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FOREWORD 

This technical report covers the research activities 

between June and December 1974 under contract DAAK02-74-C-0102. 

Mr. David Jackson, Jr., (AMSEL-NV-II) is the responsible Army 

Night Vision Contract monitor.  This work was executed by 

the Department of Electrical Engineering of the University 

of Florida, Gainesville, Florida.  The principal investigator 

of this research project is Dr. Sheng S. Li.  Major contributors 

are J. R. Anderson, D. W. Schoenfeld and R. A, Owen.  Additional 

support was derived during this reporting period from Dr. J. K. 

Kennedy of the Air Force Cambridge Research Laboratory, who 

so generously prepared the necessary InAs,  P epitaxial films 
X ~ A  X 

for this contract research. 
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ABSTRACT 

The research program sponsored by this contract during 

the past six months period has produced technical findings 

in several areas:  (1) A technique has been developed in 

our Laboratory enabling us to examine simultaneously the 

atomic compositions, the epi-layer thickness and the homo- 

geneity of the film across both the GaAs substrate and the InAsP 

epilayer using Electron Microprobe analysis.  (2) A systematic 

study has been carried out on the correlations between the elec- 

tron mobility and epilayer thickness and between the electron 

concentration and the epilayer thickness for six InAsP epitaxial 

samples.  (3) The resistivity and the Hall coefficient data yielded 

electron mobility and electron concentration for samples 

164 to 171; the highest electron mobility observed was 

13500 cm /V-S at 770K, and the lowest electron density observed 

was 8.5 x lO15 cm-3 also at 770K.  (4) Our results showed 

that the highest electron mobility was obtained for epilayer 

thickness around 6-8 um, and the lowest electron concentration 

was obtained for epitaxial thickness around 5-6 pm; the results 

further indicated that for film thickness less than 5 ym, 

the electron mobility decreases drastically with decreasing 

epilayer thickness, implying that lattice mismatching and 

interfacial layer effects between GaAs substrate and the 

InAsP epilayer become emminent in controlling the electron 

mobility as well as carrier density.  (5) Negative magneto- 

resistance was observed for this set of epitaxial samples at 

4 20K.   it could be attributed to the impurity hopping 

ii 
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conduction dominant at this temperature.  (6) Optical trans- 

mission and reflectance measurements on 13 InAs1_xPx epi- 

taxial samples yielded the absorption coefficient as a function 

of wavelength near the fundamental absorption edge (A from 

1 ym to 4 pm); the energy band gap as a function of alloy 

composition was determined for these epitaxial samples. 

in 
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I.  INTRODUCTION AND SUMMARY 

This second semi-annual technical report covers the 

research activities from June to November 1974. 

The purpose of this research project is to conduct 

experimental and theoretical studies of the basic electronic 

transport, recombination, impurity and defects, optical 

and structural properties in both bulk and epitaxial InAsP 

samples for the 1-2 ym infrared (IR) photocathode program 

and other IR devices and system applications. 

Specific material parameters to be determined from this 

research program include: (1) electron mobility and 

concentration as a function of alloy composition and temper- 

ature; (2) electron lifetimes  as a function of alloy com- 

position and temperature; (3) absorption coefficient as a 

function of alloy composition, temperature and wavelength; 

(4) energy band gap versus alloy composition; (5) impurity 

and defect energy levels; (6) correlations between the afore- 

mentioned parameters and  the epitaxial growth conditions; 

and (7) recombination and scattering mechanisms. 

Experimental tools employed include: (1) Electron 

Microprobe Analysis; (2) resistivity and Hall effect measure- 

ments; (3) magnetoresistance measurements; (4) photoconduc- 

tivity and photomagnetoelectric effect measurements; (5) 

optical transmission anc reflectance measurements. 

