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Preface

Our experimental and theoretical program has been aimed at the develop—

ment of approaches and methods for the reliable electronic characterization

of Ill—V compounds. We have investigated the determination of composlti nal,

structural and electronic characteristics of GaAs and InP on a macro— and

• micro—scale. We have developed novel theoretical and experimental techniques

for obtaining two—dimensional microprofiles of the carrier concentration in

GaAs and InP (scanning IR absorption) and microprof ties of the minority

carrier characteristics (SEM—EBIC mode). We have also developed convenient

methods for the determination of the compensation ratio and total concentra-

tion of ionized impurities which is based on electron mobility and free

carrier absorption. Finally, we have initiated a comprehensive characteriza—

• tion study of InP In conjunction with crystal growth. Unfortunately, as a

unique characterization framework was being brought to bear on the study of

InP, the support of the work was unexpectedly terminated. •

GENERAL REMARKS

It is flow generally accepted within the scientific and engineering corn—

munity that to insure further progress in processing and application of semi—

conducting materials extensive work must be carried out on the characterization

of the materials in direct correlation with crystal growth and device processing.

• Accordingly, the first stage of our program was devoted to the develop—

• • ment of theoretical and experimental characterization approaches and to the

design and cor ~ruction of experimental facilities which would fill the gap

between the existing needs and the available methodé for practical and highly

reliable characterization of Ill—V compounds on a macro— and micro—scale.

The characterization techniques and methods developed within the framework

of the present grant are summarized in Table 1.
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EVALUATION

i This report is the final report on the contract. It covers re-

I search done on the Electronic properties of GaAs and InP during the

• period 1 Jan 77 to 30 Sep 78. The objective of the research was to

• 
investigate and determine on a macro- and micro-scale the compositional,

• structural, and electronic characteristics of GaAs and InP. Rigorous

theoretical calculations of electron mobility and of free carrier

absorption as a function of carrier concentration and the compensation

ratio were carried out, verified experimentally and the results reduced

to tabular form. A reliable determination of free carrier concentra-

tion and testing of sample homogenity was developed using transport in

high magnetic fields. Apparatus and theory were developed for profiling

of carrier concentration and ionized impurities by scanning I.R. absorp-

• 
.

. tion. A method and apparatus were developed for profiling of diffusion

• length, lifetime and surface recombination velocity of the SEM-EBIC method.

The work is of value bec use it provides basic knowledge and tech-

niques for the investigation of the electronic properties of GaAs and

InP. An in-depth understanding of the electronic properties of these

• materials is essential for their use in optical and electronic communica-

tions and ECM systems.

~~/J0HN K. KENNEDY
Project Engineer
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DETERMINATION OF COMPENSATION RATIO AND
CONCENTRATION OF IONIZED IMPURITIES

The compensation ratio and impurity concentration are the parameters

of key importance in semiconductor application and technology. Nevertheless ,

the existing methods for the determination of these parameters in Ill—V
t

compounds have been either impractical or unreliable.

We have succeeded in the development of an accurate and convenient

characterization approach based on low— and high—frequency transport phenomena

in Ill—V compounds. Thus, we have carried out rigorous theoretical calculations

of electron mobility and of free carrier absorption as a function of carrier con-

centration and the compensation ratio. These theoretical results have been

• verified experimentally and they have been utilized to establish the tables

from which the compensation ratio can be directly obtained from carrier concert—

• tration and from mobility or infrared absorption coefficient. These tables,

• which are appended to this report, are far more accurate than those in use

up to this time. A detailed account of the experimental and theoretical treat-

ment for GaAs is given in the enclosed preprint on “Electron Mobility and Free

• Carrier Absorption In GaAs; Determination of the Compensation Ratio”, (Journal

of Applied Physics, in press). The results obtained with IsP are being pre-

pared for publication.

It has been recently reported that the compensating centers in GaAs are

• associated with point defects. Thus, our method for the determination of the

compensation ratio can be used as a convenient means for the assessment of

the quality of the material with respect to the overall density of point

• defects.
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TRANSPORT IN HIGH MAGNETIC FIELD

Determination of carrier concentration from Hall—effect measurements

involves ambiguity related to the value of the Hall factor, r, which in

general can vary between 1.83 and 1, depending on the scattering properties

of the semiconductor. However , in high—magnetic fields the Hall factor

reduces to r — 1 independent of the nature of the scattering mechanism.

• Accordingly, we have carried out Hall—effect measurements in magnetic

fields up to 140 k Gauss for GaAs and InP samples. The results showed that

for a number of samples the Hall constant vs. magnetic field exhibited anoma-

lous behavior shown in Fig. 1; i.e., the Hall constant exhibited an increase,

rather than the expected decrease with increasing magnetic field. Employing

our scanning IR absorption technique, we have determined that this anomalous

behavior is encountered o!lly with the samples exhibiting carrier concentration

inhomogeneities, 
~~‘~av’ 

exceeding about 20%. This finding, which agrees

qualitatively with recent theoretical treatment of electron transport in inhoiuo—

- geneous semiconductors, shows clearly that Hall measurements as a function of

magnetic field provide a reliable means for the assessment of macroscopic

homogeneity in InP and GaAs. It should also be noted that according to our

findings about 80% of the studied melt—grown GaAs and InP samples (obtained

frcm various suppliers) exhibited inhomogeneities exceeding 20%. •Thus, standard,

low—magnetic field Hall measurements, commonly used for the characterization

of these materials, are totally unreliable.

SCANNING IR-ABSORPTION

Inhomogeneities in semiconducting materials are commonly recognized as

constituting a limiting major factor in microelectronic device applications.

Nevertheless, the quantitative determination of inhomogeneities on a micro—

scale have been so far possible only in elemental semiconductors (Ge and Si).

III
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The most commonly used method to obtain quantitative carrier distribution

profiles is based on spreading resistance measuremeits. Pressure metal con-

tacts, required for this technique, are highly irreproducible in the case
-4-

of compound semiconductors, and the technique is not applicable to GaAs or

InP characterization.
1

Accordingly , we have developed a method and constructed an apparatus for

the contactiess and nondestructive determination of the spatial variation of

the free carrer concentration in Ill—V compounds which is, of course, applicable

to other semiconductors. The method is based on the quantitative relationship

between infrared absorption and free carrier concentration, and it is appli-

cable to any semiconductor material with free carrier concentration exceeding

15 —310 cm

• In this method a parallel beam from a CO2 laser (tunable between 9.16

• and 11.02 ii’n) is transmitted through the sample positioned on a stage with

x—y motion and a scanning rate ranging from 50 to io13 
ijm/min. The light trans-

mitted through the desired area of the sample is focused on a detector (bob —

• meter) through the optics of an IR microscope; the signal from the detector,

which is proportional to the intensity of radiation, is amplified and recorded ;

• using a 74X objective the image of an area of about 20 pm in dian&er is obtained.

The system permits a continuous monitoring of transmittance of the small

wafer area, which is converted, through a data processing system, into varia-

tions of carrier concentration and of the compensation ratio. We have recently

completed a rigorous theoretical treatment of the pertinent optical phenomena

in n—type GaAs and InP required for the quantitative processing of the data.

• A typical microprofiling of IsP obtained recently is given in Fig. 2. It is

seen that a two—dimensional quantitative profile of the carrier concentration

in InP single crystals has been achieved for the first time. This profile

IV



clearly shows the pronounced inhomogeneities in the presently available

melt—grown InP. Similar results have also been obtained with GaAs.

The spatial resolution of our IR—scanning system is about 20 pm and

variations in the free carrier density in GaAs as low as 5 x 1014
cm 3 in

n—type and 2.5 x l014c~T
3 in p—type material can be detected .

Employing the same experimental system and a theoretical model we have

developed we cart determine in GaAs and InP the average value of the compensa-

tion ratio as well as its variations. It should be noted that this approach

can be readily extended to any semiconductor.

