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SPECTRAL EMISSIVITY OF HIGHLY DOPED SILICON*
by Curt H. Liebert and Ralph D. Thomas

Lewis Research Center

SUMMARY

Measurements were made at temperatures of 3000, 882°, and 1074° K of the normal
spectral emissivity of opaque, highly doped silicon. The silicon was doped with arsenic
and boron to electron carrier concentrations of 2. 2><1019, 3. 7><1019, and 8. 5><1019 elec-
trons per cubic centimeter and hole carrier concentrations of 6. 2><1019 and 1. 4><1020
holes per cubic centimeter. The 300° K emissivity data were obtained at wavelengths
from 2.5 to 35 microns. The high temperature emissivities were measured from 3.5 to
14. 8 microns.

Carrier concentrations and direct-current resistivity of the silicon were also mea-
sured. The carrier concentrations were determined from Hall measurements made at
300° K. The direct-current resistivity was measured at temperatures from 300° to
1200° K. These quantities (among others) were used in analytical calculations of the
emissivities.

Agreement of the Hagan-Rubens theory with experiment was found at wavelengths
greater than 12 microns and at 300° K. Good agreement of the free carrier absorption
theory with experiment was achieved at all wavelengths and temperatures investigated.

The free carrier absorption theory predicts the emissivity in terms of the index of
refraction and the absorption index. The values of these quantities are presented. A
comparison of the values of the absorption index obtained herein with those obtained from
the literature showed good qualitative agreement.

INTRODUCTION

There is considerable theory relating emissivity, absorptivity, transmissivity, and
reflectivity to the composition of homogeneous materials. Therefore, a better under-
standing of the optical properties of homogeneous materials could lead to a more com-

*Published in Thermophysics of Spacecraft and Planetary Bodies, vol. 20 of AIAA
series Progress in Astronautics and Aeronautics, Gerhard B. Heller, ed., Academic
Press, 1967, pp. 17-40.



plete insight of the properties required for radiant heat-transfer calculations with a
variety of materials. While a quantitative description of the latter may never be
achieved, a fundamental understanding of the optical properties of a material may permit
extrapolation of measured data fo temperatures or wavelengths beyond the convenient
experimental range.

In recent years, many theoretical attempts have been made to explain the phenomenon
of dispersion by relating the optical properties of smooth, homogeneous metals, di-
electrics, and semiconductors to electrical properties. Two approaches are the Hagan-
Rubens theory (hereinafter called HR) (ref. 1) and the metallic or free carrier absorption
theory (hereinafter called FCA) (ref. 2).

The HR theory is based on an idealized physical model and leads to a simple expres-
sion for the normal spectral emissivity in terms of the wavelength and the direct current
resistivity. This theory is known to work well for metals at near room temperature and
at wavelengths greater than about 10 microns. However, no investigations have been
made in which this theory was applied to highly doped semiconductors.

The FCA theory is more general, and the resulting equations for emissivity are
necessarily more complex. This theory agrees well with the experimental optical proper-
ties of metals at wavelengths longer than 0. 75 microns and over a wide range of temper-
ature. Good agreement has also been found between this theory and the optical properties
of dielectrics when measured over a wide temperature range. Also, the FCA theory
predicts well the room-temperature emissivity of semiconductors. However, this theory
has not been applied to the spectral emissivity of semiconductors at elevated temper-
atures.

In this investigation, the normal spectral emissivities of highly doped, single crystal,
n- and p-type silicon with optically smooth surfaces were determined experimentally in
air at 300°, 882°, and 1074° K. Calculated emissivities as predicted by the HR and the
FCA theories were then compared with the experimental results.

The variation of direct-current resistivity with temperature and the room-
temperature Hall coefficient also were determined experimentally. The resistivity was
used in both theories to calculate the emissivity. The Hall coefficient was used to deter-
mine the carrier concentration. The carrier concentration was used in the FCA theory
along with other parameters chosen from the literature.

The results presented herein show that the HR theory only agrees with experiment
at long wavelengths and room temperature whereas the FCA theory agrees at all wave-
lengths and temperatures investigated.



