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1. SUMMARY OF WORK

Many of the past year ’s research results have been described

in seven publications. Reprints of those publications are included as

Appendix A of this report, and will be referenced as A .l-A .7 in the

following.

The specific topics addressed during the past year are:

1. Effects of alloy scattering on transport and device characteristics
[A.l].

2. Origins of negative resistance in polar I l l -V semiconductors [A.2]

*3• Transport in Ga In P As [A.3].
l-x x l-y y

*4, Qualitative analysis of thin GaN films [A.4]

5. Velocity-field characteristics of GaAs with the F—L-X conduction
band ordering recently demonstrated by Aspnes~ [A.511

6. Energy bandgap and lattice constant contours of Ill-V quaternary
alloys. The contours for the 2: 2 alloy systems of the form
A B C D were calculated first, and were published this year
l-x x l-y y
[A.6]. The contours for the 1:3 and 3:1 alloys were calculated
and have been submitted for publication .

7. Performance of nicrowave MESFET’s constructed from Ill-V compounds
and alloys [A.7].

8. Refinement and extension of the Monte-Carlo transport programs

(a) Inclusion of p-state mixing

(b) Work toward modeling of degenerate materials

( c )  Tr ansient field program

(d) Position-dependent field program

9. Systematic search for promising materials (calculation of v-E
characteristics of Ill-V compounds and alloys).

itThis work was done during the grant period 1 Jan 76-31-Dec 76. The
papers were published this year and are included for completeness.

i’D. E. Aspnes, Phys. Rev . B 14, 5331 (1976).
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The past year’s research efforts have been quite fruitful. Considerable

progress has been made in the areas of high-field transport and the

I identification of materials that show promise for microwave device application .

~1
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Appendix A: Publications for 1977

The following publications are collected in this Appendix for ready reference .

1. Littlejohn , M. A., 3. R. Hauser, T. H. Glisson , D. K. Ferry , and
J . W. Harrison . “Alloy Scattering and High-Field Transport in
Ternary and Quaternary 111-V sem iconductors”. Paper presented at
the 1st Int. Conf. on Hot Electrons , Denton , EX , July 1977.
Al so accepted for publication in Dec. 77 issue of Sol. St.  Electronics .

1. 2. Hauser, J. R. , M. A. Littlejohn , and T. H. Glisson . “Negative
Resistance and Peak Velocity in the Central (000) Valley of Ill-V

~1 Semiconductors”. Paper presented at the 1st m t .  Conf. on Hot
Electrons, Denton , TX , July 1977.

-- 3. Littlejohn , M. A., J. R. Hauser , and T. H. Glisson . “Velocity—Field
Characteristics of Ga

1 
In P

1 
As Qua ternary Alloys” . App i. Phys.

L., v30 , no. 5 (March l~ 77~~. ~“ ~‘

-

~ 4. Andrews, 3. E., A. P. Duha.mel , and N. A. Littlejohn . “Qualitative
Analysis of Thin Gallium Nitride Films with Secondary Ion Mass
Spectrometry”. Anal . Chern ., y L~9 , no. 11 (September 1977).

5. Littlejohn , N. A., -J. R. Hauser , and T. H. Glisson . “Velocity-
Field Characteristics of GaAs with r~L~ _X c Conduction-Band Ordering ” .

- J.  AptDl . Phys., v4E,, no. 11 (Novembe ~ ~L97~~).

-.  6. Glisson , T. H., 3. F. Hauser , and N. A. Li ttlejohn . “Energy Bandgar
and Lattice Cor~stant Contours of Ill-V Quaternarv Alloys” . Accepted
for çublication in Dec. 1977 issue of 3. Elec. Mat.

7. Littlejohn , M . A . ,  J. R. Hauser , T. H. Glisson , and L. A. Arledge.
“Hi g h F ield Transport  and Microwave MESFET Perform ance in Ternary
and aternarv 111-V ~ern i cond uctors ”, A ccepted for publication in
the F~roceedings of the 5iixth biennici l Cornell Microwave Conference.
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ALLOY SCATTERING AND HIGH FIELD TRANSPORT
IN TERNARY AND QUATERNARY Ill-V SEMICONDUCTORS~

?

M. A. Littlejohn, J. R. Hauser , T. H. Glisson
Electrical Engineering Department

N. C. State University
Raleigh, NC 27607

D. K. Ferry
Office of Naval Research

Arlington, VA 22217

J. W. Harrison
Research Triangle Institute

Research Triangle Park , NC 27709

ABSTRACT

A technique is described for the estimation of the influence of

random potential alloy scattering on the high field transport properties

of quaternary Ill-V semiconductors obtained by Monte Carlo simulation .

The approach is based on an extension of a theoretIcal model for scattering

in the ternary alloys. The magnitude of the scattering potential is an

important parameter in alloy scattering , and three proposed models for

calculating this potential are discussed. These are the energy bandgap

differen ce, the electron affinity difference , and the heteropolar energy

difference f or the appropriate binary compounds .

The technique is used in the Monte Carlo method to study the influence

of alloy scattering on the transport properties of Ill—V quaterriary alloys.

The results of this study are used in a device model to estimate device

parameters for PET ’s.

1Thi~ work was supported by research contract No. N0OO1L4~7O_A-0120-004 from
the Office of Naval Research , Arlington , VA , and by research contract
No. F33615-76-C-l265 from the Air Force Avionics Laboratory , Wright Patterson
AFB , Ohio. 
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T INTRODUCTION

In a semiconductor solid solution alloy, the scattering of free

carriers due to the deviations from the perfect periodicity of the

virtual crystal model, originally conceptualized by Nordheim [ii, can

be called random potential alloy scattering . The discussion of alloy

scattering in relation to experimental electron mobility in Ill-V semi-

conductor ternary alloys has been based on an unpublished result of

Brooks [2], as quoted and used for example in the results of Tietjen and

Weisbex’g [3], Makowski and Glicksman [4], Glicksman, et al. [5], and

Takeda, et al. [6]. Recently , theoretical calculations [7,8]have

elaborated on physical models for alloy scattering in ternary Ill-V

semiconductors, and these models have been applied in the Monte Carlo

method to include the effects of alloy scattering in high field transport

calculations for In? As ternary alloys [9] and Ga In P As
l-x x l-x x l-y y

quaternary alloys [10].

The Ill-V quaternary semiconductor alloys are becoming of great

technological importance , and offer for device applications the unique

feature that the energy band gap can be varied while maintaining a fixed

lattice constant [11] by varying the alloy composition . It is important

in these naterials to be able to estimate the influence of alloy scattering

on the electron i transport properties. The Monte Carlo method [12] is

one of the more reliable techniques for m.iking such an estimate , and this

technique does becon~ a predictive tool for Ill-V ternary and quaternary

materials as long as reliable material property data are available for the

binary constituents [7-10].

L . - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The purpose of this paper is to present a technique for estimating

-

~ 
the effect of alloy scattering on transport properties of Ill-V ternary

• -- and quateruary semiconductors. This procedure has been used previously

~ 
b [9,10), and will be discussed in detail in this paper. The results

- 
thtained from the method applied in Monte Carlo transport calculations

are also used to predict the influence of alloy scattering on device

performance. The intent is to establish some reasonable upper- and

lower-bounds for the effect of this scattering process in the ternary

and quaternary materials.

- t -

__________ - — - - —  -
~~ . —. .~ - -,. .._-~~-- .. a -.wr . —
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TERNARY ALLOY SCATTERING POTENTIAL

The electron scattering rate in ternary semiconductors due to

alloy scattering is important for the development of the quaternary

scattering rate. Of particular importance is the scattering potential

used in this calculation. The scattering rate (transition probability)

for a ternary alloy (A
1~~

BC) with nonparabolic energy bands is given in

r.m.k.s. units by [7-9].

~~ (~~~)3/2 [x(i-x)) y ( s)  

- 

dy (s) 
~ t~ uI

2
Sc
~

) 1)
•t
TA 8/~ 4~

4 dc

where the notation used is described in Reference 10. Here S(ti) is an

energy-dependent parameter which describes the effect of ordering on the

scattering rate [13]. In general, 0 < S -< 1, where S~O for a perfectly

ordered ternary (superlattice ) and S~l for a completely random alloy .

The evaluation of S is complex and depends on the scattering potential,

t~U. In this paper the two cases S 0 , 1, along with different scattering

potentials for the case S~1, will be used to give lower- and upper-bound

effects of alloy scattering , according to results obtained from the Monte

Carlo method.

Besides the effect of ordering , the most significant parameter in

Eqn. 1 is the scattering potential, t~U. The derivation of Eqn. 1

is based on the Mott-inner potential [8], since this potential results

in a relaxation time which leads to the accepted temperature dependence of

electron nobility due to alloy scattering [5,7]. Previous calculations have

used either a) the difference in energy band gap~ between the binary
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constituents f 2-6], or b) the difference in electron affinities between the

binary constitutents [7-10) for this scattering potential.

Recently , Ferry [14] has suggested another form for the scattering

potential based on the electronegativity theory of Phillips [15]. In this

work , the energy difference between the bonding and antibonding hybridizad

molecular (sp3) orbitals of a tetrahedrally coordinated crystal can be

decomposed into contributions due to symmetric and antisymmetric potentials

within a unit cell. This relation is described by [15]

E~~ = E ~~ + C 2 (2 )

where EG is the energy difference between the bonding and antih onding

• molecular states, EH 
is the homopolar (symmetric) part and C is the heteropolar

(antisymmetric) part of this energy difference . The heteropolar energy C

represents the charge transfer or ionic contribution to EG, 
and if in the

alloy all bond lengths are equal, then it can be assumed that any fluctuations

in the crystal potential arise from fluctuations in C [16]. This approach

has had some limited success in explaining energy bandgap “bow ing ” ef fects

in ternary semiconductors [16,17].

In Appendix A an expression for the scattering potential in a ternary

alloy L
1

B C  based on the electronegativity theory is given [14]. This

expression is

bZ 1 1
= [—- - —]exp [-k R ] (3 )

EN 41T5 r r s Ao A B

Each quantity in this expression is defined in A ppendix A.

• Table 1 lists values of AUEN for several ternary 
111-V alloys , along

with 
~
Ugc, the energy gap difference , 

and 
~
UEA~ 

the electron affinity

difference . The values of AUEN are given in Table 1 for x=O.5 , since

there is a slight functional dependence of AUEN 
on the alloy composition x.

This is illustrated in Figure 1 where the compositional dependence of AUEN

is shown for severa l ternary alloys.
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Figure 2 shows the effect of the use of these three scattering

potentials on the velocity field characteristics for Ca0 5
1a
0 5

As obtained

from Monte Carlo calculations. Also shown in this figure is the

characteristic for S 0 (no alloy scattering), and the curve for GaAs

for comparison. These calculations have used the r-L-X conduction band

ordering proposed for GaAs by Aspnes [18], and GaAs material parameters

resulting in a good fit to experimental data [19]. Also given in

Figure 2 is a tabulation of the low-field electron mobility for each

scattering potential. In the recent work of Takeda, et al. [6] the

experimental Hall mobility for Ga 47
In 

53
As is 8450 cm

2
/volt see.

