference fringes and other features. The
simple theory for infrared phonon response gives
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Fig. 4. Infrared absorbance for a Czochralski-grown silicon
wafer 2 mm thick, derived from transmission spcctra using a
commercial Fourier spectrometcr with a mercury-cadmium-
telluride detector. The characteristic interstitial oxygen line at
1107 cm~! and the substitutional carbon line at 605 cm~! ap-
pear. Much of the remaining structure is due to silicon phonon
modes. The absorbance at 1107 cm~" is lincarly related to the
oxygen concentration. Calibration data exist to convert ab-
sorbance into oxygen concentration in parts per million atomic
or atoms per cubic centimetcr. (See Scc. 3.5, Applications Rcfs.,
Krishnan, Stout, and Watanabe, in Practical Fourier Transform

Inf"’.md Spectroscopy, J. R. Ferraro and K. Krishnan, Eds., Aca-

demic Press, San Diego (1990), fig. 5, p- 298.)
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Fig. 5. Infrarcd reflcctance spectra from structures consisting

of low carrier concentration silicon epitaxial fayers on high con-
centration silicon substrates, showing interference fringes lh?t
can be used to determine epitaxial layer thickness. Layers gl’dul’-
ferent thickness produce different fringe spacings, according 1o
Eq. (8). (See Sec. 3.5, Applications Refs., Krishnan, Stout, and
Watanabe, in Practical Fourier Transform Infrarcc.l Spec-
troscopy, J. R. Fcrraro and K. Krishnan, Eds., Academic Press,

San Diego (1990), fig. 25, p- 333)

fit which reproduces alt the main features of the
spectra, and atlows an estimale of tayer thickness.

Table 4 gives the sensitivities of typicat quantities
rpeasured by infrared spectroscopy such as intershi-
tial oxygen concentrations in Si and GaAs, subslitu-
tionat carbon concentrations in Si and GaAs, and B,
P, and As concentrations in Si. For more specific
details, the reader should refer 10 the citations
given in the table.
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Infrared values for dc resistivity comparcd to
values from standard clectrical (resistivity-Hall effect) measure:
ments, for several n- and p-type Hgi -, Cd, Te films on CdTe suh-
strates. The films were typically scveral micrometers thick withx
valucs of 0.2 10 0.4, Results at both 300 K and 77 K arc shown.
Resistivity valucs marked “Full FIR spectral fit” were derived
from fits to the full far infrarcd (FIR) spectrum over the range
20 cm~1to 230 em” 1, using the theory developed in this section,
Resistivity values marked “Fit using only first minimum’ were
derived from the measured pasition of one part icular featurc of
the FIR spectra, the wo-called plasmon-phonon minimum whose
Jocation depends on resistivity. The solid linc represents pclﬁ‘(‘l
agreement between and the conveational clectrical

results. The contact « well with the
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wcts. (See See. 35, Applic \ "
Perkowitz, and Braunstein (19%6). fig. 2, p- 2057.)

Fig. 6.

the infrared
less infrared method agsee
uctive clectrical mcthod requiting con-
ations Refs., Jones, Boyd, Konkel,

3.5 References

General

ory Fouricr Transform Speetrowopy. Aca

R. J. Bell, Introdduct
972).

demic Press, New York (1

and D. B. Tanncr, Fat infrarcd proper-
matcrials, 10 Infrarcd and Millimoter
Academic Prosy, Now York

G.L. Carr, S. Perkowitz,
nphomogencous

ties of i
J. Button, e

Waves, Vol 13, K.
(1955) pp- 171-263-



Volume 99, Number 5, September-October 1994
Journal of Research of the National Institute of Standards and Technology

E. D. Palik and R. T. Holm, Optical characterization of semicon-
ductors, in Nondestructive Evaluation of Semiconductor Materi-
als and Devices, J. N. Zemcl, ed., Plenum, New York (1979) pp.
315-345.

S. Perkowitz, Submillimeter solid state physies, in Infrared and
Millimeter Waves, Vol. 8, K. J. Button, ed., Academic Press,
New York (1983) pp. 71-125.

-
o

REFLECTIVITY

© o o ©

M A o D
T 1

-
o O

(o2 BN o o]

REFLECTIVITY
©c o o o
S

250
WAVENUMBER (cm™)

300 350 400

I-jig. 7.. Infrared reflectivity spectra for an AlAs-GaAs superlat-
IICF: with 50 layer pairs. Panels (a) and (b) show the same data
points. The peaks at 275 cm~* and 365 cm=~! arc the GaAs TO
mode and AlAs TO mode, respectively. The peak at 290 ¢m~!
fmd shoulder at 355 cm=! are interference fringes. The minima
in t.hc spectra lic at the positions of the structurc’s longitudinal
optical phonon modes, whieh arc sensitive to layer thickness. In
Pancl (a), the fitted solid linc uses known phonon paramctcrs.for
GaAs and AlAs, and the grower’s nominal layer thickness
dna=dciac=10 nm. The improved fit in Panel (b) uses the
same phonon parameters, but allowed cach layer thickness to
vary for the best result. The numbers reported by Sudharsanan
et al. gave daa=(15 +0.2) nm and dcm‘=(8.2:02) nm, in
agreement with the x-ray resuls daa=(83 :0.8). nm ;nd
d6aas=(83208) nm. (See Sec. 35, Applications Refs,,

Sudharsanan, Perkowitz, Lou, Dry
fig. I, p. 658, r. mmond, and Doyle (1988),

Applications

P. M. Illl.llllalﬂ. G }{Olﬂll and S PCI kOWI.tZ FZ]] illilarC(l spec-
A. ). G, N . 'y pe

U’OSCOPIC Study of ln. -x Ga‘ ASV P - PhyS. R v. B 5()—

( . 1=y c 2 1) 56, 5661

616

G. J. Brown and W. C. Mitchel, Mid-infrared spectral response
of semi-insulating GaAs, in Impuritics, Defects and Diffusion in
Semiconductors: Bulk and Layered Structures, Materials Re-
scarch Socicty Symposia Proceedings Vol. 163, D. J. Woiford, I.
Bernhole, and E. E. Haller, cds., Materials Research Society,
Pittsburgh, Pcnnsylvania (1989) pp. 157-162.

J. P. Fillard, M. Castagne, J. Bonnafe, and J. Gall, Scattering and
absorption of infrarcd light on EL2 clusters in GaAs semi-insu-
lating matcrials, in Matcrials Characterization, Matcrials Re-
search Society Symposia Proceedings Vol. 69, N. Cheung and
M.-A. Nicolet, cds., Materials Research Socicty, Pittsburgh,
Pennsylvania (1986) pp. 231-236.

D. K. Gaskill, J. Davis, R. S. Sillmon, and M. N. Sydor, Non-
destructive characterization of carrier concentration and thick-
ness uniformity for semiconductors using infrared reflectance
spectroscopy, in Modern Optical Characterization Techniques
for Semiconductors and Semiconductor Devices, Proceedings
SPIE Vol. 794, O. H. Glembocki, F. H. Pollak, and J. J. Soong,
eds., SPIE, Bellingham, Washington (1987) pp. 231-241.

J. Geist, Infrared absorption cross scction of arscnic in silicon in
the impurity band region of concentration, Appl. Optics 28,
1193-1199 (1988).

C. E. Jones, T. N. Casselman, J. P. Faurie, S. Perkowitz, and J.
Schulman, Infrared properties and bandgaps of HgTe/CdTe st
perlattices, Appl. Phys. Lett. 47, 140-142 (1985).

C. E. Joncs, M. E. Boyd, W. H. Konkel, S. Perkowitz, and R.
Braunstein, Noncontact clectrical characterization of epitaxial
HgCdTe, J. Vac. Sci. Technol., A4, 2056-2060 (1986).

K. Krishnan, Precisc and Rapid Mcasurement of Interstitial
Oxygen Concentration in Silicon, Bio-Rad Semiconductor Notes
No. 102, Bio-Rad Semiconductor Mcasurcment Systems, 237
Putnam Ave., Cambridge, MA 02139, April 1983.

K. Krishnan, A study of the spatial distribution of the oxygen
content in silicon wafers using an infrared transmission micro-
scope, Bio-Rad Semiconductor Notes No. 105, Bio-Rad Semi-
conductor Measurement Systems, 237 Putnam Ave., Cambridge,
MA 02139, January 1985.

