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FOREWORD

This technical report covers research activities carried
out between January and June 1975 under contract DAAK(02-74-C-0102.
Mr. Terry Jones (AMSEL-NV-II) is the responsible Army Night
Vision Laboratory Contract Monitor. This work was performed in
the Department of Electrical Engineering of the University of
Florida, Gainesville, Florida. The principal investigator for
this research project is Dr. Sheng S. Li. Major contiributors
include S. S. Li, J. R. Anderson, D. W. Schoenfeld and R. A. Owen.
The author is grateful to Dr. J. K. Kennedy of the Air Force

Cambridge Research Laboratory, who so generously prepared for us

the InAsl_xPx epitaxial samples used in this res:2arch project.




ABSTRACT

The research program sponsored by this contract during
the fifth and sixth quarters has produced technical findings
in several areas: (1) Electron microprobe analysis on
fourteen Inas,_, P, epitaxial samples (of thicknesses ranging
from 14.6 um to 2.35 w.m) has yielded information in areas such
as atomic compositions, the epitaxial layer homogeneity and
the epilayer thickness. (2) Resistivity, Hall effect and
magnetoresistance measurements on seven InAle.63P0.37 epi-
taxial samples {(172-178) have yielded information about
both electron mobility and electron concentration as
functions of the temperature and the Hz flow rate. Conclusions
concerning the conduction processes and the scattering mech-
anisms in InAsP alloy systems are given. (3) The optical
absorption coefficient as a function of wavelength, deduced
from transmission measurements, is given for seven InAsP
epitaxial samples (172-178). (4) The surface photovoltage (SPV)
method for determining the minority carrier diffusion length,
in both bulk and epitaxial semiconductor specimens, is

described.
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I. INTRODUCTION

This third semi-annual technical report covers research
activities from January to June 1975.

The general research goals for this project were to
conduct theoretical and experimental studies of the basic
electronic transport, recombination, optical and structural
properties in both bulk and epitaxial InAsl_xPx alloy systems,
for the 1~2 um infrared (IR) photocathode and for other IR
devices and system applications.

Specific physical parameters to be determined from this
research program include: (1) electron mobility and concen-

tration as functions of the alloy composition, the H., carrier

2
gas flow rate, and the temperature, (2) optical absorption
coefficient as a function of the alloy composition and the
wavelength, (3) energy band gap versus the alloy composition,
(4) density and activation energy of the impurities and defects,
(5) the minority carrier diffusion length and lifetime, (6)

the interrelations between the aforementioned parameters and
the epitaxial growth parameters (such as the Hz flow

rate), and (7) the conduction processes, and recombination

and scattering mechanisms.

Experimental tools emploved include: (1) electron micro-
probe analysis, (2) resistivity and Hall effect measurements,
(3) low temperature ac conductivity measurements, (4) magneto-
resistance measurements, (5) optical transmission and reflec-

tance measurement, (6) surface photovoltage measurement, and

(7) photoconductivity and photomagnetoelectric effect measure-

ments.
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Major achievements derived during this reporting period
include:

(A) Preparation of Seven InAsP Epitaxial Samples:

During this reporting period, seven additional samples
of InAsO 6lP0 3g epitaxial films were prepared at the Air

Force Cambridgc Research Laboratory. Four of these samples,

InAsP-196, 197, 181 and 186, were deposited on semi-insulating
Cr-doped GaAs substrate. The remaining three samples, InAsP-
198, 199 and 200, were deposited on p-type InAs substrates,

17

: . . : =3
which have 2 ~arrier concentration of approximately 1 x 10 'cm ~.

All flow parameters, except the H2 flow rate, were identical
to the previous samples(l). The deposition time for these
samples, however, was four hours. The H2 flow rates used for
each sample and the estimated thicknesses are listed in

Taldier ol e

(B) Electron Microprobe Studies:

Electron microprobe analysis was performed on fourteen
InAsl_xPx epitaxial samples (164-178). The alloy compositions
{i.e., the atomic percentage of indium, arsenic and phosphorus),
the epitaxial layer thicknesses, and the homogeneities of the
epilayers were determined and analyzed for these samples.
The results of this analysis are listed in Table 2.1. The
average epilayer thickness for samples 164-171 is 14 um, |

compared with 3.6 um for samples 172-178. ’

(C) Resistivity and Hall Coefficient Data: i

Resistivity and Hall effect measurements were conducted
for InAsO 63P0 37 epitaxial samples 172 through 178, as functions

of the temperature (between 4.2°K and 300°K) and the H, flow rate.

e
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The electron mobility and concentration were deduced

from these measurements. It was found that the electron
mobility for this set of samples (with epilayer thicknesses
varying from 4.5 um to 2.35 .m) is considerably lower than
that of samples 164-171 reported previously(l). This is
particularly evident for samples 177 and 178 (2 ym £ilm),
where the room temperature mobility is found to be less than
3000 cmZ/V-s. The reduction in electron mobility with
decreasing film thickness is believed to be due to lattice
mismatching and the nonstochiometric crystal structure existing
in these two samples. Concluding remarks concerning the con-

duction processes in the InAsP alloy systems are given in

this report.