SEN-ELECTRO N BEAN-INDUCED CURRENT

In our approach scanning electron microscopy (SEM) is used primarily

• in the electron beam—induced current (EBIC) mode. Thus, the electron beam

represents in essence a highly focused excitation source for excess minority

carriers which are collected by a Schottky barrier or a p—n j unction .

We have installed an SEM and accessory electronics espe~ ially designed

for our EBIC mode approach. In parallel, we have been pursuing a theoretical

and experimental study to advance our understanding of the excitation and

recombination processes associated with the EBIC mode. In these studies

we have used Si as a convenient model material , and we have obtained and con— , 
-

• fi rmed high resolution profiles such as the minority carrier diffusion length ,

the lifetime, and in certain instances , the dopant profile . For the f i r s t

time a direct correlation has been achieved on a microscale between composi—

tional inhomogeneities and electronics parameters such as minority carrier

diffusion length and lifetime.

• We have utilized this technique to analyze diffusion length and the life—

time distribution. in melt—grown and expitaxially grown GaAs. The results

V
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provided direct evidence of out—diffusion of defects from substrate to

epitaxially grown layers .

Extensive experimental work is in progress devoted to the extension of

EBIC—mode technique to temperatures well below and well above room tempera—

tures. In spite of inherent technical difficulties, we consider such an

extension of key importance in identifying the specific mechanisms of minority

carrier recombination which are the controlling factors in device performance.

VI
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TABLE 2

Electron Mobility , Carrier Concentration and Compensation Ratio
in n—type InP at 300 K 

-

Compensation Ratio
0 .1 .2 .3 .4 .5 .6 .7 .75 .80 .85 .90 .95

Concen— 2
• 

• tration Electron Mobility (cm /Vsec)

l.-0x1015 4710 4690 4660 4620 4570 4510 4410 4270 4160 4020 3820 3490 2900
1.5 • 4670 4630 4590 4540 4480 4390 4270 4090 3970 3800 3560 3210 2610
2 4640 4600 4550 4490 4410 4300 4160 3960 3810 3630 3380 3010 2420
3 4570 4510 4450 4370 4270 4140 3970 3730 3570 3360 3090 2720 2150
4 4520 4450 4370 4280 4160 4010 3820 3560 3380 3170 2900 2530 1980
5 4460 4390 4300 4190 4060 3900 3690 3410 3230 3020 2750 2380 1840
6 4420 4340 4240 4120 3980 3810 3590 3300 3120 2900 2620 2270 1740
7 4380 4290 4180 4060 3910 3730 3500 3200 3010 2790 2520 2170 1650
8 4330 4230 4120 3990 3830 3640 3410 3110 2920 2700 2440 2090 1570
9 4300 4200 4080 3940 3780 3580 3340 3030 2850 2630 2360 2020 1510

l..0xl016 4250 4140 4010 3870 3700 3500 3250 2950 2760 2550 2290 1950 1450
1.5 4080 3950 3800 3640 3460 3240 2990 2690 2500 2300 2044 1720 1240
2 3960 3820 3660 3480 3290 3070 2810 2510 2330 2120 1880 1560 1100
3 3770 3610 3440 3250 3050 2820 2570 2270 2100 1900 1660 1360 918
4 3630 3460 3280 3090 2880 2660 2400 2110 1940 1750 1510 1220 800
5 3530 3350 3170 2970 2770 2540 2290 2000 1830 1640 1410 1120 718
6 3440 3270 3080 2880 2670 2440 2190 1900 1740 1550 1320 1040 654
7 3370 3190 3000 2800 2590 2360 2120 1830 1660 1480 1250 973 604
8 3310 3130 2940 2730 2530 2300 2050 1770 1600 1410 1190 920 563
9 3260 3070 2880 2680 2470 2250 2000 1710 1550 1360 1140 875 530

1.OxlO hl 3220 3030 2830 2630 2420 2200 1950 1660 1500 1320 1100 835 501
1.5 3090 2900 2700 2490 2280 2060 1800 1520 1360 1180 970 723 423
2 2960 276O 2560 2350 2140 1910 1660 1370 1210 1040 839 611 345
3 2840 2640 2430 2210 1990 1750 1500 1220 1060 896 712 507 277

• 4 2770 2560 2340 2120 1890 1650 1400 1120 967 806 633 444 239
5 2720 2500 2270 2050 1820 1570 1320 1040 896 741 577 400 213

• 6 2680 2450 2220 1990 1760 1510 1260 987 844 694 536 369 194
7 2650 2410 2180 1940 1710 1460 1210 942 802 657 505 346 181

• 8 2620 2380 2140 1900 1660 1420 1160 900 764 623 477 325 169
• 9 2590 2350 2110 1860 1630 1380 1130 867 733 596 455 309 160

]..0x 1018 2570 2320 2080 1830 1590 1350 1100 839 708 573 436 295 152
1.5 2470 2210 1960 1710 1460 1220 979 737 617 495 373 250 128

• 2 2390 2130 1870 1620 1380 1140 904 674 561 448 336 224 113
3 2290 2010 1750 1500 1260 1030 811 598 495 393 293 196 98
4 2210 1930 1670 1420 1190 965 755 553 456 361 268 177 89

• . 5 2150 1880 1610 1360 1140 920 717 523 431 340 252 166 83
6 2100 1830 1560 1320 1100 886 687 501 411 325 241 158 79
7 2070 1790 1530 1290 1070 861 667 484 398 314 232 152 76
8 2040 1760 1500 1260 1040 838 647 470 386 304 225 148 74
9 2010 1740 1480 1240 1020 821 635 462 378 296 219 144 72

1.0 xl019 1990 1710 1460 1230 1010 809 624 452 370 289 215 141 71
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• TABLE 3

Free Carrier Absorption in n—type InP
at 300 K, m - 0.078

Free Carrier Absorption,
Concen~ration acm imp ac op

• l.OxlO’5 0.003 0.058
1.5 0.005 0.087
2 :0.001 0.006 0.116
3 0.010 0.174• 4 0.001 0.013 0.231

• 5 0.001 0.016 0.289
6 0.001 0.019 0.346
7 • 0.002 0.022 0.404
8 0.002 0.025 0.461
9 0.003 0.029 0.518

l.0xl0~’6 0.004 0.034 • 
0 . 6 2 3

1.5 0.008 0.052 0.932
2 0.014 0.069 1.239
3 0.031 0.104 1.850
4 0.056 0.139 2.456
5 0.086 0.173. 3.051
6 0.123 0.208 3.646
7 0.167 0.243 4.240
8 0.217 0.278 4.815
9 0.273 0.313 .5.397
l.0x10~

7 0.314 0.325 5’.578
1.5 0.690 0.491 8.227
2 1.201 0.660 10.79
3 2.602 1.005 15.75
4 4.474 1.360 20.52
5 6.790 1.726 25.16

F . 6 9.510 2.100 29.65
7 12.64 2.488 34.11
8 16.13 2.879 38.44
9 20.00 3.285 42.75

• 1.oxlo18 24.22 3.699 47.01
1.5 50.28 5.912 67.80
2 83.91 8.354 88.02
3 170.3 13.87 127.0
4 276.7 20.12 164.1
5 396.1 26.98 199.6
6 522.8 34.34 233.4
7 653.3 42.16 266.0
8 784.9 50.22 269.8
9 917.9 58.73 326.7

l.0x1019 1052 67.54 355.6
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Free Carrier Absorp~ion in n—type InPat 77 K, m 0.082

_!ree Carrier Absorption
Concent9tion a a a

• • cm imp ac op

l.OxlO’5 0.001 0.033
• 1.5 0.001 0.049

2 0.001 0.065
I 3 0.002 0.097
4 • 0.001 0.002 0.130
5 0.001 0.003 0.162
6 0.001 0.003 0.194
7 • 0.002 0.004 0.225
8 0.002 0.004 0.257

• 

• 
9 0.003 0.005 0.289

• 
l.OxlO16 0.003 0.005 0.320
1.5 - 0.007 0.008 0.476
2 0.012 0.011 0.629

- 3 0.028 0.016 0.928
-4 

- 
0.048 0.022 1.217

5 0.075 0.028 1.503
• 6 0.106 0.033 1.780

• 7 
• 

0.143 0.039 2.053
8 0.185 0.045 2.321
9 0.232 0.050 2.588

• l.0x1017 0.284 0.056 2.849
1.5 0.617 0.086 4.127
2 1.066 0.117 5.366

• 3 2.296 0.181 7.793
4 3.949 0.250 10.19

• 5 6.009 0.322 12.60
• 6 8.460 0.398 15.02

• 7 11.27 0.476 17.41
8 14.49 0.560 19.90
9 18.05 0.646 22.38

1.0x1018 21.96 0.736 24.89
- • 

1.5 46.49 1.229 37.69
2 78.85 1.798 50.91
3 165.13 3.147 76.40
4 276.8 4.751 98.46
5 405.0 6.57 118.6

• 6 533.3 8.527 137.7

x

• _ _ _ _ _
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FIGURE CAPTIONS

Figure 1. Rail factor as a function of magnetic field.

