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1.0 INTRODUCTION

During the past four years an ONR-sponsored research program has

been underway at North Carolina State University which basically

Involves the use of the Monte Carlo method to study high—f ield

transport properties of semiconductor materials. The emphasis has

been directed toward the study of ternary and quaternary Ill—V compounds

in an attempt to identify specific ma terials  with desirable electronic

properties for microwave device applications .

A substantial effort has been devoted to develop ing a complete

Monte Carlo computer program which can be used as a predictive tool

in the study of hot electron transport , as well as low field ohmic

transpor t, In a general class of semiconductor materials. We presently

believe that the capabilities which have been developed so far under

ONR sponsorship are second to none within the scientific community ,

and that the bulk static transport properties of two general classes

of quaternary Ill—V semiconductors can be predicted using our computational

methods. These two classes of quaternary materials consist of compounds

of the form A
III

B
III

C
V 

DV and A
III

B
IIr

C
I I I DV (or conver~’ y A

III
B
V
C
VDV) ,

1-x x ].— y y  x y a x y z

which can be specified to include any binary or ternary compound as a

subset of these general material forms .

The accuracy of the computational program depends on several factors.

• One major factor is the way in which the quaternary material parameters

are calculated . The technique depends on a knowledge of the binary

material parameters and either theoretical models or experimental data

I-
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for the ternary material parameters. This information is coupled into

a general interpolation procedure for calculating the quaternary

material parameters , from which the transport properties are obtained

in the Monte Carlo method. This work has culminated in the prediction

that specific compositions of the quaternary compound Ga1_x Inx
Pj_yAsy

lattice-matched to InP substrates possess transport properties having

distinct advantages over GaAs [1] for device app lications. In the past

eighteen months considerable experimental work on this compound has

shown the material to indeed be promising for many device applications .

However , the complete advantages due to the predicted superior trans-

port properties have not been realized at the present t ime , and efforts

to make a microwave MESFET have only been partially successful [2].

• However , it appears that many of the device problems can be overcome

through the refinement of the materials technology , and there are

reasons to remain optimistic that the predicted material advantages will

be borne out. In the authors ’ opinion the influence of alloy scattering

still remains an unanswered question. However, very recent results on

Al l x~~x
’
~ 

strongly suggest that our approach which uses the electron

affinity difference for the alloy scattering potential is correct [3).

It is to be noted tha t these recent results have come about through

careful refinement of the growth process to the point where pure material

can be achieved . Then, by examining the low temperature (77K) Hall

mobility , the effects of alloy scattering can be separated from those

due to ionized impurity scattering , and are in good agreement with our

previous models.
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During the past year . one ph:se of our research has been to

investigate other quaternary 111-V systems . In fact , a complete

survey of the fifteen major quaternary systems of the form Ai_X BX
C

1 Y
D
Y

and A B C D has been made. The systems are composed of the compounds
x y  a

from the group 111 atoms Al , Ga, and In and the group V atoms P, As , and

Sb. Some of these systems , to be discussed later , also have desirable

mate rial propertaes for electron devices. However , we have taken a

wait—and—see approach before submitting this data for publication in

the open literature , sinc e we feel that i t  is imperative for the

calculations on Ga In P As to be verified experimentally to some
1—x x l—y y

extent before suggesting other new quaternary material systems for

development. Very recently, experimental work on the low field mobility

of the ternary Ga
1 

In As lattice matched to InP has been reported as verifica-

tion of our previous calculations for this material [4). It should be

r emarked that much progress in the materials growth technology has

led to these impressive results.

It has become apparent dur ing the last year that a si gnificant

emerging research area is that of submicron device physics and technology .

During the past grant period our research has been substantially shifted

to emphasize this area and to begin a major effort in this field.

We would like to concentrate on the physical processes which effect the

operation of small devices and to begin to use the Monte Carlo method

for t h i s  purpose. We plan to question based on first princ iples the

physics of electron transport upon which the Monte Carlo method is

based , and to Investigate the fundamental limits of the validity of

t h e  Monte  Carlo me t hod as a techni que for studying transport phenomena

in ge n e r a l .

_ _ _ _ _ _ _ __ _ _  ~~~~.. _______
- —~~~~~~~~~~ --~~-— -- - - -~~-.
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For example, one should probably begin by examining a basic

premise of most traditional treatments of transport theory , including

the Monte Carlo method , which separates the transport process into

separate and non—interacting processes of drift in the field and

scatter ing through a lattice or defect interaction . It has been

pointed out that under the conditions of high electric fields and

strong scattering rates tha t such an assumption is questionable [5],

and these conditions could be met in small devices. Our plans extend

to investigations of other areas including statistical concepts, such as

fluctuation phenomena , modifications of collision interactions and

interaction time field effects , velocity overshoot effects , two—dimensional

device effects , and the general examination of device concepts.

There is one final point to be discussed here. The Monte Carlo

method is generally considered as a single—particle description of

transport phenomena . For this reason , it has been stated that the

Monte Carlo method will have difficulties in treating small device

e f f e c t s  because e l e c t r o n — e l e ct r o n  i n t e r a c t i o n s  cannot be conven ien t ly

included , and these will become important due to scaling rules which

generally require higher dop ing levels as device dimensions decrease.

Now, besides the Monte Carlo method , there are two other methods

proposed for app lication to and stud y of small device problems . These

methods are the drifted—Maxwellian approximation [6) and the iterative

integral approach [7]. Both of these techniques also have limitations

at high dop ing primarily because degenerate statistics are difficult

to include and are of necessity fundamentally neglected in the

formulations . Also , it seems to us to be premature at this time to

argue in favor of the drifted—Maxwellian approximation over the other two
a—

r

- — S
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methods as being the high electron density limi t to the distribution

function [8], and at the same time argue in favor of a reevaluation

of physical concepts as applied to small electron devices. For example,

the drifted—Maxwellian may be a valid velocity distribution function at

high doping, but it is not a valid momentum distribution func tion due to

non—parabolic band effects. Also, the question of the use of the con-

cept of a distribution function must be raised when one beings to consider

small devices where non—steady—state processes , such as velocity over-

shoot and time—dependent diffusion processes, become important. The

Monte Carlo method does not necessarily involve the concept of the

distribution function except in a self—consistent methodology, and

should rightly be considered as the major fundamental approach to modeling

small device physics. Our approach has been to begin to apply the

Monte Carlo method to small devices by making major modifications to the

computational techniques which are oriented toward treating such small

devices. These modifications include the treatment of position—dependent

electric field distributions and velocity—overshoot and diffusion—overshoot

effects in general. The next step, which has been accomplished this year ,

is to also include degenerate statistics in the scattering processes. We

believe we have made a major contribution in this regard , and papers are

being prepared for publication.

Thus, a major goal of this research is to examine the application of

the Monte Carlo method to the study of small electron devices. It is strongly

believed that of the possible techniques to be appropriate  for such s tudies

that the Monte Carlo method will again , as it has in the past , prove to be

the more comp lete and accurate computational method to study transport and

hot electron phenomena in the next generation of electron devices.

A-
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2.0  RESEARCH RESULTS

2.1 Review of Progress

This sec t ion contains  a br ie f  d i scuss ion  of work performed du r ing

the past year. Also included are a list of publica t ions and presentations ,

and a summary of papers in progress for publication. Finally , the

appendices include manuscr i pts  publ i shed  d u r i n g  th is  year .

1) The ca lcu la t ion  of iso—b and gap and i s o — l a t t i c e  constant  contours

for  111
2

—V 2 , 111
3

—V 1, and 111
1

—V
3 

q u a t e r n a r y  a l loys  has been

completed and published dur ing  1978 [9 , 10] . We have received

several requests for reprints , and a request from Rockwell

In ternational for additional calculations in the Al Ga As Sb
l—x x l—y y

quaternary.