SYMBOLS

-19 coulomb

electron or hole charge, 1.6x10
spectral absorption index

mass of electron, 9. 11x10™31 kg
effective mass of electron or hole, kg
effective mass of electron, kg
effective mass of hole, kg

: . -3
carrier concentration, cm

electron carrier concentration, electrons/cm3

hole carrier concentration, holes/cm3
spectral index of refraction

Hall coefficient, cm3/coulomb
normal spectral reflectivity

spectral absorption coefficient, cm'1
normal spectral emissivity
experimental normal spectral emissivity

maximum values of normal spectral emissivity

permittivity of free space, 8. 85x 10712 coulomb? /(newton) (m?)

relative dielectric constant in the absence of any contribution from free
charges at very high frequencies

wavelength, um

mobility of electrons, (sec)(coulomb)/kg, mz/(volt)(sec)
mobility of holes, (sec)(coulomb)/kg, m2/(volt)(sec)
frequency, sec™!
direct-current resistivity, ohm-cm
conductivity, (chm-cm)” 1

relaxation time, sec

frequency, rad/sec



APPARATUS AND PROCEDURE
Silicon Emissivity

Two types of commercially built spectrophotometer were used. A Perkin-Elmer
Model 13 recording infrared spectrophotometer with an emittance-reflectance attachment
was used to measure the normal spectral emissivity of specimens in air at temperatures
of 8820 and 1074° K. These measurements were taken over a wavelength range from
3.5 to 14. 8 microns. The instrument was operated in the double beam mode with data
recorded continuously on a strip-chart recorder. The procedure for obtaining this data
and the accuracy of the measurements are discussed in appendix A.

A Perkin-Elmer Model 521 spectrophotometer with a specular reflectance attach-
ment was used to measure the near normal specular reflectivity in air at 300° K and
wavelengths of 2.5 to 35 microns. (The angle of incidence of the light beam was about 60).
This reflectivity was determined by comparing the energy reflected by the samples to
that which was reflected by an aluminum mirror. The mirror was assumed to have a
reflectivity of 100 percent. The normal spectral emissivity was calculated from the
measured normal spectral reflectivity of the sample and the relation, €, = 1- ry.

Sample Preparation for Emissivity Measurements

Ingots of single-crystal silicon were doped with arsenic to achieve electron carrier
concentrations of 2. 2><1019, 3. 7><1019, and 8. 5><1019 electrons per cubic centimeter and
were doped with boron to achieve hole carrier concentrations 6. 2><1019 and 1. 4><1020
holes per cubic centimeter. Disks, 23 millimeters in diameter and 1. 6 millimeters
thick, were cut from the ingots. The front side of the samples was optically polished
and was etched. Observations of the polished surface with an electron microscope
showed that the width of ridges produced from the polishing procedures was about one-
half micron. Two Chromel-Alumel thermocouples fabricated from 0. 13-millimeter wire
were mounted in a small groove sandblasted into the back side of each sample. The
thermocouple junctions were spotwelded to the silicon. The thermocouple wires were
held in the groove with a high-temperature cement.

Transmittance measurements were performed on samples that were optically
polished on both surfaces. The measurements established that the samples were opaque
at wavelengths of 2.5 to 35 microns and at a thickness of 1.6 millimeters.



Resistivity and Carrier Concentration

The values of carrier concentration N =1 /RHe and resistivity were obtained for the
silicon samples with conventional Hall and direct-current resistivity apparatus and
procedures. These procedures are presented in appendix B. The values of resistivity
obtained herein agreed within 5 percent of the data supplied by the manufacturer. An
error analysis of the Hall and the resistivity apparatus indicated that the measurements
of carrier concentration and resistivity are accurate to 1 percent.

RESULTS AND DISCUSSION
Variation of Direct-Current Resistivity with Temperature

The general variation of the resistivity of doped silicon with temperature is shown in
the insert of figure 1. As the temperature rises, the resistivity decreases at low temper-
atures (region I), increases at moderate temperatures (region II), and again decreases at
the high temperatures (region III).