Major achievements derived during this reporting period 

include: 

-1- 
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(B) Electron Microprobe Studies: 

Electron microprobe analysis was performed for 13 

InAs,  P  epitaxial samples (147-159).  The alloy compositions 
X ~ A  X 

(i.e., the atomic percentages of indium, arseric and phosphorus), 

the epitaxial layer thickness and the homogeneity of the 

epilayer were determined for these samples.  The results 

of this analysis were summarized in Tablt_ 2.1. 

(C) Resistivity and Hall coefficient data: 

Resistivity and Hall effect measurements were made 

for samples  164 through 171 as a function of temperature 

between 4.20K and 300oK.  Electron mobility and concentration 

were deduced from these data versus temperature.  Correlations 

between the electron mobility and the epilayer thickness, and betwee 

the electron concentration and the epilayer thickness of 

InAs. ,rPn Tr  epitaxial samples were obtained from this 
Ü . b 5 U . J b 

study.  It was found that maximum electron mobility and minimum 

electron concentration can be obtained for an epitaxial 

layer thickness between 5 and 6 um.     The electron 

mobility  decreases  rapidly with  decreasing  epilayer 

thickness for film thickness less than 5 pm, while the 

electron concentration increases with decreasing film 

thickness. 

(D) Magnetoresistance data: 

The magnetoresistance as a function of magnetic field 

for samples 164 through 171 was measured at T=300oK, 770K 

and 4.20K.  The results show that the magnetoresistance 

(Ap/p ) is directly proportional to the square of the 

-3- 
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TABLE 1.1  Epitaxially grown InAs^^ 

samples produced by vapor- 

phase techniques used in the 

present study. 

4 to 10 um sample* 2 ym sample^" 
H  flow rate used 

(cc/min) 

164 172 1780 

168 173 1530 

166 174 1280 

169 175 910 

167 176 730 

170 177 570 

171 17 8 515 

*Deposition time: 20 min, 
+ Deposition time: 6 min. 
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II. ELECTRON MTCRCPROBE STUDIES 

2.1  Introductiori 

During the past six months, our ELECTRON MICROPROBE 

analysis has been focussed on studies of the structural 

properties of the epitaxially grown InAsP films deposited 

on the semi-insulating GaAs substrate (see Table 2.1).  A 

technique has been developed in our Laboratory which allows 

a direct scanning of the cross section of the epitaxial 

layer by the electron microprobe.  This enables us to 

examine the thickness, the homogeneity and the alloy 

composition in the epi-layer simultaneously. 

The thickness of the epi-layar determined by this 

technique was found in good agreement with that by optical 

microscope method described in our previous report(1). 

Our  study  also  showed  that most of  the  InAsP 

epi-layers  were     uniformly grown on the GaAs sub- 

strates, and the variation in alloy composition across the 

epi-layer was relatively small. 

2.2  Sample Preparation 

In our previous work (see first semi-annual technical 

report, Ref. 1), only the bulk InAsP samples and the top 

surface of the InAsP epitaxial layers were studied by 

using electron microprobe technique.  At that time, we 

-9- 
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were unable to scan the cross section of the epi-layer due 

to the rounding of epi-layer edge during the polishing 

(see Fig. 2.1(a)).  This rounding effect made it impossible 

to focus on the edge of the epi-layer, and hence reliable 

microprobe data was not obtainable. 

This problem has been coped with by coating the epi- 

layer with nickel (see Fig. 2.1(b)) before the sample is embedded 

in the copper impregrated DIALLYL PHTHALATE (see Fig. 2.2). 

The nickel protective coating was applied by using an electro- 

less nickel plating solution (AB Edgemet kit No. 20-8192 

from Buehler, Ltd.). 

2-3  Sample Embedding and Poli.ghinfj 

A slight alteration of the normal metallurgical 

embedding procedure is required to mount these brittle 

samples.  Also extreme care must be taken in the embedding 

of these samples into the copper filled DIALLYL PHTHALATE 

so that they were in the upright position.  An Adolph 

Buehler Simplimet press was used to embed these samples 

in the mount.  This provided the conductive mounting for 

the electron microprobe and insured all polishing steps 

for each sample to be identical.  Fig. 2.2 shows 13 samples 

that were embedded in the copper   filled DIALLYL PHTHALATE. 