K. Krishnan and R. B. Mundhe, Characterization of s.cmicon-
ducting silicon using FT-IR spcctroscopy, in Spectroscopic Char-
acterization Techniques for Semiconductor Technology, pro-
ccedings SPIE Vol. 452, F. H. Pollak and R. S. Bauer, eds., SPIE,
Bellingham, Washington (1983) pp- 71-78.

K. Krishnan, P. J. Stout, and M. Watanabe, Charactcrization of
semiconduetor silicon using Fourier transform infrared spces
trometry, in Practieal Fourier Transform Infrarcd SPCCtrOSCf)py’
J. R. Ferraro and K. Krishnan, eds., Academic Press, San Dicg0
(1990) pp. 285-349.

B. Lou, S. Perkowitz, and R. Sudharsanan, Anisotropy and;'
frared response of the AlAs-GaAs superlattice, Phys. Rev. B 33,
2212-2214 (1988). [Erratum: Phys. Rev. B 39, 1387 (1989)]

E. Mcrk, J. Heyman, and E. E. Haller, Infrared :1bsorF.’ti0n.Stm~jy
of zinc-doped silicon, in Impurities, Defects and anqulO';AIrj
Semiconductors: Bulk and Layered Structures, Volume 163, p ‘;
terials Research Society Symposia Procecdings, D. J. wOIfor. "
Bernholc, and E. E. Haller, cds., Materials Rescarch Society
Pittsburgh, Pennsylvania (1989) pp. 15-20.



Volume 99, Numbcr 5, Scptember-October 1994
Journal of Research of the National Institute of Standards and Technology

W. J. Moore, Infrared transmission charactcrization of p-type
gallium arsenide, in Optical Characterization Techniques for
_Semiconductor Technology, Procecdings SPIE Vol. 276, D. E.
Aspnes, S. So, and R. F. Potter, eds., SPIE, Bellingham, Wash-
ington (1981) pp. 101-103.

R. C. Newman, Localized vibrational mode spectroscopy of im-
purities in semiconductor crystals, in Growth and Charactcriza-
tion of Semiconductors, R.A. Stradling and P.C. Klipstein, eds.,
Adam Hilger, Bristol (1990) pp. 105-118.

§. Perkowitz and J. Breecher, Characterization of GaAs by far
infrared reflectivity, Infrared Phys. 13, 321-326 (1973).

S. Perkowitz, Far infrared characterization of Hg,Cd,-.Te and
related etectronic materials, J. Electronic Materials 14, 551-562
(1985).

S. Perkowitz, D. Rajavel, 1. K. Sou, J. Reno, J. P. Faurie, C. E.
Jf)nes, T. Casselman, K. A. Harris, J. W. Cook, and J. F. Schet-
zina, Far infrared study of alloying in HgTe-CdTe supcrlattices,
Appl. Phys. Lett. 49, 806-809 (1986).

S. Perkowitz, Far infrared spectroscopy of Hg,Cd;~Tc and re-
lated materiats, in Far-Infrared Science and Tcchnology, Pro-
ceedings SPIE Vol. 666, J. R. Izatt, cd, SPIE, Bellingham,
Washington (1986) pp. 120-125.

S..Perkowitz, R. Sudharsanan, and S. S. Yom, Far infrarcd anal-
ysis of alloy structure in HgTe-CdTe supcrlatticcs, J. Vac. Sci.
Technol. AS, 3157-3160 (1987).

S. Perkowitz, R. Sudharsanan, S. S. Yom, and T. J. Drummond,
Al"‘\s phonon parameters and hcterostructure charactcrization,
Solid State Commun. 62, 645-647 (1987).

B. Senitzky and S. P. Weeks, Infrared reficctance spectra of thin-
epitaxiat silicon tayers, in Optical Characterization Techniques
for Semiconductor Technology, Proccedings SPIE Vol. 276, D.
E. Aspnes, S. So, and R. F. Potter, eds., SPIE, Bellingham,
Washington (1981) pp. 222-226.

R. Sudharsanan, S. Perkowitz, S. S. Yom, and T. L Drummonq,
Far infrared reflectance spectroscopy of AlAs-GaAs  mi-
crostructures, in Modcrn Optical Charactcrization chhmqucs
for Semiconductors and Semiconductor Deviccs, Proccedings
SPIE Vol. 794, O. H. Glembocki, F. H. Pollak, and J. J. Soong,
eds., SPIE, Betlingham, Washington (1987) pp- 197-201.

T. J. Drummond, and B.
]As-GaAs superlat-
turcs 4, 657-660

R. Sudharsanan, S. Perkowitz, B. Lou,
lj- Doyle, Far-infrared charactcrization of A
tice structure, Supcrlattices and Microstruc
(1988).

pitaxi:xl layer

L E. Taroff, C. J. Mincr, and A. J. Springthorp¢, E ©
J. Elcctronic

thickness measurements by reflcction spectroscopy,
Materials 18, 361-367 (1989).

and K. K. Bajaj, Infrarcd localized

cd GaAs, in Optical Char-
ductor Technology, Pro-
and R. F. Pottcr,

109112

W. M. Theis, C. W. Litton,
mode spectroscopy of carbon-implant
acterization Techniques for Scmicon
cecdings SPIE Vol. 276, D. E. Aspncs, S- S0,
ed., SPIE, Betlingham, Washington (t981) Pp-

Y. Leroy, Millimetric and

J. Vindevoghel, M. Vindevoghcl, and (
cnce for intcrband transi-

fflr infrared conductivity for p-Si. Evid
tions, Infrared Phys. 18, 99-105 (1978).

617

J. M Zavada, H. A. Jenkinson, and T. J. Gavanis, Optical prop-
c.rtlcs of proton implanted n-type GaAs, in Optical Characteriza.
tion Tcchniques for Semiconductor Technology, Procecdings
SPIE Vol. 276, D. E. Aspnes, S. So, and R. F. Potter, cds., SPUE,
Bcellingham, Washington (1981) pp. 104-108.

4. Optical Microscopy

4.1 Introduction

In applications where the dimensions of interest
are below the optical diffraction limit (~0.8 um),
electron microscopy is used by necessity. However,
traditional optical methods remain useful for a
large number of applications such as examining to-
pological features larger than ~ 1.0 pm, exatmining
defects, or counting ctchpits. Several specitlized
forms of optical microscopy are highly valuable:
Nomarski, scanning luser, and microspectrophoto-
metry. In Nomarski microscopy, interference meth-
ods are used to increase the contrast between smtll
differences in the surfiace level of a semiconductor
wafer. Scanning microscopy in hoth the visible and
infrared spectral ranges allows two-dimensional
imaging of features in a liyer or structure. Fimally,
microspectrophotometry allows film thickness
determination from spectritl analysis of reflected
light.

Scanning microscopy is also used in both the
visible and the infrarcd spectritl ranges to form two-
dimensional images of inhomogencities fn a semi-
conductor. The form called  confocal  micros-
c-dimensional imiges [1]. One
g tecltmique of special interest is
the oplical-hcam-induccd current method (abbrevi-
ated OBIC, or sometimes LBIC, for laser-beam-
induced current), which detects grain boundarics,
dislocations, and other defects in semiconductors
and semiconductor devices. OBIC images represent
tributions of clectrically active defects
usions, strain, damage, precipitates,
twin boundaries, dislocattion clus-
d doping variations. In this
aser beam is scanned across
the surface of the sample, and the induced current
between two remote contacts on the S.’lmp'lc. 1S Mmca-
sured as a function of the lascr beam position. Thc
induced current is a result qf .th‘c chargefcpnrm‘mn
cffect of the regions in the vicinity of t‘hc l‘xght. Light
incident on the ared of the sample which is homoge-
neous and defect-frec does not generate iny in-
duced current. Infrarcd scannmg.hus bcan\s.aC(l to
study individual precipitate particles in Si ingots,
and to examine GaAs and other matcrials.