The Monte Carlo drift rnobilities calculated by the maximum likelihood

estimation technique [9,10] are 7350 cm
2
/volt sec, 8300 cm

2
/volt sec , and

8900 cm2/volt sec using AUg~
. AU CA , and AUEN, respectively,  in the

calculations. In general, the Hall mobility is greater than the drift mobility ,

so that based on these low field mobility cal-~ulations the scattering potential

is possibly closer to that predicted by the electron affinity difference for

this material.

If one examines the trends for the eighteen possible Ill-V ternary

alloys it appears that often AUEN < AU~~ < AUg~
. However , this is not

always true , as can be seen by the examples chosen for Table I. At best ,

this ordering of the AU’s seems fortuitous , and the ordering between

and AU LA is especially in question . The band gap differences are the

mos t accurately known parameters , while there are uncertainties in the

available values of electron affInities [20] and covalent radii [21]. Thus

the ordering in Table 1 could be the result of experimental variations , 

- •~
-
~~~~~~~~~~~~~~~~~~ - -~~~~~~~---~~~



1 -- 
especially between the AUEN and the AUEA. At the present time there are

no firm theoretical or experimental reasons for choosing either scattering

potential to evaluate the scattering rate due to alloy scattering in the

- ternaries. The point to be made is that alloy scattering as used in the

- 

I 
Monte Carlo method and based on Eqn. 1 has a very detrimental effect on

the transport properties of Ill-V ternary alloys and thus will be a factor

- 
in their use in devices, if the proposed models are correct.

I
T

-

~

---

~ 

-~~~~ • •• —---  .~~-- -- -~~~~ — -  •--- --- —- 
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QUATERNARY ALLOY SCATTERING RATE

Appendix B develops an extension of the ternary alloy scattering

rate model to a quaternary material, 
~~~~~~~~~~~~ 

where A and B are

group III atoms and C and D are group V atoms. This relation , which

applies to the case where the A and B atoms are randomly distributed

on the group III sites and the C and D atoms are randomly distributed

on the group V sites , is given by

1 2
= K J A U ~ (x ,Y) ~ (4)

QA

where

K .~~~~
— 

(m*)~~
’2 

y(c) dy ( s)  ~
8~ff

and

IAU Q
(x
~Y)I

2 
x(l—x )y2IAU ABD I

2 
+ x(l_x)(l_y)

2
IAUABC I

2

+ y(l_y)x
2
!AU BCD I + y(l_y)(1_x)

2
IAU ACD I

2

Here the effective mass, in~~, and the primitive cell volume , C, are calculated

according to an interpolation procedure described previously [10].

Table 2 lists the quaternary alloy scattering potential AUQA of Eqn. 4

at the mid-composition range x=y=0.5 for three quaternary alloys, Ga
1~~

In
~
P1_~

As
~
.

Ga In P Sb , and Al In P As for each of the three ternary scatteringl-x x l-y y 1-x x l-y y

potentials described in the last section . When comparing the results of

Tables 1 and 2, the nuTthers given in Table 1 should be divided by 1/4 since

the factor x ( l - x)  in Eqn . 1 is not included in the Table 1 entries , whereas
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the analogous factor is included in the entries of Table 2. In general ,

the quaternary scattering potential (not the scattering rate) is larger

than the scattering potential for any of the four ternaries of wh ich the

quaternary is composed.

Figure 3 shows a plot of the quat ernary alloy scattering parameter surface

(AU QA
) for Ga1_~

In
~

P1~~As~ in the compositional plane (0 < x  < 1, 0 <y < 1)

for the case where the ternary scattering potentials are taken as the

electron affinity differences. This figure shows a relative minimum of the

quaternary alloy scattering parameter, 
~~~~ 

along a region which is very

close to the compositions required for lattice matching this quaternary

to InP substrates. This contributes to the large predicted peak velocity

[10] of this particular quaternary alloy matched to In?. However, if the

energy gap difference is used for the scattering potential the shape of the

curve is shifted to a less favorable situation for minimum alloy scattering

using In? as a substrate. Also, for compositions away from this region

of minimum alloy scattering, the effects of alloy scattering are more

detrimental. This can be seen in Figure 14 , where the velocity-field

characteristic for Ga 
55

1n 
45
P 
1

As 9 
are shown. Without alloy scattering

these characteristics are nearly as attractive for device applications as

those previously reported for Ga 27
1n 

73
? 
4
As 

6~ 
However, alloy scattering

has a much more detrimental effect on the velocity—field curves for this

particular composition . Also , for the composition shown in Figure 4, the

effect of alloy scattering due to the use of AUCN and AUEA are almost

identical , and only one velocity-field curve is shown for the calculations

made from each of these alloy scattering potentials .
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Other d i f ferent  effects of alloy scattering in quaternary alloys

are illustrated in the velocity-field characteristics shown in Fi gures

5 and 6 for Al 25 1n 75P 25As .

~~~~ 

and Ga 251n 75P 84Sb 16’ respectively.

Since our interest in these materials has been primarily for FET ’s ,

17 -3
the velocity-field curves are given for a doping level of 10 cm

It is seen that when alloy scattering is not used in the Monte Carlo

simulations, the general features of these velocity-field curves are most

attractive for a wide variety of solid state Gunn-effect electronic

devices [24]. These features include large low-field mobility , high peak

velocity, low threshold field, large energy band gap, large intervalley

energy band separation , large negative differential mobility , and large

peak-to-valley drift velocity ratio. When alloy scattering is included ,

its effects are generally detrimental to all these desirable properties .

The extent of this degradation is certainly open to question , although

the use of Monte Carlo method with the present alloy scattering model can

provide a very good estimation of the range of this degradation.

At the same time the results of the Monte Carlo analysis can be used

in device models to estimate device figures-of-merit and to examine their

degradation from alloy scattering . This is illustrated in Table 3, where

the FET model of Lehovec and Zuleeg [25] has been used to calculate some

device parameter~s for IICSFET’s using the ternary and quaternary materials

discussed in this paper . While this particular device model includes

velocity saturation , but does not include a negative differential mobility ,

it has recently been used as a design model for GaAs MES FET ’s [26], with

good results . The important comparison to be made is that between the

device parameters for GaAs and the ternary and quaterriary materials, and

to consider the e f f e c t  of alloy scat ter ing on these device f igures-of-mer it .

These three materials have properties which suggest possible improvements 

-~~~~~~~~~~~ • - - - ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~1~~~~

in MESFET performance over GaAs (although the bandgap of 0.8 eV for

Ga 51n 5As may be somewhat too low), and these first-order model calculations

verify this suggestion. Depending on the amount of alloy scattering and the

physical correctness of the proposed model, alloy scattering reduces the

I -- advantages the materials offer. However, even considering the uncertainty

in the magnitude of the alloy scattering the ternary and quaternary device

parameters, such as in Table 3, are seen to be improved considerably

over the GaAs device parameters. 

—.- --~~- — - —~-- -~~~~~~ - — -- -------- ~~~ — ---~~---~~~~~~~~~- - - —--- - - -~~---- - - -  ~~~~ - -  - - - --- -- -- --~ 
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SUMMARY

This paper has presented techniques which can be used in the Monte Carlo

method to estimate the effects of random potential alloy scattering on the

high field transport properties of ternary and quaternary Ill-V semiconductors .

These materials have many properties which suggest that their utilization in

Gunn.effect electron devices can improve presently achievable device

performance. At the same tir ’, the effect of alloy scattering on material

properties and characteristics which determine device performance present

questions which challenge the extent of this conclusion.

The intent of this paper, and other publications [7—10], has been to

offer a reasonable calculation of the effects of alloy scattering on the

material and transport properties of ternary and quaternary Ill-V

semiconductors. Of the three methods discussed for estimating the

magnitude of the scattering potential, the bandgap difference is probably

least accurate. The other two estimations represent two different views

of the alloy scattering potential. For some materials the electron

affinity difference technique and heteropolar energy difference technique

give comparable magnitudes for the scattering potential. For other materials

such as GaP As , AlP As and GaP Sb the electron affinity difference
1-x x l-x x l-x x

gives a very small alloy scattering effect while the heteropolar energy

difference gives a large alloy scattering effect. Experimental data on these

particular ternary alloys appears to be most useful in experimentally

determining which of these models is most accurate for the Ill-V semiconductors. 

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

~
---.



16
List of References

1. L. Nordheim , Annalen der Physik , 1.9 607 and I I .  9 641 (1931).

2. H. Brooks , unpublished results

3. 3. J. Tietjen and L. R. Weisberg , Appl. Phys. Lett. 7 261 ( 1965) .

14. L. Mak owski and M. Glicksman , J. Phys . Chem. Sol. 34 1487 ( 1973) .

5. M. Glicksman, R. E. Enstrom, S. A. Mittleman , and J. R. Appert ,
Phys. Rev B 9 1621 ( 1974).

6. Y. Takdea, A. Sasaki, Y. Imamura , and T. Takagi, Jour. Appl. Phys.
1~7 51405 (1976).

7. 3. W. Harrison and J. R. Hauser , Jour . Appl. Phys. 47 292 (1976).

8. J. W. Harrison and J. R. Hauser, Phys. Rev. B 9 5347 ( 1976).

9. J. R. Hauser, H. A. Littlejohri, and T. H. Glisson, Appi. Phys. Lett.
28 1458 (1976).

10. H. A.  Littlejohn , J . R. Hauser , and T. H.  Glisson , Appl. Phys . Lett .
30 2142 (1977).

11. C. J .  Ne use , Jour. Elec. Mat . 6 253 ( 1977) .

12. W. Fawcett, A. D. Boardman , and S. Swain, J. Phys. Chem. Solids 31
1963 (1970).

13. A. E. Asch and C. L. Hall, Phys . Rev. 132 1047 ( 1963) .

14. D. K. Ferry,  unpublished results.

15. 3. C. Phillips , Rev. Mod . Ph ys. 142 317 ( 1970) .

16. J. A. Van Vecten arid T. K. Bergstresser, Phys. Rev . B 1 3351 (1970).

17. M. Altarelli , Solid State Commun. 15 1607 ( 1974) .

18. D. E. Aspries , Phys. Rev. B 11+ 5331 ( 1976) .

19. M. A. Littlejohn , J. R. Hauser, and T. H. Clisson , Appi. Phys. Lett.,
to be published , Aug . 15, i~77.

j 20. H. Kroemer, CRC Crit. Rev , in Sol. State Sci. 5 555 (1975).

21. 3. A. Van Vecten , Phys. Rev . 182 891 (1969).