The samples were polished  by  attaching  the 

formed DIALLYL PHTHALATE slug to the precision polishing 

jig of the IMACO MULTIPOL PRECISION POLISHING MACHINE, 

described in our previous report(1).  The polishing steps 

-10- 
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were basically the same, except that the water used previously 

in the abrasive slurry was replaced by glycerire.  This 

eliminated the abrasive surface film adhering to the surface 

of the specimen during polishing. 

The samples were polished by successively 

applying different grits of silicon carbide powders, 

aluminum oxide and finally the glycerine damped microcloth. 

It has also been found that the chemical polish sold 

by Materials Development Corporation called Mirrolite could 

produce a textureless surface on the epitaxially grown 

InAsP layer in the few cases tried.  Further work will be 

attempted to determine the feasibility of using this 

chemical polish in place of the 0.05y aluminum oxide 

abrasive polish. 

Figs. 2.3 (a) and 2.3 (b) show the enlarged photographs 

of samples  151    and 156/ respectively, after being 

embedded in DIALLYL PHTHALATE and polished.  In most cases, 

the nickel coating was of uniform thickness, however, the 

uniformity depends greatly on the smoothness of the epi- 

layer surface being plated.  This was shown in Fig. 2.3.(b) 

where the rough epitaxial layer surface produced a non- 

uniform nickel coating.  In all cases, the epitaxial layer 

was clearly visible and well defined.  The cracking of the 

epitaxial film was found in some samples as a result of 

the intense temperature and pressure (3000 lb per square 

inch) during sample embedding. 

-11- 
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2.4  Flectron Microprobe Analysis 

The polished InAsP epitaxial samples, shown in Fiq. 2.2, 

were analyzed by using a Cameca MS-64 electron microprobe 

described previously. ' 

The 13 samples  (147 to 159) vere scanned by the 1 pm 

diameter electron-beam to determine the relative X-ray 

intensities for the indium L ,, arsenic L , and phosphorous al al 

K  characteristic radiation as a function of position along 

the cross section extending from the GaAs substrate to the 

top surface of the InAsP epitaxial layer.  The data obtained 

from InAsP samples were compared to the standards of InAs, 

InP, In and As.  This information was then entered into a 

computer program, MAGIC IV for quantitative microprobe 

analysis, which performed all the necessary corrections 

to give the mean chemical composition in atomic percentage 

for InAs,  P  samples.  The result of this analysis is 

summarized in Table 2.1. 

To examine the epitaxial layer thickness and homo- 

geneity, a strip recorder was connected to the output of 

the electron microprobe machine, and the relative X-ray 

intensities for each constituent atom  in the InAsP epi- 

layer were recorded as the electron beam was scanned 

across each sample.  Fig.2.4(a) to (e) show the relative magnitudes 

of the constituent atoms, namely, the arsenic, phosphorus 

and indium across the epi-layer.  Note that the nickel 

coating layer contained some phosphorus and thus showed up 

-12- 
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in die graph.  The graphs showed three distinct regions, 

namely, the nickel coating, the InAsP epi-layer and the GaAs 

substrate.  The homogeneity of each of the constituent atoms 

in the epi-layer can also be evaluated from these graphs. 

The epi-layer thickness was measured from these graphs 

for each sample, and the result was in good agreement with 

that determined from the optical microscope method (see 

Table 2.1) described previously. 

Note that the above alloy composition data were taken 

at an accelerating voltage of 20 KeV, the characteristic 

phosphorous radiation absorbed by arsenic and indium is 

quite large, and the absorption correction factor will be 

less accurate.  Further measurements will be conducted at 

an accelerating voltage of 10 KeV and the Indium L  , 

arsenic L  , and phosphorus K  x-ray intensities wil." be 

measured.  At the lower acceleration voltaa-c the depth of 

penetration will be much smaller, and hence less absorption 

will occur, resulting in a slightly more accurate 

compositional analysis.  It is doubtful, however, that this 

will cause more than a 3% change in the values already 

obtained for the compositL u    i measurements. 