copy produces thre
visible light-scinnin

spatial dis
that include incl
stacking faults,
ters, and bandgap an
technique, @ focused !
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itiviti interstitial oxygen [O;], substitutional carbon [C,], and
Table 4. l.nfrar.cd .scnsitivit).'. Gis‘{cn dar:utsacs:‘ii:::(l):fj cf::bto}f[[ng]sgrcln;rc\?ctrgtfitliaI oxygen [O):] in crystalli.ne GaAs.. Als.o gi;/eGn :e f;rl:
nitrogen [Si-N-Si}, in crystalline Si al?tions x, of Al,Ga,_,As and Hg,Cd, -, Te and for carrier concentrations, Ny, in Si an ¢ aA:.]are _
sitivities for mea§urcmcnt of composltu ¢ ’ab,sorpti(;n measurements for substitutional boron [B,]; phosph.mus [P.]; and arscnic [_ls
SC"Sit?Vity e, '“fm.md |0W'(;°ff::)t°}:: mreasured quantity column are absorption cocfficients, a, at subscripted wavclc.nglth mac:m';;.li;
o g:tf:or’:)‘::f): (c)gactflf(i):isc::cfull width product, a4, at subscriptcd wavelength, ¢.g., adsss; LO phonon frequency, wio; plasm
g'lclgtcncy, wr; transmission, T'; and frequency, ©

i Scnsitivity® Ref.
Mecthod Matrix Quantity Measured Conversion {see below)
quantity
Tem=? x2x10% em™? 1
LVM Si (0] @ [0]=ax3.03£0.02x 10" cm *
@300 K
-2 15 -3 2
LVM Si [Oi] ano? [Oi]=a x3.14 10" em +2x10” cm
@300 K
-3
LVM Si [Cl] s [Cl=ax1.1x10" cm~2 £2% 10" cm 3
@300 K
-2 15 om -3 4
Absorption Si [Si-N-Si] Q963 [NJ=a x1.3x10"7 cm +2x10
@300 K
GaA [Ceu adsys [C]=ad x1.1x10" cm™~! +2x10" cm ™ Z
S d 'S,
N ’ @77K [Cl=ad x8+2x10% ecm ™!
- 1S -3 7
LVM GaAs [0} adys [Cl=ad x8x 10 em~! £2x10% cm
@10K
-1 _
Phonon Al,Ga,_,As x wLo OF wro (wLol2me))em ™! = 8
frequency l @300 K 292.4+70.8x —26.8x2—41.13x3
9
IR cut off Hg.Cd,_, Te X Tvs w Ref. 9
2 2 10
IR plasma Si Ng wp Wy =4maNyefem*
frequency @300 K
2 3 l 1
IR plasma GaAs Nq wp wp =4nN.efem*
frequency @300 K
s 12.m-3 12
Absorption Si (B.] adyy [Bl=ax1.1x10" em~2 £1.5%10% em
@12 K
i i 17 -2 +15X1012 cm" 12
Absorption Si [P.] ady, [P=ax1.1x 107 ¢m -2 £l
@12 K
2 2 -3 12
Absorption Si [As.] aly; [As]=ax1.1%10" cm-2 £1.5x10% em
@12 K

* Calculated as the concentration-cquivalent-of-
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4.2 Physical Basis

42,1 Nomarski Microscopy In Nomarski mi-
croscopy, two microscopic images of a surface are
formed so that they are slightly displaced in space
and of opposite phase. Interference bands appear
where the images overlap. The physical displace-
ment and the interference bands heighten the visi-
bility of small variations in surface levels.

4.2.2 Scanning Microscopy In scanning mi-
croscopy, a spot of light, whose size is limited by dif-
fraction, is scanned over a specimen. The image of
the specimen is developed point by point in sequen-
tial fashion, to be displayed or stored for analysis. If
the specimen is broadly illuminated and scanned in
a raster pattern by a point detector (or raster
scanned by a point source, with the light sensed by
a broad area detector), a two-dimensional image re-
sults. In the variation known as confocal scanning,
the specimen is illuminated in only a small region at
any one time, and a point detector senses light only
from that same region. This makes it possible t0 de-
velop a three-dimensional image. Confocal scan-
ning also enhances resolution.

The light can be sensed by any of several conven-
tional detectors. In the OBIC method, however, the
detector is an external circuit that measures the cur-
rent produced locally by the incident light. Light in-
tensity from a laser of even modest power creates a
high density of carriers in the sample, due to elec-
tron-hole excitation. The electrons and holes are :df-
fected by the electric fields associated with
macroscopic defects, such as grain boundaries 10
polycrystalline silicon, so that the motion qf th‘e
electrons and holes induces a current w{uch is
sensed by an external circuit. Hence, OBIC images
clearly show the presence of defects, and map out
their locations. .

423 Microspectrophotometry Reflection spect
trophotometry depends on the interference pattern
caused by reflections from top and bottom surfaces
of a transparent film. The equations governing re-
flection from stratified dielectric media are denve’d
in most optics texts [2]. Microspectrophotometry ';
normally used for determining the fn!m thl‘ckneSS ol
a single layer on a substrate or the film thxc'knelsls‘es
in a relatively simple multilayer stack. As 1n € ;P'
sometry, values of the functions 7(«) and k (w) for
each of the layers of interest are needed to deter-
mine the thicknesses. The advantages ©f reﬂt;C-
tometry relative to ellipsometry are that most of the

. M n-
information is carried in the wavelength dir;m
dences, and it is relatively simple to focus the

eters [3]-

down to spot sizes on the order of microm
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4.3 Experimental and Technical Details

4.3.1 Nomarski microseopy In Nomarski mi-
croscopy, two microscopic images of a surfaec are
formed by a Wollaston prism. The prism is placed
between the eyepiece and the objective of the mi-
croscope, as shown in Fig. 8.

<i> Eyepiece

Image | ——=""1 =----Image ll
Analyzer
Polarizer
B
A;—_-' \é\:gllﬁxston

<[> Objective

A

Tz ///1 7772731 Specimen

of a Nomarski inlerfcrence micro-

scope. The Wollaston prism consisis of identical prisms of crys-
jalline quariz, onc with its aplical axis paratlel 1o the planc of the

1 surface, 1he other pcrpcndicular 10 the
paper and the specimen surfa bl

planc of the paper. (Sce Scc. 4.5, General Refs.,
Modin (1973), fig. 3.7, p. 130)

Fig. 8. Schematic diagram

Light traversing the prism is divided ir}l]m wg
heams polarized at right z‘m‘glcs to ca_ch (‘)t )eirc.::].
diverging by some angle, giving wo mllc‘n‘x.:r p(‘ct "
ages. The microscope ]ncludcsea pc};} .ml. ne‘ ot s
that the incident light lxgs at 45° to t e pla i
bration of the prism. Wnl} an anul).ze‘r setcz ¥ %hc
angles to the polarizer, this gives t;n:m:;%ehce he
same intensity but 180° apart in phasc. ) m‘e;hp
terference bands form whgre the :lrpagl;c.ccmem. nf,
These fringes, combined with }hg in?]e ment of
the images, magnify surface vanalmxjs..bl mf} o

face features become clearly visible, h
:}l:irckness of films deposited on the surface can be

found.
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4.3.2 Scanning Microscopy Figure 9 shows
the main components of a scanning microscope. It
includes a light source, usually a laser; a scanning
system, which either moves the laser beam across a
fixed sample or moves the sample relative to a fixed
optical system; optical elements to focus and ma-
nipulate the beam; and a detector. The type of de-
tector used depends on the scanning and imaging
methods and on the wavelengths; it may be a single
photomultiplier tube or a detector array. In the
OBIC method, it is an external circuit that mea-
sures the photocurrent.

Objective  Collector

'Display

> ® L 4
—_— )

xandy
scanning

Fig. 9 Sc!xcmatic diagram showing the main clements of a
scanning microscope. (Scc Scc. 4.5, General Refs., Wilson and
Shcppard (1984), fig. 1.1, p. 2))

Neutral Density

As stated above, in some systems, the light beam
is scanned across a fixed sample. This allows rapid
acquisition and display of images; however, there
are complications in designing the movable optical
system, and in maintaining good image quality. In
other designs, the light beam is fixed and the sam-
ple is moved to produce the raster pattern.
Although these systems are relatively slow, the opti-
cal design is simple and produces images of high
quality.