22. C. Kittel, Introduction to Solid-State Physics, 4th ed., John Wiley,
New York , p. 279, 1971.

--



— 17

23. J. C. Phillips , Bonds and Bands in Semiconductors, Academic Press ,
New York , p. 22 , 1973.

24. B . G. Basch and R. W . Englemann , Cunn-effect Electronics, Joh n Wiley ,
Halstead Press , New York , 1975.

25. K. Lehovec and R. Zuleeg , Solid-St . Electron . 13 1415 ( 1970).

26. S. Asai , S. Okazak i , and H. Kodera , Solid-St . Electron . 19 1461 (1976).

.VL_ :  -=- - —~~~ _~ —~-— r-~ ----—--r -r~~~~~-- -.-~~,~~ ~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~ -



_ _ _ _ _  

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

18

Table 1. Alloy scattering potentials in electron volts for several
ternary I l l-V semiconductors for a)  the electronegat ivity
theory (

~
UEN

) b)  the electron a ff i n i t y  difference (
~
UEA)

c) the energy band gap difference (
~

UEG ).

Material a) AU EN
(x O . 5 )  b )  

~
UEA 

c) 
~

UEG

Ga In As 0.529 0.830 1.08
1-x x

InP As 0.581 0.50 0.981
1-x x

GaP As 0.637 0.07 1.30 ~~‘l-x x

InAs Sb 0.801 0.310 0.1814
l-x x

Al In As 0. 1466 1.320 1.790
l-x x

AlP As 0.636 0.08 0.267
1-x x

Ga In P 0.559 0.40 0.92
l-x x

Al In P 0.541 0.90 1.08
1-x x

Ga In Sb 0.486 0.53 0.515
1-x x

InP Sb 1.32 0.19 1.165
l-x x

GaP Sb 1.51 0.06 1.57
l-x x

_ _  _ _ _  --~~
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Table 2. Quaternary alloy scattering parameter in electron volts
for quaternary Il l-V semiconductors for a)  the electronegativity
theory (AU EN

) b) the electron a f f i n i t y  difference (
~

U EA )

c) the energy gap difference (AUEG
) .  The composition is

chosen as x y 0 . 5  for convenience .

Material a) 
~

UQA
(
~

UEN
) b) AtJQA(~

UEA
) c) 

~
UQA (A U EG)

Ga In P As 0.289 0 .263 0 .540
1-x x l—y y

Ga In P Sb 0.536 0.173 0 .555
1-x x l-y y

Al In P As 0.280 0.1419 0.581
l-x x l-y y

L _ _ ___________________________ A..



20

Table 3. Fie ld-effect transistor parameters based on the model of Lehovec
and Zuleeg [25] for the materials discussed in this paper ,
illustrating the effect of alloy scattering.

Material 
— 

g (rnS ) C
gs

(P f)  fT (CHZ ) rD (oh ms) 
~max~ °~~~ 

r T (psec)

GaAs 30.48 .3640 13.33 445.06 24.55 9.25

Ga 5In 5As

a) No alloy 61.39 .4886 20.00 202.31 35.23 5.79

b) AU EN 514.6 1 .488 14 17.79 228.28 31.140 6.51

c) 48.39 .4914 15.67 247.39 27.12 7.39

d) 
~

UEG 143 .24 .4910 14.02 278.39 24 .32 8.27

Ga 25In 75P 
84
Sb 16

a) No alloy 47.55 .3820 19 . 81 335.42 39.56 6.12

b) 
~
0EA 

144. 16 .3778 18.60 390.17 38.61 6.64

c) ~~~~ ~~~~ 35.55 .3811 14.85 456.20 29 .89 8.25

A1
25
In

75
P
25

As
75

a) No alloy 57.85 .4073 22.60 235.35 41.70 5.3 14

b) AUEN 56 .73 .4082 22.12 236.15 40. 147 5. 146

c) 47. 147 .4059 18.6 2 294.33 34 .79 6. 49

d) 
~

tJEG 42.66 .4 101 16.56 303. 41 29.78 7.28

Notation : p device transconductance , C gate-source capacitance,
= gain-bandwidth product , sir~ll signal drain-source

resistance , f maximum frequency of oscillation , 17 source-
drain transit~~~ me.

These calculations were made for a device with  a channel doping of 1017cm 3 and
the following dimensions : Channel width  0.34m , Channel length 1.5~im ,
Channel depth 300 l im. The gate voltage = 0 volts and the drain voltage
equals the pinch-off voltage. 
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Figure Captions

Figure 1. Electron scattering potential for ternary alloys obtained
from the heteropolar energy difference of the binary constituents.

Figure 2. Velocity-field characteristic for Ga In 5
As obtained by Monte

Carlo simulation. The notation is: ‘~ ur~’e a) No alloy scattering
p 9700 cm2/volt’sec; Curve b) Calculated using AU pz8600
cm2/volt sec; Curve c) Calculated using AU , p 860~ cm

2/volt sec;
Curve e ) GaAs , N0 1017cm 3, p=4900 cm2/vol~~sec.

Note: For Ga 47
1n 

53
As at T=300K p 8450 cm

2
/volt sec [ref.6].

E .  Figure 3. Quaternary alloy scattering parameter, 1AUQA 1
2
(eV2), for Ga

1 ~~~~~~ y
AS

Figure 14. Velocity-field characteristic for Ga 
55

1n 
45
P 
1
As 

~ 
obtained by

Monte Carlo simulation. The notation is:’ ‘

Curve a) No alloy scattering; Curve b) Calculated using
and AU EN~ 

Curve c) Calculated using MJEG .

Figure 5. Velocity—field characteristic for Al 25
1n 

75
P 
25

As 
~~ 

obtained

by Monte Carlo simulacion . The notation is: Curve a) No alloy
scattering ; Curve b) Calculated using AUEN ; Curve c) Calculated
using AUCA ; Curve a) Calculated using AU EG .

Figure 6. Velocity-field characteristic for Ga 25
1n 75

P 
84
Sb

16 
obtained

by Monte Carlo simulation . The notation is: Curve a) No alloy
scattering ; Curve b) Calculated using AUEA ; Curve c) Calculated

using AUEN and 

- -
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APPENDIX A : TERNARY SCATTER ING POTENTIAL FROM THE HE TER OPOLAR CRY STAL ENER GY

The heteropolar crystal energy in a binary A
IU B

V semiconductor is

given in r.m.k.s. units by [15 ,16]

z z
c = 

b 
~~~~~~~ 

- —p-] exp ( -k R) , (A- l)
AB 4tTc r r S

o A B

where .ZA 
and ZB are the valence numbers 

(3 and 5 , respect ively) , rA and rB

are the covalent radii , R = O.S(rA
+rB
) is the A-B bond length, and k is the

Thomas-Fermi screening wave number. The factor b accounts for the fact that

the Thomas-Fermi approximation overestimates screening for small interatomic

distances [16]. The Thomas-Fermi wave number is given in r.m.k.s. units by

[22]
2 

- 
1 i~ 1/3 

a
B

- k — 
~~~ (~~~

•) 

~~~~“ (A—2)
0

where n is the valence electron density [15] and aB 
is the Bohr radius .

The valence electron density is then given by

n ~~~~~~~~-, (A 3)
0 3a

0

where a is the zincblende lattice constant.

If the binary materials A
III

CV and BIIICV are alloyed to ~~~~~~~ A~
I
~B~

IICV

and it is assumed that the A-C and B-C bond lengths are equal , then the

fluctuations in the heteropolar energy in the alloy can be expressed as [16]

(A-14)

bZ 1 1
or AC [— - -

o A B

where Vegard ’~ law is assumed to apply to both a and RA
. Thus

a (l_x)
~AC 

+ xa
~~

(A- 5)

1- xr H 1 (1
~
x)rA

]

~
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- If this fluc tua t ion  is taken to be the scattering potential, then

AliEN AC , according to the electronegativitY theory of Phillips

[15,161. Equations 1 through S are used to calculate the entries in

• Tab~.e 1. Here the rationalized covalent radii given by Phillips [23]

have been used in the calculations . 
-

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _  

-• -•-~ ---- -- - -- --•- - — —~~~~ -~~~ -~~~~~~~~ •~~ - - -
~ --~~~~~ - - - -- —~~



24

APPENDIX B: QUATERNARY ALLOY SCATTERING RATE

For a quaternary Ill-V alloy, A BI C~~~ D , the virtual crystal

potentials for group I I I  and V elements , respectively , are [11

• 
( l -x )U ~ + xU B

- 
(B-i)

U,~, 
(l_y)U

c ~‘ Y~~’

where UA ) 
UB, U~ , and li

D 
are the atomic crystal potentials of each element.

If the A and B atoms are randomly placed on the group III sites and the

B and C atoms are similarly placed on V sites, the scattering rates due

to potential fluccuations of both III and V sites will be proportional

to the square of the matrix elements and the probability of occurrence of

each species of atom. The probabilities for occurrence in a random crystal

• 
— 

are (1-x), x, (l-y), and y for A ,B ,C , and D atoms, respectively . The matrix

elements are g iven by

I m . 1 2 
= I f ~~

AU
~~

d
~~ 

(B-2)

where AU . U -U. for i=A or B, and tiU. U -U. for i=C ,D. Thus, the total
i I I I  1. 1 V i

scattering rate for the quaternary alloy is g iven by

~ x~ 1-x ) ( M
111 I

2 
+ y(l-y)~~~~

2 (83)

with

1M 111
{ 2 

(f
~~

u
A
_u

B
)
~
d
~
(
2

( B — n )

=

— - - -  _
~~

_ - --—— _~~~~ J _ 
•• -



If UA
_U

B is regarded as the change in group I I I  potential  with group V

atom fixed , and UC
_U

D is regarded as the change in group V potential with

group III atom fixed , then the composition weighted averages for

UA
_U

B and 
~~~~~~~~~~~~ 

are

UB
_U

A 
= ( l_ y ) ( U

BC
_U

AC
) 

~ 
y (u~~ -U~~~)

(B- 5)

U
C
_U
D 

- ( 1_ x ) (U
BD

_U
BC

) + x ( U AD
_U

AC
)

Here (U
Bc

_U
AC) represents the difference in the effective potential for

electrons with either group B or group A atoms on group III sites with a

C atom definitely on a group V site, and so on for the other three terms .