-13- 
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poli shed surface 

wi th rounded edge 

ep i- 1ayer 

Substrate 

poli shed surface 

no rounded edge 

nickel coat i ng 

epi-1ayer 

subst rate 

(a) Without nickel coating, 
shows edge rounding after 
poli shi ng 

(b) Sample with nickel coating, 
shows no edge rounding effect 

Fig. 2. 1  InAsP Epitaxially Grown Sample 
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Fig. 7.2   Nickel Coated InAsP Samples Embedded in 
Copper Filled DIALLYL PHTHALATE 
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/      \        Sample #   151 

GaAs 

t> InAsP 

Nickel 

.♦» *      ■««»« % 

i   h  )     Sample #   156 

Fig.   2.    3     Enlarged  Cross   Sectional   Photograph   for 
Samples  //   15 i   and  //   156, 
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III.  EXPERIMENTAL STUDIES OF TRANSPORT PROPERTIES IN 

InAsP EPITAXIAL SAMPLES 

3.1  Resistivity and Hall coefficient daba 

Resistivity and Hall effect measurements have been made 

for epitaxially grown InA-0>65
Po.35 samPles  164' 168' 166' 

169, 170 and 171 between 300C,K and 4.20K.  The thickness 

of these epitaxial films as a function of the H2 flow rate 

was shown in Fig. 1.1. It is worth noting that the growth 

conditions for this set of samples were identical to samples 

153 - 159 reported previously(  , except that the deposition 

time was reduced to 20 minutes for the present samples.  As 

a result, the film thicknesses were varied from 10 ym to 

about 4 um.  However, the film quality for this set of samples 

was found to be considerably improved over the previous one. 

Fig. 3.1 shows the resistivity versus inverse absolute 

temperature for samples 164 through 171.  The results show 

that the resistivity increases with decreasing H2 flow rate 

with the exception of sample  171.  The resistivity increases 

exponentially with decreasing temperatures between 77CK and 

20oK and becomes constant for T<20oK.  The resistivity 

reaches a minimum around 770K and increases exponentially 

with increasing temperatures for T>770K.  The temperature 

dependence for this set of samples is similar to that of 

the first set of samples reported previously.    Fig. 3.2 

shows the Hall coefficient versus inverse absolute temperature 

for samples 164 through 171.  The results show that the Hall 
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coefficient increases exponentially with decreasing 

temperatures for T < 300oK, and reaches a peak around 770K; 

it then decreases exponentially for T < 770K and reaches a 

constant value for temperatures below ,20"K.  This result 

was consistent with what we observed previously for samples 

15 3 through 159. 

The magnetic field dependence of the Hall coefficient 

for samples 164 through 171 is shown in Fig, 3.7 for 

T=770K.  The results show that the Hall coefficient remains 

fairly constant over the magnetic field range from 0 to 5 

kilogauss; the exception was sample 170 which shows the 

Hall coefficient decreasing with increasing magnetic field. 

3.2  Electron Mobility 

The Hall mobility was calculated from the resistivity 

and the Hall coefficient data shown in Fig. 3.1 and 3.2 

using the relation 

MH =  aRH (3.1) 

The result is illustrated in Fig. 3.3 for samples 164 through 

171.  It is interesting to note that the electron mobility 

for T<20oK decreases with decreasing H2 flow rate, indicating 

that the epitaxial layer thickness and the impurity compen- 

sation effect play an important role in controlling the 

electron mobility.  To amplify this. Fig. 3.4 shows the 

electron mobility versus the epi-layer thickness for T=300oK, 

770K and 4.20K.  The results indicate that the electron 
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mobility shows a maximum plateau for T=300oK and 770K for 

film thickness around 6-8 pm and decreases drastically 

for film thickness less than 5 vim and greater than 9 ym. 