(D) Magnetoresistance Data

The magnetoresistance, as a function of the magnetic flux
density for sample 172 through 178, was measured at T = 77°K
and 4.2°K. The results show that the magnetoresistance
(Ap/po) is directly proportional to the square of the magnetic
flux density (BZ), for weak magnetic fields at 77°K.

However, negative magnetoresistance was observed for T = 4.2°K
and was attributed to the impurity conduction process taking
place at this low temperature. The magnetoresistance coeffi-
cient deduced at 77°K further indicates that ionized impurity
scattering prevails for these samples in this temperature range.

(E) Optical Transmission and Surface Photovoltage Measurements

Optical transmission and surface photovoltage measurements
were performed for InAsP epitaxial samples 172 through 178.

Optical absorption coefficient as a function of wavelength was

==
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deduced from transmission data for samples 172 through 178
near the fundamental absorption edge. The energy band gap

determined for this set of samples varied from 0.582 eV to
1

0.596 eV with o = 10%em *.
The surface photovoltage (SPV) method was used to
determine the minority carrier diffusion length in InAsP

samples. SPV theory and its experimental setup are described.




TABLE 1.1

InAsO.61P0.39 epltaxial samples
to be used for transport and

optical properties study.

Sample # H, Flow Rate Estimated Substrate
(cc/min) Thickness (um)
196 8079 94 semi-insulating
197 2430 87 GaAs substrate
181 1780 78
186 1530 77
198 24390 110 p-type
199 1280 73 InAs substrate
2090 730 52
-5_




BT ELECTRON MICROPROBE ANALYSIS (EMA)

During this contract reporting period, our electron
microprobe studies have been directed towards the investiga-
tion of the allcy composition, epitaxial layer t'ickness,
and homogeneity of the fourteen InASl—xPx epitaxial

samples (164-171 and 172-178). As described in our previous
technical report(l), these epitaxial films were grown on
semi-insulating, Cr-doped GaAs substrates. The AsH3/PH3 ratio
used was identical to that used in growing InASO.69PO.31 epi-
taxial samgples 153-159(2).

All growth parameters, 2Xxcept tne hydrogen carrier gas
low-rate, were held constant. The deposition time for samples
164, and 166 tc 171 was 20 minutes, and the H2 flow rate
varied frcm 1780 cc/min. to 515 cec/min, For samples 172

to 178, the deposition times was 6 minutes. The resulting

3

epltaxial laver thick

-

€SS and atomic composition are summarized

i Taple 2.1

The epilayer thicknesses vary from 14.6 um for sample 164,
to 2.3 um for 178. The average alloy composition for sampiles
S b - - 1 S
164-171 :is I“ASC.55P0.45 (i.e., 55% InAs ané 45% InP). For

samples 172-178, the result yields InASO.63PO.37 (i.e., 63%

InAs and 37% InP

H

s

It is worth noting that the electron microprobe technigque
appears to be unsuitable for determining the film thickness
and for analyzing the homogeneity of the film for epitaxial
layer thickness less than 4 n.m. This is because

the secondary fluorescence effect and the x-ray

-6-




beam size at the boundary layer of the epifilm and the sub-
strate become very critical for the thin epitaxial samples,
such as samples 177 and 178. As a result, the present
electron microprobe analysis leaves some uncertainty over

the data orn (tomic composition and epilayer thickness.

2.1 Sample Preparation

(1)

As described in our previous techiical report , samples
useG for EMA were first plated with nickel films to
protect the epitaxial layer edges from rounding during
polishing. Next the samples were embedded in copper-filled
DIALLYL PHTEALATE. The ¢amples were then polished and ready
for EMA.

Sample polisning was performed by using the IMACO multipol
precision polishing machine. The only change in the previously

(1)

outlined polishing procedures was that a politex supreme
poromeric polishing cloth and a water-based abrasive slurry
were used in place of the Buenler microcloth and glycerine
mixed slurry. The ability to repeatedly obtain a flat polish-
ing surfe-2 was substantially increased over previous
efforts.

Details of EMA were described in our previous report(l-Z).
For the present report, the EMA procedures are described
briefly as follows. Line graphs of the characteristic x-ray

intensities for Indium L arsenic Ka’ and phosphorus Ka’

]
using an accelerating voltage of 15 KV, were obtained by
scanning the cross section of each of the fourteen samples

and then recorded by using a strip chart recorder.

=-7-
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The mean atomic composition was calculated by using the
MAGIC IV computer prcgram for guantitative microprobe analysis.
The results were tabulatzd in Table 2.1 for fourteen InAsP
epitaxial samples.