The OBIC technique (a typical experimental ar-
rangement is illustrated in Fig. 10) is one of the
most important for semiconductor materials and
devices, and can readily be implemented with small
lasers as sources. A 1 mW HeNe laser produces
3x 10" photons per second. Based on a calculation
using typical parameters for electron-hole genera-
tion in a semiconductor, this intensity is enough to
generate a large density of electron-hole pairs,
about 10% cm~>, The electric fields associated with
defects or doped regions separate the electron and
hole in each pair. These separated carriers can in-
duce a current by flowing through an appropriate
external circuit. (Depending on whether the sample
includes a p-n junction or not and on the nature of
the circuit, either photovoltages or photocurrents
can be measured.)

L Acousto Optic Laser
Filter Wheet Modulator HeNe 1.15 ym
r [
{ o l
Beam 1} San 1
expander | ; : Host Computer
! g Focusin 25
Beam { Aeflectod { Stage 9 Image Display
splitter ! Light 1 A/O converters
¥ Detector | A.O.M. control
{ 1 x-y stage control
Beam cep i z stage control
splitter Camera |} N.D.F. controt
ll + Laser control
|
|
i

> { Obijective
o 1 Lens

——

Amplifier

sampia

xy stage

Fig. 10. Schematic dia
(OBIC) system, also callc
Scc. 4.5, General Refs.,
fig. 1.)
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gram of an optical-beam-induced current
d LBIC (laser-beam-induced current). (Sce
Moore, Hennessy, Bajaj, and Tennant (1988),
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Vis?g;n:::jgi rr;rl:tr:gci)r(]i;rcandbe u§ed equally well. in Ihe
o So;:]re regions. l-n one typical in-
operating at i 3 pm wr:\?ells ; Seml{:qnduclor lasqr
: ength (giving a spot di-
ameter of about 2 um), with detection accom-
plished })y germanium photodiodes. The sample is
;nne(;:l:szlrczsllll)/ltir;]ow:'ed to produce raster scgnning,
‘ g images are taken at resolutions of
512 pixels by 512 pixels.
Iig:.?iavel\sflirzl;spectrophotomet-ry Interference qf
ected from each interface of a multi-
layer film structure determines the reflectance of
the structure. The reflectance spectrum depends on
apgle of incidence of the radiation, the refractive in-
dices of the media, polarization of the radiation,
a'nd film thicknesses [4]. Whereas the same equa-
tions describing reflection and transmission apply in
both ellipsometry and reflectance spectrophotome-
try, the problem is somewhat simplified in the case
of reflectometry, where polarization is usually ig-
nored. Normally, the reflected light intensity is
recorded versus wavelength. Then, the thicknesses
are calculated by fitting measured spectra to calcu-
lated spectra based on a model of the layer struc-
ture and known dielectric constants. Measurements
C-an also be made of the reflectance versus polariza-
tion angle or versus angle of incidence, but this is
not normally done in microscopic measurements
because these parameters are difficult to change
systematically within the microscope environment.
The most frequent application of microspectropho-
tometry is the determination of thicknesses of sim-
ple dielectric stacks on a substrate; but micro-
spectrophotometry can also be used like ellipsome-
try to find the dielectric function of film layers and,
hence, film layer composition [4]. Because of the re-
laxed constraint on the angle of incidence and the
relative speed of processing data, microspectropho-
tometry is an ideal way to map the uniformity of
wafer film thickness.
4.4 lustrative Applications
Figure 11 shows the power of OBIC imaging 10
fietect flaws in semiconductor materials such as sil-
icon, even when the material is incorporated in an
Operating device such as a transistor. Figure 12
shows an infrared scanning System micrograph of
oxide particles embedded in Czochralski-grown
silicon, even displaying those particles smaller than
the infrared beam diameter of 2 pm. By focusing e
different depths in the sample, it is possible 1o
obtain some depth-dependent information as well.
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Fig. 11 An OBIC image formed by monitoring the emitter
base current in a silicon transistor while a Jaser beam is scanncd
across the transistor. The dark straight lines arc lines of disloca-
tions in the silicon. (Sec Sec. 4.5, General Refs.,, Wilson and

Sheppard (1984), fig. 1.6, p. 8.)
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50 um ———— ety

Fig. 12. [Infrared scanning microscope images of oxi icle
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scmiconductor laser cmitting at 1.3 pm, 1o give a spot size of ~2
pm..Particlcs of this size or greater are directly imaged. Smuller
particles can still be seen, although as spots 2 p..m across, because
the system can detect intensity variations of about 05 % Tﬂc
depth of focus is 30 um. Pancls (b) and (c) show sx.xccc;;ivcl

dccpc{ probes into the sample, relative to Pancl (a). Thc.foca);
plane is 60 um deeper in Pancl (b) and 120 pm deeper in Pancl
{c). The sets of oxide images marked “a,” “b,” and o
followed in and out of focus throu '
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S. Modulation Spectroscopy

5.1 Introduction

Modulation spectroscopy is a sensitive technique
which can determine fine details of interband
transitions in semiconductors. In semiconductor
superlattices and other microstructures, detailed
knowledge of the complex interband transitions can
be used to characterize quantum well widths, po-
tential barrier heights and widths, electric fields,
and the amount of strain in strain layer systems.

52 Physical Basis

The principle behind modulation spectroscopy is
that a periodic physical perturbation applied to a
sample elicits the derivative of the sample’s optical
response to that perturbation. The derivative fea-
ture amplifies weak features in the response func-
tion and suppresses large constant backgrou‘nd
levels. This gives modulation methods very h[gh
sensitivity to small spectral features that are invisi-
ble in conventional spectroscopy.

To illustrate the origin of the derivative resp
consider the reflectivity R of a sample. This de-
pends on the sample’s dielectric function, which de-
pends on many physical properties. For c?xample,
the dielectric function depends on an applied elec-
tric field E; hence, R also depends on . If the ap-
plied electric field has a dc component Lo and a
small ac component E; cos {2t (£2is the mod}xlalnon
angular frequency), the reflectivity can be written as
R(E)=R(E0+E;cosf2t). If E,< < Eo, this expres-
sion can be expanded in a Taylor series, where only
the first two terms are kept; that is

response,

R(E)ER(E(,)+%§: (Eqcos £2t) - (12)

but not on time,

The f; E
irst term depends on Lo ¢ function of

whereas the second term is a periodi
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time at the modulation frequency £2. Hence, the ac
portion of the reflectance at frequency £2can be de-
tected with a lock-in amplifier; this signal is propor-
tional to the derivative dR/dE. Thus, small
structures in the optical spectrum of R(F) are
enhanced, even with the sample at room tempera-
ture. A periodic perturbation can be applied to any
physical property affecting the sample’s optical
response. Examples are clectroreflectance, where a
periodic electric field is applied 1o a sample while
its reflectance spectrum is measured; and photore-
flectance, where optically injected carriers from a
chopped laser beam modulate the “built-in" sur-
face or internal electric fields, thereby modulating
the reflectance of the sample. Other forms of mod-
ulation spectroscopy have been reviewed by Aspnes
[1]. The following discussion concentrates on clee-
troreflectance and photoreflectance, two forms of
modulation spectroscopy currently in common
usage. Because photoreflectance results from the
modulation of “built-in" electric fields, this discus-
sion applies gencrally to cither ¢lectroreflectance or
photoreflectance. ‘

The enhancement of spectroscopic structurcs
that appear at encrgics cnrrcsponQipg to energy
gaps and other critical points in the joint density of
states of the material under study is one useful re-
sult of modulation methods. The method becomes
more uscful still when the measured spectral line
shapes can be connected 10 micrf)scopic parameters
through theory. The relationship that makes this

connection is [2]

4R

R

= ade + Bae, (13)

where AR is the change in reflectivity due to the ap-
plicd modulation, Ae and de are the changes in
the real and imaginary parts, rcsp.cclwcly, of (ljhc
complex diclectric function € = &1 +iex .:md aand
are called the Seraphin cocfficients. n\c:xrflhc cn-
ergy gap of a bulk sample, B = {); however, ()r’cfnnl%
plex microstructures  where mlcrfcrcpcc ::] cc(;
occur, both a and B necd 1o be considered, .n’1
hence Ae and de: must both be known."!'hc;c! can
be calculated from gencral band lhcor)f .x]n( | m(r:r}
dielectric function theory. In the case 0 clec r(;r”‘
fiectance and photoreflectance, dx!fc_:rc'nlls,pdc.;rc;“
line shapes arc obtained, and conc.onnll‘llnhl y ,l,, cr
ent analyses arc required, dcpcndnzjg ?’Tonc gc]ﬁ y
tude of the clectric field. The modulali 4E hig},‘
usually described in terms of three rcgf[mlcij. Z}:'mnz_
field (Stark effect), m_lermc;imlg IE’:" Jprane
Keldysh effect), or low field. The high ficld ca
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not usually studied under modulation conditions, as
a high electric field breaks down the normal selec-
tion rules and results in a Stark shift of the band
structure. The analysis of spectra based on interme-
diate and low field theories is discussed in reference
to representative spectra, in the illustrative applica-
tions section below.