2) A systematic examination of the transport properties of fifteen

qu a t e r n a r y  alloys (nine 111
2
—V
2 

all oys and three each of the

111
3

— V
1 

and 111
1

—V
3 

a l loys )  has been car r ied  ou t .  The group I I I

e lements  considered are Al , Ga , and In while  the group V elements

are  P , As , and Sb. Some systems have p r o p e r t i e s  which look very

promis ing ,  especial ly f o r  t r a n s f e r r e d  e lec t ron devices .  None of
I

the  ma te r i a l s  seem to be superior  to Ga In P As for FET ’ s,1—x x l-y y

but there are several systems possessing high peak veloc iti es ,

high saturated velocities , and low threshold fields which makes

these attractive for TED devices. For example , spec i f ic  sys tems

are Ga In P Sb , Ga In As Sb andl-x  x l— y  y l—x x 1—y y

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— —hi- •. .~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
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We plan to submit this work for publ ication , but would like to

wait for more advanced m ater ials growth technology and the

mea su r em en t  of m a t e r i a l  a I a r n t ’t e r s  fo r  Ga In P As
- l-x x l— y y

3) The Monte Carlo pi ogram has l een nod if fed to a c c ou n t  f o r  the  e f f e ct s

ci t  d~-genvr .icv In  ht .ivilv—d op ed m ateria ls . At low e l e c t r i c  f i e l d s ,

when t h e  ci cc t ron tetnpe rat ut- c and I at  t i c t ’ t inp e r a t  t ire  are  equal

t h e  p r i n c i p le  m o d i t  i c a t  ion Is  t h e  i n c o r p o r a t i o n  in t he  s c a t t e r i n g

r a t e s  of an occupancy  f a c t o r  i — i  (E ’ ) , where  E ’ is the  e l e c t r o n

e n e r gy  a f t e r  s c at t e r in g  and  I (E ’ ) i s  t h e  F e r m i — D i r a c  ene rgy

d i s t r i b u t i o n  f u n c t i o n  w i t h  p a r a m e t e r s  E 1 and T .  At  low f i e l d s ,

t h e se  p ar ane t  ers  can be d e t e r m i n e d  t r em the  f r e e  c a r r i e r  c o n cc nt r a t  ion

ri and the a ver ag e  c a r t  i c r  emi rgy kT. At high e l e c t r i c  f l i-ids  the

hot d c c  t r on  d i  str ibut ion func t i on , and t h u s  the  occupancy  f a c t o r ,

is unknown , but the Ferm i— Dirac dist ribut ion function is assumed

to  he a r t ’asen,ihl  e f i t  st appr ci x ima t ion • However , in t h i s  case

the Ferm i en er gy  and the electron temper ature cannot be determined

a priori , since the electron energy is unkn own . The approach which

we have t aken  Is  to p e r f o r m  the  Mcinte Car lo  c a l c u l a t i o n  i t e ra t  iv e lv ,

• c a l c u l at  1mg the  average  ene rgy  in each i t e r at i o n  and u s i n g  t h i s

c a l c u l a t e d  v.i i tie along with t tie e l e c t r o n  t-o t l cen t  r a t  ion to  u p — d a t e

T , and the occupancy [a c t o r  1—f (E) . The I t e ra t i v e  process

is c o n t i n u e d  u n t i l  s e l f — c o n s i s t e n t  values of E , T , and the
f e

.ivcr age’ t’nergv are obtained . These ~‘a 1 ties are then used in the

t r a n s p o r t  calculations.

.

~ 
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S e v e ra l  other modific ations have  also been comp leted in

connec t  ion w i t h  I lie s i m u l a t i o n  of hea v ily— dc ~ed m a t e r i a l s .  For

examp le , t h e  i n c l u s i o n  of a t r an s ver s e  m a g n e t i c  f i e l d  a l l o w s  the

c a l c u l a t i o n  of H a l l  m o b i l i t y ,  and t h e  r e q u i r e d  ni~d I f l c a t 1o n  of

E i n s t e i n ’ s r e l a t i o n  to account for de~’ n t - i  i cy  a l l o w s  the  a c c u r a t e

e s t i m a t i o n  of d r i f t  v e l o c i t y  a t  l o w  app l i e d  f i e l d s .  Some of the

results of this w o r k  have been p r e sen tea  ~it the Hot E l e c t r o n  Workshop

-i t  ( ‘or  ne l l  i n  i v e r s i  tv , Aug • 17 — 1 8 , 1978 and a t  t u e  7 t h  I n t e r n a t  i o n a l

Svmp os him on CaAs and Rd .it ed ~~.i I or i;u l s In S t  . Lou is , Sept  • 2~ — 2 7

1978. Two journal a r t  icl .’s are  now in p re p a r it ion .

4) The M o n t e  Ca r lo  method  has been app lied to the determina t ion c i t

the spat i il di st i ihut ion I un c t  ion  m d  its t emporal evo lution b r

hot electrons. Among other things , transient s in ca rri e r velo~’ i t

and t h e  d i i  fusion p r oc e s s  itself can  be investi gated in term s 0

the  i n s t a n tan e o u s  mean m(t) and v a r i a n c e  s ( t )  ot t h i s  d i s t r i b u t i o n .

Velocity overshoot phenom ena  such as obta m e d  by o t h e r  t e c h n i q u e s

[11] have been obse rved  and can he s t u d i ed a t  a more b a s i c  l eve l  b~

t h is  approach. We have a l so  observed both an o v e r s ho o t  and an

unde r shoo t  in the  diffusion r i t e  or di ¶ fusion coetficie nt D (here

as a f u n c  t ion of t l in e t h t t o u e ~h the def i nit ion D( t )  = ~ ( t )  )

T r an s  i en t  s in bo th  diffusion ce’ef I Ic i - ‘nt  as we’ll is c u r  icr vel ocity

p e r s i s t  over  d i s tan c e s  r ,mve rst’d by carri ers w h i c h  are ’ c o m p a r a b l e  to

i m p o r t  an t  d i m e n s i o n s  in s u b — m i c r o n  devices , and may have i m p o r t a n t

imp l i c a t  ions  in the  t h e o r y  and d e s i g n  of such dev ices .  Thus , these

t r a n s i e n t  phenomena w a r r a n t  f u r t h e r  s t u dy .  P r e l i m i n a r y  r e s u l t s  f r o m

t h i s  work  we ’r e ’ p r e s en t e d  at the 1q78 Ih ot  E l e c t r o n  W o r k s h o p  at Cer n e l  1 .