Figure 2. Scanning IR absorption two—dimensional profile of

n— type InP.
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Appendix to Final Report on
• ELECTRONIC CHARACTERISTICS OF

Ill-V COMPOUNDS

ELECTRON MOBIL iTY AND FREE C A R R I E R  ABSORPTION IN GaAs ;
• DETERMINATION OF THE COMPENSATION RATIO

W. Walukiewicz ,* J .  Lagowski ,* L. .Jast r ze b sk l ,
M. Lichtensteiger ,** and H. C. Ga tos

Depar tment of Materials Science and Engineering
Massachusetts Institute of Technology

Cambridge , Massachusetts 02139

AB RACT

Theoretical calculations of electron mobility and

free carrier absorp tion in n—type GaAs at room temperature were

carried out taking into consideration all major scattering pro-

cesses. It was found that satisfactory agreement between

theoretical and experimental results on free carrier absorption

is obtained only when the effect of compensation is quantita—

• tively taken into account. In conjunction with experimental

studies it is shown that the electron mobility (for n > 10~~ cm ”3 )

and free carrier absorp tion (for n > io~
6 cm ”'3) are sufficiently

sensitive to the ionized impurity concentration to provide a

*0n leave from Insti tute of Physics , Polish Academy of
Sciences , Warsaw , Poland.

• 

**Presen t address: Coulter Systems Corporation ,
• 35 Wiggins Avenue , Bedford , Massachuse tts 01730.
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reliable means for determining the compensation ratio .

Convenient procedures are presented for the determination of

the compensation ratio from the free—carrier absorption coef—

ficient and from the computed values of room temperature

electron mobility. Values of the compensation ratio obtained

by these two procedures are in good agreement provided the

carrier concentration variations in the material are not

appreciably greater than 102

I. INTRODUCTION

Ill—V semiconductors usually exhibit an appreciable

degree of compensation . Knowledge of the extent of compensa-

tion is important for the understanding of the basic electronic

characteristics of these materials and their devices and for

the evaluation of crystal growth processes. The methods for

determining the compensation are usually related to the tact

that the compensation reduces the free carrier concentration

— 

_ 4 . 4~~~~_ _ _ _ ~~~ _._ .., _~~~~~~~ _ _ _ _  
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and it enhances  f r e e  c a r r i e r  s c a t t e ri n g  by i on i zed  i m p u r i t i e s .

In GaAs , becau se of the  smal l  donor  i o n i z a t i o n  ene rgy  - •

a

(~~ 5 m e V ) ,  t h e a c c u r a t e  d e t e r m i n a t i o n  of donor  and a c c e p t o r

c o n c e n t r a t i o n s  f r o m  f r e e  c a r r i e r  c o n c e n t r a t i o n  changes  m u s t  be

car r ied  out  at  t e m p e r a t u r e s  wel l  below l5 °K . S i m i l a r l y ,  t he

d e t e r m i n a t i o n  of the  compensa t ion  r a t i o  f r o m  the ampl it ude of

Schub nikov de Haas o s c i l l a t i ons, as propo sed r e c en t ly ,~~~ mus t

be car r ied  out  at 4 . 2 °K.  The low tempe r a t u r e  r e q u i r e m e n t s

render these  me thods  i naccess ib l e  f o r  r o u t i n e  n e e d s .  I n s t e a d ,

me thods based on sca tt e r ing  of f r e e  c a r r iers by ion ized

im p u r i t i e s  are  e m p l o y e d .  The reliable determination of the

compensation rat-jo from free carrier scattering by ionized

impuri ties is complicated , however , by t h e  f a c t  t h a t  longi-

tudinal optical phonons con tribute significantly to the over—

all sc a t te r in g .~~
2
~ For t h i s  po la r  mode s c a t t e r i n g ,  t h e  r e l a xa-

tion time cannot be d e f i n e d  e x c e p t  f o r  low t e mp e r a t u r e s .~~
3
~

Accordingly, it is necessary to use variational~
4
~ or iterative

L 
•
~ ~~~~- • - •  

- • -  
~~~——~~~~~~~~—— ~~•__________________
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4

procedures ’2
~ to combine all relevant scattering mechanisms .

Earlier approaches~~
5 ’ 6) 

to the determination of the compensa-

tion ratio from electron mobility neglected these aspects.

More recently, a rigorous semi—empirical procedure has been

formu1ated~
7’ 8) 

for determining the compensation ratio in n-

type GaAs from the Hall constant and resistivity measurements

at 77°C. This procedure takes into consideration all major

- scattering mechanisms but it is applicable only to nondegener—

ate material. Theoretical calculations of electron mobility .

• (based -oü an iterative procedure for solving the Boltzmann

eq u a t i o n )  inc lud ing  compensa t ion  as a p a r a m e t e r  and c o n s i d e r —

~ng all major scattering mechanisms have a lso been r epo r t ed.  (2 , 9)

Although the screening of polar vibrations by free carriers

(which is significant at room temperature for n > 10~~ cm ’’-3)

was not taken in to  c o n s i d e r a t i o n , these  r e s u l t s  r e p r e s e n t  the

most reliable theoretical values of electron mobility in GaAs

th us f a r .

• • — .• •

~~~~~~~~~
-

~~~
-5_-5

~~
—-- .- ___~~~~~~~55 - .-~— -5 -~~
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Free carrier absorption has been used also for the

• determination of the compensation ratio in n—type GaAs .~~~° 
12)

a

In this approach (in contrast to that based on the e l ec t ron

mobi l i t y )  the ionized i m p u r i t y  c o n t ri b u t i o n  to f r e e  c a r r i e r

absorp tion is separable from contributions by other scattering

-
• 

mechanisms . This  a p pr o a c h  has no t  as yet been correlated with

compensa t ion  r a t i o  values o b t a i n e d  by o t h e r  m e t h o d s .  F u r t h e r —

mo r e , th e va lues  of f r e e  c a r r i e r  a b s o r p t i o n  ava i l ab le  in the

literature are not very reliable because the appropriate

material parameters were not used in c a r ry i n g  o u t  t h e

• • (13)c o m p u t a t i o n s .

In the present study, the effect of compensation on

two in d epe n de n t ly  measured quantities , i.e., on th e elec tron

• mobili ty and on the free carrier absorption , is considered.

Theoretical computations of mobility are based on a variational

• 
- 

method in the f o r m  proposed in ref (4 )  and th ey  i n c l u d e  all

• 
- major scattering processes and screening effects. Computations

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ~~~~~~~~~~



- ~~~-~~~~~~—-~ 
-r~- • ~~~~~~~~~~~~~~ ‘ ‘~~~~~~~ • • 

-

6

of the  f r e e  carrier absorption coefficient are based on the

approach of ref (10). A comparison is made with experimental

- (11 , 15—18)results and with data available in the literature.

A procedure is outlined for the convenient determination of

the  compensa t ion  ra t io  f r o m  measured values of room temperature

electron mobility and from the absorption coefficient at a

wavelength of about lOam .