2.2 Results for Samples 164-178

The atomic percentages of In, As and P for the first set
of InAsl—xPx epitaxial samples 164-171 (as deduced from EMA
described in Section 2.1) are shown, respectively, in Fig. 2.1 a
through Fig. 2.1 g. The relative x-ray intensities from each
element (i.e., In, As and P) are plotted as a function of
distance from the substrate across the epitaxial layer and
the nickel plating layer. These results are similar to those
we had observed previously(l) fcr samples 153-159 (except the
thickness of the epilayer was changed). The average alloy
composition for this set of samples was determined from the
graphs, and the result was found to be InAso.55P0.45. For
film thicknesses in excess of 10 um (e.g., samples 164 through
170), it was found that the EMA proved to be an effective tool
in determining the thickness, alloy composition and homogeneity
of the epitaxial layer of each of these InAsP samples.

However, for epilayer thicknesses less than 5 uym, the EMA results
are somewhat uncertain and inconclusive. This is the case for
our epitaxial samples 171 through 178, in which all the epi-
layer thicknesses are less than 5 um.

The EMA results for the atomic compositions of seven
InAsl_xPx epitaxial samples, 172 through 178, are displayed in
Fig. 2.2 a through Fig. 2.2 g. From these figures, it is noted

that the boundary between the substrate and the epilayer is not



well defined; the transition in x-ray intensity for each
constituent element (i.e., In, As and P) is gradval as ikt

crosses the interfacial layer. This occurs because

the electron beam size (i.e., order of micron) and the effects
of the secondary fluorescencer near the transition region cf
the substrate and the epilayer, are significant for these thin
samples. As a result. no corclusion can be deduced from the
EMA for chis set of sampiles.

Arn estimation of the average alloy composition for
samples 172 through 178 was made from the EMA data, and the
result yielded an average value of InAso.63P0.37. This is in
good agreement with the alloy composition prescribed for this
set of samples, and with our previous samples, 153 through 159 1),

It is worth noting that the two thinnest samples, 177 and
178 of this set, showed an anomalcusly low indium content
(~31%), implying highly norstochiometric crystal structure.

As a result, very low electron mobility and high electron
concentravion are observed for these two samples. These
findings will be discussed in Chapter III.

The atomic composition of the samples (i.e., the propor-
tions of In, As and P) varies with the H2 carrier gas flow

rate and the homogeneity of these epitaxial films. The
variation is illustrated in I'ig. 2.4 through Fig. 2.6. The
epitaxial layer thickness versus the Hz flow-rate for samples
172 through 178 is shown in Fig. 2.3. The epitaxial film
thicknesses were found to vary from 4.35 um to about 2.3 um;
as the H. flow rate changed from 1780 cc/min to 515 cc/min.

2
The two thinnest samples (177-178, show poor structural and

0=




electrical characteristics. These will be discussed in

Chapter III.

Fig. 2.4 through Fig. 2.6 show the alloy composition
and atomic percentages versus the Hz flow rate for samples
164-171 and 172-178. The results indicate that in the
thicker films (i.e., samples 164-171), the atomic composition
shows a higher degree of urniformity from sample to sample and
less variation with Hz flow rate than in the thinner samples
(1.e., 172-178). The results further show that at low flow
rates there are lower indium atomic percentages in the thin
samples (i.e., 177-178) than in the thick samples. This implies
that nonstochiometric structure i% a principal problem for these
thin samples. This, in turn, affects the electron mobility
and carrier concentration in these specimens, a topic to be
discussed later in this report.
2.3 Zummary

Electron Microprobe Analysis (EMA) has been made for two
sets of InAsP epitaxial samples: samples 164 through 171,
and samples 172 through 178. The average epilayer thickness
was 14 um for samples 164 through 171, and 3.6 um for samples
172 through 178. The average alloy composition was 55% InAs
and 45% InP (i.e., InAsO.55P0.45) for samples 164 through
171, ancé 63% InAs and 37% InP (i.e., InASO.63PO.37) for
samples 172 through 178. Relative homogeneity across the
epilayer was observed for samples 164 through 170. However,
the EMA could not conclusively determine the epilayer homo-
geneity or thickness of samples 171-178 because of insufficient

beam resolution and secondary fluorescence effects. The anomalous

-10-




LMA results (low indium contents) for samples 177 and 178

indicate that the epilayers in ti.ese two samples are of low

vwality, 2 is reflected by their low electron mobility and

electr-on concentration. These characteristics will be




R

TABLE 2.1 Atomic composition and epitaxial
layer thickness for 14 InAs]-xPy
epitaxial samples, as determined
from Electron Microprobe Analysis.

| “oumpe o, | 72 fiow Tate [Aomic percencage Wihniowix] JOUAMS

i 164 1780 51.41 | 25.67 | 22.92| 0.472 14.64

E 166 1280 52.06 | 28.42 | 19.52| 0.407 14.56
167 730 49.97 | 28.67 | 21.37| 0.427 13.33

~ 168 1530 49.85 | 27.98 | 22.17| 0.442

E 169 910 49.93 | 27.37 | 22.70] 0.453 13.01

| 170 570 53.96 | 23.99 | 22.05| 0.489 14.61
171 515 51.50 | 25.14 | 23.37| 0.482 6.88
172 1780 50.38 | 30.65 | 18.97| 0.618 4.25
173 1530 42.47 | 34.95 | 22.58| 0.599 4.15
174 1280 44.51 | 37.01 | 18.48| 0.667 4.10
175 910 52.22 | 29.98 | 17.79| 0.628 3.65
176 730 41.34 | 37.02 | 21.63] 0.651 2.82
177 570 31.47 | 40.81 | 27.27]| 0.596 2.63
178 515 30.62 | 44.22 | 25.17| 0.637 2.35

L.