,
~~~~w-  . ‘ ;•- --- 
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and a mor e comp le te d iscussion will be con tained in a paper now

in preparation.

5) The Mon te Carlo program is currently bein g modi f ied  to allow the

a d d i t i o n  of a sinusoidal tine—vary ing electric field. The basic

approach Is to cons t ruc t  a pseudo—ensemble of ca r r i e r  h is to r ies

by stacking one-period segm ents from a single long—duration

s i m u l a t i o n .  This modification will allow Monte Carlo determination

of the basic frequency response characteristics of materials, and

should provide information as to their performance at mm— and

sub—mm wave f r equenc i e s .  This work is In the initial stages and

no r e s u l t s  have yet  been o b t a i n e d .

6) Several other areas are being investigated which involve major

modifications in the Monte Carlo technique. For example , the

incorpora t ion  of boundar ies  in one—dimens ion  is being invest igated

in order  to allow simulation of ma te r i a l s  wi th  f i n i t e  th ickness .

This could become very important  in the s tudy  of sub —micron devices .

Other modif ica tions, which will be discussed in the next section ,

are the incorporat ion of pos i t i on—dependen t  s ca t t e r i ng  rates  and

the further investigation of the position—dependent electric field

problem . Also , new models f o r  i o n i z e d — i m p u r i t y  s c a t t e r i n g  and

e l e c t r o n — e l e c t r o n  s c a t t e r i n g  which examine basic s t a t i s t i c a l  f a c t o r s

in the fundamentals of these problems are under investigation.

7)  Preliminary work on the transport properties of Il—lV—V~ chalcopyrites

has been completed . Bulk transport properties of ZnS1As 2 , a material

which  is be ing grown in our l abora to r i e s, have been stud ied and

cer tai nly look very in teresting . The static velocity—field curve

4 
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i n mie ’v icc’;; w I t  ii c h t , m t t r u t ~ I l e ’ i m g t  h i ~ h ’ i ’t w i t h  () , m i n i  1 .0  j i m .  I’tu v c~~ i c i i i

c i t  I lie c~~t’ i ’ i  t i c S ’ ? I S  i r l ’ . t , u i i t  h a l lv gi eat i ’i t h.mn I h i t t o m  ( : , mA ;;  c i t  m l ’

In t hi I ; ;  c~ m i , m  ( i i  i i , m i  v . t~~ t hi i ’ i  cpu.m t i ’ r  n u t i i ’; ,  • m , u el I c i  iSmi i t ’;. t i e ’ hi ’ % ui g

c ’ \ a m l i  i rie ’e( .m t  ( l i t ; .  I I iii ’ .

A I t.~’i i  d i t i ic ’i i ; ’  I o ’ r , u I  cl ’ \ ’ i c ’ i ’ rnc ’i l . ’l  l i _ ms  t ’i ’ i ’ri c h i ’ c i ’ h i i h i i .e l  wet I ; .  m i i i ’.., l~ ’ t u g

liii tie r u m ’ t  f i n d . l i i i ’  i t ’ i n h ’ i i t  ii i , ’ i u , m l  p i  c ’c i d i m i  i ’ t , .  c c i v ; .  hru f l i i  I t’  t i m , u t

be’ t r i p i t - i ’d liv 11 . 1,. ‘. rmmt ’ i i i  i t  P i t  I t  i’ d h e , u r ic ’ 1 ~ ‘~~‘ i i ’ ; ,  P t - i - u  c li  t ’ i ’i t t  i- I

‘I ’hue ’  ut i cimi I I i~~~, u t  I c i i i ; .  m u o w  lii ’ I I t S  I t i c  01 I m l  i’d r ui vc’ lc ’ i ’ t hit ’ i i i ’ c i t  I l i e ’

i 1 m i . i ; ;  1 1 i m n ’ , i  r I ; m t  I t’ l l  t i c  l i i i  i cj t I i ’ ‘..‘ h m  i i  h~~’ . b t . ’, ~~ ~l j ••~,•~ ( . u t  N .  . ~‘I  .mt  C S

;- liii ! c i i  f t  v t ci rnc ’c l e I  .0 i . , r  i i ’ I t ; .  I . ’ I . Wi ’ l ’ ’ l  c v , ’ t h i ( cc l i i i  111111 ’ w i l l

- 4 i ’ n l r . u r i e ’c t h e  i ’. ip. i h i I I i t h i ’ ; .  c ’t  I lie d c v i ,  i ’ p 1 c ig i  .I ni . l ’hii ’ Ic ing 1 i i  iii pc ’ c  1

I s  I t ’  p 1 e ’V l i l t ’ a ~t i  ‘.‘ I c  i ’  p i c~ pm mm t.’ hm m c l i  v i  I m r i t  i’ h  a~
- I ‘.. m l  hm t Iii ’ ~P’ iii e

1 . 1 1  it ’ j t I c ’ )~ i .1111 ( i i 
~~ 

c ’ ’ . ’( i t i ’ i ‘ i  11 c c i i i ’ ’ ( ‘ .1 i ’i l t  ‘ .c ’ I i i t  I t ’ll h i ’I I i  I i i ’ . j i t~~h I

, u i , c l  t m ’ t  imu l , u , , 1  pi , i j i , ’u I L i ’ ’. c ’t  m m l i  i ; i c  i t ’ l l  et i ~~’ i t  m ’ s .
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10) Work has been carried out to experimentally and theoretically stud y

alloy scattering in Ca In P As . The experimental work has been
l—x x l—y y

supported by AFOSR and was done in conjunction with the Research

Triangle Institute. The results were presented at the 7th International

Symposium on GaAs and Related Compounds held in St. Louis, Sept. 24—27 ,

1978 , and they appear to suggest that alloy scattering , or some other

form of defect scattering hav ing a tempera ture depend ence sim ilar

to alloy scattering , is greatly affecting the low—field mobility

in this quaternary. One such mechanism could be space—charge or

precipi t a t e  scattering [13]. This point is made in light of the

resul ts presen ted by Pearsall [4] at the same meet ing on Ga 171n 53As

(lattice matched to In?) which were interpreted to suggest that alloy

sca ttering was not significant (at room temperature) in this ternary.

It is very probable that future advances In growth  technology for

Ca In P As will lead to substantial improvements in the transport
1—x x ].—y y

proper ties. -

ii) The work on nega t ive res is tance  in the central r(000) valley of

compound semiconductors has been comp leted and accepted for

publica tion in Solid—State Electronics. The effect is real aid

our previous interpretation of it stands as originally reported . The

Inclusion of the p—state mixing phenomena resulted in no changes

in the ori ginal conclusions, and the phenomenon appears to have

other  previously  unforseen  impl i ca t ions .  For examp le , velocity

overshoo t in ma te ria l s  whose peak ve loc i ty  is d e t c ~runined by

—I- ~~~~~~~~~~~~ ~~
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ABSTRA CT

Carrier mobilities achieved experimentally in Ga
1 ~~~~~~~~~~

al loys are considerably less than those predicted by Monte Carlo transport

• cal cula tions . In th is paper , a comparison between the temperature

dependence of electron h a i l mobility measured experimentally on LPE-

grown samples and calculated from a Monte Carl o method is presented.

The experimental data is obtaint-d from samples which are n - t y p e - and

are grown on semi-insulating lnP subst rates . The theoretical cal culations

are based on a diffusion coefficient estimator for calculation of hail

mobility . An analysis of the data indicates that both alloy scattering

and c a r r i e r  compensation are necessary to exp lain the observed temperature

dependence of Hall mobility.

I-
I i

H i

I
I

1.
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1. In troduc ti on

The Ill-V quaternary alloy Ga1..~
ln
~
Pi .~

As
~ 

has rece ived

considerable attention recently due to many desirable electron ic and

material properties , and this compound has been used in a wide variety

of device-related studies (Clawson 1978). In spite of the wide

variety of developed applications , the desirable transport properties

proposed for t h i s  m at e r i a l  based on c a l c u l a t i o n s  us ing  the  Monte  Carlo

method ( L i t t l e j o h n  et al. 1977a) have not been fully realized (Morkoc et al.

1978 , Houston Ct al . 1978). In part i cular , the reported Hall mobi lities

have been considerabl y lower than predicted , and room t emperature

electron concentrations below about lxlO ’6cm 3 have been difficult to

achieve. Much of the work has been done using li quid-phase ep itaxy

(LPE). However , the el ectron concentrations are much larger for the

quaternary than those u s u a l l y a c h i e v e d  for LPE growth of the  b i n a r y

compounds GaAs and ln P , even though  the  start i ng constituent sourc e

m a t e r i a l s  used to grow t h e  q uat e r n a r y  are  of t h e  same puri t y as those

used for  g rowth  of the binaries.

In t h i s  paper a c o m p a ri s o n  b e t w e e n  e x p e r i m e n t a l  H a l l  m o b i l i t i e s  of

LPE —grown  quat  e rnary  layers on l n P  subst  r a t e s  and those  calculated from

t h e  Monte  Car l o  method i s  present ed. Ha’~ed on this compar ison  i t  i s

conc luded  t h a t  both  c a r r i e r  c o m pe n sat io n  as well as a l l o y  s c a t t e r i n g

are c o n t r i b u t i n g  to  the  low - f i e l d  f l a I l  m o b i l i t y  and to  i t s  t emperature

dependei ce.

— . 
- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —. - . - —
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2. Experimental Aspects

epitaxy at 660°C in a standard horizontal slider system (Phatak and

The samples studied in this paper were grown by li qu id phase

Harrison 1978). The as-grown layers were undoped , and the substrate

material was semi-insulating Fe-doped InP in a (lll)B orientation .

T~~ical layer thicknesses were 
around 10 ~m.

The Hall measurements were made in a variable temperature cryostat

between 77K and 300K. A standard Van der Pauw sample geometry was used ,

and con tacts to the samp les were made with an In-Sn a l loy  (Houston et al.

1978).

3. Monte Carlo Cal culations

The calcul ations presented in this paper were obtained by the

Monte Carlo method, using a program described previously (Littlejohn

et al. l977a). Of particular import ance is the method used to obtain

the quaternary mat erial parameters for Ga In P As . This is done1-x x l-y  y
by an in te rpola t ion  procedure which is based on an assumed knowled ge of