This investigation was performed in region II where the silicon resistivity increases
as the temperature rises. Figure 1 shows the variation of resistivity with temperature
(from 300° to 1200° K) and carrier concentration for both the n- and p-type semicon-
ductors. The rising resistivity with increasing temperature is attributed to a decreasing
mobility of charge carriers (ref. 3). This concept is visualized from equations

_ -1 -1
p=MNep) " = (Npeup)

where the subscripts n and p refer to electrons and holes, respectively, and p is the
mobility. The carrier concentration in these heavily doped semiconductors is a constant
with temperature over the range of 300° to 1100° K (ref. 3). Therefore, as p increases,
B, Or u decreases.

Reference 3 presents extensive data on the variation of resistivity with temperature
for highly doped n- and p-type silicon. Whenever it was possible, a comparison was
made between the experimental resistivity obtained herein and the data of reference 3.
The comparison showed agreement within £3 percent.

Comparison of Hagen-Rubens Theory with Experiment

The experimental normal spectral emissivity of the three n-type and the two p-type



silicon specimens at temperatures of 3000, 8820, and 1074° K are shown in figures 2
and 3. As mentioned previously, the carrier concentration does not vary within this
range of temperature and thus is a constant for each figure. Included in these figures is
the variation of normal spectral emissivity with wavelength and temperature as inter-
preted by the Hagen-Rubens theory which is based on the direct-current resistivity. The
equation for emissivity derived from the HR theory and the Kirchoff law is given for

opaque solids as (ref. 1)
2[(0)(9x1011) ‘12 (o) (9x1011)
=1 - v Y (1)
2‘(0)(9><1011)] Pl 2‘/(0)(9><1011)
14 14

where o= 1/p and v is the frequency of the light corresponding to the wavelength .
The resistivity data shown in figure 1 were used to calculate the Hagen-Rubens emissivity
from equation (1) at the appropriate wavelength. Figures 2 and 3 show that the best
agreement of experiment and theory was achieved at the highest values of Nn or Np in
the wavelength region of 12 to 35 microns and at room temperature. As Nn or N D
decreases, the agreement at room temperature is good only at progressively greater

wavelengths.

The calculated emissivity does not agree with the data taken from 3.5 to 14.8 microns
, and at elevated temperatures. However, the curves may asymptotically approach the
calculated values at the longer wavelengths (fig. 2(@)).

Comparison of Free Carrier Absorption
Theory with Experiment

Free carrier absorption theory. - The inherent assumption that causes the HR
theory to break down at short wavelengths for metals and presumably for semiconductors
is that the period of the light is large as compared with the relaxation time (ref. 1). A
more general theory which does not make this assumption and which therefore can predict
the experimental emissivity of silicon over a wider range of wavelengths is known as the
free carrier absorption theory (FCA) (ref. 2). This theory predicts the emissivity in
terms of the index of refraction n, and the absorption index kx.

For an opaque polished solid, the normal spectral emissivity is given from the
Kirchoff law and the Fresnel formulas as
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Values of n, and k, can be related through the FCA theory to known or measurable
quantities by the following equations: '
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where e is the electron or hole charge, m* .is the effective mass of electrons or holes,
N is the carrier concentration of electrons or holes, €, is the permittivity of free
space, €  is the relative dielectric constant in the absence of any contribution from
free charges at very high frequencies, A is the wavelength, and 7 is the relaxation
time.

Sources of values of parameters. - The physical constants e and € o are known
very accurately. The carrier concentration N was determined from the experimental
Hall measurements mentioned previously.

The free electron effective mass m;“l was taken from reference 4 as 0.27, 0. 26,

and 0.28 m for Nn = 2.2><1019, 3. 7><1019, and 8. 5><1019 electrons per cubic centimeter,

respectively. These values were obtained from reflectivity measurements (presumably
obtained at room temperature) which were then used to calculate m;"l from equations
similar to equation (3) and an €_ = 11.7. It is also shown in reference 4 that an
ml’; = 0. 26 may be calculated from cyclotron resonance experiments. Also, an
m;"l = 0.29 m may be obtained from the diamagnetic susceptibility of the free carriers
(ref. 4). Thus, varying types of experiments produce values of m;"l which agree well.
However, values of m* =0.43m to 0.44m for N_=6.4x101% to 1.1x10%0 clectrons
per cubic centimeter have also been published (ref. 4).