However, for T=4.20K, the electron mobility was found to 

increase  linearly   with increasing epi-layer thickness. 
2 

The maximum electron mobility observed was 13500 cm /V-S 

at 770K, and 5300 cm2/V-S at 300oK for sample 166 (i.e., 

d=8ym). 

The aforementioned results lead to the conclusions that 

the effects of lattice mismatching and the interfacial layer 

between GaAs substrates and the InAsP epi-layer become im- 

portant  in limiting the electron mobility for film thickness 

less than 5 ym.  For film thickness exceeding 10 ym, the 

electron mobility seems to be limited by the impurity 

scattering as reported earlier(  .  A more thorough investi- 

gation will be conducted to study the effect of the H2 flow 

rate on the electron mobility with a constant epitaxial 

layer thickness. 

3 3 Electron Concentration 

The electron concentration can be calculated from the 

Hall coefficient data using the relationship 

n eR 
(3.2) 

H 

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 plot as   shown in Fig. 3.7, we assumed that y=l  and 
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calculated the electron concentration, n, from Eq. (3.2). 

The result is shown in Fig. 3.5.  The electron concentration 

at 77°K was found to vary from 8.5 x 10   cm   for sample 

1 fi   — 3 
170 to 7.9 x 10   cm ' for sample 164, as the H- flow rate 

changes from 515 cc/min for  171 to 1780 cc/min for  164. 

Fig. 3.6 shows the electron concentration versus the 

epi-layer thickness for samples  164 through 171 at T=300oK 

and 770K.  The results show that the lowest electron concen- 

tration obtained in this set of samples is for a sample 

with epi-layer thickness around   5ym;  the electron 

concentration increases with either increasing or decreasing 

epi-layer thickness.  This could be due to both the change 

in the epi-layer thickness and the impurity compensation. 

A further study is needed to separate these two effects from 

each other. 

3.4  Magnetoresistance Data 

Transverse magnetoresistance measurements were performed 

for samples 164 through 171 for T=300oK, 770K and 4.20K.  The 

results are plotted in Fig. 3.8, 3.9 and 3.10.  Fig. 3.8 

2 
shows Ap/p  versus B  plot for samples 169, 164, 168 and 171 

2 
at T=300oK.  A linear relationship between Ap/p  and B was 

observed for four epitaxial samples for B<4 kilogauss and 

showed saturation effects at higher magnetic field.  Fig. 3.9 

2 
shows the Ap/p  versus B  at T=770K for samples 166, 168, 

169, 170 and 171.  Again, the linear dependence of the Ap/p 

2 
on the square of the magnetic field (B ) was observed for 

these epitaxial samples.  These results led us to the con- 
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elusion that the conduction band structure for InAs1_ P 

alloys is parabolic.  The magnetoresistance at low magnetic 

field (i.e., yB<<l) can be written as 

M =  2  B2 rllW _ 1 

PO     ^  "   ['<T2>2 
] (3.3) 

We can also define the magnetoresistance coefficient, c/ 

from (3.3) in the following way: 

Ap      1  _ <T ><T> 

P B Ko H <T > 
(3.4) 

If we assume a nondegenerate semiconductor with an isotr -ic 

relaxation time, T, then (3.4) reduces to 

= r(3s + 5/2) r(s + 5/2)  _ 1 

[r(2s + 5/2)]2 
(3.5) 

For acoustical phonon scattering, s=-l/2 and i;=0.275, and 

for ionized impurity scattering, s=+3/2, and ^=0.57. 

The above results show that the magnetoresistance 

(Ap/p ) for a nondegenerate semiconductor with spherical 

constant energy surface varies as B at small magnetic field, 

and the rate of variation should be a factor of the order of 

unity times u„.  Both these conclusions have been observed 
H 

in InAsP epitaxial samples for T>770K as shown in Fig. 3.8 

and Fig. 3.9. 

The magnetoresistance observed at 4.20K was completely 

different from that of 770K and 300oK.  Fig. 3.10 shows the 

AO/D  versus B2 at T=4.20K for five InAsP epitaxial samples. ro 

The results show that the magnetoresistance is negative and 
2 

depends strongly on the magnetic field (greater than B ) at 
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low magnetic field and becomes saturated at higher magnetic 

field. 