the  cons t i tuen t  binary mater ia l  parame ters of , in this case , GaA s , InAs ,

lnP , and GaP. Whi le  much needs to be done to fur ther  va l ida te  this

in terpolation procedure, it has proved useful in c a l c u l a t i n g  energy band

j gap and l a t t i c e  constant (Gl i s son  et a l .  1978 , Moon et al .  1974 ) as w e l l

I as electron effective mass (Restorff et al . 1978). In these cases it has

led to good agreement with experimental data .  Figure 1 shows the results

of a c a l c u l a t i o n  for the r -val ley  electron effective mass in Ga In P A s1-x x l — y  y
as a function of As composition for layers lattice-matched to lnP . The

three different curves represent calculation s based on different values

IL. 
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of binary material parameters. However , for y>ø.5 the effective

mass does not strongly depend on the uncertainty in the ImP effe ct ive

mass (y=O) (Maloney and Frey 1977).

In gen eral , the Monte Carlo method is difficult to apply with

good statistical accuracy at low fields and low temperatures. However,

this problem can be overcome to a large extent by using statistical

estimators for the diffusion coefficients (Canal i et al . 1975).

In addition , the present program has been further modified to include

the  e f f e c t s  of heavy doping as w e l l  as to use crossed e l e c t r i c  and

magnetic fields for the computation of Hal l  mobility, since it is

Hal l  mobility and not drift mobility that is usually measured . The

pr ogr am d e t a i l s  w i l l  be presented in a future publication . Heavy doping

effects can be important in Ga rn P As alloys having small effective
l-x x l-y y

masses such as shown in Figure 1 . For GaA s , w i t h  m *=O.063 m , the

conduction band e f f e c t i v e  density of states is about 4x 10 17cm 3 at 300K .

From the values in Figure 1 a number of 1.ôSxlO
17cm 3 

for the density

of states of a quaternary with y=O.7 is calculated. As the t empera ture

is decreased to 77K , the conduction hand effective density of states is

reduced to 5xlO~~cm
3 for GaAs and to 2.1x10 16cm

3 
for the quaternary .

Thus one could expect degenerate st a tistics to be i m p o r t a n t  in d e t e r m i n i n g

the quat ernary  t ranspor t  pr oper i te s  for p r e sen t l y a ch i evab l e  doping

levels.

The h~onte  Car lo  method has the  a d d i t i o n a l  f e a t u r e  that very detailed

t ranspor t and scattering factors can he included in the calculations.

_
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These factors include such band structure effect s as p-stat e mixing

and band non-parabolicity (Fawcett et al. 1970). Also , the Monte Carlo

method takes into account thermal stimulation at temperatures above 300K

of carriers into higher-lying conduction band minima (Rode 1975). if

care is taken in assuring statistically accurate estimates in the Monte

Carlo method , then the techni que should be accurate and very complete ,

and as conven i ent as t echn i ques based on classica l transport analysis

and the  use of o ther  numer ica l  methods  (Rode 1975).

4. Discussion

The use of the Monte Carlo method for calculating Hall mobility was

first examined by considering data for GaAs since it was felt that

values for al l  important transport c o e f f i c i e n t s  and mate r ia l  parameters

were reasonably well known (Rode 197S , Littlejohn et al. 197Th ,

Kratzer and Frey 1978). Figure 2 shows Hall mobility as a function of

free e lec t ron  concenta t ion  for GaAs at 300K for a compensation ra t io  of

l ( i .e. N~+N /n = 1 , where N~ = ionized donor density , N ionized

accep tor  d e n s i t y  and n = free electron density). Shown for  compar i son  in

this figure is a range of experimental data , taken for convenience from the

last two proceedings of this conference and the standard data from Sze , 19€9 .

Care was taken to record only data report ed as flail mobility data. Al so

shown are the resul ts  of a c a lcu l a t i on  for Hall mobility based on an

iterative integra l method (Rode 1975). There are some discrepancies

between these two approaches , as can be seen in this fi gure . For low

carrier concentrations the discrepancies (about 13%) can be attributed 
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to slig~t1y different values of bulk material parameters used in the two

calculation methods . The material parameters used here in the Monte Carlo

calcul ation have been chosen based on both low-field mobility values and on

high field transport properties (Littlejohn et al. 197Th, Kratzer and

J Frey 1978). However, the Monte Carlo method will yield Hail mobilities

at low carrier concentrations (<IO
4
cm~~) well above 9000 cm

2
/volt sec

if slight adjustments in bulk parameters are made , and c e r t a i n l y  the

s e n s i t i v i t y  of the  Hall mobility in pure GaA s to sli ght variations in material

parameters is wel l - recognized (Rode 1975). At high carrier concentrations

(>1 016cm 3) the deviations between these two computational methods are much

more subtle. They are due to the way in which the ionized impurity

scattering rate is corrected for degeneracy in the Monte Carlo method and

this will be a subject for a future paper. However, in spite of the

differences the authors believe that the Monte Carlo method is an accurate

technique for calculating Hall mobility which gives agreement with

experimental data over a wide range of carrier concentrations.

Figure 3 show s exper imental  Ha l l  m o b i l i t y  data versus temperature

for pure GaA s, along with the calculated temperature dependence of

mobility based on both the iterative integral and the Monte Carlo mcthod.

Here the Monte Carlo method gives an excellent fit over the temperature

range ISOK-600K , while Rode has pointed out that the iterative integral

lies about 10% above the experimental data in this range (Rode 1975).

Whi e we have not dane so in this study, it should he pointed out that

the Monte Carlo method can be extended to temperatures below 10K

(Canali et al. 1975). Also , other GaAs material has been successfully

studied by the Monte Carlo method , and the general use of the method

appears to be well-justified.
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Shown in Figure 2 is a calculation of the flail mobility versus

electro n concentration at 300K for Ga 
27

1n 
73
P ~As 6 based on the

Monte Carlo method and the material parameter interpolation procedure

described previous ly  (L i t tle john  et a l .  1977a) . Presently .  to the

authors ’ knowled ge, the largest value of room temperature Hall mobility

for any quaternary is about 6000 cin2/volt sec with an electron

concent ra t ion  of about 7x10 15cm 3 (Housto n et a l .  1978).  Figure 4

shows a summary of typ ical H a l l  m o b i l i t y  versus  tempera ture  for the

quaternary (and the InP lattice-matched ternary Ga 47 1rt 
53
As) taken in

our labora tory  and reported in the l i t e r a tu re  (Houston et al .  1975 ,

Takeda et al . 1976). In general , the room temperature Hall mobilit ies

seem to l i e  in the range of 3000-4000 cm2/vo lt  sec with electron

concentrations of (2-4)x1016cm
3. Interestingly enough , the highes t

mobilities and lowest electron concentrations consistently seem to occur

near the te rnary  boundaries for the quaternary, i.e. for either relatively

low As or P compositions. This is suggestive of the influence of a l loy

sca ttering (Littlejohn et al . 1978).

To investigate the general problem of carrier compensation and alloy

scattering in the quaternary Ga In P As the Monte Carlo method was
l-x x l - y y -

used to s tudy several typ ica l  s a m p l e s .  F igure  5 illustrates the situation

when an at temp t was made to f i t  the data using either carrier compensation

with no a]loy scattering or alloy scattering with no carrier compensation .

F i r st , the a l l o y  s c a t t e r i n g  poten t ia l  ( L it t l ej o h n  et al . 1978) was

varied while keep ing the compensation ratio equa l to I (i.e. N~~N n )

until agreement w;is obtained between the measured and calculated H a l l

Il.
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mobility at room temperature . Then the temperature dependence of Hall

mobility was calculated , resulting in curve a) of Figure 5 wh ich is in

very poor agreement with the data. Curve b) results by remov ing a l loy

scattering from the calculat ion. First , the ionized impurity density was

varied until agreement was achieved with the measured Hall mobility at

room temperature, while keeping the free carrier density equal to its

measured room temperature value. Curve b) is the resulting temperature

- 
- variation of Hal l mobility with only carrier compensation present .

Again the agreement with  experimental  values at other temperatures is

very poor, and it was concluded that neither alloy scattering nor carrier

compensation could account for the measured temperature dependence of

Hal l  mob i l i t y .

Next , an attempt was made to find a consistent set of values for

both the al loy scat tering potent ia l  and the ionized impurity densi ty  which

would  together  g ive a good fit to the temperature dependence of Hall