I I .  THEORY

A. General Considerations

The present theoretical calculations are intended to

prov ide  the  basis  fo r  the determination of compensation ratio

(or total density of ionized impurities) in n—type GaAs from

• 
independent room temperature measurements of the free carrier

absorption and the electron mobility.

The electron mobility, p , and the free carrier absorp-

tion coefficient , a, will be defined as:

• 

- 

.
.

• _ • • _ _ • _ • _ _ - .4. • _ ••• •_ ••• • • _ • •_ •• •
~~~

’•_ __ • _ • • • •
~~

• • _ • _ • _•
~~

_
~’_ _ 1• _5 •
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a(O)  
a ( w )  ( 1)

where o(O) and a(w) a r e  t h e  dc and ac c o n d u c t iv i t y ,  r e s p e c —

t ive ly ; •n is t h e  c o n c e nt r a t i o n  of f r e e  e l ec t r o n s ;  c is t h e

• veloc ity of ligh t and n is the r e f r a c tive inde~: at a given

i r r a d i a t i o n  f r e q u e n c y ,  u .

• When the  ene rgy  b and s t ru c t u r e , the  e l e c t r o n — p h o n o n

coup l ing  cons tan ts , and the electron concentration are knowp ,

the va lue  of a can be c a lc u l a t e d  if the  t o t a l  c on c e n t r a t i o n  of
.

i o n i z e d  i m p u r i t i e s  is a lso  known . For n — t y p e  GaAs , th•e avai l -

able  m a t e r i a l  p a r a m e t e r s  a r e  s u f f ic i e n t l y  a c c u r a t e  f or  a

• quantitative calculation of ~ and ct (w). For a given tempera-

ture , such calculations provide two absolute quantities , i.e.,

u and a, , and one f u n c t i o n a l  de p e n d e n c e  c i ( w ) ,  each• 7w — cons tan t

• 
• of w h i c h  can be used  to d e t e r m i n e  the  c o n c e n t ra t i o n  of i o n i z e d

- impurities . Accordingly, in cases where i o n iz e d  i m p u r i t y

sca tt e r ing  is a p p r e c i ab l e , exper imentally measured electron

mobilities , free carrier absorption coefficients and the

I_ _ 
• 

_
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frequency dependence of absorption coeffic ient can serve as

4

the basis for testing the validity of the theoretical calcula-

tions and the reliability of the procedure for the determination

of the compensation ratio.

In genera l , dc and ac conduc tivities can be treated in

the same theoretical framework. In practice , however , it has

been shown that dc conductivity is satisfactorily obtained from

(2, 4, 19)
• the solution of the semiclassical Boltzmann equation ,

-

• 

whereas ac conductivity can be conveniently obtained from

F. • second order per turbation theory .~~~°’ 
20—22) 

Both approaches

are  u til ized in the p resen t s tud y; the computations are carried

ou t using the material parameters given in Table (I) and dis-

cussed in detail in ref (2).

• In view of the high (1.43 eV) and direc t energy gap of

GaAs , a single  sphe r i ca l , and parabol ic conduction band

• described by an effec tive mass , m*, will be assumed. With such

an- approx imation , the electron mobility is slightly overestimated
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and the free carrier absorption is underestimated. For  this

*reason , an effec tive mass m / 0.068 is used, which is some—
- 

- 
• 

f in0 
-

wha t higher than the exact value of the effective mass

-
~ * 

• (23)
— 0.064 ± 0.002 at the band edge of GaAs .

0

• In t h e  t h e o r e t i c a l  approach adopted in the present

stu d y ,  dilute solid solutions are assumed; i.e., interactions

be tween impurities , quan tum corrections for ionized impurity

sca ttering~~
24
~ and d i f f e r e n c e s  in the shor t r a n g e  par t of the

impuri ty potential are not taken into consideration. This

• a s s u m p t i o n  sets a limit to the electron (and impurity) concen—

tration , which for n— type GaAs at room temperature can be

realis tically estimated to be 3 x i018 cm 3. In this respect ,

it should be po inted out that differences in scattering by

• various impurities (Te, Se and S) in GaAs at concentrations

above io
18 cm 3 have been indica ted in refs (25, 16—18). How—

ever , a study of the electron mobility in about one thcusand

• - GaAs sing le c r y s ta l s  doped  w i t h  T e , Se , Sn and Si has failed

44
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to show any consistent differences among the various dopants;~~
26
~

the only difference (slightly lover mobility) was found in Si

doped crystals (at concentrations exceeding 1018 cm ’”3); this

result was apparently due to the amphoteric behavior of Si.

B. Free (.~arrier Absorption

• The present analysis will be confined to wavelengths

greater than 4um , where transitions between various conduction

band minima are negligible . Thus, only- the lowest conduction

band with a minimum at the center of the Brillouin zone (r 1)

needs to be considered. The absorption of free carriers in a

single conduction band constitutes an indirect transition in

which momentum is conserved through interactions with the

• lattice. Using the approximation of a parabolic conduction

-

• 
band , the absorption coefficient can be directly calculated

from the expressions derived in ref (10).

The total absorption coefficient is

• -

— • ___ • .~~~~ •—-.-—-—-,•-- •
~--- -.-- .--~~ --~~~~
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J 
a — a  + a  + a  (2)•t op ac imp

where a , a and a are the absorption coefficients cor-op ac imp

responding to electron interactions with screened optical

phonons , acous tic phonons and screened ionized impurities ,

• respec tively. Piezoelectric scattering is not taken into

consideration; mobility calculations (see below) showed that

for n- type GaAs , a t roo m tempera ture  the con tr Ib uti on of

piezoe].ectric scattering to the total mobility is less than 2%;

a similar contribution (which is within the accuracy of the

calcula tions) is expected to the free carrier absorption.

According to ref (10), the absorp tion coefficients

• a
~ 

can be written as follows where v designates op, a c or imp:

a = J G  Cx , x ’) f ( x )  - f(x~ ) dx (3)

wher e f ( x )  = ~~~~~~~~~~ + 1) is the electron distribution function;

x — E/ k 0T; r~ — E
f / k T  and z — ‘tiw/k T are the reduced electron

e n e r g y ,  the Fermi energy and the incident photon energy, 

_ _ _ _ _ _  -5- 5 . 5  -~~ -- —— -5
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respectively; k0 is the Boltzmann constant and T is the

abso lu te  t e m p e r at u re .  The values of C~~, G~ and x~, a re :

for opt ical phonona:

• 

~ * 1 1 sinh ( z / 2 )C 
•
2.96 x 10 (in u r n )  

~~~~~~ 
— ‘~“) 

sinh Tz
~~
/2) sinti (z’/2) C

2
C — 2P (1 + f—) — aL ; x ’ x + z ± zop op D~~ op op £

fo r ion ized  impur i t i e s :

N P
C 2.175 x l0 5 1.m~p ; G “

1 Limp 
£ 2n T 2 imp 4 imp (5)

x
liii;, — x + z

• for acoustic phonons:

2
* 2 TE

Cac — ~~~~~~ x 10~~’( m /m 0
) 

2 (6)
• •

G — P  Bac ac ac -

X ’ - x + Zac

• where P (xxi)½ ; B — x + x ’ (7)
B. + a + 2P

L
~ ~‘° B a - 2 ? ’  D~ — ( B  + 8)2 — 4;,2 -

- - 5____
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The symbols in equa tions (4—7) are as follows :

ce,, c are the static and the high frequency dielectric constant

N imp — + is the concentration of ionized impurities

is the conduc t ion  band d e f o r m a t i o n  p o t e n t i a l

p is the crystal density

• v~ is the longitudinal sound velocity

1~w~ 
• 

-

— k T  is the reduced energy of longitudinal optical phonons -

in is the electron mass
0

a is the reduced screening energy :

1
2

a —  (8) -

2m 
D kO

T

whe r e the  screen in g len g th  £
D 

is def ined as
* 3 / 2  1/2

2 13 (m /un ) T
• 

- 

l / L D 
— 5.80 x 10 F

112 
(ri) (9)

and F~ (n) is the n—th order Fermi Dirac integral.