*
Determined by optical microscope method.

-12-
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Fig. 2.3 The epitaxial laycer thickness versus the
Hz flow rate for samples 172 througn 178.
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Figure 2.% The atomic composition (%) of In, As and P versus the

nydrogen carrier gas glow rate for seven InAs]_xPx
epitaxial sampies (164-171).
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Fig. 2.8 The atomic composition of In, As and P versus the hydrogen
carrier gas flow rate for seven InAs]_xPx samples (172-178).
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11I. TRANSPORT PROPERTIES OF InAso 63P0 37 EPITAXIAL SAMPLES

In this chapter, experimental results on the transport
properties of seven InAsO.63P0.37 epitaxial samples (samples
172-178) are presented. The experimental tools employed
include resistivity, the Hall effect, and magnetoresistance
measurements. Transport coefficients, such as resistivity,

BEall coefficient, electron concentration and mobility, and
transverse magnetoresistance coefficient as functions cf
temperature (4.2°K < T < 300°K), are deduced from these measure-
ments.

3.1 Resistivity and Hall Coefficient Data

Resistivity and Hall effect measurements have been per-
formed for epitaxially grown InAso.63P0.37 samples 172, 174
and 176, at temperatures vetween 4.2°K and 300°K, and for
samples 175, 173, 177 and 178 at temperatures between 77°K and
300°K. The thickness of these epitaxial samples as a function
of the H., flow rate was shown in Fia. 2.3. Note that the

2
growth conditions for this set of samples were identical to

those of samples 164-171 reported previously(l), with the
exception of the deposition time (which was reduced to six
minutes for this set of samples). As a result, the film thick-

nesses varied from 2,35 um to 4.3 um, as the H, flow-rate

2
changed from 515 cc/min. to 1780 cc/min. The film quality for
this set of samples can be classified from good to poor. As
will be discussed later, sample 175 showed highest electron

mobility, and samples 177 and 178 (2 ym £ilms) showed very

low electron mobility and hignly nonstochiometric structures.
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Fig. 3.1 shows the resistivity versus inverse absolute
temperature for samples 172 (H2 flow rate 1780 cc/min.), 174
(1280 cc/min.), and 176 (730 cc/min.), for temperatures between
4.2°K and 300°K. The results show that the resistivity increases
with a decreasing H2 flow rate. The resistivity increases exXpo-
] nentially with inverse temperature for 20°K < T < 300°K, and then
increases linearly with decreasing temperature for T < 20°K.
These results are consistent with the previously observed and
reported results for samples 164-171(1). From Fig. 3.1, it is
noted that for temperatures between 20°K and 300°K, the con-

3 ductivity versus temperature curves can be represented by
Bg. (3.1):

3
: 6 (T) = Cy exp(-E,;/kT) , for 20°K < T < 300°K
(3.1)

where El is the conductivity activation energy and.Cl is a
constant, independent of temperature. Values of El were cal-

culated for three samples from Fig. 3.1. The results are listed

in Table 3.1.

For temperatures below 20°K, the impurity hopping conduction

dominates. The resistivity was found to increase linearly with

decreasing temperature, as 1s shown in Fig. 3.2, 3.3 and 3.4

for samples 172, 174 and 176 respectively. This is also consis-
tent with our previous observation for samples 164 through 171(1).
Fig. 3.5 shows the resistivity versus inverse absolute temperature
plot for samples 173, 175, 177 and 178, for temperatures

~.tween 77°K and 300°K. With the exception of sample 173, the
registivity for T > 100°K was found to increase with an increasing
H2 flow-rate, wnile for sample 173, a minimum value of resistivity
was observed at 130°K.



To illustrate the .ependence of the resistivity on the

hydrogen carrier gas flow rate, Fig. 3.6 shows a plot of
resistivity versus the H2 flow rate for samples 172 through
178, at T = 300°K and T = 77°K. The results indicate
that a maximum resistivity occurs as the H2 flow rate varies
from 515 cc/min to 1780 cc/min. The peak value appears to
shift towards the lower H2 flow rate end as the temperatuie
is decreased.