mobi l i ty . To do t h i s  two experimental  points  were chosen , one at 300K

and one at about 150K. A detailed parameter study was made by varying

the a l loy  scat ter ing potential  and ionized impuri ty  densi ty  un t i l  a set

of values for these two parameters wh i ch agreed with the measured values

of both flaIl mobility and electron concentration at the two temperature

extremes . Then the complete flaIl mobility versus temperature curve was

cal culated using these va lues . The results are shown in Fi gure 6. The

Monte Carlo estimates lie within the dashed curves (several estimates

were made at each temperature) while the bars indicate a 5% variation

in the experimental data at the two temperature extremes. It should be

pointed Out that the fits are facilitated by the fact that the electron 

- - -
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cor i t - c i l t  i - a t  i on do es not vary si git  i f i  cant i y fur t h e s e  quat e m ary Sall)J)i es

l)etW eCn 100K—300K. The compensation r a t i o  of 3.9 i s  very close to a

sample with a very  s i m i l a r  t emperature dependence of m obility studied

by Houston et al . 1978

The calcula t ions are more se n s i t  i v e  t o  t lit ’ ionized i mpurity d e n s i t y

ban they are to the alloy scat t ering p0t e i i t  jul . Thus , it is not

teas ibi e to draw many coitc I nc i on s  f rom t In’ ;tc t t i a l  Va I Ut’ 01 t l i & ’  a l l o y

~c ;i t  t c ’r i n g  p a r a m e t e r  shown in figur e (~ . The value is  larger than t h e

propOsed t heo ret i cal v a t  ties for t ii ree di tfc rent model s ( l i t  t I ejohn

et a ! .  1978) i ’v as much as .~0% t o  100% . There i s  ano t her scatt e r i n g

mt’chan i ‘-an wh i ch has  t he same t empe rat tire depen dence of mob i lit y as a 11 oy

s c a t t e r i n g ,  wh ich i s  oft en c a l l e d  space charge scatter ing (Weisberg l9~ 2)

I f t h i s  inechan i cm were also present i n  t f i r st ’  samp les  i t  w o u l d  be d i f f i c u l t

o det ect froiii f l a i l  nra su reinent s a lone , but could t’ ffect the det emini flat ion

of ;il b y  s cat  tt ’riiig potent ial by t h e  t e chn i que used here . This added

c i i ( ’ t ’t cou ld  be t h e  r e st i l  t of j )rt’ c i p i  t a t  es , cl i n s t  c m i  ng, or o t h e r  t y p e s

f second phase defects

Ot h e n  camp I r s  w i t h  s i m i l a r  f l a I l  mob t i l t  v t empera t ure tiepentlences

have  been s t u d i e d  with very s i m i l a r  r e s u l t s  as g i v e n  in F i g u r e  b .  In

geint’r.t 1 for t liese t f l i . t t  emu t r i  c’; t h e  weaker t l ie t enuperat tire dependence of

Il ;i ii m ob i i t v bet wren jhout I 00K— •~t)t )K , he mu me import ant all ov scat t cm t u g

lit’c omttt’ -.

It i s i i i  c i- c ’ . t ng t o cons i Jr i- t i to s ~ amp I t ’ ‘. w i t  Ii 1 ‘-. t rou ge r t enipt’  r i t u re

depend ence i n t l i i  s t empe rat in i.e range . F t  gitr e 7 show s t l it ’  rt’ Sti l  s for a

t;a ~~~. In .A~ sampl e , w h i c h  i a t erna  my in  t l i i  qua t ernary s s t  em ha~ tn~

. m 1 ki I I mob i I it ~~
- a room eupe ra t t in’  1 . m rg em t han  ~0tl0 cm / vu It sec (Hit rko c

1978 • i.ikeda I 978) . For thi s case , t lie t emperatnirt’ dependence uf f l a il

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
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m o b i l i t y  could be fit by the Monte Car lo  method , bu t with an a l l o y

scattering parameter  e s s e n t i a l l y  the  same as th a t  predicted by the

theoretical model. The infl uence of a l l o y  s c a t t e r i n g  in  t h i s  tern a ry

is less important in d e t e r m i n i n g  t h e  f l a I l  m o b i l i t y  t han it is in the

quaternary . This  fact  Is somewhat s u r p r i s i n g  based on p r e v i o u s  r e s u l t s

for the scat  t e r i n g  p o t e n t i a l s  in both t e r t i a ry  and ipia t e rnary  a l l o y s

( L i t t l ej o h n  et 8!. 1978) .

S. Conclusions

Al toy scat tering appears to p lay  au i mport  an t  ro te  in the low f i e l d

t ranspo Et j)ropert irs of (a  In P A s  . Tb i s cone I us ion is based on t lie
l-x x t-y y

data and cal culat ions  presented in this paper , as well as on other

ptibl i shed flail effect dat a. h owe v er , the accuracy of the cal ciila t ion ’-.

are predicated on the mat em i al pa r amet em t n t  e rpol at ion  p rocedure , wh m cli

i 5 p resen t lv  requ I red for an y  t ransport cal cut at ions  in thi s quat e n’na I’’

I i i  sto r i call y , the Monte Ca r io  met hod has become till ) me use fui l  in  st  t i d y i n g

t ransport propert irs in compound semi conduct  on’s :‘ at -cura  t e ma t er i i i

pa ramet ers her oine awl i t nib be. The Jet  e mm I nat  i on  of t he ha si c mat  ei’ i a I

parameters should  be an import ant p a r t  of  pro g rams wh i cii at  t empt to

o b t a in  h i  gb — p u n t v  ( a  In P As quta t e rn a ry  at  t o y s
- l-x x l - >  y
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List of Figures

Figure 1.. Effective mass ratio as a function of As composition in
Ga In P As . Curve (a) uses binary effective masses

l—x x l-y y
from Restorff 1978. Curves (b) and (c) use values from
Littlejohn 1977a, with two different reported values for InP.

Figure 2. Hall mobility versus free carrier concentration for a
compensation ratio of 1. The legend is: — Monte Carlo
calculations, — . — . —  Iterative integral calculations (Rode 1975), 

Data from Sze 1969, 0 - Other experimental data.

Figure 3. Hall mobility versus temperature . The legend is:
Monte Carlo calculations , ---- and Ø — Iterative

integral calculations and experimental data from Rode 1975.

Figure 4. Typical Hall mobility data versus temperature for Ca1_ ln,~P1.. As
The curves show data from Houston et al. 1978, 

X Y Y
Takedi et al. 1976, and from this study .

Figure 5. Hall mobility versus temperature for Ga 3
ln

7
P 46As 54.

The dotted points are experimental data while curves a) and
b) represent Monte Carlo calculations with no carrier
compensation and no alloy scattering , respectively.

Figure 6. Experimental data and Monte Carlo calculations of Hall mobility
versus temperature for Ga 

3
1n 7

P 
46
As 

~~ 
showing fitted

material parameters.

Figure 7. Experimental data and Monte Carlo calculations of Mall mobility
versus temperature for Ga 47 1n 53As showing fitted material
parameters.
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2 Glisson , Ifauser , Lit t lejohn . and WiII iam~

In order to predict the energy bandga p or l a t t i ce
constant for a quaternary ma ter ial a two — step sequence Is
involved. Initiall y, it is necessary to have available
expe r imen ta l  ( C r  t h e o r e t i c a l )  values of these material
parameters for the four possible binary I l l - V  cons t i t uen t s
of the quatern ary compound. These values are read i ly
available for most Ill-V materials in the literature [B).
There are also four possible ternary (pseudobinary ) 111-V
systems in a g iven qua te rnary  compound . In the  f i r s t  s t e p ,
the energy handgap and lattice constant as a function of
a l loy  compos i t ion  f o r  each ternary system is computed
from the known b inary  mater ia l  parameters . This computa-
t ion is on a good experimental  and theore t i ca l  bas i s
[9—13) involving the use of Vegard ’s law and the coic~~;’t

of the “bowing parameter ” for the energy bandgap [ li i] .

J The f i na l  step involves  the use of the compositional
dependence of the energy bandgap and lattice constant 1. -c
the four ternary co~~iinations to interpolate to the desi :ed
quaternary energy bandgap and lattice constant. This f Ital
interpolation step is somewhat emp irical in n a t u r e . There
appcar to be several such interpolation techni ques used in
the l i t e r a t u r e  [6 , 7 , 15] and w h i l e  these are s i m i l a r, they
also have non-trivial differences. This paper will discuss
t h i s  c r it i c - i l  in t er p  ~d LlOfl Pr 0 Ce~~~lFe in v i e w  of t h e  snt -~ 1l
amount of ex~ ct’i m ’ntal quaternary data , arid will present
calculation s for energy handgaps and lat t ice constants
for the nine quaternary al loys for m ed from Al , Ga , In and
F , As , Sb using one of these interpolation techni ques.

N c t  at  ion

There appears to be no gener-a11y-acceI~ted cci . ‘ - - s  for
sy r-tl~c’1icaitV describing the I Il—V judt l—cnac v  a l l o y s .  In
thi s j-iper ’ the following —~~n v e t i t  ion has be~ n a d c pt ed .
wit h in both the group III and group V p aii-in ~’., t he  f i x - t
positi on is occup ied by the  elene ::t  w i t h  lowe- .t a t o t n iC

nutiI er. The composition variables are associd ted  w i t h  t h e
four eli-t - -. nts in the order 1— x , x , l -y ,  y . For examp le , a
q u i t e r n l m - y  alloy will be d c c c l  ed as :1 i~ C . Here A

i x  X i — v \I

an.t B 3r’~ grout l i t e l e l t w - n t s  w i t h  A h iving  loi~eh a t o t r I C

numi er tIa n ~‘ . I ’ ~ c-o~ se , C and D ~re ~i-cup V e l  ents w ith
C having iccer a to ir  Ic n u r h . - r t h i n  Ii . F o il  cc iri g p rey  I cur

j au thors  [6 ,7 ] ,  a q u i t  - i - n i t —  alloy parameter (e.g. , band-ap
or latt ice const m n t )  is dc-tcrihed by a surface Q ( x , ’ )  over

— — -———-—-----—.-— - -. - - -- - .

— ~~~~~ ~~~~~~~~ 