This negative magnetoresistance effect could be due to 

the impurity band conduction which was found to be the 

dominant mechanism at 4.20K in these InAsP samples.    Detailed 

analysis of this effect will be carried out during the nex+- 

reporting period. 
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for   five   InAsP   Epitaxial   samples 
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IV.  EXPERIMENTAL RESULTS OF THE TRANSMISSION AND THE 

REFLECTANCE MEASUREMENTS IN InAs^^ EPITAXIAL 

SAMPLES 

4.1  Introduction 

Optical transmission measurements have been made for 

13 InAs   P  epitaxial films deposited on the semi-insulating 

Cr-doped GaAs substrates.  The absorption coefficient as a 

function of the wavelength was determined for these epitaxial 

samples from the transmission data near the fundamental 

absorption edge.  The energy band gap versus the alloy com- 

position was also estimated for these epitaxial samples, 

and  compared    favorably with that obtained previously 

n   (1) for the bulk InAs, . P  samples 

The experimental set up for the transmission and the 

reflectance measurements was illustrated in Fig. 4.1.  A 

spectral reflectance unit and a 3X beam condensor attachment 

was incorporated into our Perkin-Elmer model-98 monochrometer 

(see Fig. 4.1) for the experiment.  The area of the trans- 

mitted light beam was approximately 0.05 cm .  With this 

arrangement, and the fact that the epilayer thickness varies 

from 25 vm to 5 ym, we were able to measure the absorption 

coefficient exceeding IG^m"1 in these epitaxial samples 

above the fundamental absorption edge. 
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4.2  Optical Transmission Measurements 

The study of optical absorption coefficients in InAs,  P 
1-x x 

epitaxial samples near the fundamental absorption edge 

using optical transmission measurements was severely 

limited by the samples available and a number of unknown 

factors.  Eliminating all of these unknown factors is highly 

unlikely unless destructive testing procedures are utilized. 

However, relative rather than absolute results still provide 

enough information to reach sound conclusions from these 

experimental measurements. 

InAsl_x
p
x epitaxial samples used for present study 

offered epilayer thicknesses ranging from 25 um to about 2 um.  An 

absorption coefficient as high as 10 cm  was determined from 

the transmission data in these samples above the fundamental 

absorption edge,  while bulk InAsP samples reported pre- 

viously   would only allow measurement of absorption coeffi- 

cients up to about 300 cm  . 

The unknown factors associated with these epitaxial 

samples arose because  the  epilayers were deposited 

on the GaAs substrates.  The thicknesses of the GaAs substrates 

varied from 0.020" to 0.026".  It is difficult to estimate 

the absolute absorption coefficient in the GaAs substrate 

and the reflectance at the interface of InAsP epilayer and 

the GaAs substrate.  An example to illustrate this 

follows: 

Assuming A > 1 um,     0 < a £ 3 cm-1,     R = 0.289, and 

d = 0.020", using the expression for transmission coefficient 

-40- 
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t =   LkZJÜ §  (4   1) 
Transmission ,   „2     -2ad 1-R e 

yields tT=0.46252. 

This means that under the above conditions, only 46% 

of the light which is transmitted through the InAsP epilayer 

will be transmitted through the GaAs substrate.  It is extremely 

difficult to separate the absorption in the InAsP epilayer 

and the GaAs substrate when the two components are comparable. 

Fortunately, since we are mainly concerned with locating the 

fundamental absorption edge, when the absorption coefficient 

4     2-1 
in the InAs,  P  changes from 10  to 10 cm  at the edge, 

X""" X J\ 

this error is not great enough to obscure the experimental 

results. 

Another limitation introduced by using the epitaxial 

sample is that absorption coefficients in InAsP epilayer can 

not be measured accurately for wavelengths shorter than 1 pm 

because of the GaAs substrate which has an absorption edge 

around 0.9 \m. 