The Hall coefficient versus the inverse absolute tempera-
ture for samples 172, 174 and 176 is displayed in Fig. 3.7.
The results show that the Hall coefficient inc ~ases exponentially
with decreasing temperatures for T < 300°K, and passes a peak
value between 50°X and 100°K; it then decreases exponencially with
decreasing temperature and finally reaches a constant plateau for
T < 10°K. This result is consistent with results we had previously
observed for samples 153-159 and 164-171172) . Note that the
peak Hall coefficient for these three curves shifts toward the
lower temperature end as the H2 flow rate is increased. The
temperature dependence of the Hall coefficient for samples 173,
175, 177 and 178 shown in Fig. 3.8 is similar to that of
samples 172, 174 and 176, shown in Fig. 3.7. The peak value
of the Hall coefficient for these samples also shifts toward
the lower temperature erd as the H2 flow rate is increased.
This similar phenomena has also been observed in compensated
gervanium samples(3).

The dependence of the Hall coefficient on the magnetic
field is shown in Fig. 3.9 for samples 172 through 178, for

T = 77°K. The results show that the Hall coefficient for these
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samples depends very weakly on the magnetic field; sample
175, however, does show a stronger dependence on the magnetic
field.

1.2 Electron Mobility

The Hall mobility was calculated from the resistivity
and the Hall coefficient date displayed in Fig. 3.1, 3oy

3.7 and 3.8, using the relation

'pH = GRH . (3.2)

Fig. 3.10 shows the Hall (electron) mobility versus the inverse
absolute temperature plot for samples 172, 174 and 176, for
temperatures between 4.2°K ané 300°K. The maximum electron
mobility was 3850 cm?/V-s for sample 176, 4900 em?/v-s for
sample 174, and 6600 sz/v_s for sample 172. The electron
mobility increased with increasing flow rate for these three
samples (see Fig. 3.12). The Hall mobility versus the reciprocal
temperature for samples 175, 173, 177 and 178 is shown in Fig.
3.11. The results show that samples 175 and 173 had a rela-
tively high electron mobility, while samples 177 and 178 had
a rather low electron mobility compared to the other
samples measured (samples 172-176). This result could be
attributed to the fact that these two samples have the thinnest
epitaxial layer (~2 .m) among this set, and that the nonstochio-
metric structures, lattice rmismatching and other imperfections
at the interfacial layer could have a drastic effect on the
electron mobility.

The results show that room temperature electron mobility

varies from about 2800 cmz/V-s for samples 178 and 177, to

_27_




5000 cmz/v-s for sample 173. A plot of the electron mobility
as a function of the H2 carrier gas flow rate for T = 4.2°K,
77°K and 300°K is illustrated in Fig. 3.12, which shows that

the electron mobility increases with an increasing H, flow

2
rate. However, it was alsc found that the electron mobility
for this set of samples is generally lower than for samples
164-171 reported previously(l), implying that the film gquality
for this set of samples may not be as good as for samples 164-
171. The main reason for this reduction in electron mobility
may be the fact that the film thicknesses for this set of
samples are all less than 5 um, and that the effects of the
lattice mismatching and nonstochiometric structure, and imper-
fections at the interface between substrate and the epilayer

all play an important role in limiting electron mobility.

7.3 Electron Concentration

The electron concentration can be calculated from the Hall

coefficient data using the relationship
B s (3.3)

where y is the scattering factor varying between 1 and 2,
depending upon the types of scattering processes involved.
From the results of the Hall coefficient versus magnetic
field curves, shown in Fig. 3.9, we assumed that y = 1 and
calculated tne electron concentration, n, from Egqg. (3.2), for
samples 172 through .75. The results are shown in Fig. 3.13
and 3.14. The electron concentration at 77°K was foand to

4% =3 . 16 =3
vary from 7 x 10 cm for sample 175 to 4.3 x 10 cm for
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sample 178, while the room temperature electron concentration
varied from 2.4 x 10Y% cm™3 for sample 175 to 6 X 1016 cn?
for sample 178.
To illustrate the effect of the hydrogen carrier gas

low rate on the electron concentration of samples 172 through
178, Fig. 3.15 displays such a plot for T = 4,2°K, 77°K and
300°K. The results for T = 4.2°K indicated that the electron
concentration cdecreases with an increasing H2 flow rate.
However, the results for T == 77°K and 300°K are rather scattered
and inconclusive. It appears that there is an optimum H2 flow
rate, which would yield a winimum electron concentration 1n

these samples.

3.4 Magnetoresistance Data

Transverce magnetoresistance measurements have been made
for samples 173 through 178 at T = 77°K, and for samples 172,
174 and 176 at T = 4.2°K. The results are plotted in Fig. 3.16
and Fig. 3.17, respectively. Fig. 3.16 shows the Ap/oO versus
Ez for samples 173 through 178, for T = 77°K. The results
show that the magnetoresistance data are positive and Ao/pO 1S
proportiorail to Bz. This result led us to the conclusion that
the conduction band structure for these InAsP samples is para-

bolic. The magnetoresistance at low magnetic field (i.e.,

uB €< 1) can be written as

i
ol
T
o)
tw
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where

3
A L
R = 1]
<T2>2
is defined as the mag.aetoresistance coefficient. ¢ = 0.57 for

ionized impurity scattering, and r = 0.275 for acoustical
phonon scattering.