It should be no t ed  t h a t  a is a sum of two terms g iven byop

eq. (3) which correspond to x ’ — x + z - z and z’ — z - z
• op P. £

—-5- - - - • • • ~~~~~~~•~~~-5~~~~~~_ _ _  — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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and to x ’0, — x + z + z
~ 

and z’ — a + z
~~
, respectively.

• • A discussion of the numerical calculations carried out on the

asia of equations (2—9) and the GaAs pararneter8 listed in

Table (I) will be presented below together with experimental

results.

The carrier concentration n — N~ — Nk (where N~ and

are the concentrations of ionized donors and acceptors ,

respectivel y) enters into equations (2—9) through the reduced

Fermi level ri according to:

ii — ~~
— N F (ri) (10.1)c 1/2

or n — 5.44 x 1015 (T~~ )
3’2 x F1~~2 (~~) (10.2)

where N is the effective density of states in the conduction

band .

The compensation ratio , 8 , is defined as 8 — N~ /N~

accordingly, the total concentration of the ionized impurities

• is related to the compensation ratio as follows :

N _ _ _

in;, 1 — e (11)

— -~~~~ -~ — —~~ — ~~~~~~~~~ - 
-5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5-



It is apparent from eqs. (2—9) that for a given

frequency of the incident light , and for a given electron con—

cen t r a t i o n , on ly the  te r m cz~ depends  on the compensa tion

ratio (being proportional to N ) .  Thus , if a is theimp exp

measured absorption coefficient in a material with a c o m p e n —

sation ratio 0, and a a and a are the absorptionop ac imp

• coefficients computed (from eqs. 3—9) for the same wavelength

and the carrier concentration taking 0 = 0 ( i . e .,  N im —

I - 

-
p

the  t o ta l  c o n c e n t r a ti o n  of  ionized impurities can be determined

as follows :

— 
~~~~ 

— (a 0 + a )  
- (12a)

imp aimp

which according to eq. (11) leads to the following expression

for the c ompensation ratio:

a -(a + a  )
— 

exp op ac (12b)
a + a  — ( a  + a  )
exp imp op ac

The va lues  of a , a and a computed as a function of nimp op ac

for a waveleng th of lOlim are given in Table (II).

A’- ~~~~~~~~~~ 
• • _____________ —‘ 
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A direct comparison between the experimental values

of -absorption coefficient and the theoretical dependence of

the total free carrier absorption (computed from eqs. 2—7) on

electron concentration is not possible , since samples with

varying electron concentration can be characterized by a

different degree of compensa tion . To provide a means for such

compar ison , a reduced expe r imen ta l  a bs o r p t i o n  c o e f f i c i e n t ,

*a • will be introduced representing a for zero compensation.exp exp

N
* imp• a ~~a — a • (13a)exp exp n imp

which according to eq. (11) becomes

* I 28 • ( 13b)a — a  — aexp cx;, imp \l — 8

Tb-c theoretically obtained data in Table ( I I )  can be used

for  rel at ing a*xp to the compensation ratio as determined by

other means (e.g., by elec tron mobility measurements). This

pr ocedu r e w i l l  be discussed below in conjunction with experi—

m e n t a l  r e s u l t s .  At t h i s  time , an analytical extension of the

above procedure to other wavelengths will be considered without 

_- •_-5 - •5_-—_ --_ -_ - - ~-’. - ~~~~~~~~~~~~~~~~~~~~~~~
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p

resorting to additional numerical calculations. In previous

treatments~~~
1
~ 

20—22)
, approx imate analy .ical expressions have

been obtained on the frequency dependence of the absorption

coefficient assuming a nondegenerate electron gas. They were

found to be in fairly good agreement , with experiment even in

the case of highly doped materials for which the assumption of

nondegeneracy is not satisfied. It can be shown , however , t h a t

these results are not inconsistent since similar analytical •1
expressions can be obtained from eqs. (2—9). 

-
•

Thus , in a s p e c t r a l  r e g i o n , whe r e :

is much greater than

tw , E , k T a n d ak To F o o

eqs. (3—7) reduce to:

4 C a 1/2 1k T \2.5
a O~~~ F (n) or ...2.2 — 

2 -ir ( ....2._. I x C ~ ~
2 - 5  (14.1O p  a

2 5  1/2 n N
~ 

tiC , op

C a 1/2 /k T\3~~a
1 ~~~ F

1~~2
(n) or 

imp 
~
j
~~— ) 

x A 3 5  
(14.2)

a 
~ z’~~

5 
F1,2(n) or —