By substitution of Eqn. (5) into Eqn. (4) and neglecting the

“overlap” integrals one obtains

!_ =  K[x(l_x)y2IM~~~I
2 

+ x(1_x)(l_y)2IM~~~~
2

t y (l_y)x2lM~~0I
2 

+ y ( l_ y ) ( l _ x ) 2
l M ~~ 0 I 2] (B - 6 )

where

IM ABD I
2 

= ~f~j,~ (U
30 

- UAD )~drI

with arialagous expressions for the remaining matrix elements. Here the

factor K is a quaternary material constant. If the Mott-inner potential

model is used [8], the expression for the scattering rate for the quaternary

[ alloy becomes

3/2
= ~~1L (m~) y(c) 

~~~~~
- S 2 I A U  (x ,y ) 1 2 , (B - 7 )r • ‘~ dc

QA 8 2  ~n

wi th I ’~JQ
(x
~Y)I 

x(l_x)y2 IAU ABD I
2 

+ x(l_x)(l_y)2IAU ABC I
2

+ y(l y)x2IAU sco I
2 

+

I ’
_____________ 

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

—-— — A ..  _~~~~~~~~~~
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Here the AU’s on the r.h.s. of Eqn. 7 are ternary scattering potentials.

- ... For example, AIJABD is the scattering potential of the ternary Ai_XBXD

and AUBCD is the scattering potential of the ternary BC1~~D~ . In addition,

each material parameter in Eqn. 7 is a material parameter of the quaternary

alloy , which can be estimated from binary and ternary material  para meters

by the interpolation procedures previous ly described [10]. 

—— — -—- - • - -•~~~~~ -~~--- - - -~~~~~----~ •— -~~~ - rn-- ~~ - --•
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NEGATIVE RESISTANCE AND PEAK VELOCITY
IN THE CENTRAL (000) VALLEY OF Ill-V SEMICONDUCTORS~’

J. R. Hauser, T. H. Glisson and M. A. Littlejohn
Electrical Eng ineering Department

N.  C. State Un iversity
Raleigh , N. C. 27607

ABSTRACT

The negative resistance in Ill-V materials such as GaAs at large

electric fields is generally recognized as arising from the transfer

of electrons from the central (000) valley to higher lying minima in

the conduction band. Monte Carlo transport studies show that the

negative resistance effect is still present in 111-V materials when the

valley spacing is increased to large values (> 0.5 eV) and even

present when the higher minima are eliminated entirely from the

calculations . This negative resistance arises from basic transport

properties of the central valley . Studies are presented of the basic

negative resistance effect in the central valley of Ill-V materials as

well as studies of Al In As(x”O.75) and Ga In As (x~O.6) which are1-x x l-x x

two spec i f ic  mater ia l s  where the negative resistance effect is due

predominantly to the central valley .

‘:ThLS worr  was supported b y a research grant from the Office of Naval Research ,
Arl ingto: . ,  VA.
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NEGAT IVE RESISTANCE AND PEAK VELOCITY
IN THE CENTRAL (000) VALLEY OF Ill-V SEMICONDUCTORS

I. Introduction

The negative resistance effect as firs t reported by Gunn [1,2]

has been observed in most of the Ill-V binary and ternary compounds

which are direct bandgap materials. The major factors determining

the negative resistance characteristic are now thought to be fairly

well understood , and a good summary has recently been given by Ridley [3].

A brief summary of the convent onal understanding is useful in relationship

to the present work .

The negative resistance effect in GaAs has been identified with a

transfer of electrons at large electric fields from the high mobility

r or central valley to higher lying L or X minima having lower mobilities .

The validity of this basic model has been verified by simple analytical - •

calculations [3-5] as well as by more detailed Monte Carlo calculations

[6-11]. The energy bands for a general Ill—V semiconductor are shown in

Figure 1, where AE is the energy separation between the central valley and

the next lowest valley , which is assumed to be the L valley . In some

materials a three band model including both the X and L minima is required —

to give good agreement between theory and experimental results.

In t~.e presence of a large electric field , central valley electrons

are heate~ l y the field to large kinetic energies , and as the average

kinetic energy approaches the valley separation , a large percentage of the

electrons transfer to the upper valley . This transfer is enhanced by the

larger ef:ective mass of the upper valleys as compared with the central 

- ---—~~ - - - - -~~~~~~~ ••~~~~~ • - •—----- ~~~~~~~-- -  - - •~ -~~- •~~ --—~~ 
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valley. Ridley has used an energy balance approach to estimate the average

energy of the electrons as a function of electric field and equated t iis

average energy to the valley separation to estimate the threshold electric

field for a variety of transferred electron materials [3].

Simple considerations of the transferred electron effect lead to the

conclusion that high peak velocities should be achieved in materials with

a) a large low field mobility and b )  a large energy separation between

t~e central valley and the higher lying minima . The binary semiconductor

GaAs has a relatively small valley separation on the order of 0.31 eV .

The separation for InP is somewhat larger at 0.60 eV and IriP is predicted

to have a larger peak velocity than GaAs although the field at which the

peak velocity occurs is alsc somewhat larger.

The largest valley separation in the binary Ill-V materials is 1.11 eV

in InAs . This large valley separation , however , cannot be used in TED

devices because of the low breakdown voltages of InAs due to the small

bandgap of 0.36 eV . Thus, of the binary ITT-V materials , InP is predicted

to have the largest peak velocity of the materials which are useful for

TEDs .

The ternary and quaternary ill— V materials provide a wider range of

bandgaps and valley separation for potentially higher peak velocities

than can be achieved in the binary mater ials. The quaternary Ga In P As
l-x x l-y y

lattice i~atched to InP substrates has recently been predicted to have a

peak velocity larger than that of either GaAs or InP [12]. T~
-,e large low

field rnob~ lity needed for high velocities requires low bandgap materials

with small effective nasses. However , too low e. bandgap , as in InAs , leads

to low breakdown voltages.  Th us a c-3npror ~ise  r u n t  be found b~’twee n these

two requirements. From breakdown vo i t~~~ and device considerat ions, the

bandgap of high velocity materials for either TEDs or FET~ should probably

be around 1 eV or larger .

~~~~~~~ 
- • _......___*_ —
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If a minimum bandgap of around 1 eV is selected then all the lIT—V

ternary and quaternary materials can be searched to find which material

has the largest valley separation. This material turns out to be Al1 x
mn
x
As

for which the energy band diagram vs. composition is shown in Figure 2.

At a composition of x=0.75 the energy gap is about 0.91 eV while the F-to-L

valley separation is about 1.12 eV. Monte Carlo calculations for this

composition (to be discussed in the next section ) lead to a low field

mobility of about 11,700 cin
2/V.sec and this coupled with the large valley

separation leads to an expected large peak velocity before the onset of a

negative resistance effect.

Another ternary material which has a large valley separation and also

has a large band gap is Ga
1 

In As wi th x’~’0.3-0.4. For example at x 0 . 1+

the bandgap is 0.86 eV and the valley separation is 0.72 eV. These values

are not quite as good as those for the Al
1 

In As sys tem but the te chnology

for Ga in As is much more highly developed. The quaternary Ga In F As
l-x x l-x x l-y V

previously reported on [12] also has a favorable bandgap and valley separa tion

for large peak velocities .

MontE Carlo calculations on both the Al In As and Ga In As s~ sterns
l-x x l-x x

have not shown as large a pe~ k velocity as initially expected. This ha-~

been found to be due to funda men tal ~-bv sical limitations for the peak

velocity which occur within the central valley . For valley separations

larger thun about 0.5 eV , the peak vu~locity and the threshold field t~~ ve

been foun J  to be determined al most en t irely by the proper t ies of the

central valley. ~iaterials wi th  larg e val ley separ at ions will lc refer-rc-J

to in this work as c-~ntral valley dominated material~ since such materials

show a peak velocity and a negative resistance determined main ly by the

central valley . The high field properties o’ such materials are discussed

in detail in the next section .

_  - - - - -
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ : ---
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II. Central Valley Dominated Materials

The calculated velocity field curve for Al 
25

1n 
75

As is shown in

Figure 3. The material parameters used in the calculations were

obtained from the binary Ill-V parameters as discussed in previous

publications [10-12] and are g iven in Table I. Included in the

calculations are scattering processes due to acoustic phonon , polar

optical phonons, ionized impurity (l0
16

/cm
3 

impurity density), piezo-

electric, alloy scattering processes , and equivalent and nonequivalent

intervalley processes . The calculated peak velocity is about 2.7xl07 cm/sec

at a field of about 4000 V/cm . This peak value is about 35% higher than

* the calculated and measured values for GaAs and this verifies to some

extent the discussion of the previous section as to the need for a

large valley separation to achieve large peak velocities. However ,

the peak velocity is not as large as was expected before the calculatio~~

were performed.

The numerical values shown at various points along the curve of

Figure 3 give the percentages of electrons in the L plus X minima. At

the peak of th~ velocity curve it is seen that only 0.07% of the electrons

have beer. transferred to the upper valleys . At l0~ V/cm which is f~~ into

the nega tive resistance region only 9.2% of the electrons have been

excited to the upper valley . These percentages which were obtained from

the Monte Carlo calculations are much too low to account for the peak in

velocity and the negative resistance for this material. For example at

lO
4V/cm a transler of all electrons back to the central valley would

increase the velocity by no more than 10% and this  is much too small  an

effect t o eliminate the negative resistance . This leads to the conclusion

that the peak velocity is being controlled by the central valley in this

material and is not due to electron transfer to the upper valley .

_ _ _ _ _ _ _ _ _ _ _ _ _
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The dominance of the central valley in determining the peak velocity

is shown in Figure 4 which compares the calculated velocity-field

relationship of Figure 3 with that obtained by including only the

central valley in the Monte Carlo calculations . The two calculations

give very similar velocity-field relationships with the peak velocity

being unchanged by the elimination of scattering to the upper valleys .

The solid curve gives an inherent negative resistance phenomena which

has not previously been recognized to occur for I l l -V materials wi thin

the central valley alone . A comparison of the two curves in Figure 4

shows that transfers to the upper valleys increase the magnitude of the

negative resis4ance beyond the peak but the upper valleys are not required

for the existance of the negative resistance . Upper valley transfers -

are also seen to cause a larger drift velocity at very large fields (at

510 V/cm for example) .

The dominance of the central valley is not limited to just Al In Asl-x x

but has also been seen in other ternary materials such as Ga1_x lnx
As with

x “.
~ 0.4 - 0.6. The velocity field curve for this ternary with x 0.6 is

shown in Figure 5. This particular material has an energy gap of 0.65 eV

and a valley separation of 0.90 eV . As with the Al 25 1n 7~As case , the

presence of the upper valleys has essentially no effect on the peak

veloc ity or threshold f ie ld  for negat ive resistance . The upper valleys

again increase the negative resistance effect and increase the high field

velocity.

The two materials discussed so far have large valley separations,

and this is the condition for the peak velocity and threshold field

being determined by the central valley . For lower valley separations ,

however, such as the 0.31 eV for GaAs the question arises as to how

-----  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -.— ~~~~~~~ - -
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important is the intervalley transfer of electrons in determining the

peak velocity. Calculations for GaAs have shown that without the L and

X valleys present the velocity would peak at about 2.5 x l0~ cm/sec as opposed

to the value of about 2.0 x lO~ cm/sec including the upper valleys. Thus

the transfer of carriers to the upper valleys reduces the peak velocity in

GaAs by about 20% . A somewhat similar central valley dominance of the velocity

field relationship has been seen in Monte Carlo calculations on CdTe [li~].