5.3 Experimental and Technical Details

A modulation measurement requires a light
source, a monochromator, and a detector as in con-
ventional spectroscopy, and a means to apply the
modulation to the sample. These elements are
shown in Fig. 13. The source can be an incandes-
cent or discharge lamp. Generally, a monochroma-
tor of 0.25 m focal length provides adequate energy

resolution, but higher resolution may be needed in
some cases.

Lamp
\l/
N~ Monochromator .
l\\ @ \\
\
n
\\
~ \
N \
MR T\
densi ~~
fhory ~3
-
/”A //
Detector % /
V4 /
" Filter A
i /
Servo DC signal /

Chopper / On
AC signal /s _J_er_off
s_—-' /

Ref. signal 4
Lockin o 4
/
AR/R /
Recorder || Gomputer Laser (or other

secondary light source)

.Fig. 13.  Diagram of a photoreflectance spectrometer, illustrat-
ing lamp with following optics and clectronics to obtain‘ the spec
trum., and a laser to supply modulated light. The variabie nc\?l i
density filter holds the constant part of the detected signal i
dependent of wavelength, facilitating evaluation of the %aliolg-f

AR/R. (Sce Sce. 5.5, General Ref P i
(1988, ig. 4.5 25 s Pollak and Glembocki

The light reflected from the sample is detected
bx a photomultiplier tube or 3 photodiode. It con-
tains a steady (dc) component RJ, (/o is the incident
light intensity) and a periodically modulated (ac)

component AR/y. To obtain AR/R, the dc signal and
the ac signal must be separately measured and then
a ratio of these signals is taken. It is also possible to
electronically hold the dc signal (corresponding to
Rly) constant during the measurement. This can be
done by a feedback loop that changes the gain of
the detector to keep its dc output constant, or, as
shown in Fig. 13, by mounting a circular continu-
ously variable neutral density filter on a servo motor
and inserting it before the sample.

For photoreflectance, light from a modulated op-
tical source such as a laser, whose photon energy ex-
ceeds the sample’s energy gap, impinges on the
sample. For electroreflectance of a doped semicon-
ductor, the varying electric field can be applied be-
tween an ohmic contact on the sample’s back
surface, and a transparent gate electrode on the
front of the sample; 5 nm to 10 nm of deposited
gold or aluminum is an adequate electrode. A sec-
ond method is to put the sample in an electrolyte
such as a KClI solution, or an acidic solution. The
resulting electric field at the sample surface can be
changed by varying a voltage applied between the
sample and a platinum counter electrode. Photore-
flectance and electroreflectance spectroscopy both
provide highly detailed spectra even at room tem-
perature, so that sample cooling is usually not
needed.

5.4 Tllustrative Applications

Figure 14a shows the sensitivity of modulation
spectroscopy, by comparing the reflectivity spec-
trum of GaAs in the interband region to the much
more detailed AR/R spectrum obtained by elec-
troreflectance. Figure 14a is illustrative of the low
field case. Here the spectra near the energy gap can
be fitted using [3]

A—If- =R[e" (hw — E,+il')™"], 19

where /w is the photon energy, E, is the gap energy,
8 is the phase factor, I' is the lifetime broadening
parameter, and the quantity m takes on the values
2,25, and, 3 for excitonic, three-dimensional, and
two-dimensional  critical points, reSpectively.
Hence, the critical point type and energy can be de-
termined from fitting this line shape. Aspnes [3]has
also developed a “three-point” method for extract-
ing critical point energies which for simple spectra
eliminates the need for a full spectrum fit.

Shown in Fig. 14b [4] is the photoreflect:
ance spectra of a moderately n-type doped
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Fig. 14a. Conventional interband reflectivity spectrum for
GaAs at 300 K, compared to the intcrband AR/R spectrum at 300
K obtained by etectroreflectance. The broad features in the plot
for reflectivity R, such as the shoulder at the gap cnergy Eq, be-
come obvious sharp lines in the AR/R data which licon a bas.c-
line of zero signal. Structurc at Eo + 4o which was invisiblc in
the reflectivity spectrum is apparent in the ARJR curve. (Sce Sec.
5.5, Generat Refs., Pollack and Glcmbocki (1988), fig. 1, p- 25.)
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case for a moderately doped sample of I
extrema (J =1, 2, 3).

(~1x10" cm®) sample of InossGaoarAS illustrating
s case can be

the intermediate field line shape. Thi

identified by the presence of oscillatory behavior,
the so-called Franz-Keldysh oscillations at energies
greater than the energy gap of the material.
Modulation intensities are usually greater for the
high field case than for the low ficld case. Materials
information (electric ficlds and encrgy gap values)
is typically extracted from Franz-Keldysh oscilla-
tions using the Aspnes asymptotic approximation

(5]

N __,E n
%=(/1w—Eg)"cpr feo —

(/I.Q)/:
2 (fw-E -‘/2]
Xcos[0+3( 7 ) , (15)

where 0, I, and Eg are defined above, and 242 is the
electro-optic parameter (e*E*#32m*u]". Here, ¢
is the electron charge, E is the dc electric field, Z is
Planck’s constant, and g is the reduced interband
effective mass. Since successive extrema ‘rcprcscnl‘:l
change of in the argument of the cosine term in
Eq. 15, the energy of the jth extrema [5] can be

written as

fiw —Eg) 72
e 2 [ ] (16)

Hence, the phase factor and clectro-optic encrgy
can be obtained from the intercept and slope of a
plot of (o= Vs |- It is noteworthy that t:c
electric field in a structure u‘ndcr study can be
extracted from the clectro-optic encrgy, r'c'qumng
only independent knowledge of the cffccu\cdm}.‘qss
of the material. Hence, clcct‘rorcﬂccmncc an dp fo.
toreflectance provide very important mcth(:j s for
nondestructive determination of surfacg an ;Unbc-
tion electric fields. These ‘ﬁclds can'hm lurn.‘"c]
related to doping dcnsi}fics in at:spaCc charge regi

h the Schottky cquation.
mF:ZL?EgIS presents phomrcﬂccmncc cliahl uscl:l‘]::
characterize a GaAs/Alo2:GanAs n;x&;np:] ?n ‘d,'-
tum well. The chopped laser beam, w;:c n v
ameter, had been moved algng :hg .<»trucFJCh ofg:hc
spectra from different Spm;:glicrqcﬁ;oft‘:;cd o o
re§ultlng S%eﬂizll“\iisd::c;d Al mole fraction value
mine how L a distance of 1.4 cm.

changed with position over
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Fig. 15. Photoreflectance spectra of GaAs/AlL Ga, _, As multi-
ple quantum well (MQW) with nominal x value 0.24, and nomi-
nal barrier and well thickness of 15 nm and 22 nm, respectively.
Spectra (1) to (4) were measured at locations spaced 0.47 em
apart along a straight linc. In each, the peak at 1.42 ¢V marked
Ey comes from the direct gap of the GaAs substrate, the peak
marked “A” near 1.72 eV comes from the direct gap of the
Al Ga; . As barriers, and the remaining features marked I, and
ha(n=1,2,3.. ) between 1.43 and .68 ¢V come from light and
heavy hole interband transitions characteristic of the MQW en.-
ergy bands. The Al, Ga, -xAs, hy, and !, features shift with spatial
position. Fits to the data show that the well width ranges from
21.4 nm to 21.0 nm, and x ranges from 0.225 to 0.247, between
positions (I) and (4), 1.4 cm apart. (Sec Scc. 5.5, Applications

Refs., Parayanthal, Shen, Pollak, Glembocki, Shanabrook, and
Beard (1986), fig. 1, p- 1261.)