A value of m* = 0.40 m was used in this investigation for the hole effective mass.

Spitzer and Fan (ref. 5) determined m* = 0.37 m from reflectivity measurements
using a specimen with a hole concentration of 9. 6X 1018 holes per cubic centimeter.
Reference 2 also shows that cyclotron resonance experiments produced a m; =0.39 m
for holes.

Little is known about the variation of effective mass with temperature. Thus, m;"l
and mg were not varied with temperature in these experiments.



Experimental determination of €_ 1is difficult. Thus, data for the parameter are
scarce. Reference 6 shows that values have been measured for silicon that vary from
11.7 to 14.6. A value of €, = 13+12 percent spans this variation. A value of €= 13
was used herein. Reference 7 indicates that the variation of € with temperature may
be small. Cardona, Paul, and Brooks found a 2-percent increase in €_ from about
70° to 300° K. Thus, no attempt was made to vary €_ with temperature.

The relaxation time was calculated from the direct-current resistivity data given in
figure 1, the values of m*, N, and e previously discussed, and the following equation:

7= X (4)
2

pNe

Comparison of FCA theory with experiment. - All values of the parameters given on
the right side of equation (3) have been established and thus the theoretical emissivity
may be calculated. The variation of normal spectral emissivity with wavelength and
temperature as interpreted by the FCA theory are presented in figures 4 and 5. Also
included in figures 4 and 5 are the same experimental emissivity data presented in fig-

ures 2 and 3.

The variation of the theoretical emissivity from that of the experimental data ob-
tained from the n- and p-type silicon at room temperature varies from about +16 per-
cent at ex, exn = 0. 19 to £b percent at €A, exp = 0.80. This variance is the magnitude
of the emissivity experimental error (see appendix A).

A divergence of experiment with the FCA theory was noted at the elevated temper-
atures. In general, the best agreement was obtained on the short wavelength side of the
emissivity maximum e)\’ max On the long wavelength side of €A, max’ the theory pre-
dicts emissivity values smaller than experiment; the theoretical emissivity is lower
than the experimental results by about 14 percent at most. These discrepancies are
probably due to the small variations of ¢ and m* with temperature which were not
considered.

Values of n) and k). - The values of n, and k,, which were calculated with the
FCA theory are presented in figures 6 and 7.

Spitzer and Fan (ref. 8) give values of the absorption coefficient, o, = 477k7\/>\,
calculated from measured values of room-temperature reflectivity and transmissivity of
n- and p-type silicon doped to carrier concentrations ranging from about 1016 to 1019
electrons or holes per cubic centimeter, respectively. Their data, which were obtained
only on the short wavelength side of €), max’ show that plots of log oy against log A
and plots of log «, against log N is a straight line at wavelengths greater than 5 mi-

crons.
The variation of log a, against log A is shown in figure 8 as calculated with the



FCA theory at Nn = 2.2x10
theory of reference 8 at N, = 1x10

19

19 electrons per cubic centimeter.

electrons per cubic centimeter and as calculated with the

Figure 8 shows

that the values of log a, obtained from both theories vary linearly with log A from
2 to 15 microns.

Limited calculations using the values of k, and N obtained herein at 6 microns
also showed a linear variation of log a, against log N.

TABLE 1. - VALUES OF NORMAL SPECTRAL

EMISSIVITY AND RELAXATION TIME AT

14 MICRONS AND 1074° K

Eilrectron carrier
concentration,
Nn’ 3
electrons/cm
8. 5x1017
3.7
2.2
Hole carrier
concentration,
N,
holes/ cm?