-

~~~~~~~~~
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the x ,y composition plane (0< x < 1, 0 y < 1). At the
corners (x and y equal to zero and/or one ) the values of
the parame ter for the four binary elements Q(0,0) B1,
Q(l,0) = B , Q(l,l) 3

3 
and Q(0,l) z ~14 are obtained.Along the ~oundsries of th” plane the parameter for the

four ternary elic eents Q ( x ,0) = T 2(x), Q(l,y) = T23(y),
Q(x,l) i 143(x) and Q(0,y) = T14~y) are obtained .

g ~~~i n~~t I ot~ ~~~~~~~~~~~~~~~~~~~~~~~~~

Many ternary alloy parameters ( e . g .  l a t t i ce  constant )

‘ 
are obtained by linear interpolation from those of the
cons t i tuent  binary compounds , i. e . ,

- 
- T. .(x) = xB. i- ( l - x) B . (1)

1

For some paramete rs  the theoretica l variat ion with  compo-
sition is nonlinear [114,16]. For the direct bandgap for
example , Thompson and Woolley [9] have shown that

T.  . ( x )  = xB.  + ( l - x ) B .  - C.  .x ( l - x)  ( 2 )
1] J 1 1J

where C .. is the bowing parameter for the ternary alloy
bandgap

In the absence of definitive theories for quaternary
parame ters , estimates of a quaternary alloy parameter
Q(x ,y) must be obtained by interpolation from the four
ternary alloy parameters T 1.. Various i n t e rpo la t ion
schemes have been proposed) Onton and Chico tka  [15]
used the solution of Laplace ’s equat ion sub jec t  to the
boundary conditions Q (x,0) = T 12

( x ) ,  e tc .  In Monte Carlo
transport studies [6)  the present  au thors  have used the
interpolation equation

x ( l -x ) [ ( 1-y ) T
12

(x)fy T~ 3
(x)]+y(l -y)[(l-x)T

14
(y ) +xT

23
( Y ) )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~

- -— -

~~~~~~~~~~~

-—

~~~~~~~~~~

—

( 3 )

This in t -  ,~~l a t i o n  equ a t i o n  reduces to  the t e rna ry  param-
e t e r s  on th e  - 1 - :-mternary plane boundaries and to the average

-
..
~~~~ ~~~~~~~~~~~~~~~ , 

—
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of the ternary parameters at the midpoint (x 0.5 ,y :rO.5 )
of the composi t ional  plane . This is incidentall y the
solution to Laplace ’s equation if the T . . are linear as

J 
im Eq. ( 1) . Moon at al. [7) have propo~~d simi lar schemes
for the estimation of lattice constant and bandgap. For
the l a t t i c e  constant , Moo n gives (in the above notation )

Q(x ,y )  z 81
-i- (B 2 -31

)x + (B 4 -B 1)y 1- (B
1-B 2 +3 3-B 4 )xy ( 4 )

For the  l a t t i c e  const an t , the  1.~ are assumed to be
linear in their arguments , so the so~~tion to Laplace ’s
e q u d tio n  is i d e n t i c a l  to E q. ( 3 ) ,  w h i c h  in turn also
reduces to Eq. ( 1 4 ) .

For the bandgap , Moon et al . have used the equat ion

Q(x ,y) = (l-x)T14(y) + x T23
(y) — ( 5 )

whe re the T . .  are determined from Eq.  ( 1)  and

= x (l—x )[(l—y)C 12+yC 143] + y ( l - y ) [ ( l - x ) C 14 +xC
23

] ( 6 )

— 
An i i : p o m t a nt  d i i  f e t mice  I - I t w e I -n thi s ~~~l i l l . i~~ I t  t m i t e  ami d
t h a t  obtained from l’ q. ( 3 )  i t t  i n  the mann a’ in which the
t e l -n a r y  bo w i ng  p ar a m e t e r s  C . ~ n t  or the calculation . In
Eq. ( 3) , the t~-m -n u-y low ing~~ f f ed  S are included in the

~~ ~~~~~~~~ m~~l~ hod the ~~~ ng ent~ 1’t as a
I e qU d t e l— nary low mig I c - i t t  t er  t erm g i v e n  i n  E q .  (t ’ )

A t  t he  c e n t er  ot  t he  ~-om~~~— . i t  i on p l a ne , Eq. (3) vi ”lds
( i t ’  t h e  I u l t e c n l l V  hew i ng ) 1/16 + C~ 3 + C jq + C 

13
)

and Eq. ( 5 )  g i ves 1/8 (C
12 

+ C~ 3 
+ C 14 

t C~ 3
), wh ich is

t w i c e  .ss l u - g o . Thus , at the ce nt  I r  , Eq. (3 ) g iv 1 - :; the
a v a  I c e  i l  t h e  I—o w l mig c o nt r i  bu t  ions ft - e m  t h e  foui’  I C  m c l i ’  l O S ,

w hI t- I-ac Eq. (5) give ; the i V e l - i ce  of the bow i ng coiitribu
t i o n s  f rom the two st i l - l a t t i c e s .  T h i s  is the p r i n ci p le
d i f f e r e n c e  l e t w e i - n  t h e  i n i c r p ’1 it  ion ~ cher tos  of R I S.  1
and 7.

L.a . - 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Comparison_with_Experiment

On ton and Chicotka  compared their  in terpola t ion
approach (solut ion to Lap lace ’s e q u a t i o n )  w i t h  measured
values of the quaternary bandgap in Ga In P As and

. .l-~ x l-y
found the interpolated values to be within ±30 me\r of the
measured values. We have repeated this comparison , using
their measured data. The results are given in Table 1.
The average error and st andard deviation of the error
are also sh own , and it is seen t ha t  Eqs. (3) and (5) give
comparable errors .

Table I. Comparison of Eqs (3) and ( 5 )  wi th Experimental
Data for Ga In P As1-x x l—y y

Composi t ion  Bandgap (eV )

x y Eq (3) Eq ( 5 )  Measured [15]

0.00 4 0 .260 2 .357  2~ 3$3 2,222
0.00 6 0 .34 0 2 .2 144 2 . 239 2.124
0.006 0.420 2.136 2.131 1.993
0.009 0.500 2.027 2.020 1.881
0.008 0.590 1.9.13 1. 101 1.738
0.0 10 0. 710 1.763 1. 155 1.5 92
0.012 0.830 1.019 l. t’C” 1. 415
0. 01/  0. 0 10 1.521 1 . 510 1.35 1
0.015 0.010 1 • 1~ 55 1.447  1 .32 0
0.060 0.220 2.330 2 .  2-1 7 2 . 2 0 3
0.000 0.280 2.255 :‘.214 2.135
0.070 0.340 2.160 2. 113 2.038
0 .080 0 .440 2.0 14 1. 15 3 1.000
0.110 0.650 1.709 1.153 1.535
0.110 0 .700 1. 049 1. 1 1 1  1. 472
0.170 0.850 1.383 l.3.’i’ 1 . 2 3 0
0 .100 0. 0 1 5  1.184 1.166 1.165
0 .250  0.140 2 . 1 24  2 . 0 5 14  2 .101
0.230 0.190 2 . 100 - 2.071 2.041
0,250 0.240 2.008 1. 021 1.053
0.250 0.310 1.924 1.830 1.809
0.260 0.630 1.523 1. 4 3 0  1.388
0.330 0 . 800 1.22 5 1. 145 1.170
0.340 0.090 2.029 1.~~11 2.017

L~~ ~~
—
~~~~-

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table i continued .