Table 5 presents the sens

tities measured by photoreflectance spectroscopy
such as composition, stress, electric field strength,
surface photovoltage, and doping density. For more
specific details, the reader shoulq refer to the cita-
tions given in the table.

itivities to typical quan-
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6. Photoluminescence
6.1 Introduction

Photoluminescence (PL) depends on the fact that
electrons residing in the valence band of a semicon-
ductor can be excited via optical absorption to the
conduction band, to an impurity, or to a defect level
in the energy gap. PL can be used to determine the
energy gap of a semiconductor sample. This tech-
nique is especially useful for 11-V and I1-VI ternary
alloys like AlGai-,As and Zn,Cd,-.Te, ha‘-c‘nuse
the energy gap, which varies with the compositional
parameter X, must be accurately k‘nown for most ap-
plications. When this process is inverted, x c:m'hc
found from the gap value and the ‘kr‘mwn relation
belween gap energy and composition.. l’holp!u-
minescence also detects the presence of lmpprmcs
and crystalline defects in semiconductors, wlncl] af-
fect materials quality and device performance. l:ach}

tic feature or set of

impurity produces a characteris ‘ .
features in the spectrum. Hence, the impuny type

can be identified, and multiple impuritics can l))c
detected in a single PL spectrum. lp some cascs, PL
can measure 1he concenlration of impurities. Com-
parison of PL peak halfwidl‘hs fro‘m sample to sam-
ple gives an indication of impunty concentration,
carrier concentration, and crystal perfection.

6.2 Physical Basis

cence results from radiative relax-
cited population. In order to
he incoming photon encrgy

Photolumines
ation of an optically €x
cause this excitation, 1
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Table 5. Photoreflectance spectroscopy sensitivity. Given are sensitivities for the mcasurement of crystallinity, x; stress, x; fidd
strength, Fq; surface photovoltage, V5; and doping density, No. The notations uscd for the measured quantity column are intensity, /;
energy, hv; damping, I'; bandgap, E,; splitting energy, AE,q;; deformation potential, b; compliances, §y; and Siz; energy of Franz
Keldysh oscillation lobe, E.; oscillation number, m; energy difference, E2— E; shift of eritical point, 8E.,; and spacing of Franz Keldysh
oscillations, AEggo. AV is the built-in potential minus the photovoltage of the laser minus the thermal energy

Method Matrix Quantity Measured Conversion Scnsitivity* Ref.
quantity (scc below)

PR Si crystallinity Ihv, T qualitative 1

PR In,Ga,_,As x Ey EgfeV=1425-1.337x +0.270x? x=0to 0.15 2

PR GaAs/Si stress AE i AE i =2b(Su~Siz2) X X =(150=50) MPa 3

PR GaAs/GaAlAs  field strength  E,, vsm ma=0+@BY)(En—E)hOP?  Fy~(2to 4)X 4

10° V/em
PR metal/GaAs surface E,. vsm mmw=0+(43)(E. —E)hOT"? Vp=(0.73x002) V. 5
photovoltage

PR GaAs doping density  E,—E, Ny=(AV)Ng= Na=(1x10" to
(E2—E\)*(346% 10%) em™? 1%10%) em™3 6

PR GaAs doping density LI 8L cp/SNa = Na>1x10' cm™3 7

(5.8+0.5)x 10~ ¢V em?
PR GaAs doping density AErxo AEgko=const. XN, Na=(6x10" to 8
3% 10*) cm 3

" Values quoted in references below.
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must equal or exceed the energy difference between
the initial and final states of the electron. Such an
excited electron usually returns to its initial state af-
ter a short time, If the excited electron returns to its
initial state by radiative means, the process emits a
photon whose energy is the difference between the
excited and the initial state energies. The spectral
-distribution of the emitted photons shows an emis-
sion peak at the energy (or wavelength) corre-
sponding to each excited level.
Photoluminescence is complicated by the behav-
ior of the electron during its excited period. The ex-
cited electron leaves behind it a deficiency in the
valence band, a mobile hole. The Coulomb attrac-
tion between the excited electron and the hole can
bind the two particles into a system called a free ex-
citon, much as a proton and an electron form a
bound hydrogen atom. The exciton can move as a
unit through the crystal, but carries no current be-
cause its net charge is zero. From this perspective,
the return of the electron to its initial state can be
viewed as the collapse of the temporary excitonic
state, when the electron recombines with the hole.
The exciton influences the PL spectrum in sev-
eral ways. Because it is a bound state, the excited
state energy is slightly less than the bandgap energy,
generally by a few meV. Hence, for PL near the en-
ergy gap, the equation for the energy of the emitted
photon is
7w -——Eg—Ecx ’ (17)
where E, is the binding energy of the excitonic
state. This equation applies for a direct energy gap
semiconductor. For an indirect gap semiconductor,
a phonon must also be involved to properly con-
serve momentum. Then the equation for the emit-
ted photon energy is (Epn is the photon energy)
7w =Eg—Eex—EPh . (18)
mbination domi-

However, this free exciton reco
ry pure. When

nates only when the sample is ve
donor, acceptor, or neutral impurities are present,
free excitons respond to the Coloumb fields of these
defects to form bound excitons. Each type gf exci-
ton produces a PL peak when recombination 0C-
curs, and each can be identified in the spectrum.

6.3 Experimental and Technical Details
Figure 16 shows the main elements of 2 standard

PL arrangement. Any of several comm.ercially aVa}lll-
able types of laser may be used, provided that the
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energy of the laser’s photons exceeds the energy
gap of the material, and the laser power is adequate
to excite a usable PL signal. An argon ion laser is
suitable for many semiconductors of technological
interest such as Si (1.12eV), Al,Ga;-,As(1.42¢eV
to 2.16 eV) and Zn.Cd,-,Te. Laser powers
<50 mW are usually adequate, but power densities
must be minimized to avoid sample hcating effects.
It is generally possible to avoid heating and still ob-
tain adequate signal to noise by defocusing the laser
or reducing the incident laser power.
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Fig. 16. Schematic diagram of a photolumincscence arrangc-
ment, showing the exciting Ar* or Kr* lascr, filtcr F2 to block
unwanted lascr lines, the sumple mountcd in a eryostat, lens l},2
to bring the PL radiation to the monochromator cntrance :\llt,
g wheel CI to modulate the light for lock-in detcction,
1o cxclude the lascr line from the monochromator, the
onochromator itself, and detcctor D followed by appro-
ss and analyze the signal. The tunablc
dye lascr and chopping wheel C2 shown .in t.l;x.shcd outlinc arc
auxiliary cquipment for lumincseence excitation m.c:.xsurcmcms,
a related technique. Lamp S and lens LI allow auxiliary ahsorp-
tion spectroscopy, using the same monochromator and detector.
(Scc Sce. 6.5, General Refs., Lightowlers (1990), fig. 4, p. 138.)
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decreases in measurement times come if the grating
monochromator in Fig, 16 is replaced by an Michel-
son interferometer to carry out Fourier transform
spectroscopy. This instrument has already been dis-
cussed in the section on infrared spectroscopy.

It is usually necessary to cool the sample below
room temperature to observe the best PL spectra.
Cooling reduces the thermal broadening of the ex-
cited carrier spectrum of the order k7T, and also re-
duces the importance of nonradiative de-excitation
processes. Cooling to liquid nitrogen temperature is
often adequate. The sample can be mounted to a
cold finger connected to a liquid nitrogen dewar,
and can be held to within a few degrees of 77 K.

When necessary, cooling to liquid helium temper-
atures can be conveniently obtained by a continu-
ous-flow liquid helium system. With proper
shielding and an adequate flow rate of helium (typ-
ically 1 L/h to 3 L/h), sample temperatures as low as
6 K t0 10 K can be maintained. Temperatures down
to ~10 K can be reached by mechanical refrigera-
tors. If necessary, temperatures to 4 K can be ob-
tained by immersion in liquid helium or to 2 K by
pumped helium methods.