This material also has a large valley separation similar to that of the

I l l —V materials discussed above .

The central valley dominated materials su ch as shown in Figure 4 are

predicted by the Monte Carlo calculations to have a large peak-to-valley

ratio for the velocity-field curve. The peak-to—valley ratio in Figure 4

ranges from about 4 to 7 for peak fields from 20 kV to 100 kV . For GaAs

with a smaller valley spacing , t he peak-to-valley ratio is at most about

2.5 by both experimental measurement [14] and theoretical calculations

[15]. This large peak-to-valley ratio for the central valley dominat ed

semiconductors may be especially useful in certain device applications.

The preceding discussion has demonstrated that when the valley spacing

becomes large the peak velocity and threshold field are no longer determined

by electron transfer from the central valley to higher ly ing minima . The

pea}: velocity is rather determ ined by the fundamental transport properties

of the central valley . In order to understand these central valley

limitations a study has been made of the high field properties of model

semiconductors with only a central valley. These studies are discussed

in detail  in the next section .
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I I I .  Transpor t in Central Valley Only

This section considers a semiconductor in whi ch the spacing between

the central valley [r(000) valley] and higher lying minima (either X or L

valley) is so large that only the central valley must be considered in

the transport. In all of the lIT-V ternary and quaternary materials

the spacing can never be made so large that it has no effect on the

transport process. However , as the previous section illustrates the

spacing can be so large that intervalley transfers have a negligible

effect on the peak velocity and threshold field for certain materials .

A study of transport in only the central valley can thus lead to an

understanding of the physical processes leading to a j~eak velocity and

negative resistance effect in these materials as well as provide an upper

limi t to the peak velocity for other materials. Since the Al 
251n 75

As

comes the closest of all the ternary Ill-V materials to being dominated

by the central valley , the parameters for the calculations presented in

this section using only the central valley have been selected as those

of this material which are listed in Table I .

The negative resistance and peak velocity in the central valley

have been founc to be due to the fundamental properties of polar optical

scattering in this valley . This is shown in Figure 6 which shows the

calculated velocity-field curve (solid curve) for only polar optical

scat ter ing in the  central valley . The dotted curve shows the velocity-

fie~~ curve when all central valley scattering processes are included.

Polar opt ical scattering alone is seen to determine the general shape of

the curves with the other scattering processes simply reducing the velocity 

--~~~~ -~~~~~~~ - -~~ -- -“---~~~ ~~~~~—.- - —~~~~~ - -— - -- - — - -—_ -_ . - --— -~~~~- - - -~~~~~~--~ 
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~y .~1mos t a con~, t , t n t  I i c to r  it  ~1 1  I h~~*1 v i l u . ;. ihis i i i s i i i — *’ of poi~ r

optical  sc a l t e r i n g  is  to he exL* ( * ’ t ~d ~. i ~~~ i t  ~~~; t he s t j ur  t rn ’r gy 1055

process.

The central valley negat ive  r t s i st a n c e  for onl y polar op ti cal  s cat t e r i n g

can be understood with fairly simp le r:i ~~1els .  E n stead y st a t e  the  use of

energy balance and s~ n t u m  balance e X p x e~;~~i or i ’ ;  g i ves

qEt lil y , ( 1)
m

AE (P -P )
e a

-— — —
, (2 )

t
C

where m~ is the e f f e c t i v e  ~ass , v is t - ~ ~v e r ~~~’e d r i f t  ve loc i t y , T m is  the

momentum rel~~~~t ion t i m e , t is the  er 1c r~’v r e l ax at i o n  t im e , A E ~~~~~ is the
C - -  LO

energy lost or ga ined in a polar o~ t i fl - il ss -3tt eri n c~ event , 
~e 

is the  rohabi i t y

of phonon er.i~ s ~cn ancf is the pI’u :~ i 1 t r honon at orpt  ion . At large

energies

— —p — -—— ) t ~: . ( x/ .  ) , ( 3)
e a xe ti

where >: ~‘ii~~~/kT . Sc l v i n ~ hcth L~’~ i t  ~.s (1) ~n ( 2 )  for  the v e l o c ity  g ives

V 1T~C-::~~~S1:1~T2_ ~

i f  -t 15 i (
~~~~-C ei f l t  of f i e l d  t T r  t n i i t i c n  ( ‘-4 )  i r ’€- ~~i c t a  a line~ slv i~~ r cas i~~m -

v e l o c i ty  ~:ith i d a  uc s  as i a  o~~~~ rVe -~ in [i -as ~ in  the pc - i t i v ~ e s i st a ~~:e

reg io r ~. T 1:. L-a uati on (5) is constant tr varies slowly with fieL~ ~her,

t h i s  ~ ~u i ~ : ~-t s  a decx’casin~ velocity with field su c h  as c~ 5 rve d  in

!‘i~-iire € - is t~~~Y ne . lt ive resistance re~’ior. -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
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The agreement between these two expressions and the Monte Carlo

calculations is shown in Figure 7. The solid curve is the Monte Carlo

results wh i le the dotted curves show Equations (4) and ( 5 )  in the low

field and high field regions . In using Equationc ( 4 )  and ~5) T m and t

have not been taken as constant but the curve of r sl~~,n in t i gure 7 has

been used in the calculations . This t was obtained from the Monte Carlo

calculat ions and is the mean time between polar optical scatteringsa.

Simp le analytical expressions for T
m 

or as a func t ion  of f i e ld  are

not easily der ived so the results of the Monte Carlo calculaticis; were

• used to verify Equations (4) and (5).

The good agreement of the Monte Carlo calculations with Equa tions ( 4)

and (5) in the limiting regions shows that at low fields the velocity is

primarily determined by momen tum balance considera tions while at high

fields in the negative resistance reg ion  the veloci ty is determined ny

energ: balance cosciderations . W i t h  opt i ca l  phannn processes there is

a fixed energy loss per scattering event and The drift velocity must

decrease wi th f ie ld  or too muc h e: ~~gv ~ i~~I be gci :ned trc-s, the field to

be lost in the scattering event : -

i~n es i ;ait ion of the peak velo : i t v which O J I L  be achieved iV carriers

in the central valley can he obtained by equating the limitin g expressiors.s

as given b7 Equa t ions (‘4) and (5 ) and solving for qEr/m~ . This g ives

for the pe~J veloci ty

a. The use of the same T for both i and will be approximately valid
as lor.g as only polar optica l scattering is important. When other
scatt~~~ing events are presen t t m d i w i l l  1- ’ si g n i f i c a n t l y different. 

—--.-----—-- --• —-—-—- ~ —-•-- - -~ - • • - —  -•-- ~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
~~~~~~~~~ ~ rI. ~~~~
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V < V  = [ ~~~~ tanh(~w1
/2kT)] . ( 6 )

Value s of v for several binary and compound materials are shown in

Figure 8. Also shown for several materials are the peak velocity values

which result from Monte Carlo calculations including all bands and all

scattering processes. For the binary materials GaAs , InP and InAs the

Monte Carlo results give peak velocities which are about 82%-90% of the

values predicted by Equation (6). For the two ternary and one quaternary

materials shown , the Monte Carlo results differ from Equation (6) by large

amounts. The lower Monte Carlo results for the ternary and quaternary

materials is due to the presence of alloy scattering in these mater ia ls

which is not present in the binary materials. If alloy scattering had

not been included all of the Monte Carlo results would have been around

80%-9O% of the limiting value given by Equation (6).

Monte Carlo results are not shown for InSb and GaSh . The band gap

of InSb is too low for this m~ terial to be used near the peak velocity.

For GaSh t5e presence of the L minirr~i at onl y 0.09 eV above the F minima

causes the negative resistance effect not to occur in this material. The

data in f i gure 6 indicates that  there is a general trend toward larger

peak velocities as the bandgap of the semiconductor decreases.

In ad~Iition to the fundamental role of polar optical scattering in

the centra l val ley,  the band nonpar abolici ty also has an inf luence on

the peak velocity which can be achieved . Figure 9 shows the velocity field

curves for the  central valley only of A l ~5 In
7~

As wi th d i f f e r e n t o values

whert
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2 2
____ = E( l  + aE) y(€). (7)

The theoretical value of a is

m~~ 2a — ( 1— —) , ( 8)m
~

and for Al 25 In 75As the value is 1.04 eV 1 corresponding to one of the

curves in Figure 9. Also shown are velocity field curves for a values

an order of magnitude smaller and an order of magnitude larger than the

theoretical value . For values of a less than 0.1 the calculated values are

close to the 0. 104 curve of Fi gure 9. At the theoretical value of a

the nonparabolic ity is seen to reduce the  low field mobility by about

37%, to reduce the peak velocity slightly, and to increase the threshold

field frorr around 3 1KV/cm to around ~4 1KV/cm. A very large nonparabolicity

(ci lO.4 e
1), which fortunately does not occur in the Ill—V materials ,

is seen to very drastically reduce the low field mobility and the peak

velocity . The nonparabolocity will be ncst importan t in materials with

narrow bandgaps and large valley spacings , since a is large for such

materials and the carriers become heated to large energies before inter-

valley transfer occurs .
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IV. Summary and Conclusions

The presently accepted theory of negative resistance effects in

Ill-V semiconductors attributes the effect to the transfer of electrons

from a high mobility central (I’) valley to lower mobility , higher lying

energy valleys (I. or X). The present work has shown that in materials

with a large valley spacing the negative resistance becomes dominated

by the central valley. Monte Carlo calculations have shown that the

presence of the upper valleys is not required for a negative resistance

effect but that polar optical scattering acting in the central valley

alone gives rise to a peak velocity and negative resistance effect . For

materials with valley spacings of 0 . 5  eV or larger the peak velocity and

threshold field has been found to be determined almost ent irely by the

central valley negative resistance effect . Transfers to the upper valleys

influence mainly the magnitude of the negative resistance and the carrier

velocity near the valley minimum of the velocity field curve.

Materials which have large valley spacings and are dominated by the

— 
cen tral valley have large peak-to-valley velocity ratios as predicted

by Monte Carlo calculations . The ternary materials Al In As (x’~’0.75),- l-x x

Ga In P~s (x \ ~0 . 5)  and the quaternary Ga In P As (x ~~.75 , y~~.’4 ) arel-x x l-x x l-y y

typical of central valley dominated materials . The largest peak velocities

which have so far been calculated l v  the  Monte Carlo technique have been

fourc i in these materials.
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Table 1. Al 25In 75
As Material Parameters Used in the Calculations

A. Bulk Material Parameters

Parameter Value Parameter Value

Lattice Constant 5.959xl0
8
cm LO Phonon energy 0.0360 5 eV

Density 5.27 gm/ cm 3 Sound velocity 5.ll xlO 5cm/sec

Electron A f f i n i t y  D i f f .  1.32 eV Optical Dielectric 10.78
Constant

Piezoelectric Constant .056 coulomb/rn
2 

Static Dielectric 13.46
Constant

B. Valley-Dependent Material Parameters

Conduction Band Valley

Parameter f l0 0 0)  X ( l O O )  L ( l l l )

Acoustic Deformation Potential (eV) 6.73 9.35 8.83

Effective Mass (mlVm ) 0.028 0.62 0.34

Non-Parabolicity (eV ~~~) 1.04 0.204 0.811.