14 x1019

6.2

Normal spectral | Relaxation
emissivity, time,
€, T,
sec
0.46 0.39x10714
.62 .47
69 .55
Normal spectral | Relaxation
emissivity, time,
€y T,
sec
0.49 0. 29x107 14
.62 .39

TABLE II. - VALUES OF NORMAL SPECTRAL

EMISSIVITY AND RELAXATION TIME AT

14 MICRONS AND ELECTRON CARRIER

CONCENTRATION OF 8. 5X10

19

ELEC-

TRONS PER CUBIC CENTIMETER

Temperature, | Normal spectral | Relaxation time,
°x emissivity, T,
€ sec
300 0.24 1.06x10" 14
1074 . 46 .39

Interpretation of Results

The primary result of these experiments
is that the normal spectral emissivity of
heavily doped silicon heated to temperatures
up to 1074° K agrees well with the FCA theory.
Therefore, use of the FCA theory will
predict the variations of ¢; with wavelength,
carrier concentration, and temperature shown
in figures 4 and 5. The manner in which the
use of FCA theory predicts these experimental
variations will now be discussed.

Effect of wavelength on €,. - The experi-

mental emissivity of all silicon specimens
passes through a maximum as the wavelength
is varied. Calculated values of €, using the
This
result can be interpreted as a coupling of n)

FCA theory vary in a similar manner.

and k) through equation (2).
Effect of carrier concentration on €,. -
The emissivity increases as N decreases and

as T increases at a constant temperature and
at given wavelength (A = 12um). An example
of this effect at 14 microns and 1074° K is
shown in table I.

Effect of temperature on € at long

wavelengths. - The emissivity increases as
the temperature increases and as 7 decreases
at a constant N and at wavelengths much
longer than those wavelengths corresponding

to GA, max An example of this1 9effect at

14 microns and at Nn = B8.5x107" electrons
per cubic centimeter is shown in table II.



Effect of temperature on €) at short wavelengths. - Little variation of €) with
temperature occurs at constant N and on the short wavelength side of EA, max The
low values of k) calculated at wavelengths less than those for €), max (fig. 6) con-
tribute little to €,. Since n, appears both in the numerator and the denominator of
equation (2), changes in its value with temperature cause relatively little change in the

. values of €~

CONCLUDING REMARKS

Measurements were taken at 3000, 8820, and 1074° K of the normal spectral emis-
sivity of heavily doped silicon. The silicon was doped with arsenic and boron to electron
carrier concentration of 2. 2><1019, 3. '7><1019, and 8. 5% 1019 electrons per cubic centi-
meter and hole carrier concentration of 6. 2><1019 and 1. 4><102O holes per cubic centi-
meter. The 300° K emissivities were determined from 2.5 to 35 microns, and the
higher temperature emissivities were measured from 3.5 to 14. 8 microns. The carrier
concentration at 300° K was determined from Hall measurements. Also, the resistivity
of the silicon was measured at temperatures from 300° to 1200° K. The carrier con-
centrations and resistivities were used in analytical calculations of the emissivities.

The emissivity data were compared with the Hagen-Rubens equation, which is based
on the direct-current resistivity. This equation is known to predict well the emissivity
of metals at long wavelengths and moderate temperatures. Measured resistivities were
used to calculate this theoretical emissivity. Agreement of theory and experiment was
found at wavelengths longer than 12 microns and at room temperature.

The experimental emissivities were also compared with the calculated values using
the free carrier absorption theory (FCA). This theory considers spectral index of re-
fraction n, and spectral absorption index kA to be functions of electron or hole charge
e, effective mass of electron or hole m*, carrier concentration N, permittivity of free
space €, relative dielectric constant in the absence of any contribution from free
charges at very high frequencies €_, wavelength A, and relaxation time 7. The con-
stants e and €, are known accurately. The relaxation time is a function of direct-
current resistivity p, N, m*, and e. The experimental values of p and N deter-
mined herein were used to determine 7. The values of m* were obtained from the
literature. The value of €_, as determined by other experiments, is not known as
accurately as other parameters. Thus, it was necessary to choose ¢ within the
range of values given in the literature such that the theoretical variation of emissivity
with wavelength could be more closely fitted to the experimental variations of normal
spectral emissivity ¢, .