To compare the experimental results shown in Fig. 3.16

with the value predicted by Eg. (3.4), we substitute the Hall

mobility data for samples 175 and 173 into E~ (3.4), and

compute the magnetoresistance coefficient 7. The results are

r = 0.514 for sample 175, and 0.444 for sample 173. These

values compare favorably with the theoretical value of
¢ = 0.57 for ionized impurity scattering. The result indicates

that ionized impurity scattering is indeed dominant at T=77°K

for these two samples. The magnetoresistance data at T = 4.2°K

for samples 172, 174 and 176 are all negative. (See Fig. 3.17.)

This s attributed to the impurity band conduction described in

. { N
our previous report\l’.

3.5 Concluding Remarks on the Conduction Processes in InAsP

Epitaxial Samples

Our studies on the conduction processes in InAsP alloy

systems have led us to the conclusion that the electrical con-

ductivity in these specimens can, in general, be expressed by

g(T) = € exp(-El/kT) + CZ(T) s {3.5)

1

Eq is the familiar donor ionization energy and is generally

observed in the higher tempercture range for InAsP samples studied.
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RS

R

It is seen to increase with decreasing donor concentration
as illustrated by samples 172, 174, and 176. The activation
energy El generally increases monotonically with compensation,

: : ; 3
as has been reported in a germanium spec1men( ).

Cl is the
extrapolated value of ¢ (T) for 1/T » 0.

The second term, C2(T), of equation 3.5 represents the
low temperature conductivity which showed a slight linear
increase with increasing temperature. In this temperature
region, conduction in samples of low impurity concentration
is normally attributed to hopping of electrons from occupied

to unoccupied localized impurity states(4). An activation

energy EB is associated with this hopping transition(5-7).
However, at higher concentrations the impurity states overlap
and lose their localized nature forming an impurity band.
Davis and Compton(B) nave shown that E3 disappears in germanium
samples upon formation of this band. This seems to be indicative
of the results shown for the three samples 172, 174 and 176.
The small temperature dependence might be attributed ito a
slight localization of the donor states or to small compensa-
tion effects. It appears that hopping type conduction is not
a dominant process in these specimens. Our ac conductivity
measurements® support this argument.

As for the temperaturc dependence of the Hall coefficient
(for samples with intermediate doping range), the Hall co-

efficient passes through a single maximum value near the

Our measurements on freqguency dependence of ac conductivity in
InAsP epitaxial samples so far show very little change in ac
conductivity with frequency. This indicates that the
polarization effect due to hopping conduction is very small

in these samples.

s3e

/.;an

o eabal R i ek

|



| i

temperature at which the conduction via the impurity levels
equals that in the conduction band. This is clearly observed 3
in most of ocur InAsP specimens(l-z).

In summary, the impurity conduction in InAsP samples is
observed at temperatures sufficiently low enough that most
electro~s are frozen out of the conduction band. The resistivity=
temperature curves exhioit activation energies which are functions
both of the donor ccncentration and of the compensation. The
Hall coefficient passes thrcugh a maxima as the temperature

decreases.

The magnetoresistance coefficients are positive for

T > 20°K, and show a linear dependence on the square of the
magne-ic flux density. However, for T < 20°K, the negative
magnetoresistance results, implying the beginning of the

dominant impurity conduction process taking place in these

specimens.

«32- .
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TABLE 3.1 Conductivity Activation Energy,

El’ for three InASO.63P0.37
epitaxial samples observed for
20°K < T < 300°K.

Sanple
i -
L No. 172 174
|
HZ—FlOW
Rate 1780 1280

(ce/min.)

(mev) L. %1 3.1
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Tl 176 (730 cc/MIN)
k2

174 (1280 cc/miN)

o (OHM/CM)

172 (1780 cc/mIN)

03

.02
.05 .10 ' 49

O

kD

Fig. 3.1 The electrical resistivity versus the reciprocal

0.6370.37
172, 174 and 176, for 4.2°K < T < 300°K.

temperature for InAs
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Figure 3.2 Resistivity versus absolute temperature for sample
172 for T < 20°K.
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Figure 3.4 Resistivity versus absoiute temperature for sample R’

176 for T < 20°K.

-37~-




T(°K)

M
=) (am) (am) -
() (@] (=) ~~
N N —t ~

.10

09 (570 cc/MIN)

178
(515 cc/MIN)

.00 =

o (OHM-CM)

173

(1530 cc/min)

0 .005 010 .015

Lech
i

Fig. 3.5 The electrical resistivity versus “he reciprocal
temperature for InAs) ,3P0 37 epitaxial samples
« 0O .