6.4 Illustrative Applications

Figure 17 shows how specific impurities in a semi-
conductor such as silicon clearly appear in PL
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Fi.g. l7 .PL spectrum of high-resistivity (>20k0 cm) near-in-
trinsic silicon showing the presence of the following impuritics
and their concentrations, in units of 10!2 cm~3: B, | 36'[;’ 1.69;
Al,0.61; and As, 0.14. The fingerprint features forycz;ch,ck,:m.cm’
arc mz‘irk(.:d. Free-exciton lincs are marked FE, Because sificon
is an indirect-gap scmiconductor, phonon modes must be in-
volved in FE transitions. They are indicated as TO (transvers

optical), LO (longitudinal optical), and TA (transverse acoust ir:c
Pcaks labeled NP (no phonon) come from bound excitons whicz\.
do not r(.:quirc phonon assistance. The technique for ;]!crivin

quantitative impurity concentration data from such spectra iét
discusscd in the caption for Fig. 18. (Scc Scc. 6.5, General R f; i
Lightowlers (1990), fig. 9, p. 144.) ’ o
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spectra. The caption explains the source of each
peak. Figure 18 illustrates the conversion of PL
data into accurate values for impurity concentra-
tions. Figure 19 shows how two-dimensional PL
mapping can help evaluate the homogeneity and
quality of a semiconductor wafer, in this case an
epitaxial layer of InGaAsP grown on InP. The tech-
nique uses the fact that each parameter that de-
scribes a PL peak can be related to a sample
property. The peak position, for instance, gives the
energy gap value, which for an alloy like InGaAsP
varies with the proportions of the component ele-
ments. Hence, a map of peak PL wavelength corre-
lates well with a map of composition.

Table 6 presents the sensitivities of typical quan-
tities measured by photoluminescence such as com-
position in II-V and [I-VI alloys and the
concentration of B, P, As, and Al in Si. The reader
should refer to the citations in the table for more
specific details.
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Fig. 18.  Calibration charl to convert PL information like that In
Fig. 17 into impurity concentration for B, Al, and P in silicon. It
is difficult to cstablish absolute intensity standards for PL, be-
causc of differences in laser excitation power and focusing, tem-
perature, and other factors. This chart uses a calibration method
which is internal to a given spectrum, and hence avoids many of
the problems of absolute calibration, although it was cstablished
using careful independent measurements of concentrations, and
of temperature and light intensity. The arca of the NP peak for
the particular impurity is ratiocd against thc height of the
FE(TO) peuak in the same spectrum, More recent work has C’l‘7
tended the upper limit of the calibration curves to about 10

il‘;ng';. (Sce Sec. 6.5, General Refs., Lightowlers (1990), fig. 14, P-
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Table 6. Photoluminescence sensitivity. Given are sensitivitics for the measurement of substitutional boron, {B,); phosphorus, [P.];
arsenic, [As,}; and aluminum, [Al], in crystalline Si. Scnsitivitics for determination of ternary composition, x, are given for Al, Gu, -, As,
In,Ga, -, As, and Zn, Cd, -, Tec. The notations uscd for the measured quantity column are the boron transverse optical hl multiexeiton
peak intensity, I(Brob1); free exciton intensity, / (FE); phosphorus no-phonon peak intensity, / (Pxp); arsenic no-phonon peak intensity,
I(Asyp); aluminum no-phonon peak intensity, I (Asyp); and cnergy, I1v

Method Matrix Quantity Mcasured Conversion Scnsitivity* Ref.
quantity (see helow)
Exciton Si [B:] 1(Brob1)/I (FE) log[B,/cm?]= +2x 10" em~? 1
intensity @42K 1.435 log[/}n/lye]+12.81
ratio
Exciton Si [P.] 1(Pxp)/I (FE) log{PJem?])= +4 %101 cm~? 1
intensity @42 K 1.280 log{Fp/lre) +12.79
ratio
Exciton Si [As] I(Asne) (FE) log[As./cm®] = +1x10"¢m~? 1
intensity @4.2K 1.049 log{I /1] +12.76
ratio
-3
Exciton Si [AL] I1(Aly)/I (FE) log[Al,fem®]= +8x 10" em 1
intensity @42K 1.359 log{/ ,,//Ive] +13.19
ratio
= =0.002¢ 2
P hv hvleV=1424+ 1247 *
cak energy Al,Ga;_,As x @30 K (0<x <0.45)
W= - 2 =0.002¢ 3
Peak energy In,Ga,_,As X hy hvfeV=1424-1337r +0.27
@300 K
WV = 1.605 +0.505x +0.285¢% =0.0002 4
Peak energy Zn,Cd,-,Te x hv hvieV =16
@42K

d £2meVand

i i 1 to.noise ratio for intensity measurements an
noisc assuming +0.02 signal-to-noise I y

. .
Caleulated as the concentration-equivalent-of- :
4 4.2 K, respectively.

%0.2 meV energy precision at room temperature and
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Fig. 19. Two-dimensional maps of PL parameters from a 50 mm wafer of cpitaxial InGaAsP grown on InP,
obtained using a commercial system with x-y scanning capability. Upper left, wavclength of the PL peak,
which is related to sample composition; upper right, peak intensity, related to defect density; lower left, peak
full width at half maximum (FWHM), rclated to closeness of the lattice match between layer and substrate;
lower right, upper wavelength at which PL intensity falls to 50 % of the peak value, related to sample com-

position. Spatial variations in all the parameters are clearly seen. (Sec Sec. 6.5, Applications Refs., Hennessy,
Miner, and Moore (1990), fig. 3.)
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7. Raman Scattering
7.1 Introduction

Raman scattering results when photons interact
with optical lattice vibrations (phonons) of a semi-
conductor crystal lattice. The way in which these
phonons appear in a Raman spectrum depends on
the crystallinity of a sample and on its crystal orien-
tation. Hence, Raman scattering can determine
whether a sample is amorphous or crystalline, and
whether the crystal is of good quality or is altered by
damage or imperfections. The method is also sensi-
tive to strain effects, which change semiconductor
lattice structure and hence phonon frequencies.
Since phonon frequencies and amplitudes in an
alloy semiconductor like Al;GaixAs change with
the degree of alloying, Raman scattering can be
used to measure composition as well. By changing
the wavelength of the light exciting the scattering,
the penetration depth can be changed, which gives
the capability to probe layered or inhomogeneous
structures.

In microprobe Raman scattering, a microscope is
coupled to the Raman system, making it possible to
probe regions as small as ~1 pm across. This al-
lows for the identification of contaminating impuri-
ties in extremely small regions of the specimen. In
resonance Raman scattering, the scattering process
is strengthened when the incoming photon energy
matches the energy gap or other higher-order criti-
cal point energies in the sample’s band structure.
This resonance strengthens the inherently weak
Raman process and also gives band structure infor-
mation as well as phonon information,

7.2 Physical Basis

Raman scattering, a two-photon process, is more
complex than one-photon optical processes such as
photoluminescence. If light impinges on the surface
of a semiconductor, a large portion is reflected,
transmitted, absorbed, or elastically scattered (Ray-
leigh scattering), with no change in frequency. A
small part of the light interacts inelastically with
phonon modes, so that the outgoing photons have
frequencies shifted from the incoming values.
These are the Raman-scattered photons. Since the
photons can either gain energy or lose energy in
their phonon interactions, the scattered light can be
of higher frequency (anti-Stokes-shifted) or of
lower frequency (Stokes-shifted) than the incident
light. Because of statistical considerations, the
Stokes modes are stronger and are usually the o

observed in Raman Mmeasurements at room tem
ature.

nes
per-
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The up-shifted and down-shifted photons can be
treated as side bands of the exciting light that come
from the nonlinear interaction between the light
and the material. This can be seen by examining the
crystal polarization P due to the phonons, which is
given by

P =aE (19)

where [ is the applied electric field Ey coswt and
the polarizability « is given by

a=au+autau+ ..., (20)
where u is the phonon displacement, and o, a3, . ..
are constants. The first term in Eq. (20) is the
dipole approximation, and the other terms repre-
sent more complex anharmonic contributions. If the
phonon vibrates at frequency f2, u is of the form
u =ugcos(£2) and Eq. (19) becomes

P =Ly [astto cos(wt) cos(2t)+

aouf cos(wt) cos? () + ... 1. @n

From standard trigonometric identities, Eq. (21)
can be rewritten as expressions that contain
cos(w + ), cos(w £20)t ..., cos(w +n)t. The
leading term cos(w % )t represents the fundamen-
tal Raman-shifted bands at frequency w + 2 (so-
called anti-Stokes lines) and w — £2 (Stokes lines),
and the others represent the interaction of the pho-
ton with multiple phonons (n =2, 3, ...).