Good agreement of the FCA theory and experiment was achieved for both p-type

10



and n-type silicon at all wavelengths and temperatures investigated (A of 2.5 to 35 um
at 300° K and A of 3.5 to 14.8 um at 882° and 1074° K). Therefore, it was concluded
that the FCA theory as applied to silicon with carrier concentration N greater than
1019 per cubic centimeter is a proper physical law for predicting and interpreting the
experimental variations of €, with wavelength, carrier concentration, and temperature
observed in these experiments.

It was generally found that the emissivity calculated with the FCA theory (1) passed
through a maximum as the wavelength varied, (2) varied little with temperature at a
constant value of N and at all wavelengths corresponding to the short wavelength side of
Ex, max’ (3) increased as N decreased and as 7 increased at a constant temperature
and at wavelengths of about 12 microns or greater, and (4) increased as the temperature
increased and as 7T decreased at a constant N and at wavelengths much longer than
those wavelengths corresponding to 67\, max’

The index of refraction n, and the absorption index k, of the silicon specimens at
temperatures of 300°, 882°, and 1074° K were also obtained with the FCA theory. The
values of k, obtained from the FCA theory at 300° K were used to calculate the spectral
absorption coefficient «,. These values of «, were compared with those in the litera-
ture that are based on the optical ray absorption theory (ref. 8). Good qualitative agree-
ment was obtained from this comparison. Thus, it was concluded that the FCA theory
can be used with reasonable accuracy to obtain the n, and kx of opaque media. Also,
it is expected that high-temperature optical properties of highly doped germanium,
cadmium sulfide, and alloys of silicon and germanium may also be obtained from the free
carrier absorption theory.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, March 16, 1967,
120-27-01-20-22.
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APPENDIX A

PROCEDURE FOR OBTAINING EMISSIVITY DATA
AND ACCURACY OF MEASUREMENTS

The uncertainty associated with the type of emissivity measurements made herein
has been discussed by many authors. A good discussion covering most of the possible
errors is given in reference 9. One such error arises from a mismatch between the
specimen temperature and the hohlraum temperature. The difference can arise because
the thermocouples are not recording the true specimen temperature and because of in-
tolerable temperature gradients in the hohlraum. The following discussion will show
how the errors were minimized in these experiments.

Emittance of Standard

Alumina (A1203), flame sprayed to a thickness of 0.4 millimeter on a roughened
stainless steel substrate, was used as a standard to achieve a temperature match for this
system. Thermocouples were added to the substrate in the manner previously discussed
for silicon. The results of experiments by others measuring normal spectral emittance
or reflectance agree that A1203 either in powdered, flame-sprayed, or sintered form has
an emittance of 0.95 to 0.99 at 8.5 microns over a range of temperatures from about
300° to 1300° K and over a wide range of surface roughness and thickness. A spectral
emittance of the standard of 0.97 to 0.99 at 8.5 microns was achieved with the hohlraum
and standard temperature settings given in table III. (The hohlraum has an advertized
emittance of 0.99). The lower indicated standard temperatures as compared to the
hohlraum temperatures are attributed to heat conduction through the thermocouples and
a measured temperature gradient through the standard of 2° at about 880° K and 4° at
about 1070° K. The hohlraum used in these experiments possessed a temperature gra-
dient of 8° at about 890° K and 15° at about 1090° K. These small temperature gradients -
were achieved by inserting a ceramic plug into the hole in the hohlraum normally oc-
cupied by the reflectance sample holder.

Figure 9 shows the normal spectral emittance of the standard from about 1.2 to
14. 8 microns at the temperature settings given in table III and also at 300° K. The re-
flectivity attachment on the Perkin-Elmer Model 13 spectrophotometer was used to ob-
tain the room-temperature emittance. The good agreement of the data from about 1
to 2.5 microns and from about 4 to 14.8 microns indicates that a reasonable temperature
match between hohlraum and standard has been established.