173, 175, 177 and 178, for 77°K < T < 300°K.
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Fig. 3.9  The Hall coefficient as a function of the magnetic flux
density for samples 172-178 at T = 77°K.
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Fig. 3.11 The electron mobilitv versus the reciprocal
emperature for samp.es 173, 175, 177 and
178, for 77°K < T < 300°K.
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Figr Sul2 Tre electron mobiiity as a function of th: H, flow
) rate for samples 172-178, at T = 4.2°K, 77 °K and
300°K. Tre electron mobility appears to increase
with Hz flow rate for this set of samples.
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Fig. 3.13 The electron concen:ration as a function of the

reciprocal temperature fcr samples 172, 174 and
176, for temperatures between 4.2°K and 300°K.
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Fig. 3.15 Tne electron concentration as a function
of the Hp carrier gas flow rate at T = 300°K,
77°K and 4.2°K for samples 172-178.
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4 Iv. OPTICAL TRANSMISSION AND SURFACE PHOTOVOLTAGE (SPV)
MEASUREMENTS
In this chapter, results of the optical transmission and

surface photovcocltage measurements are presented. The optical

absorption coefficients for epitaxial specimens 172-178 are
calculated from the transmission data near the fundamental

absorption edge. A review of SPV method theory for

Oliesadal st g Ly Sl o

5 determining the minority carrier diffusion length is given.

Experimental set-up for the SPV measurement is described.

Preliminary results on the minority carrier diffusion length

(holes in n-type specimen), as deduced from the SPV measurements,

2 e ok Saal S ety

are discussed.

| 4.1 Optical Transmission Measurements and Absorption Coefficient

{ Data for Samples 172-173

% ] The experimental setup for optical transmission measurements

(1-2)

- i has been describec ia detail i1n our previous report and will

not be repeated here. As pointed out in our previous report, the

study of optical absorption coefficients in InaAs epitaxial

l—xPx

samples near the rundamental absorption edge, using optical

transmission measurements, was severely limited. Inhibiting
factors included the insufficient number of samples available,

and qualitative factors such as lattice mismatching and interfacial

layer cffect between the GaAs substrate and the InAsP epi-
taxlal layer. Eliminating all of these variable factors is
impossible, unless destructive test procedures are employed.
However, relative, rather thar absolute results, will provide
sufficient information to reach sound conclusions from this

measurement.
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Transmission measurements for epitaxial samples 172-178

were performed near the fundamental absorption edge of these

samples. Absorption coefficients as a function of the wave-

. - , — . 3
length were deduced from the transmission Gata. The results i

bt
rh

Or samples 172-178. The resulting
p deduced from the absorption edge of Pisg « ndnily, ;

» Was rfound to vary from ¢.582 oV to 0.596 eV.

This result is consistent with the results of ernergy gap versus

alloy composition

(2)

report .

displayed in Fig. 4.6 of our previous

4.2 Review of the SPV Method for Determining the Minority

Carrier Diffusion Length

The most commionly used method for determining the minority

carrier diffusion length, L, in a semiconductor employs a measure-

ment of the mincrity carrier lifetime, 7, (e.g., by photcconduc-

. . i . . . . : 3
tivity cecay metnod) and the relationship L = (D7) ?

, where D

1s the minority carrier diffusion constant. This method may
be difficult to appiy if: (1) the minority carrier lifetime

is too short to measurc conveniently, (2) trapping effects

Give misleading resulcs for lifetime determining by photo-

conductive decay or similar tecaniques, or (3) D is not known.

. 3 , N 5) - .
The surface prLotovoltage technlque( / proviaes a unique

method for determining the snort minority carrier diffusion

length (coth in the bulk and the epitaxial semiconductor

specimens) Irom measuremernt of the variation of surface photo-

voltage as a function of the optical absorption coefficient.

Furthermore, the 8PV metnod offers the following advantages:
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(1) 1t does not depend upon the specific form of the rela-

tionship between

the surface photovoltage and the density of

the excess minority carriers (injected at the bulk ¢ ige of

the surface space charge region), and (2) only capacitive contacts 3

3

: . 5 N .
to the sample are needed for the measurement. 4

0=
The SPV method has peen widely used(J 7 to determine

the minority carrier diffusion length in: (a) both the n- and

TET, B T ATy

p-type bulk semiconductor specimens, and (b) epitaxial layer on a

R e L L T e 4 T e e fn T L S Fa A 2oi
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thick substrate: (i) for layers with thickness greater than

; four diffusion lengths, the measurement yields ‘the bulk value

of L; (ii) for lavers thinner than 0.5 L, the measured value

Lot gt 23

W Py g

15 that of the substrate; (iii) for intermediate thicknesses,

| the bulk value of L can be estimated(7). The SPV method, as

‘ it applies to the bulk and epita

ket e

xial semiconductor specimens,

will be discussed

separately as follows:

(A) Bulk Semiconductor Specimen

[

a

4 The surface photovoltage VSP developed the illuminated

surface is a function of tie excess minority carrier density,
1

Ap, injected into the surface space charge region. The excess
J

carricer density, Ap, is in turn dependent upon the incident

: light intensity, IO, the optical absorption coefficient, a, and

the diffusicn length, L

- The diffusion length may then be

1 determined by measuring the variation of Vop with a (i.e.,

- : :
i wavelength, X). An accurate knowledge of o as a function of :

A is required for SPV Teasurement. It can be shown that the

: surface photovoltage may be wiitten as(S)
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Vep = £(4p)

where the form of the functional dependence need not be

xnown explicitly. If n (quantum efficiency) and R (reflectance
coefficient) are constant over the measured wavelength interval,
Egq. (4.1) may be rewritten as

A
O

where A 1s a constant.