It is also worth noting that the normal incidence of 

the light beam is more important with epitaxial samples than 

with the bulk samples. A light beam incident 40° from 

the normal to the sample plane for bulk samples appeared to 

be approximately equivalent to just a 5° incidence angle for 

the epitaxial samples.  It seems that the interfacial surface 

between the InAsP epilayer and the GaAs substrate plays an 

important role in these optical measurements. 
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In summary, a priori results can be supported and the 

experimental error was esitamted at about 2 ~ 3% despite 

these limitations. 

Results of the absorption coefficients derived from the 

transmission data for the InAsP epitaxial samples will be 

discussed in Section 4.4. 

4.3  Reflectance Measurements 

The reflectance measurement was performed for GaAs, 

InAs, InP and some InAsP epitaxial samples using the exper- 

imental setup  shown in Fig. 4.1.  The results for GaAs, 

InAs and InP simples are found in good agreement with the 

(2) published data'  , as is shown in Fig. 4.2. 

Although results for some InAsP samples were obtained, 

some discrepancy for reflectance data was found as the 

fundamental band edge is approached from the visible spectrum. 

Thus, further experimental work is planned in this area 

during the fifth and sixth contract period for both bulk and 

epitaxial InAsP samples. 

In order to correct some of the problems encountered 

in our present reflectance measurements, we plan to add a 

standard reflector of known reflectance in the 0.5 eV to 

10 eV region and a high power UV light source.  In addition, 

sample surface quality must be improved by developing new 

polishing techniques. 

A Caro acid etching solution has been used in the past 

for polishing InAsP samples? however, it was found that the 

sample surface was selectively etched.  Reflectance measure- 
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ments have shown that in the long wavelength region the 

surface condition is of little importance and will change 

the experimental results by only a few percent. 

4.4  Optical Absorption Coefficients versus Wavelength for 

InAs _ P  Epitaxial Samples 

In our first technical report   , we have shown that a 

non-linear relationship between the alloy composition and 

the energy band gap exists in bulk InAs1_xPx s?mples.  This 

relationship was again observed in our present study of 

epitaxial InAsP samples. 

The optical absorption coefficient versus wavelength 

was deduced from the transmission data (discussed in Section 

4.2) for 13 epitaxial InAs.,  P  samples.  Fig. 4.3 shows the 

absorption coefficient versus wavelength for six IriÄs
1_x

p
x 

epitaxial samples of different alloy compositions.  Absorp- 

3  ■ 1 tion coefficients     ding 10 cm  were obtained for these 

samples above the fundamental absorption edge.  However, it 

was found that the absorption coefficient appeared to de- 

crease with increasing phosphorus atomic percentage above 

the fundamental absorption edge.  This result could be due 

to the fact that as phosphorus concentration increases, the 

band gap of InAs,  P  increases, shifting towards the band 

edge of GaAs substrate; as a result, the effect of optical 

absorption within GaAs substrate becomes important in con- 

trolling the overall absorption coefficient in the InAsP 

epitaxial samples.  As such, the measured absorption co- 
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efficient could be well below the actual values in these 

epitaxial samples.  However, for InAs.  P  samples with 

smaller phosphorus percentage, this effec  should be mini- 

mum and negligible as the GaAs substrate becomes transparent. 

This is indeed the case for sample  l^ (which has only 3% 

of phosphorus).  It is also worth noting that the slope 

near the fundamental absorption edge appears to become 

steeper as the phosphorus atomic percentage is increased in 

these InAs1_xPx epitaxial samples. 

Fig. 4.4 shows the absorption coefficient versus wave- 

length for epitaxial samples  153 through 159, deduced from 

transmission data near the fundamental absorption edge. 