12



TABLE III. - STANDARD AND HOHLRAUM TEMPERATURE
SETTINGS NECESSARY TO ACHIEVE NORMAL SPECTRAL

EMISSIVITY OF 0. 97+0.03 AT 8.5 MICRONS

,—Ceramic plug

//—Hohlraum

Thermocouple 1—

Thermocouple 2

#—Thermocouple 3

Specimen (standard) Mirror

\
N\
AN
Thermocouple Average Standard
temperature, | temperature
-~ 1 N 2 3 ox settings,
. o ok
Hohlraum temperature setting, “K
891 894 886 882 874
873
L 872
1088 1095 1080 1074 1058
1060
1061

The room-temperature data shown in figure 9 were found to agree well with room-
temperature measurements on flame-sprayed alumina (ref. 10). This agreement in-
cluded complete verification of the emittance peak shown at about 3 microns (fig. 9).
This peak is generally considered to be caused by absorbed water. Thus, the variations
of €, with temperature at wavelengths of about 2.5 to 4 microns are probably caused by
more absorbed water present in the alumina at 300° K than at 1074° K.

High-Temperature Emissivity of Silicon

The temperature settings given in table ITI as obtained with the alumina standard

13



were used to obtain the normal spectral emissivity of the various silicon samples. How-
ever, good emissivity data may be obtained from the silicon specimens by using the
standard as reference only if the surface temperatures are about equivalent and the heat
conduction loss along the thermocouple wires is about the same for both materials.

The temperature gradient across a silicon specimen with N, = 2. 2><1019 electrons
per cubic centimeter was experimentally found to be 3% at about 880° K and 5° at about
1070° K. Thus, the temperature drop across the silicon and the standard are within
1°K.

The heat loss through the thermocouple wires could not be determined experimentally,
and therefore a rough estimate of this loss was made analytically. Theory (ref. 11)
shows that the thermocouple wires attached to the standard and the silicon may indicate
different (and low) temperatures even though the specimens may, in fact, be at identical
temperatures. The reason for this is that the heat conducted to the thermocouple
wires welded to the stainless steel (standard) can be different from that conducted along
the wires welded to the silicon. However, it was calculated that there was an identical
heat loss along the thermocouple wires attached to either the silicon or the stainless
steel.

From the theory of reference 11, the thermocouples were calculated to read about
20° K lower than the true specimen temperature at temperatures of 900° to 1100° K.
This error is very close to that shown in table II.

The silicon surface is known to oxidize when exposed to air and this oxidation is
more rapid at high temperatures. The oxidation, if sufficiently rapid, could cause large
inaccuracies in the emissivity data. To evaluate the effect of oxidation on emissivity,
measurements were made of the room-temperature emissivity before and after the
emissivity was measured in air at the elevated temperatures. Negligible variations of
the room-temperature emissivity were observed.

The previous discussion has indicated that the experimental error associated with
the high-temperature silicon emissivity is small. This experimental error is considered
to be between +4 and 7 percent.

The hohlraum and standard temperatures were averaged to obtain the average tem-
perature given in table HI. These average temperatures are 882° and 1074° K. All the
silicon properties needed to establish the correspondence between theory and experiment
were evaluated at these two average temperatures and at room temperature (300° K).

Room-Temperature Reflectivity

The room-temperature, specular, near normal reflectivity of all the silicon speci-
mens was measured at wavelengths of 2.5 to 35 microns. For comparison, the total

14



(specular plus diffuse) reflectivity of the silicon from 3.5 to 14. 8 microns was also
measured using the reflectivity-attachment on the Perkin-Elmer Model 13 spectiro-
photometer. The specular and total reflectivity measurements generally were found to
vary from +16 percent at a specular €, = 0. 19 to +5 percent at a specular €, = 0.80.
Therefore, the room-temperature specular reflectivity is believed to be accurate at
least to these percentages.