Energy Band Gap (eV) 0.909 2.113 2.025
(relative to valence band)

Optical Deformation Potential (eV/cm) 0 0 3xl0
8

optical Phonon Energy (eV) - - 0.0336

Intervalley Deformation Potential
( eV/cm )

From F(000) 0 6.25xl08 5xl08

From X ( l O O )  6 . 25x l0 8 6 .25x l 0 8 5xl0 8

From L ( l l l )  5xl0 8 5xl0 8 5xl-3 8

In tervalley Phonon Energy (eV)

From r ( 0 0 0)  0 0 . 0 2 53  L . 0 2 6 2

Fr o c  x ( l O 0 )  0 .0 2 5 3  0 .0253  0.0309

l’rc 1(111) 0.0262 0.0309 0.0254

Number of L qu i va l on t  Val leys  1 3

- ——- --•--• —-• --- - •- ~~~~~~~~~~ ~ - • ~~~~~~~~~~~~~~~~~ ___• — ~~~~ ••~••~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure Captions

Figure 1. Energy band diagram for general Ill-V direct bandgap semiconductor .

Figure 2. Calculated energy gaps vs. composition for Al1 
In
~
As.

Figure 3. Calculated velocity-field curve for Al 25In 75As. The values along

the curve show the percentages of electrons in the upper (111 and
100) valleys.

Figure 4. Comparison of velocity-field curves for Al 25In 75
As using central

valley only and using all valleys.

Figure 5. Velocity-field curves for Ga 4In 6As.

Figure 6. Velocity-field curve for central valley with just polar optical
scattering .

Figure 7. Comparison of Monte Carlo calculations with simple momentum and
energy balance expressions .

Figure 8. Calculated upper limits to peak velocity considering central
valley only.

Figure 9. Velocity Field curves for Al 251n 75As with  different  nonparabolici ty

factors. The theoretical value is a = 1.04 eV 1.

_
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Velocity-field characteristics of Ga 1 ~In~P-, ~As~ quaternary
alloys *

M. A. Littlejohn , J. R. Hauser, and T. H. Ghsson
Deparunent of El e c tr i ca l  Engi n eer i ng.  .\ or i i  Carol ina Slate I. n I v e r o l t y .  Rah-i gh North Carolina 2~ 6O7
(Received 18 October 1976; in final form 27 December 1976)

• The electron dr ift-velocity—electric-field relationship has been calculated for the Ga ~ln I’ A~
quaternary alloy using the Monte Carlo method . Emphas is has been placed on the compositiona l ratigv- for
which the alloy is lattice matched to GaAs and lnP. These calculat ions suggest that this qLIater Itar~ otl~i-i~
promise as a material for microwave semiconductor devices , including fi rld-elfect tran-,Istors and
transferred electron devices.

PACS numbers : 72 20 Fr, 85 30 De. 72 20 Dp, 85 30 Tv

Reeent interest iTs the Ga10 ln0P19 As5 quaternary alloy The ma nn er in which the mater ia l  t ) a l a r n e t e r s  fo r the
has centered around the applications of th i s  mater ial quaternary a lloy are calculated as a func t ion  of al loy
for optical devices , such as photoemission cathodes , composition (v , ~-) is as follosvs. First , the accepted
double-heterojunction lasers , and light-emitting values of binary material parameters for GaAs . loP , -~
diodes~~~

5 One major advantage of the quaternary alloy lnAs .9 - ’~ and GaP ‘~~~‘~ at - i- used in theoretica l
system for these applicat ions is that  the ma ter ia l  can mode ls” - ’7 to ca lculate the m aterial l)arameters for ~he
be synthesized with a fixed lattice constant which is four l)Ossible ternary combinations of these four hina,-v
matc hed to a substrate over a wide energy band-gap materials. For some parameters , such as the equis - ;t-
range. This fact is also important in material consid- lent and nonequivalent intervalley deformation poten-
erations for microwave devices , such as the meta l— tials, such theoretical models do not exist , and in these
epitaxial- semiconductor—fiel d-eff ect transistor
(MESFET) and transferred electron devices. The pres-
ent study has been concerned with the electron drift- 

- -

ve locity—electric-field relationship in Ga 1, ln0 P, 9 As~, • a
quaternary alloys which can be lattice matched to either -
GaAs or To P. The results show , especia lly for lattice 2~

mat ching of the quaternarv to InP, that substantial im- 1 

-provemen ts in low field drift mobil ity and peak drift oL •

ve locity can be obtained in comparison to GaAs , lnP, — -

and t he Ga ,In~ 0 As ternary s v — t e n , , w hich are all im— ‘. 

portant materia ls for microwave devices. ‘v - -

The computer simulation of transport processes used ~~ - - —  / ‘~~
‘ 

~

in obtaining the results presented here has heen do-
scribed in previous publications 7 - ’ and is simi lar to - 

- - -

other such programs discussed in the literature. ~~~~~ -

The allowed scattering mechanisms in the transport - MoO ~~.7 0 0 .

simulation include acoustic phonon scattering, optica l - - -

phonon scattering. piezoelectric scattering, equivalent /

and nonequivalent tntervallev scattering, ionized i to - 
- I

purity scat t orimi:~. and random potentia l alloy scat ter— 0 2 a 6

lng. 5 The program allows for calculations with any or ~ CU MF I~~ITiON 0 )N~- I A T T I C t - M t - 7 ’  iii I -

all of these mechanisms in either the r(000), .Y( 100), ll( . 1. la ,s v — fj &- l i l  m i l o l  lv of :~~~in~l , , \o ~ iOn- ,- t i i : l t l m t q l
or L(ll1) nonparaholic conduction hands. I liii’ :it~ l - • \ s . ~h -  t i :it - m n t v  d Iili g - i  I i~~ l i t ’
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- matched to m l’ . ‘t’he (loping level is u i 1 v i i i . -1G . . \ e lo e it i  - l i i - ! ) i - t i : i i : i o - t i - m istic ‘f nm ‘ •~~~~-
cc i t t i  inil without m :mmm l i mm j l _ , t vmmt L : i l  a lloy :-o • , I t c i -  i,i _ Hi-n .:  -
, - , immm l I :mr i svmim ii ri the v ( l i c i tv— bi l l  m u  v m s  - v  GaA s - ImmI ’ , amid

- - - In,, As.  The cio~oitig level is h i ’7 v- m ’ .cases linear interpolations are used for the ternary
parameters. ~~- ° From the ternary material pai-aineters ,
the following equation is used to calculate a given qua-
ternary material parameter , Q, as a function of the limited to the quaternary alloys which are lattice
quaternary alloy composition (v , s- ) : matched to either GaAs or InP, since these materia ls

— are present ly the most popular binary HI-V materialsQu’ s ) -  ~x( 1 ~~v) [ ( l - s - ) T  . , ( s) + v T  (.v)J y(l - 5-) - -  - -‘ - ~- - - used for substrates in microwave applications. The
x [( 1 — v)T~4( m- ) vT 23 ( i’)]~[v(1 — v) + i-(l — s -) ‘ , values of and m - required for lattice matching to InP

~ 
( lat t ice constant - - - 

~~. 869 4) and GaAs (lattice co nsIam ~I
- 5.642 A) can be found in Fig. I of Ref . h. This figure

j  where T,, is the material parameter (such as band gap, has been reproduced in this work us nuo Eq. ( 1 ) .  Th -ei -
deformation potential, etc .  1 for the ternary alloy of valu es of v and i’ for lattice matching a le  clv i ii to a
binary materials i and i. In this paper . GaP is nlaterial good approximation by the linear e(luat iot ls
1, lnP is niaterial 2 , InAs materia l 3, and GaAs mate- -

- - - ~- m  2 .197(1 — c ) ,  matc hing to TnPrial 4. Thus T 1~ ( s )  is a material paratueter for (2)
I - Ga ,_ , In,P Equation ( 1) is an empirical relation which — 2. 17 9m , matching to GaAs .

reduces to the correct ternary expression ( i . e .  , for v - -  -
- 

- 
- - - I m;;llre 1 o luows tie calculated values ut ll;e I -v c - Ior v equal to either 0 or I), and in the limit reduces to - - - -

- - - (100 V cm) dr ift nto hil itc lot- t Ime (,a 1 _ lil P1 As oua —the correct expression for the binary materials. Also , - - 1 0 
- 

-- :  - t e r t iary  alloys with a d ip imi ; h-v i - I  of 10 - cmii which
for v = V 0. 5 Eq. (1) reduces to the average of the - 

- 
- - 

-are lattice timatched to C ,mAs and In P. These i~ .I i~lm Ifour ternary alloy parameters . For other s atid s - - - -  -- 
- - s-aloes are ol it ;mmnei t  liv a maximum likelihood o H u :n . t t i ~ i r i

values a snlooth curve is generated which co ri- ,-ct lv - 
- - -  -

- 
- 

- of dtff usiot l cOe t f l ( te i i t , and liv usitlu; the i- i :u ~ t , - u : ,  i ,- Iamat ches the ternary hout -idary parametet -s. This enipir- - - - - 
- 

- - - -
- - - t i omm hetweet i diffusion co, - I f u u - , , - i .  - aol mmm ob ,l , tv,  Thisica l procedure for choosing the quatert iary material - - -  -- - - - n ethod IS Si Iii i la t- Ii’ a recent toc lit i ique do c m - l i  iii il livparametei- s is sitllilar to that used liv Moon i t  a!. f u r  - - - - - 

-

- Canali m i  a! , to calculate low— field dr if t  niohililv . am idlattice constant and energy band ‘~~p. - -- h a s  beet, found to vi - i-com e some ii the problems iii —

Microwave devi ce technology , such as that for the hoi-ent in tlle applica tm im of the Muin t i -  Ca t - i n i t - h i d  at
MFSFET , usua lly requires thin o pitaxi al  l i ve rs  grtm wn low elei ’t n e  fie lds . ‘° -~~ ‘ As can be seen in I- - I - t I n -
on a suitable substrate . The work discussed here is dtif t mobi lity of the alloy matched to lnP li -- ~ we ll above

I \11L l- I. Cottmlm:ir lson III iii ii, ii:i l pil l - ’ i - e- 1 - m s  I ,  a ml .l iiv~ le~ u— I o i l  ~~~ i )  in, i t  l i - ni Slon tv- ( at -l u - : - I i -uI: i )  I -