Composition Bandgap (eV)

x y Eq (3) Eq (5) Measure d [15)

0.370 0.120 1.954 1.883 1.978
0.1410 0.170 1.843 1.757 1.850
0.1400 0.030 1.983 1.957 7.096

0.460 0.0140 1.887 1.854 2.019

0.500 0.040 1.830 1.797 1. 953
0. 570 0.060 1.723 1.678 1.854
0.650 0.060 1.625 1.580 1.750

0. 710 0.060 1.5 58 1.513 1. 1-86
0.830 0.100 1.1401 1.346 1.470

0. 870 0.130 1.333 1 .276 1 . 389
0. 920 0.190 1.2 16 1.166 1.268

Average error (eV) -0.052 -0.008

i—ms error (eV) 0.109 0.118

C a l i ’ u l a t i on of h a t t  i ce  Cont t i ut  an d  h and ~~~a

For the  ocictilat ion of the lattice ~-enc t a l I t  , the
th ree me thods di 5 I 1 1 5 s 1 ’d above art? i dent  I cal , IS given in
E q .  (4) . For t h e  ~-a 1 ~-u1a t ion of t he  l ’ . t ; td ~-. ip , we have
el 1-cted to  use Moon ’s procedure , s i n ce  it h.ls come
theoretica l has is , whereas  the  ~‘t h er  two ,~re more or 1 en it

ad hoc.

‘r ite qua t ~-r n 1ry Ia t t i ce  ~- o l l -  t e m i t  and  1 111  i’~ y l i i
(- , ,II I I l l x l ’ c  i n ’  p rese nt e d  in Fi gure 11.1 ) — t i ) . Th e-to 1 011
tours wore H’ Ia 1 nod by num vr i  cal mel at otis H Eqs. (4)
and (5), uc i it~’. t he dal,i given i f l  7,11 10 2. I n -ill c It e s ,
the lowest quaternary ha n dgap i s 1— l o t  ted in Fi g t i m - e  1.

The shaded reg ion s  represent c om po si t ion s  I or which t he

• quatet ’n~il’y a I icy is an i tid I nt -ct i- - In ig Ip m a t er i a l  .

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Estimation of Unknown Ternary Bowiflg Constants

Relatively few of the Ill-V ternary bowing constants
are known with any certainty , especially for the X (100)
and L(lll) valleys. Figur e 2 shows the reported bowing
parameters for several ternary materials as a function
of the lattice constant difference between the two end-
point binary compounds. While there is some uncertainty
in the experimental data there does appear to be a
defini te  trend toward larger bowing parameters with
larger lattice constant d i f fe rences .  The solid line
relationship shown in Figure 2 has been used to estimate
several unknown bowing constants , as iden tified by the
asterisks in Table 2. Since bowing is known to occur,
it was felt that this  procedure is better than arbitrari ly
setting the unknown bowing constants to zero.

Summary

Calculated bandgap and lattice constant contours have
been presented for nine quaternary  Ill-V material systems .
The calculated values are based upon interpolation tech-
ni ques which use known values of ternary I l l - V  pa ramete r s
to estimate the bandgap and lattice constant parameters for
the quaternary systems . Since there is some uncertainty in
both the ternary parameters and the best interpolation
technique these calculated values must be considered as
first order approximations until more experimental data
is obtained for the quaternary systems . However , the
curves should prove useful for many studies of the general
properties of the increasingly important Ill-V quaternary
materials.
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Fi gure 1 (continued)
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OO~~~2T1~I15T~6
LATTICE CONSTANT DIFFERENCE (A)

Fi gure 2. Experimental bowing çararneters v- n - u s la tt ice
cons tan t  d i f f e r e n c e  for  I l l - V  t e rna ry  a l l oy s .
( a )  Al Ga As , ( b )  Al  Ga Sb , ( c )  Ga In P ,

l-x x l-x x l-x x
(d) Ga In As , (e) Ga In Sb , ( i )  GaP As

l-x x l-x x l-x x
(g )  InP As , (It ) InAs Sb .l-x x 1-x x
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ENERGY BANDGAP AND LATTICE CONSTANT CONTOURS
OF Ill-V QUATERNARY ALLOYS OF THE FORM

A B C  D or AB C D~~x y z  x y z

C .K. William s, T.H. Glisson , J.R. Hauser , M .A . Littlejohn

North Carolina State Univer-sity
E l e c t r i c a l  Engineer ing  Depar tment

- I R a l e i gh , North Carolina 27607

(Received February 6, 1978)

En ergy bandgap and 1a~ t ice  constant  contours are pr e sen t ed
for the six quaternary alloys formed from Al , Ga , In and
F, As , Sb, with  compositions of the form A B C D or
AB C D . The quaternary handgaps and ~~~~~~~~~~~~~~~x y l-x-v
were  obtaihed us ing  an in te rpo la t ion  formula proposed by
the  present  authors .

Key words: qua te rnary  alloys , band gap , l a t t i c e  constant .

In trod oct ion

In a previous paper [1), bandgap and lattice constant
contours for nine Ill-V quaternary alloys have been pre-
sented. The present paper extends that work to include si.-~
additional quaternary alloys . Most of the i~ork done on
Ill-V quaternary materials has been on one or more of the
nine quaternary al loy ~y m - t e m s  c o n s i s t i n g  of two elements
from group III arid two elements from group V . These are
hereafter referred to as 2:2 quaternary alloys. There has

‘This work was supported by a research grant from the
O f f i ce of Naval Research , Arlington , VA.
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l i - i-n some interest [2,3,4] in the set ci Ill - V quaternary
alloy systems that are formed by : t ’ l t - c t  Isp e i t h e r  three
group III element s and one group V e l i -mm - nt , or one group
III element and three group V elements. Them e are here-
after referred to as 3:1 or 1:3 11u i t t - l - n l r - y  alloys. This

en presents energy l~and gap and I a’ t ice c o m i c  t i l it  c o t i t . ours
f o r  t h e  s ix  3:1 m d  1:3 q u a t e r nar y  alloys formed from Al ,

- - Ga , In  and F , As , Sb. The calculat i ons are based on an
in terpolation procedure which is similar to the one previ-
ously app lied to the nine 2:2 quaternary alloys [1].

Net i t  ion

There has been very litt 1~ puhll- ?icd mater ial n i t  t he
3:1 and 1:3 111-V quaternary alloy :\‘ m t I m-- ; , and there is
no genera lly— d cci ’pt ed scheme fo t  symbol i cal lv d I - s c m -  i l -i ng
t i t i ’ compos i t i on  - t - - i i ch  n i  tori a is. n t It is  work t lie

id low i ng con v en t  ~~ i m ; i i ej ~ t i - I l : t i e  c l - c I~i m  i t ion v i ri ti Ii -:-

l m m ; c i c j d t p d  w i t h  t h e  t l i i - n e  v~~ - j ii 1i- i - l&-::~ i i t mi I I I  in the
em -di r x , y, m d  z. These ui- n cenm trained Py

\
x + y + z 1. ( 1)

A 1: t I 1u . l t I ~ m I i  n y  . i l l i -y w i l l  in di - - ;c m ’ I i - - d  i ;  f_ t i  V I) , wi I t l e
. 

. 
- x v - -

A is m group Ill i - l , - : n i - n i t  dud I’ , C ~mnd P i nn  ~~5’ I ip  V
eli-m onts l imi t e d i - -oi lin g t o  flI 1 1 1 1 5  I I I V  a t o m i c  n I i f l h i l i ’r . A
3:1 q ui t  ernary a l l o y  w i l l  i c  d i - m - c r  ih t d is  A l~ C P , w h e r e

- 
_ x _ y z  -A , B and C are group I I I  ci em. -n ts l i t  I d  i n  n c i I - a s  h i p

a t o m i c  numb er - m d  0 is a group V -lnm:m - ii t . A 3: 1 or 1 :3
qilit- r -ihirv a l l o y  i m - - m n l . - t ~~-r  i s  de -.cn-il ~ed I -

~ a - - i n - l i c e
Q ( x ,y , z ) e v e n -  t i i i -  t n - i i i l p I J l a r  c o mp o s i t io n  p i . m n e  V

O ’my <l , 0~ z<l; x I  v 1  1) - - hi-sn in Fipu i t- 1. A t  t i l e  i i I S I I - rs
the values of the l i e n - t i ’ n - for  t i i i ’  t lit-c - 1’ in u -y  compounds
Q ( l , 0 ,0)~~b 1 , 0(0,1 ,

0) B , and Q(O ,O ,l) !-t~~ i m - ~’ oui ta iti -d .
A long  t l i e  - - - i -l it- i es ot t lie p 1 inc the ~- i  m m  n t - p s  for t lie

t i i t - i - e  t er n ar y  al l o y s  Q ( x , y , O )  T 1 . ( u ) ,  Q ( O , v , z )

and Q (x , O , .~) T 13
( w )  ire n I t m i n e d ~ w h e t -c  

- -

u ( 1 — x m - y ) / 2 ,

v (1 y s ) / 2 , ( 2 )

w (1 X t i ~) / .  
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Fi g. 1. illustrating the definit ion s of the
ternary (u , v ,w )  and qu a t e rn a r y  (x,y,~~) alloy
c o m p o s i t i o n  var i a b l e s .