Presumably, this set of epitaxial samples should contain the 

same alloy composition (since only the H2 flow rates were 

varied during the epitaxial-layer growth); it was, however, 

found that a variation in atomic percentage of Arsenic and 

phosphorus as much as 17% was observed from optical transmission 

data and about 5% from electron microprobe analysis.  The 

average value of alloy compositions deduced from Fig. 4.4 is 

67% As and 33% P (i.e., InAs0_ ^P^ ^ ) contrasting with the 

original anticipated values of 61% As and 39% P.  The reason is 

not clear at the present stage.  Further study is needed. 

The optical absorption coefficient versus wavelengtn for 

epitaxial samples  164 through 171 near the fundamental edge 

is shown in Fig. 4.5.  The average alloy compositions of this 

set of epitaxial samples was found to be 35% of P and 65% of 

As.  This value is about 4% lower than the anticipated values. 
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From the aforementioned results, the energy band gap 

versus the alloy composition for the 13 InAs1_ P  epitaxial 

samples is shown in Fig. 4.5.  A linear relationship between 

the energy band gap and the alloy composition, x, is displayed 

in Fig. 4.6. 

Note that the optical absorption coefficient data shown 

in Fig. 4.4 have been corrected using the Kramers-Kronig 

(2) relationship 

-ad 

This correction becomes important wherever 

e   ^ 0.01. 

The shift in the fundamental absorption edge towards the 

longer wavelength region for the InAs. gcPQ 35 epitaxial 

samples (lo4-171) with decreasing epilayer thickness indicates 

that the transition xayer between GaAs substrate and InAsP 

epilayer is more arsenic rich than the epilayer far from this 

ransition region.  The importance of this transition layer 

(2 ~ 4 um) on the transport and optical properties is clearly 

illustrated in Fig. 3.4, 3.5 and 4.5.  Detailed study will 

be made in this respect during the next reporting period. 
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SPECULAR 
REFLECTANCE 

APERTURE 

TO PHOTOMETER 

SAMPLE 
AREA 

BEAM 
CONDENSER 

SAMPLE AREA 

Fig.   k.    1      Beam  Condensor  Attachment   to  Perkin-Elmer  Model-98 
for  Reflectance  and  Transmission  Measurements 
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FIG.   4.2 

JX  (/um) 

The   reflectance   versus   wavelength   for   InAs,   GaAs   and   InP 
(   reference  2) 
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Fig. 4.4 Absorption Coefficient versus Wavelength for seven 
lnAs„ c7Pn ,0 Epitaxial Samples 
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Fiq.i+.5  Absorption Coefficient versus Wavelength for Seven InAsP 
Epitaxial Samples with Different H„ Flow Rates 
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Fiq. k.G      Energy Band Gap versus Alloy Composition for 'nAs  P 
Ep i taxial Samples 'x x 
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V.  FUTURE PLANS 

Results obtained so far yield useful information such 

as electron mobility and electron concentration for the 

InAsP epitaxial samples as a function of temperature, the 

epitaxial layer thickness, and the H2 flow rate.  The optical 

absorption coefficient as a function of wavelength near the 

fundamental absorption edge was determined for some bulk 

and epitaxial InAsP samples of different alloy compositions. 

Correlations have been obtained between the epilayer thickness 

and electron mobility and between the thickness and electron 

concentration for samples of InAs- grP0 or 164 through 171 

(i.e., 10 to 4 ym films). 

Our plans for the fifth and sixth quarter of this 

research contract are (1) to continue our present work with 

emphasis on the development of a theoretical model to inter- 

pret the observed optical and transport parameters in epi- 

taxial InAsP samples; (2) to perform resistivity, Hall effect, 

reflectance and transmission measurements as well as electron 

microprobe analysis for epitaxial samples 172 through 178 

(which have an epitaxial layer thickness of 2 ym or less); 

(3) to perform the photoconductivity and the photomagneto- 

electric effect measurements in the InAsP samples to deter- 

mine the carrier lifetimes and the impurity states; (4) to 

study the recombination and scattering mechanisms in this 

alloy system; and (5) to prepare another set of InAsP epitaxial 

samples with a fixed epilayer thickness (10 ym) and a different 

H- flow rate. 
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