Howarth and Gilbert (ref. 4) experimentally determined the room temperature spec-
tral reflectivity of highly doped n-tYpe silicon for purposes of determining the free
electron effective mass. A comparison of their data obtained at wavelengths of 3.5
to 14. 8 microns with the data obtained herein indicated good agreement.
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APPENDIX B
HALL EFFECT AND RESISTIVITY MEASUREMENTS

Room -temperature Hall measurements and resistivity measurements at both room
and elevated temperatures were obtained on conventional four-ear bridge-shaped speci-
mens with an automated Hall effect and resistivity facility. Since the sample suspension
system for this appératus was designed primarily for use between 4. 2° and 400° K, a
special high-temperature resistivity sample mount was fabricated for use up to approx-
imately 1200° K (fig. 10).

The samples were cut from silicon wafers using air abrasive techniques and gener-
ally measured approximately 1. 3><10'2 meter in length by 1. 5x10~° meter in width. The
sample thickness varied between the limits of 5. 4><10'4 and 1. 04><10'3 meter. Ohmic
contacts were obtained through use of various solders and spark-welding techniques. The
ohmic contacts were verified and frequently monitored during measurements with curve
tracing equipment that displays diode characteristics.

‘ In determining the Hall coefficient RH and resistivity p, techniques were used
which eliminated errors arising from the various thermoelectric and thermomagnetic
effects that influence the apparent Hall or resistivity voltages. A detailed discussion of

these problems and procedures to eliminate them have been published by Harman

(ref. 12).
The Hall coefficient R’H was calculated from the expression

10
~ (VH> X tx 10

RH—

H
where
Ry Hall coefficient, cm>/coulomb

( VH> algebraic average of four Hall voltages measured under both forward and re-
verse polarity conditions of both sample current and magnetic field, V

I sample current, A
H magnetic field strength, Wb/m2
t sample thickness m

The carrier concentration N is then calculated from the expression

N=’_1_
RHe
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where

e electronic charge = 1. 6021><1019 coulomb

N carrier concentration, cm'3

The electric resistivity p was calculated from the expression

'
p=—L 2x10?
I

1/
where
p resistivity, (ohm)(cm)
VR voltage measured between resistivity probes, V

a  product of sample width and thickness, m2

l spacing between resistivity probes, m

Room-Temperature Hall and Resistivity Measurements

The following techniques were used to obtain ohmic contacts. Indium was soldered
to the n-type arsenic-doped sample with N equal 2. 2><1019 electrons per cubic
centimeter. Pressure probes were then spark welded to the indium. For the samples
with N values equal to 8. 5><1019 electrons per cubic centimeter and 3. '7><1019 electrons
per cubic centimeter, 50-percent-lead and 50-percent-tin solder was used as the contact
material to the silicon. The pressure probes were then spark welded to the solder. For
the two boron-doped p-type silicon samples, ohmic contacts were formed by spark
welding aluminum foil discs to the silicon and by making pressure probe contacts with
the aluminum.

Sample temperatures were measured by attaching copper-constantan thermocouples

to the specimens with varnish.

Resistivity Measurements at Elevated Temperatures
The sample mount used for the resistivity work at elevated temperatures is shown
in figure 10. The mount construction consisted of a boron nitride mounting base, a

stainless-steel suspension tube, a stainless-steel mounting hardware, ceramic insula-
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tors, and 92-percent-platinum - 8-percent-tungsten probes and lead wires with a diam-
eter of 0.013 centimeter. Also shown in figure 10 is a bridge-shaped sample of silicon
mounted for measurement, with its six electric leads attached. The Chromel-Alumel
thermocouple used for all the elevated temperature determinations is shown spark welded
to the sample and held in place with a pressure arm. The sample holder was heated in a
quartz tube which extended through a 1-inch-tube furnace. An argon atmosphere was
maintained in the tube during heating with a flow rate of approximately 0.5 cubic centi-
meter per minute.

Ohmic contacts were obtained on the arsenic-doped n-type samples by spark-welding
the platinum-tungsten wire directly to the silicon. For the boron-doped p-type material,
aluminum foil discs were sandwiched between the probe wires and the silicon. The
aluminum foil, probe wires, and silicon were then spark welded to form the contact.

The room temperature resistivity was remeasured following some of the elevated
temperature runs and was found to agree with the initial values.
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Figure 10. - High-temperature resistivity sample mount.
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