~~~~~ 2N 
—

~~-~~~ x C ac ~ A (14 . 3)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  --5 - --- •
~~~~~~~~~~
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These expressions give the same frequency (or wavelength)

dependence of the absorption coefficient as the expressions

in refs (11 , 20—22). For GaAs at room temperature and in the

• spectral region of 4—lOpin unequality ‘tw >> ‘f~0 , E~ , k T  and

a kT is fairly well satisfied up to an electron concentration

of about 1018 cm ”’3. For higher electron concentration eqs.

(14.1—14.3) still constitute a reasonable approximation , -for

shorter wavelengths (e.g., 4—7pm ), in agreement with previ—

(11 , 15)ously reported experimental results.

According to eqs. (14.1—14 .3), the procedure for

de termining the compensation ratio , from eq. (12), and the

numerical values in Table (II) for A 0 
— lOi,t m , can be s imp ly

extended to other wavelengths A , by calculating the absorption

coefficient according to the approximate relationships:

— a0, 
~~ 

1R0~
2 5 ; (15)

aj~~ ~1 
— aj~ ;,, ~~~~~~~~~~

- —-- --~~~~~ • - -  - --- --- 5-- -- - - - - - •---- 
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a — a (A / A  ) l . 5
ac , A

1 ac , 1.

For an e lec t ron  c o n c e n t r a t i o n  n — 1018 cm 3 and for 8iim

.~ A ~ 12pm the error in absorption coefficients calculated

according to eq. (15) (rather than from more exact numerical

calculation based on eqs. (3—7)) does not exceed 9% for a
1

and 4% for (ci + a t). These errors decrease rapidly with

decreasing electron concentration.

C. Elec tron Mobility

The present computations of electron mobility are

based on a variational principle method in the form proposed

in ref (4 , 19). This  m e t h o d  al lows to combine  a-l i s c at t e r i n g

mechanisms without invoking the Matthiessen ’s rule , and it has

been successfully applied to the calculation of m o b i l i t i e s

H - I - -in a number of semiconductor compounds.~~
3 ’ 19 , 27—30)

- 
The following scattering mechan isms are considered:

screened optical phonon scattering,~~
31
~ screened ionized

impurity scattering,~~~
9’ 32) acoustic phonon scattering through

— —5- 5— _~_55~~~~~~~~ ----5 —5 -— 5--- - 
— — —
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the deformation potential~~
33
~ and p iezoelecrric interactions .~~

34
~

The f i n a l  express ion  used (see Appendix  I) is:

ii 308.6 — f )  (
~ 

)3/2 
T
~
”2z

~
F1,2(n) 

]_
1. 

x 
D3~ 2, 3/2 (16)

where  D3,2, -3/2 and D are the determinants defined in the

appendix .

Mobility values as a f u n c t i o n  of e l e c t r o n  c o n c e n t r a t i on

obtained in the present study are shown In Fig. (1) together

with results reported in ref (2) where an iterative procedure

was used for solving the Boltzunan equation; screening of polar

scattering intentionally is not i nc luded  in the calculations

shown in Fig. (1) since this type of screening was not Included

in the calculations of ref (2). It is seen that the two

methods are in very good agreement; the observed discrepancy

at low and high electron concentration is primarily due to the

assump tion of a parabolic conduction band used in the present

study; in ref (2) a n-onparabolic conduction band was used with

a slightly smaller band edge effective mass (0.066).
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The componen t electron mobilities (i.e., elec tron

mobilities calculated from eq . (16), f o r  each sca tt er ing

mechanism acting alone) are shown as a function of electron

concentration in Fig. ( 2). It is seen that the maximum con—

tribution to the total mobility from piezoelectric scattering

does not exceed 2%, consIstent with the assumption made above

in the case of free carrier absorption. It is also seen that

screening effects become pronounced for electron concentration

17 —3exceeding 10 cm

In F i g .  3 t he  t o t a l  e l e c t r o n  m o b i l i t y  c a l cu l a t e d  f r o m

eq. (16) is shown t o g e t h e r  w i t h  t h e  e l e c t r o n  m o b i l it y  o b t a i n e d

by s u m m a r i z i n g  t he  c o m p o n e n t  m o b i l i t i e s  a c c o r d in g  to  M a t t h i e s —

sen ’s rule (i.e., l/~i — ~j l /P j
) .  it  is seen t h a t  f o r  an

e l e c t r o n  c o n c e n t r a t i o n  of io l7 cm 3 M a t t h e i s s e n ’s r u l e  l e a d s

to an error of about 30% . Thus , in de term in ing the compe n sa ti on

ra tio one must rely on the results of numerical calculations of

mobility as a function of carrier concentration and compensation  

—-5- — -~~~~~~~ - —— ~ —- —
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ratio. The results obtained in the present study are

summarized in Table (II).

III. C0MPARI~ ON WI~ H_EX PER I MEN~

A. Experimental Procedure_and_Samp i~ Homogeneity

Rail effect , dc cond uctivity and infrared absorption

measurements were carried out on n—type GaAs samples with

electron concentrations ranging from 6 x io15 to 2.6 x 10
18 cm ”’3.

Melt—grown GaAs single crystals , obtained from com—

inercial suppliers , and two epitaxially grown Te—doped layers

(intentionally compensated with Ge) were used in this study .

In order to obtain consistent and meaningful results , it was

found necessary to assess the homogeneity of the samples. The

carrier concentration distribution on a macro— and microscale

• was determined employing a recently reported IR scanning

technique .~~
35
~ In the melt—grown commercial crystals , the

spa tial variation of the absorption coefficient , a t  A — l O . 6 p m

was found to be of the order of its average value (or ~n of

— 

- -‘- - -• -~ 
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- the order of nay). In such samples the measured mobility can

be hIgher~~
36
~ and the infrared absorption lower than theo—

retical limits. Accordingly, only samples with carrier

concentration inhomogeneities not exceeding approximatel y 10%

are considered in this study. The parameters of these samples

are listed in Table (III).

The exper imental values of the electron mobility and

elect ron c o n c e n t r a t i o n  were  ob ta ined  f r o m  H a l l — e f f e c t  and

conductivity measurements. In order to avoid ambiguities

associated with the value of the Hall factor , r, the Hall con-

stant was determined as a function of magnetic field up to

a value of 100 KG; the saturation value (which corresponds to

r — 1) was used to determine the electron concentration.

The results obtained are shown in Fig. ( 4 ) together

with the theoretical dependence of electron mobility on electron

concentration for different compensation ratios. The

resul ts of ref (18) wh i c h  will be discussed below in conjunction

i
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with free carrier absorp tion are also shown . It is seen

t ha t  a l l  m o b i l i t y  values  are well  below the theoretical values

at zero compensation. From the electron concentration , and

the electron mobility, the compensation ratio for each sample

- was determined directly from Table (II); the values of 0 are

given in Table (III). The normal range of mobility in corn—

mercially available high quality GaAs single crys tals is

indicated in Fig. ( 4) by the striped area; In the low electron

- concentration region , the available GaAs is significantly

compensated and typically the total concentration of ionized

impurities exceeds by an order of magnitude the electron

concentration .

The absorption coeff icient was determined from the

transmittance , T, (measured with a Fourier spec t ro m e t e r ) us ing

the expression :

2 -ad
Cl-R) e

l-R e 
-

where d is the thickness of the sample and R is the

.—
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reflectance of GaAs (-e.g., for A — 10pm R — 0.28), tabulated
values of R(A ) are given in ref (37). For sufficiently thin

samples (ad < 1) the transmittance measured as a function of

— 
the thickness of the sample can also be used to determine

R(A). Measurements carried out in this study showed that for

electron concentrations exceeding 10
18 

cm ”3 and f o r  A > 10pm

the reflectance decreases with increas ing electron concentra-

tion (see also refs 12 , 15). However , for lower elec tron con-

centrations , R was found to be essentiall y in d e p e n d e n t of ii.

The transmission measurements, in tended to p r o v ide a

basis for determ ining the absorption coefficient, were carried

ou t on thick  samples and w i t h  the  e x c e p t i o n  of s a mp l e  N o .  7 ,

the condition ad > 1 was satisfied for wavelengths in the

vicinity of 10pm.
I

The experimental resul ts on the absorption coefficient

for A — 10pm are given in F*~~. (5) together with those available

j  

in the  l i t e r a t u r e .  For compar ison , the t h e o r e t i c a l  va lues  of
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the total absorption coefficient a
~ 

and the absorption compo—

nents a , a and a are also given in Fig. (V). As it hasop imp ac

bee n di sc u ssed abo ve , these  absor p t ion  c o e f fi c i en t a  -w’ere corn— - -

puted assuming no compensation . Thus , It is understandable

that the experimental values of a are greater than the

theoretical ones.  Some of the experimental values of ref (11)

are smaller than those computed theoretically. Although the

reason fo r  t h i s  discrepancy is not clear , it should be noted

that in the present study absorption coefficients smaller than

those obtained theoretically were observed in samples exhibit— - -

ing significant carrier concentration inhomogeneities.

B. Characteristics of Free Carrier Abso~ p~~ion

As pointed out above , a comparison between the

experimental and theoretical dependence of free carrier absorp-

tion on the electron concentration for samples of different

degrees of compensation can be achieved by reducing the experi-

men tal absorption coefficient to zero compensation (eq. l3b).

- - -~~~~~~~ - . - 
~~~~~~~~~~~~~~~~~~~~~ - -— p --
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Such a reduction of the experimental results of Fig. (5) was

carried -out using the values of compensation ratio determined

for each sample from electron mobility (Table III), and the

computed values of ciimp 
as given in Table (II). The results of -

-

vs .  e l e c t r o n  c o n c e n t r a t i o n  a re  g iven  in F i g .  ( 6  ) together

with the theoretical dependence of a
~~
(n). The obtained agree-

ment is very good , and it is worth emphasizing that no adjust-

able parameters were used in calculation of the mobility,

which provides the basis for determ lnation of 0 , and of t h e

free carrier absorption coefficient.

The values of the compensation ratio determined from

electron mobilities (TabLe III) have also been  used to c o m p a r e

the experimental and theoretical dependence of the absorption

coefficient on the wavelength A. Typical results are given in

Fig . ( 7 ) .  It  is seen t h a t  ve ry  good ag reemen t  is o b t a i n e d

when the effect of compensation is quantitatively taken into

account. It is also seen t h a t  for the lower electron

_
IL - - — - . I__ - ___ __-_ _ - S ~~~~~~~~~~~~~~~~~~
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17 3concentration (n — 1.1 x 10 cm ) the compensation affects

noticeably both the absolute value of a and its wavelength

dependence (i.e., the slope dm a/dm A). This behavior is not

surprising since , with increasing compensation , the dominant

role  of polar  s c a t t e r i n g  is superseded  by ionized impurity

scattering. These two scattering modes lead to different

- 

wavelength dependences of the absorption coefficient.

C. Com~ ensation Ratio

The present results have shown that the measured values

of electron mobility (Table III) and the experimental character—

istics of the free carrier absorption (concentration and wave-

- length dependences) are satisfactorily explained by theory

taking into account compensation.