( - i In . , is i : L  — 1 :  - . : -
As Lt,l’ A l t 0  N i  i i  i c  A llo y N i  I c

t
~D (ct lm \ st- v ut b I t  ‘b’ . i l l) ’  - limo : h l i um t  7 ; i pum 1 7 ) 1 0  Ti l l ) ’ 7~~li( i

V~~ (c tmi 5CC- ) b a . i i -  ; ; 10 - 2 . ; L i -  -~ 5 —  l i U  2 , 5 Ii i • . I -

~~~ (kV coi l0  7 1  ll.~ I . : ;~7 7 0  l i i
Peak—to—v alley ratio 2 . 1 I - • ;  ; ; . i t  -I II ; . I :;.
(valley at 1(; kV cm i

M50 1 (m nm V ~~~ ) 1  2h(i( i  lj i i ii ;~ i m u p  • i ~~~i l , i  1 : 1 1 1 )

6 u0 drift mobility at 100 V v-rn . I- ~ eli-m i Hi f ield I v  I l ,~~~.maximum drift vc l - im- i t ~- . 1 )A~~~~, I i~ei~~n. • Im- of i i : , c i , m i u , m m m  nt - c :  I I \  i l i f l im -Hi- il i , li i I , I \  -
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the value for GaAs for v c 0.30 l u  <0.86). Since large time binary or ternary Ill-V materials . Abe t b -  ~( u u ; i t i  r -

value- - of electron drift n ohility are desirable for naries have a large neg at i \ - t -  n-muu b i l i ( - ,- atld a lan;- ’ -  ~ - u k —

MESF ET’s, this range of alloy composition looks t i-valley r a t i o , which should be usefu l in l ra ius fi-rt -i ” i
es~~-aiallv attract ive. u° l i Cti’ On dev ices.  The work points out a mu-ed for cx—

- - - perimental verif ication of t i- ic i’esults . as wel l a.s po int—Velocity-field calculations have been m ade alon g both - - - -
- - ing Out time need fu i~ experimental studies of orderingthe GaAs and InP lattice-matched lines. For the GaAs - -

- in ternat’v and quaternarv al loys , since the actualsubstrate, the peak velocity for the quaternary was - 
- -  

- - 
- - -

- amount of orde nmnc in these niaterials will cleter i iu ine
found to continually decrease from that for pure GaAs. - - 

- 
- - - - -

- which wil l be mmmmis i  useful i i i -  specific applications.For the InP substrate , the peak velocity was found t im
reach a maximum for quaternary alloy with m — 0 .  6.

Figure 2 shows the velocity-field relationships for
- ‘ \Vurk SU~m~u i m -  l i - i  i i v n u . - - — ,- m m - v im - i i u u t  I - -tnt the (iI l i v -  e i i  N c : ,  Ithe quaternary alloys matched to InP which have the m-- - , - ’ r , - I  ‘V : i c I - i ~~t n i iu . Ii~(~. 

-

largest calculated values of peak di- ift velocity. The l j I ii t o m  - i t  - ‘i . . \ m i t c  i s  m m 1  1 . h I c Iii . Appi
value for v ororO . 73 , s - — 0 . 6  of 2.95 x 10~ ct- i- i sec is the ‘Its s . l u - I l . hi) 17 : I l t I .
largest we have calculated for any nlaterial with a band - I  -J. ( u u b u - m m u : u u m . N . llumltomm y iI~, ul . J I.uu Huu m oo - . ‘.0. \‘i i- iglm t .
gap and intervallev separation large enough to he useful \V • i . m m - - vt ,~ ul I) , I.. 1 - 0 ( 1 5 - . .\ lml ml . I’I,vs . I t-t t .  29 . l iT
for MESFE T’ s. Also, it must be pointed out that the ,~~~~ ‘ ~~~ 

- -I _ b )  \\ m- u~ mt _ . 1 _ b .  ( - - I u - mm m:m n , N. l lm ,h i im. : mk , 7 1 . 1 . i.mm i h u o i s c
values presented in Fig. 2 assume a completely ratidoni mnm i 0 . I , i-tm i i h m u m : m n .  \ Ii - I .  l’lwm- o . I I-t I . 29 . 18 ll u 7 ut I
alloy with no sublattice ordering, -m ~~~~, t 7  so that (lie -I - -J - l l s i m - l m , -I - A II. -in, - :m mul -l , I’ . I u i u m i mm e l l y - A l’ ; . 1 - l’h3-s .
amount of alloy scattering in the Monte Carlo s i t u u l a t immtm I i l l  - 75 .  71/I 1 17)1) .

is maximum. If the material has some degree of orde r— I’ . I i  - 11 .1 . hI I I  i- . 11 .1. (1:irk lf.J. It~ i

ing so that the amount of alloy scattering is reduced , m l mh . I’ lm o . Li-It hS . f l it ’  i l t I T n u . 
-

- - 
— I, . I 7hiu, u m u _ ( .~~\ _ . \ n t \ - , i:i~~. :ii mmi I..\\ - I: ii mi~~s _ -I. Ithe peak velocities could he large r by as much as \ b a l v - r  3 . t . 7  (1 17 1).

l0— 20~~. M..\ . I : l l I u - j u r i m o  -bli . h u m s , - ,  : , - n t T ll . l Ii- : - - -, :e A ’ 1 ’ ] .

Figure 3 illustrates the influence of allo~ scatterin 5 
Ph 3 s  I 

m 
ti 

1 ,  d c i  ho nd I Ii i I t  i
on the veloci’y-fie ld characteristics of the quaternary bi} iys . I i - ’ . It. 7- ’ ‘ i t T ; ! .
with v = 0. 73 . v = 0.6 , and a doping level of 10°’ cm 3. ‘i’ . I- toue m- t t  at m - I  I C .  l lc i Io- ,  - -1. i~ . ( 7 10(1 ‘ 177 I).
Alloy scattering in a random alloy can be seen to de— “A’ . Fncvct- II - \ . I) . lI- : ’ m -i I : . : - : i r  ‘nil 5 . Sw:u i i m . J - l I e — . 1 l,emmm .

crease the peak velocity and increase the threshold ~ o Iut~ 31 100.t I i t ,T i’ m .
- - - - - - ~ F. l s i um i - s: i c v :u . I’m- tu e . lot . ( i u mtt - l’ Imvs . i--t I-:lt icofld . - I sv ” , i .field. Also shown in this figure are the velocit —field I i,; U 1 : n i ’  isluixll - -J ‘Ic s . S c  -J 1m~~. Ou ; : i i . 21 hI

re lationships obtained liv the ftlu m-te Carlo method for : 1 ’ ; ; )
GaAs , InP . and the t e rna ry  Ga0 lit . As , w hich has ‘ l u , 7b; ilz . fl l iv— . 1ev . 1C~ -‘ Ic  l l t i ,~~

) .
been proposed as a promising material for li . I- l i - t o -h e r  mtyl I’, N - lN m tcl mv- , . -i - I’tt ~ C 6. l i l t  i i 17 1.

MESFET’ s. 10 . 21 Finally, Table I summarizes the mate— ‘ l u , ~~ l’hys. St . t us  S t i m u l i  ii 53 . ~!- l5 ‘ 1 172) .
- - - - - ‘ D l i  b e r r y  be- s t , v  11 12 ‘7l i (19 7 71rial properties of interest for mici-owave devices for ,,,  - - - - - - - - 

-
- I I : : r m t - - i mi t imi d -1 . I, lIt mus, ’ ,- . —J . _ \ IiI’ I . Ib i s . 4 .the Ga,,~~In,., , P0~ As , 6 quaternary alloy , wi th avi d wi t h- i— 1 ,7 , , 

-
out i-atldonl potential alloy scatterit tg , along w ith the 1 -a \~ ll :ur r i n- i,mt - mmii  I -1 .11 . I l:iui-x’ r , I t ivs . lid . It 13 . 7 7
properties for GaAs , InP . at-id Ga . In . ~~~ Time ternary hb ~~7 i t ( .
G,m . Itm ,, ~As can also be appt’oxitoatelv latt ice t ab- In-i l  - 1 .8. l l ;u r r cm - : i  atic i II . - 1 ‘ I i i  t ie r . 1 1 - I  It  -‘ i: . I t u G  i - t n  i i -

tu loP and has a band liap u I (I 89 V , 
5 i t  

~I i t t k I ,~ I ~ l i m o  i,iI I II I Ii

In s un lmarv . ti l ls work i mi ch icates thai Ib me m u i t : t : i l , l i n t u i t .’ -

Ga ,_ , In P~
_ .As quatert -iai’y al loy should hat- ,- desirable I m , m i m . l u  1 . 1 , i - , I u i tm j  I - N a . I . . (mlii i t t  n, . -i ou

— — - - A l l i i - i t g i  - A ’  m a l i . i’h~-s .  l a  - I; 12 . 7;; ;., 11 17. ,) .material properties for m i l i c ro w av e dev ices . Time u-al— ‘ I) II . II, i-h r hi ll . I : m j r i m i . ’ mm . - -mmd ( . Is . \1-s h it n , ihu u . I’m , ’ —
culated peak velocit y for the quat.-i - r m ;mr - svste ,mi lattic e m - m-o - ~I ium ~~ Ib m i~ , i m m u : u l  t i n t , -  II I Ii’’ I mar . i - t i )  - ( ‘ ‘ r m m v - I I
matched to loP is larger th an the v ’, m l c ; l a h i - , i  s-alum fi t’ J u l y  77 I’ . t m o5 l’i m u 1 ” r t i h s b m u - u I )

•k
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Qualitative Ana ’ysis of Thin Gallium Nitride Films with
Secondary Ion Mass Spectrometry

J. Edward A ndrews, 1 A. P. Duhame i ,2 and Michael A. Litt iejohn

Department of Electrical Engineering. North Carolina State Universmty, Raleigh. North Carolina 27607

Gallium nitride (GaN) thin films grown from the vapor phase throu ghou t the temperature range from 500 to 1000 °C. Since
by pyro l yzing Ga(C~H5)3 ’NH3, were analyzed using Secondary ih~5 wa s th e first time that thts grm wth proces s and S stem

Ion Mass Spectroscopy (SIMS). Comparative mass spectre had }u ee ’n used to grow GaN, it was not at all certain that the
were obtahied from GaN v -own by two other labo i-atoil es using deposits oluia ,tued .5 -re GaN, especially in view of the coloring
two different tech niques and were found to be s imIlar. The e m l ’ - - .j uih,,-: c- ‘Ilme refu ire effort during tile ear ly part of the
SIMS technique identified the presence of Ga, N, and 0, In rm- ’ . , -m t r i ii wa s di r t -u- I t - i l  Inward obtaining a qual i tat ive anahvsms

all the GaN films. C was detected in the GaN f iim prepared of t he i le l i i ’ —utn Several analyt ical technique’s were eventually
m m n t ij ,-l i- , - t t u , mt imiicropr~t lue - . x-ra y dtf f ractm e ’ n , electron d ii—by py roty sis. Evidence of H as part of the ionic structure was
fr av - tm , m n , set . t , u ru ’ l im rv ion mass spectrot lietry) with each pro-h~ the higher mass spectra of all the samples however, it cotid 
iiR~ smime u sefu l but nm-ti complete informat ion concerning

not be determined wit h certainity If the source of H originated t he nature t if the deposit~. The analytical technique reportedin the SIMS instrument , the samples , or both. hi -re is  wtu rthv of nmmte becamit- - of its ability to detect nitsogen
as we ll as the lighter elements , including hydrogen, and was
part icularl y va lmta hle in analyzing deposits that were too

Thin gallium nitride (Ga N) films grown on re-Al~O. SUll amorp hous to  guve useful diffraction data.
s trates by pyrol ytic decomposition of Ga (C 2 H 5 )~m ’NH in R This paper reports the results of the qualitative analysis
chemical vapor deposition S st em have been descri lx-d in an of the GaN thin filn~s us ing the technique of Secondar y Ion
earlier publication ( 7 ) .  The as-grown films were typically Mass Spectrotnetry (SIMS). The combination of sputter
yellowish brown in color instead of transparent as. would be etching and niass spectrometry used in the SIMS technique
expected for a mat erial with a 3. 5-e\’ energ y band gap (21 . pe-rmus a cu ,riv etm ie ’nt and rap id qualitative analysis of thin
This yellowish culmir w as chara ct e r ist ic of the films grown films attd surlaces In depth discussions of the SIMS

technique and avai lable instrumentation have recently been -

I’rese nt ~dd resa . RPM-Sri -h Triiitt gle hi m st ut ute . P C) 1t11 111 )4
Re’cu,rch Tri angle Park. N C’ 277t~ 

presented (3-5) .  A comparison of the performance of the
2 i’ re”t’nt ad dr esn . I’ S i~nergv Rp-’i’nrrh sn,i hl i -si - li tin tent Ad ~‘lMS techntque with Auger Ele’ct.rt’n Spee’tr~~copv (AES1 and

minisirat ii n. Wa’.hmn~.tt’ ,n . I) (‘ 2ti7,47 z - r as  p} m ,, tm s - leetrot i  spect roscopy (XPS ) given in Ref. 6 in-
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Table I. Experimental Conditions Used u 0 -0
for Samp le Analysis ~ ~~

(1 ) Primary ion beam gas: argon°
~ 

Os -(2) Argon gas pressure : 3 x 10’  Ton
(3) Accelerating voltage for argon ions: 6 KeV ~ o~ - S p u t I s ~ sd

(4) Ion-beam current at sample surface : 150 ~A ! it

At gait
3 Oxygen was aubstituted (or argon and mass spectru m ° 

C e. -

reta ken on the GaAs samp le after the various samples had ~~ o~ -

been analyzed.
____________________ -—--

i _ o — -, -a - t o

F~ ,it Sca n ~~ 

03 - m~O o i t p )  ~ 0 it. ,pm i p c ~ a n p m

0 9 -  1-i

~ 0 2 -  5.
— 0 ’ mE

S p u t t e r e d  0 ’ ;~ - J~~~~~~~~

0. :,
E 00 — Second Scou~ cm o m -

~ 
0.? - in c~ 

~ — ______

_ to - - t  20 21 ~C 80 85 90 9~Ar g 05
I— 0.6 - M.ASS I CHARGE t omnu )z

~ 
0.5 • Figure 2. Mass spectrum of GaAs

t~ CH svsIem imtiiiip oil that has ac-cumulated on t i me surface.— , 104 
H u uum - se ’ r . GaAs spectra obtained under identical experimen~~