Although the specific form of this relationship may not

be known, it is a monotonic function and may therefore be

inverted to give

oX
o)

sp! T TTFarT G4 3.
0]

2 (Ve

The same value of VSP may be obtained for two different values

of I, (i.e., Iol and Ioz), provided that the corresponding
values of A and hence o are properly chosen. It follows in

this case from Eg. (4.3) that

*02%2

(4.4)

I
02
The minority carrier diffusion length, L, can be deter-
mined from Eq. (4.4), by measuring the light intensity, Io’

at two different wavelengths (i.e., Gy and a,). This would

produce the same surface photovoltage, VSP'

* . 3 ~ . . Q q
where s 1s the surface recombination velocity and D is the
diffusion coefficient.
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(B) Epitaxial Semiconductor Specimen (N/NT or p/PY Structures)

For an epitaxial layer on thick substrate, the incident

light intensity, IO, required to produce a given SPV, V

SR SN A e SR

Sp’
1s a linear function of the reciprocal absorption coefficient,
-1
q e
Py e
I = 5 (LL + L) B (4-5)
o
The plot of Io against « has an extrapolated intcrcept
=7 - s : . . . -
for IO =0 at « = -L, from which the minority carrier diffusion
length L is determined.

The mirnority carricer lifetime (t) may be calculated from
the measurcd diffusion length (L) by use of the expression

2
T = L°/D.

A comprehensive theorctical analysis of the SPV measurements
in epitaxial semiconductor layers under various conditions has

. T 7 - ol

been given by Pﬂllllps( ), and will not be presented further
in this section. Only the expression that is applicable to

our present samples will be discusscd later.

§

4.3 Experimental Setup for SPV Measurements

-

The experimental arrangement Tor SPV measurcments is
shown schematically in Fig. 4.2. The soccimen surfac2 is
1lluminated with chopped (13 cps) monochromatic radiation of F
energy slightly greater than the band gap oif the scmiconductor. ':

by
Electron-hole pairs are produced and diffuse to the surface é

e

where they are separated by the electric ficld of a depletion e

region to produce a surface photovoltage (SPV). The SPV L&

signal is capacitively coupled into a lock-in amplifier for

_.55_
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amplification and measurement. The photon intensity is
adjusted to produce the same value of SPV at various wave-
lengths of illumination. The photon intensity required to
produce this constant SPV signal is plotted against the
reciprocal absorption coefficient for each wavelength. The
resulting linear plot is extrapolated to zero intensity, and
the negative intercept value is the effective diffusion
length.

Results of SPV measurements will be i sluded in the final

technical report.
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V. FUTURE PLANS
Our experimental studies on the transport, optical and
structural properties in both bulk and epitaxial InAs, _ P,

alloy systems have yielded useful information in areas such

)

is electron mobility and electron concentration as functions
of the alloy compositions, temperature, epitaxial layer thick-
ness and the hydrogen carrier gas flow rate. The optical

ii

icient, as a function of the wavelength near

Hh

absorption coef
the fundamental absorption edge, has been deduced from the
transmission measurements. In addition, the alloy composition
has been analyzed by the electron microprobe technigue.

sataa

'nduction processes in the InAsP specimens have been

studlicd, using resistivity and Hall effect measurement over

the entire temperature range from 4.2°K to 300°K.

Our plans for the seventh and eighth quarters of this

research contract are outlined below:

(1) Conduct photoluminescence, suriace photovoltage
and photoconductivity experiments to determine
tnc bend structure and recombinatio. properties
in the InAsP epitaxial samples.

Assess the dominant scattering and recombination

8]
gt

mecnhanisms in the InAsP alloy system, and make
detailed comparison of the theoretical calcu-
laticn and the experimental data on the transport

and recombination parameters.
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(3} Conduct studies on the transport, optical and
recombination properties in the thick (50 ~ 110 um)
InASl-xPx epitaxial films grown on the semi-
insulating GaAs substrate, and on the Zn-doped InAs
substrates. Also, study the effect of the substrate
on the transport and recombination properties in
the InAsP epitaxial films.

(4) Provide concluding remarks on our study of the
interrelation between varying growth parameters
of InAsP epitaxial films and their effects on the
transport, optical, recombination and structural
properties of these specimens.

In addition to the above efforts, we plan to grow
GaXInl_xAs epitaxial films on InP substrate, and study the

electronic transport properties in these films.
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