As discussed above , the value of the compensation ratio

can be determined independently from the electron mobility and

the electron concentration (utilizing Table II) and from the free

-~~~~~~~~ 
- - 
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carrier absorption coefficient (utilizing eq. 12b , and the

values of a b s o r p t i o n  components  g iven in Table II). The values

of 0 obtained by these methods are in very good agreement as

shown in Table (III). The differences in values of 0 are

within experimental error which is primarily due to inhonioge—

neity of the material. In the case of intentionally compensated

epitaxial layers (4 and 5 in Table III), the values of 6

determined (0.67 and 0.76, respectively) here are in good agree—

ment with the nominal compensation ratio estimated from the

concen tration of impurities introduced during the growth (i.e.,

0.7 and 0.75, respectively) . Thus , it must be concluded that

bot h p rocedu re s  f o r  d e te r m i n i n g  the  c o m p e n s a t i o n  r at i o  lead to

reliable and consistent results.

As pointed out above , the upper limit to which the

present approach is applicable corresponds to electron (and

impurity) concentrations of about 3 x 1018 cm 3. The lower

concentration limit is determined by the sensitivity of the room

5-- 5— - 5-—— —~~- ---—- — — -- ~~~~— -~ 
- --—5--

~~~~~ —‘ —



5- — 5------ __ _—

~~~~~~~~~~~~ 
- 5

30

temperature electron mobility and of the free carrier absorp—

t ion to ion ized  i m p u r i t i e s .  These l imi ts  are apparen t  f r om

Table (II) (and/or Figs. 4 and 5). Thus , for a reliable

determination of the compensation ratio from electron mobility,

the electron concentration should be greater than 10~~ cm 3, and

in the case of free carrier absorption , the electron concentra-

tion should be greater than io16 ciii3) .  I t  sho u ld also be

emphasized that , for the reliable app lication of the present

procedures , GaAs should be reasonably homogeneous. Thus , it is

desirable to supplement measurements of mobility and/or free

c a r r i e r  a b s o r p t i o n  with  measurements of the carrier concentra-

tion distribution on a microscale. Employing scanning IR

absorption~
3
~~ for this purpose , i t  al so becomes  poss ib le  (on

the basis of the present study) to obtain a compensation ratio

profile with a spatial resolution of about 2Opm.

SUMMARY

Theoretical and experimental studies of room temperature

— 
- -
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electron mobility and free carrier absorption coefficient have

been carried out on n—type GaAs . It was shown that for a total

concentration of ionized impurities smaller than iol5 cm 3, the

room temperature electron mobility is dominated by polar

scattering (with about 10% contribution from acoustic phonon

and piezoelectric scattering) and it approaches a value of

- about 8000 cm2/Vsec , in agreement wi th  pre v ious  e x p e r i m e n t a l

and theoretical results. For impurity concentrations exceeding

15 —3
• 10 cm , the mobility becomes sensitive to ionized impurity

scattering permitting the determination of the compensation
. 

- 

-

ratio in the material. It was found , however , that the con-

t r i b u t i o n  f r o m  ion ized  i m p u r i t y  c a n n o t  be ana l y t i c a l l y  se p a r a t e d

f rom o the r  s c a t t e r i n g  m e c h a n i s m s  s ince  the  a p p l i c at i o n  of

Matthiessen ’s rule leads to significant errors. Thus , in

determining the compensation ratio , one must rely on the results

of numerical calculations. The calculated values of electron

mobility as a function of compensation ratio given in Table (II)

---5— -- -  
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can be readily used for the determination of the compensation

ratio in n—type GaAs with electron concentrations ranging from

- 15 18 —3 -

10 t o 3 x l O  cm

It was also shown that the iree carrier absorption

coefficient is sensitive to compensation in GaAs for electron

concentrations exceeding io16 cm”3. An analysis of . the present

experimental results and those available in the literature

showed that the characteristics of free carrier absorption

-

~ (concentration and wavelength dependences) can be satisfactorily

I
explained only when compensation is quantitatively accounted

for. 
-

A procedure for the determination of the compensation

ratio from the value of free carrier absorption coefficient for

A0 — 10pm (or other wavelengths 8pm .~ A ~ 12pm) , and the

calculated values of the component absorption coefficients was

outlined. For reasonably homogeneous materials , a good agree—

ment was obtained between the values of compensation ratios

- 5 - - ~~~~-~~~~ --~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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— 
obtained from electron mobility and from free carrier absorp-

tion. It should be pointed out, that no fitting parameters

other than the compensation ratio were used in comparing the

experimental and theoretical results.

It was thus  concl uded tha t both the roo m temper at u r e

electron mobility and the free carrier absorption coefficient

provide a reliable and consistent means for determining the

degree of compensation (or the total concentration of ionized

impurities) in n—type GaAs . In the form presented here , these

methods can be used as practical procedures requiring rela-

tively simple instrumentation. The electron concentration and

mobility can be determined by means of standard conductivity

and Hall effect measurements , taking the Hall factor r as

unity; the error due to this assumption is estimated to be

15 —3about 10% for a ~~ 10 cm and decreases with increasing

carr ier concentration.

The free carrier absorption method outlined here

-5-- - 
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requires the determination of the absorption coefficient for one

arbitrarily chosen wavelength in the spectral region 8pm ~

A ~ 12pm. Accordingly, relatively simple IR spectrometric

instrumentation is required (e.g., a CO2 laser and suitable IR

detector). For sufficiently thick samples (satisfying the con-

dition ad ~ 1) the error associated with minor changes in 
—

reflectance due to electron c o n c e n t r a t i o n  changes can be

neglected (for n ~ 3 x mo
18 cm 3) and one can utilize the

- values of R(A ) given in ref ( 3 6 ) .  When the  e l e c t r o n  c o n c e n t r a —

tion , the electron mobility and/or the free carrier absorption

coefficient are experimentally determined , the compensation

ratio and the total number of ionized impurities can be

de te rm in ed f r om Tabl e (II) and eqs. (11) or (12).

5-5-5—---._ 
~_a~~~~’

_ —’ —’-- - -  - _ ~~~ _ s_h.. &~_5.;~~~~_ ~_.5-S-~~~~ L . ~~~~~ . - - ~ S.~~~~~ S Sh.a - ~~~~~~~~~~~~~~~~~~~~ - -5——-- —



-

35

ACKNOWLED GEMENT S

The authors are grateful to the National Aeronautics

— and Space Administration and the Department of the Air Force ,

Electronic Systems Division , for financial support. They

would also like to express their appreciatioh to the technical

staff of the Francis Bitter National Magnet Laboratory for the

use of their  high f i e ld  f a c i l i t i e s .

— -



1—-- - -- ~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ 

- - - - -

36

APPE NDIX

Equation (16) describing low field electron mobility

has been obtain~ d with the aid of the variational princip le

method~
4
~ adapted to the case of the screened electron—optical

phonon interaction .~~
2 7
~ The change of the electron distribu—

tion function , f, can be written in the form:

(~f ) — — Akcos# 
~~

—

~~~

- L(c) (A.l)
coil

where x — —p-- ; E is the electron energy , kcos~ is the pro—
k T
0

jection of the electron wave vector on the electric field

direction and

* 1/2
* 28 z

~ 
(a I m )  ‘1A — A (x , T, m )  — 4 . 7 6 8  x 10 312 1/2 

- ( A . 2 )

- X T

Ope r a t o r  L ( C )  cons i s t s  of f o u r  t e rms  de sc r i b ing  the  d i f f e r e n t

scattering mechanisms considered at present

— 

L(C) — L
0~~~~~

( C )  + 
C ( E )  

[1  + + (A.3)
imp ac pel

The relaxation times , r , for elastic scattering processes are

- _
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given by,

screened ionized impurities :~~
32
~

~~—1/2 r i \ , x
— 2.415 

Nimp 

~~~ (xTY 3”2 J i ( 1  + 4 x )  
— ______ (A.4)

•t
i*p ~~m0)  L \ a / 1 +

acoustic phonon scattering through deformation

(3 3)potential:

E 2 / * \ 3/2
— 4.167 x iol9 1 

~~~
— T x~~

’2 ( A . 5 )
2 t mac pv~ \ o

piezoelectric ( a c o u s t i c  mode )  s c at t e r i n g :~~
34

~

1.052 x lO~ x h14
2 ( + 

* 

)

l / 2  

( A . 6 )

For sc reened  o p t i c a l  p h o n o n  ( p o la r)  sc a t t e r i n g:~~
2 7

~

L
~~~ 