This simple development of the theory gives the
shift in photon frequency, that is, where the Raman
bands lie relative to the exciting wavelength. How-
ever, the intensity and line shape of the Raman
bands are more difficult to calculate. Although
some appropriate theory exists, it is not easy to ap-
ply to specific semiconductors. In general, Raman
scattering is a weak process, and the higher order
terms in Eq. (20) generally contribute weakl)'-‘Be'
yond these qualitative trends, line-shape analysis of
Raman spectra of semiconductors is not well devel-
oped. However, it is true that smaller half-wid_thS
correlate with higher levels of sample crystallin
perfection.

When carried out in detail, the calculation of the
Raman intensity depends strongly on the orienta-
tion and polarization of the exciting light relative t0
the crystal axes, since such geometric consider-
ations determine how the field and the polariza‘tlon
interact. Hence, the Raman spectrum from a given
crystal depends on its orientation, with various
“allowed” and “forbidden” Raman modes for
different orientations.
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An exception to the statement that Raman scat-
tering is weak occurs in resonant Raman scattering.
If the energy of the exciting photon is chosen to
match a fundamental feature in the semiconductor
band structure, such as the energy gap or higher or-
der critical points in the band structure, the amount
of energy imparted to the lattice increases dramati-
cally, and so does the strength of the Raman modes.

7.3 Experimental and Technical Details

The overriding consideration in Raman scatter-
ing is the weakness of the signal, and the difficulty
of separating it from unavoidable accompanying
spectral information. Weak Raman peaks usually
must be measured in the immediate neighborhood
of intense Rayleigh scattering, which occurs at the
energy of the exciting photon. Raman measure-
ments require the strongest possible light sources
that will not damage the sample, special optical
methods to filter out the Rayleigh peak, and sensi-
tive detection schemes to capture the few emerging
Raman-shifted photons.

Any monochromatic light source can act as a
Raman source. Most often, lasers operating at visi-
ble frequencies are employed to provide the neces-
sary power. To give flexibility in varying the
penetration depth, and some capability to excite
resonance Raman scattering, it is better 10 use
lasers that can be tuned over several powerful lines
in the visible. Argon-ion and krypton-ion lasers are
good choices; they are powerful, commercna‘lly
available, and easily tunable, one from the ultravio-
let to the green, the other toward the red‘end of the
spectrum. For maximum flexibility in tuning, say fqr
exact resonant coincidence, a tunable dye laser IS
the best choice. With the range of available dyes,
these lasers can be tuned through the energy gaps
of most semiconductors. The power is much lower
than that of ion lasers but the increased signal due
to the resonant effect more than compensates for
this,

The optical arrangement for Rami
troscopy is similar to that for photoluminesce nc]e
(fig. 16), but with one important exception: single
monochromator is usually inadequate t0 separale
the Raman signal from the strong acmmPa“Y‘"%
Rayleigh light. A double monochromator 13 Stig_
dard, consisting of two tandem gratings tur}lt}r]ltg In
gether and sequentially dispersing the light. o
recent years, holographic notch filters ha}’e_”;te
tured sufficiently that they can be used to e]‘m'.?] e
the Rayleigh signal and allow the use of a s n%e.
monochromator. Triple monochromators are S0
times used.

aman Spec-
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Raman scattering excited in the visible or ultravi-
olet can be detected by visible or ultraviolet detec-
tors, so photomultiplier tubes (PMT) and array
detectors work well. The PMTs should be chosen to
give broad spectral coverage and to display a low
dark count for maximum sensitivity. Cooled opera-
tion to reduce dark count is also important. As in
photoluminescence work, it is possible to use
Fourier methods to enhance Raman sensitivity or to
reduce data collection time.

7.4 Illustrative Applications

The sensitivity of Raman scattering to phonon
modes makes it possible to distinguish between
amorphous and crystalline semiconductors. Figure
20 illustrates the direct way in which Raman spectra
follow the increasing presence of crystalline silicon,
as annealing proceeds on amorphous material.
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Figure 21 shows how strain in a semiconductor
appears in a Raman spectrum. The Raman peak for
epitaxial GaAs grown on a silicon substrate shifts
relative to that for bulk GaAs, because the epilayer
lattice spacing changes under the strain induced by
the mismatch between film and substrate. Micro-
probe Raman analysis can be helpful for examining
contamination by small particles or for examining
thin films, as illustrated in Fig. 22.

Table 7 gives the sensitivities of typical quantities
measured by Raman spectroscopy such as stress,
impurity concentrations of C and Zn in GaAs, alloy
composition, and temperature. For more specific
details, the reader should refer to the citations in
the table.
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Fig. 21. Raman speetra of bulk
pared to that from a GaAs film 2 wpmthick grown on (100) silicon
(upp‘er curve). The main peak near 292 cm-~! comes from the
}ongnudmal optical (LO) phonon. Peak halfwidths are the same
in both curves, indicating similar sample quality. The barely vis-
ible disorder-activated transverse optical (DATO) peak rerﬁains
egually small in both spectra, also indicating that there s no sjg-
nificant disorder. However, the peak position for the film js 087
em~! lower than for the bulk sample, because the epilayer }s
stressed. Raman methods can easily detect and mcaglrcysuch
small changes in peak position. (See Sec, 7.5, Applications Refs

Freundlich, Neu, Le 1
oty ycuras, Carles, and Verie (1988), fig. 1,
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Fig. 22. Raman microprobe spectrum of a silicon wafer with
surface contamination (lower plot) compared to the Raman
spectrum of polytetrafluorethylene or teflon (upper plot). The
peaks in the lower spectrum at 520 cm~! and 950 em™! are
known phonon modcs for silicon. The additional peaks arise
from the contaminant. They resemble the teflon spectrum and
suggest that the contamination eame during wafer processing,
which included polishing in a slurry containing organic solvents,
and etching in a CF4/H, plasma. Polymer could have been de-
posited on the wafer either as teffon from a container holding
the slurry, or during the plasma etch. (See Sec. 7.5, Applications
Refs., Adar (1986), fig. 2, p. 234.)
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Table 7. Raman spectroscopy sensitivity. Given are sensitivities for the measurement of stress; o; crystallinity; surface damage; boron
11 concentration, [B!']; temperature; composition; substitutional carbon concentration, C,; substitutional zine conecntration, Zn,; buift-
in potential, Wyi; and composition, x. The notations used for the measured quantity column are frequency of the LO phonon, wo;
frequency of the TO phonon, wro; crystallite diameter, L ; intensity at a given encrgy, /(2000 em~'); frequency, (@), frequency shift, Aw;
intensity of the two LO mode, /(2LO); intensity of the TO mode, Jyo; intensity of the LO mode, Jio or J(LO); intensity of the L~

plasmon branch, J(L~); intensity of the anti-Stokes peak, /4s; and intensity of the Stokes peak, /s

Method Matrix Quantity Measured Conversion Sensitivity® Ref.
quantity (see below)
RS Si Stress @10 a=(249x10"Pa~')x dw =1x10’Pa 1
RS Si Crystallinity L Ref. 2 2
@300 K
RS Si Surface damage /(2000 cm™") Ref. 3 3
RS Si [B1] 1(620 cm™*) Ref. 4 4
RS Si Temperature w and Aw Ref. 5 5
6
RS SiGei-x x " Ref. 6
7
RS GaAs Crystallinity L Ref. 7
@300 K
8
RS GaAs Crystallinity ~ 7(2LO)/(540) Ref. 8
@300 K
9
RS GaAs Crystallinity Ito/lo Ref.9
@300 K
- Ref. 10 <|x10'"* em’ 10
ERS GaA C., Zn, 1(148 em"),
e 1(174 em™")
6K
02V 11
RS GaAs Ve H(LOYI(L™) Ref. 11
- 200l 12
(wio2me)fem™' = =
RS ALGa-.As ¥ o 292,44 70.8 - 268~ 41130
Ins/ls 220°C 13
Rs GaAs Temperature @0y WTO
- inty i ncy.
* Calculated as the concentration-equivalent-of-noise o uncertainty in frequency
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