F-st i m i t  i n n  of A i I ~~y F i m - ~i :m ~ - t e r n

As in the previous paper on 2:2 qu at e r n im-v  a l l o y s  1],

t he let t i c e  c~~1 m m ~ t ants of the t i-imm lrv ah oy-: are us t  -Irl y

I n t  -m -j - o l a t e d  fr om the  c o n s t i t u e n t  i-i l lnv ion~ s- :i !lt S

T. .(x) x B .  + (1 x)B.,
3 1

and the hand gaps of the ternary alloys n- c- o b t a i n e d  us i ng a
nonlinear interpolation

T . .(x) xB . + (l-x)B . + C. .x(l-x) , ( 4 )
1] ) I- i ]

where C~ . is the bowing parameter for t i i O  t - m - i i i ry  alloy

handgap 
~~
.. . The quaternary alloy I- mr i :m ~~- tt -r Q (x,v ,z) is

i n t e r p o l a t e d  from t h e ti-m ary parameters i-

~~~~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~
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yxT 12 ( u )  + yzT
23

( v )  + xzT 13(w)Q(x ,y,z) — — - -—-— ( 5 )xy +yz txz

Here the T.~ are the ternary alloy bandgaps or lattice
constants given by Eq. (3) or (4), respectively, and the
variables u, v , and w are as defined in Eq. (2). The
(lua ternary parameters calculated according to Eq. (5)
reduce to the appropriate ternary parameters on the tri-
angle boundaries (x or y or z equal to zero) and to the
average of the three ternary parameters at the center
(x~ynznl/3) of the composition plane .

C al c u l a t ion of Con tours

The 3:1 and 1:3 qua te rnary la tt ice cons tant  and energy
h and gap contours are presented itt Figures 2(a)-(f). The
contours were obtained by numerical solution of Eqs. (3),
(4 )  and (5), using the data  g iven in Tab le  I of [ I ].  In
a l l  c I S I -S , tue lowest quatemnary i-azs.h - ,~~1- is p l o t t ed  in
Fi gure 2. The shaded regions rel resent compositions for
which the quatemnary alloy is an indirect bandgap m a t e r i a l .

Energy band gap and l a t t i c e  c o n s t a n t  con tou r s  for t h e
s ix  111-V 3:1 end 1:3 ~ludternary a l loy  sy stems have been
i resented . Since little experimental work has been done
wi th these materials , verific ation of the calculations
c - i l m n o t  be made at the  1-ro ost t i m e . Ilowever , the calcu-
l a t ed  p ir au c t e r s  should  he re-i- ;ei i i h l y Coed f i r s t  ap p r ox i —
u - - i t  ions w h i c h  should  prove u se fu l  in further investi ga-
t i o n s , realizing that Vegard ’s 1-is s - c - mm -.; to  apply for
t ho se  materials [4], that the interpolation procedure
seems to be accurate for the 2:2 quatenmior ies [1], and

? i . i t  the  values a long the t r i an g u l a r  c o m l l ~om: it ion  bo undary
are based on t e r n a r y  e x p e r i m e n t a l  data.

a

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - ~~~~~~~~~~~~~~~~~~~~~ - - -



- - 

~III~ ~T~II1:~::~ Ti~ ~
---

~
-
~~
-—

~

-55-

643
Ener~~ Bandgap of Ill-V Al loy s

‘ -c
4--i - --,

__ -1,-’/ 0 1-. -I ‘4-i 1S

~

-

‘ 

I
y

o I/ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a.. ~I 5 QI
o w . -,

C.,
4—’ 0’
i O u

.—4 .C 0)
I— ‘~~ I - c

0 4- ’
—‘

~ 4 -I lii

~ ,f’ t L
in e m

Ii’ - I
em .

In - -I I~
-i

I
10 i~1 i~

/ LII
I0 

-Q 0 Ci
I U)

,,~ ~~~~~~~~~~~

.0 ‘ / ~‘I -U)
— / j / Q, •‘-~‘ .--4 iiI —

‘ I I . .~ c O ” u/ em 
/

I 
-N I  S

i~ ~

0.. 
-~~~

, :: 
~~ ~~~~~~~~~ 

- ~~~~~~~~~~~~~~~~~~~~~ -



~ 

~~~~~~~
‘ ‘

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘--—--

~~~~~~~~

— — - --———---.---- -- -----—--—--
~ 

- ‘
~
—

~ 
‘

~~~~~~~
---------—-— —-— - - -

~~~~~~~~
--

~~~~~~~~
- - 

- . - - -  --- -- -

* 
- 

—56 —

644 William s , Glisson , Il auser , and Utilejohn

.‘ a.

~e
40,
in I

in 
I

-‘I 
I/ N

~
j ,

I
~1~

-’i~’
. 1 1  I

- 
I I -~~

- 1 ‘
~~~

I - --4
4-’

0.. o
—

10
•‘~ 1*0- --I

I-’ ~__—75 ~N
40 /

S.’ I
l’s(a 5’

0
5’ /
* I -/ N

I ‘- .0

(
~1 / I Cl)

.0 / - a 5-U) / 10
/ 5 5  / / 

-

1, / / a.”
in I I —

I -

4 0 ,
I I

/ 2  - ‘  
~~~~in I.-

N

a-
C

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



T1J - - 

_ _ _

~1 
-

~~~~~~

I 
-

645 -
Energy Band gap of lll.V Alloys

‘i
4 0 U )  

-A D  -
CD

5’

I.

— 
~~4/ V I A I’ / II

H
I -

10

H 

- 
~~~~~~~~~~~~~~~~ - -~~~~~ r ~~~~~~ ~~~~~~~~~~~~~~~~~ 

- - — - ~~~~~ ‘



-~~ — -~~~~~~~~~~ —~ ——-- —-- —
LI- S 

- _____________________ -____________

- —58—

646 Williams , Gliss on, Hauser , and Liltlejohn

References

1. T. H. Glisson , J. R. Heuser , M .  A .  L i t t l e jo hn , and
C. K. Wi l l i am s, J. Electron . Mater. 7, 1(1978).

2. K. Naka j im a, K. Osamura , and Y. Murakami ,
J . Electrochem . Soc. 122 , 9 ( 1975) .

3. H. Nagai and Y. Noguchi , J. App i. F’hys .  147, 1? (1976).

4. R. E. Nahory , M . A. Pollock , and J .  C. D e W i n t e r ,
J . A pp i. Phys .  148, 1 ( 1977) .

H ‘
H ’

I 

—-———-—— -



~ 

- -- - 
-- -------—---—----- ----- ----- - — —

~~~~
- - —--_.---—-

-59- 

-

ANNUAL REPORT DISTRIBUTION LIST

Contract N000lle—76—C—01480

Office of Naval Research Westinghouse Research Lab
Arlington, VA 22217 Beulab Road
Attn : Code ~27 (~ ) Pittsburgh , PA 15235

Code 1021P ( 6) Attn : H. C. Nathanson (1)

Defense Documentation Center (12) Rockvell International
Building 5 Science Center
Cameron Station 101s9 Ceaino Dos Bios
Alexandria , VA 2231~e P. 0. Box io8~

Thousand Oaks, CA 91360
Naval Ri’~maearch Laboratory 

Attn: Daniel Chen (1)
Washington, DC 20375
Attn: Code 2627 ( 6)  Hughes Research Laboratories

Code 5220 (1) Malibu Canyon Road
Code 5211 (1) Malibu , CA 90265

Attn : C. Krumin (i)
Naval Ocean Systems Center
San Diego, CA 92152 WashIngton University
Attn: H. Wieder, Code 922 (1) St. Louis, MO 63130

Attn : Prof. C. M. Wolfe (1)
Varian Associates
Palo Alto, CA 91&303 Texas Instruments
Attn: B. Bell , Box K1.Ol (1) Mail Stop 118

P. 0. Box 5012
RCA Laboratories Dallas, TX 75222
David Sarnoff Research Center Attn : D. Shaw I i )
Princeton , NJ 085140
Attn: Dr. Y. S. Narayan (1) (1) University of Illinois

Urbana , IL 61801
TRW Defense and Spac e Systenis Group Attn : G. S. St iliman ( 1)
One Space Park

— Redondo Beach , CA 90278
Attn: Dr. T. Mills (1)

Motorola
5005 E. McDowell Street
Pheonix, AZ 85008
Attn: T. S. Reng (i)

Raytheon Company
28 Seyon Street 

—

Waltham , MA 02151o
Attn : B. Berig (1)