(C) (N + 1) C~ [(R ÷ + a) S~ — aR+T+ 
—

. 
4U +]

— 2x (N + 1) C~ [s~~ — aT~~] + h (x — z
~
) —f C

[(R_ + a) S - a R T  — 4 U ]  — 2 x N C_ ~~~~~ 
[s 

- a T ]  
~ 

( A . ? )

wh ere — f
0 

(x ± zL); C~ C (E ±

R+ — 2x + a ± z
~~
; U~ — Tx (x ± z

L
) 
~

~~~~~~~
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- 4U~ R1 +2U~T - . S Ln -

± 
R~

2 
— 4U~

2 ‘ ± — 2U~ 
—

and N — is the optical phon on occupa t ion  number .
e &_ l

Following the procedure developed in ref (4), one obtains the

following expression for electron mobility:

p — 308.6 — .i.) (~
*) 3 / 2 

T112 z
~ 

F112 }
_]. D3,2 3/2 

(A

where the determinants have forms

B (3/2) B (3/2)0 0 1

B (3/2)
0 d00 d01

3/2 — ( A .9 )
— 

~ 
(3/2) d d1 10 11

d00 d01

d11 .... (A.lO)

4

- - - - -5 -- - - —-—~~.---- -5-—



r 39

Appendix , page 4

The elements of the determinants are given by the integrals:

(3/ 2 )  
E3~~ r dE (A.il)

dr s ~i fr  
L ($) dE (A.l2)

The f u n c t i o n s  should  r e p r e se n t  a comple te  set of functions

of electron energy E. In the present computations , the set

r ( s) — ~~~~~~~ was chosen with values of r and s equal to 0,

1 and 2, which at room temperature assure an accuracy of the

- 
(4, 38)mobility calculations within a few percent.

L — - —— - ---——--
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TABLE I

(after refs 2 and 9)

low frequency

dielectric constant , c 12.910

high - frequency

dielectric constant , c 10.91

optical phonon

energy, 36 tr~ V

deformation

potential , E1 7 eV

longitudinal

- 
elastic constant , C~ pv~

2 
14.03 x 1O~~ dyne/cm 2

piezoelectric 
-

- coefficient , h14
2 

( -

~

--- + 

~~~

— 

) 2.39 x lO
_2

effective mass , m*/m 0.068 (see text)

_ _ _  - —5 - ~—-— -5- -  -- 5 —~
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TABLE II

Computed Values of Electron Mobility and ER Absorption in n—type GaAs

2 ABSORPTION
ELECTRON MOBILITY (cm /Vsec) at 10pm

—l
COMPENSATION (cm ) —

a a aRATIO .0 .1 .2 .3 .4 .5 .6 .7 .8 .9 imp ac op

lxlO25 7810 7760 7700 7620 7530 7400 7220 6940 6490 5590 -

1.5 7740 7680 7590 7490 7360 7200 6970 6640 6120 5150
2 7600 7510 7410 7290 7140 6950 6690 6330 5770 4780
3 7540 7430 7300 7150 6960 6730 6420 6000 5400 4370
4 7450 7320 7170 6990 6780 6510 6180 5730 5100 4070 -

5 7370 7230 7060 6870 6640 6350 6000 5540 4850 3870
6 7280 7130 6950 6730 6490 6190 5820 5340 4700 3670
7 7230 7060 6860 6640 6380 6060 5680 5200 4540 3510
8 7150 69 70 67 60 6530 6260 5930 5540 5050 4390 3370
9 7050 6860 6650 6400 6120 5790 5390 4900 4250 3232

1x1016 6980 6790 6560 6310 6020 5680 5280 4790 4140 3120 .0036 .025 .341 -

1.5 6710 6480 6230 5950 5640 5280 4870 4370 3720 2710 .0080 .038 .510 -

Z 2 6500 6250 5980 5680 5360 5000 4580 4080 3430 2440 .0142 .050 .679
o 3 6190 5920 5630 5320 4980 4610 4180 3680 3030 7060 .032 .075 1.01

~ 4 5970 5690 5380 5060 4720 4340 3910 3410 2760 1820 .056 .100 1.35
~-. 5 5810 5510 5200 4870 4520 4140 3710 3200 2560 1640 .087 .126 1.68
< 6 5680 5370 5050 4720 4370 3980 3550 3040 2400 1510 .125 .152 2.00

7 5570 5260 4940 4600 4250 3860 3420 2910 2270 1400 .169 .178 2.32
8 5480 5160 4840 4490 4140 3740 3300 2790 2160 1320 .220 .203 2.65

~ 9 5400 5080 4750 4400 4040 3640 3200 2690 2060 1240 .277 - .229 2.97
z
~ 1x10~

7 5330 5010 4670 4320 3960 3560 3120 2600 1980 1180 .340 .255 3.28

~ 
1.5 5090 4750 4400 4030 3650 3240 2790 2280 1690 960 .746 .387 4.84
2 4910 4540 4160 3780 3390 2970 2520 2030 1470 820 1.29 .521 6.35

Z 3 4730 4350 3960 3560 3160 2730 2280 1790 1270 680 2.79 .796 9.26
o 4530 4130 3730 3320 2920 2490 2050 1590 1100 580 4.82 1.08 12.1
o 5 4470 4060 3640 3220 2800 2380 1940 1490 1020 530 7.26 1.34 14.8

6 4370 3950 3520 3100 2680 2260 1830 1390 950 480 10.2 1.68 17.5
7 4290 3860 3420 3000 2580 2160 1740 1320 890 450 13.5 1.99 20.1
8 4220 3780 3340 2910 2500 2080 1670 1260 840 420 17.2 2.32 22.7
9 4160 3710 3270 2840 2430 2010 1610 1200 800 400 21.3 2.65 25.3

lxl0’8 4100 3640 3200 2770 2360 1950 1550 1160 770 380 25.8 3.00 27.9
1.5 3860 3400 2950 2520 2130 1740 1370 1010 660 330 53.4 4.85 40.5
2 3690 3220 2780 2360 1980 1600 1250 920 600 290 88.8 6.91 52.8
3 3460 3000 2560 2160 1790 1440 1120 810 530 260 178 11.6 76.6
4 3300 2840 2410 2020 1670 1340 1040 750 480 230 284 16.9 98.6
5 3200 2750 2330 1950 1600 1280 990 710 460 220 400 22.8 120

-55 -
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- FIGURE CAPTIONS -

Figure 1. Comparison of elect-ron inobilities calculated by a

variational method (present calculations) and by

an iterative procedure (ref. 2) for n—type GaAs at

room temperature; screening of polar scattering is

not included (see text).

Figure 2. Calculated component and total electron mobility as

a function of electron concentration in n—type GaAs

- - 

- - 
at room temperature.

Figure 3. Comparison of electron mobilities in n—type GaAs

- 

- 

calculated by a var iat ional me thod  an d by M a t th l ea se n ’s -

role employing the component mobilities. -
-

Figure 4. TheoretIcal (solid lines) and experimental values of

mobility as a function of electron concentration in

n—type GaAs for various compensation ratios; the

mobility range for commercially available GaAs is

also indicated.

Figure 5. Theoretical and experimental values of absorption co—

efficient as a function of electron concentration in

GaAs at room temperature.

Figure 6. Theoretical (solid line) and experimental values of

absorption coefficient reduced to zero compensation

(see text) as a function of electron concentration in

GaAs at  room t e m p e r a t u r e ;  wavelength of radiation

- 
X l O ~~ m .

Figure 7. Absorption coefficient as a function of wavelength.

- 

- - - -

~ 
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4 Solid and dotted lines correspond to theoretical

values , neglecting compensation , and dotted lines

correspond to theoretical values obtained by

taking into account compensation as determined

from elect-ron mobility ; ., • and £ are experimental

values obtained with samples 6, 3 and 2, respectively,

àf GaAs as in Table III. -

r -
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