~~~~ a’ fragments observed in the GaN spectra were not an j nstru-

03 - ctund~t m - m i ~s se-c Figure 2) showed no indication of hydrocarbonoil .
fragtnenls. This wetuld strongly suggest that the hydrocarbon

0.2 -

ment artifact.
O t  - I Ho .

A ,  The sample 55-S mass peaks observed at 14 and 16 amu• I. ~ ~~~ 
jx ’~~mste d with cuutittnued etching while those at 12 and 13 amu0

0 5 20 25 0 5 20 z s gradually disappeared. The peaks at 12, 13, and 16 amu were

MASS / CHARGE ( a m  u) ititerpreted as f ~C J ,  [CH]~, and I 6~~]* , respectively.
The interpretation of thc’ peak at 14 amu , however is more

Figure 1. Two consecutive mass scans of sample 55S comp licated since it cu tld he due to 1CH214 , ~~45fl or both.
The gradual disappearance of the [tm? Cy and ~CH15 peaksdicates that the SIMS technique is capable of a much lower suggests t hat the related E CH~I peak should similarly dis-

detection threshold. appear. .“urim -e t he peak at 1-I ulmu pers isted, it could eventually
For purposes of compar ison. CaN samples furnished h~- he interpreted as being primarily 1 4N] as indicated in the

courtesy of IBM and RCA we re also anaJ~-zed . The ll3M GiN secmmnd scan in Figure 1. The peak at 14 amu was seen to still
was prepared by sput tering Ga in the presence of N (7 , 8) . be very evident in Figure 3 which is the spectrum after ~ toThe RCA GaN was prepared by the ammonol sis of GaCI ~~ 10 miii of etching. The a) use- i ice of similar peaks in the Ca.ks

EXPERIMENTAL spectra (Figure 2) indicates. that background interferences were
The analysis of the GaN films (p lm is  t sample mf single crystal not responsitmle for the observed peaks in the GaN spectra.

undoped GaAsl was performed u sing an bun Ito-am Surf ,uu m- Mass It wmoi , noted (c mmmpare Figures 2 and 3) incidentally that
Analyzer (15MM. This irms truni ent and its tupe rat ion has-c he-en the Ga isuim yield for samp le SSS was more than 1 order of
described in detail in GI. The anal sit, of the undouped GRAs was magnitude larger than that of the CaA~ sample. Sample 55S
performed in order ti eliminate possible luackgromund effects was determined previous ly ta m be nearly annurphous in nature
obtained from the instrument and t.o assist in the interprethtmumn itnd mi ght therefore he expected to yield Ga ions much more
of the spectral data olmt-i une d from the CaN films . easil y than the sm u ig le crystal GaA s used for the reference.The analysts of th~ GaN films and pure G~At. were pi-rfuurme-d 

Figm :re’ :t shows. the mass spectra obtained for sample 555under constant exper inmenta l ctmn d i t i rts list -d in Table I
Samp le chamber pre’.s mir m ’ s pr ieur t m m ~ imp le anm ulvsims we-re- m r  lh Otui l~h thu mass range 80-95 amu. No significant mass peaks

idinari ls- m uf the order of 8 x 10 Te,rr. The mm,-~s rt-so luti t ,n tuf were mubserved for the GaAs in this mass range. The 555
the ISMA was typical ly (1$ ammi s J t i C t r a , how evt- r , show distinct peaks at 85, 86. 8~’, 88, and

Mass spectr a for the CnN and GaA s wer e c,htainu-d euver the ~9 amu. Weak pea ks were also obs-rved at 83 and 84
mass ranges 1Cr 25. ~2 - 77 , amid 80- 95. Each range wits scanned It is interesting here to compare these data with the GaAs
in a 2-mm period at a rate e mf 0 125 Sm ut/ s with several scans tna~ s spectrutm obtained in the 80 -95 amu range using an O,
performed con.cecutivt-Iv to obtait u data on the variation of varim,us primary ion beam (see Figtire 4) . As was seen in Figure 2 ,
pt-a k intensities as a function of time , the Ga.-\s spect rum (sputtered w ith Ar) gave’ no observableSpecies of potential interest in thp mass ranges 10-25 62 ‘7~ pea ks in the 80- 90 amu range whereas Figure 4 shu ws peaksand 80 95 were ‘ -(‘ , °N. e0; ~Ga, ‘ tGn . botGa m2C , ~Ga mm N , ~Ga°O .
7m~ 1t2(~, 7iGa~ N , and tGa mtO. rc-spectitctv that we-re similar to the GuN spectra (the oxvgen-contmuntng

fragments were formed as a result of ion- nimml, ’cule reactions
RESULTS AND DI SCUS SION m ’ t o s ( s - n  t im e st m tmle and O.~ i mui ms from the beam). This

Figure 1 show-s spectra resultin g from ti m e f i rs t two m a-is - n t mm i pi r iso n wu m i l - i  s t rmn g l v  indicate that the CaN films
scans of CaN sample 55-S grown at 600 °C by the process c t i m t n uuu t - i  m ’xvg en.
described in Ref. 1. (The ordinate gives a measure of the ion Figure 4 ais.o indi c tm tt ’ s the existence of hydrogen in su me
beam current , in A, priideic-t’d li~ the sccmindarv ions sputtered of the frm igmt-nts dete cled. Roth IAsO J and
from the surface of the sample.) Figure 1 indicates hvdrn- fragnments ws-re ts-hest -d to 1* re .lm insible fir the peaks
carbon fragment s being detected only in the fir st few - minutes ubse-rved at 91 and 92 amu , respect ively The Ga from the
of analysis. Normall y . hvilrm,carbon fragments detected with GaAs mip~maretitIv gave ri-~ t im GaOl’, (GaOII] . mu ral IGmiOHI’
this techn ique and exhibiting this beh~v,ur (dusa i twaring after at t-~5 . t-~ 7 , 5Cm. t-e . and i-~7 . i-’9u amne i . respectiv e I’ - w mt h
a few minutes of etch i ng are usually at tr ibmile d t o ~-acut im GaOH ~ ‘ cmi rr m- ..lsun m imng iii the prominent pt-ak 
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to S p u t t e r e d
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MASS / C H A R G E  ( a m u )

Ag’s. 3. Mass spectrum of sample 55S (GaN) with ft-me mass range 80-95 amu shown at two duttexent sen~mtus~ u3s (this specs-urn persisted tf~oughoUt
the remainder of the analysis of this work)

i 0 Figure 5 w imile the ~ uocu ra for the RCA samp le are shown in
Figure 6.
These CaN samples resulted in spectr a similar to 555

o a throughout the- 83-89 amu range. In addition , these spectra
sri -m e al-in similar 4 m t im e  one shctw n in Figure 4 (GaAs sputtered

Q 01 with m r x \ t .~~m~ in the - -‘u ~9 amu range. The- RCA si mt~ p le was
Q 

~~~~~~~ 
Sput te red  small and thus exposed the edge ~f the sapphire (~ -AlO 3)

— oe O x y Q e n  substrate Ut the primary ion beam; thus the oxygen indicated

05 5’ 0’ d - “
~ 

‘ t v  the spectra f u r  the RCA sample (i.e.. t hrough 1GaO1~
t r u p ~ments l could easily have resulted from the ion - molecule

04 s~on reaction between su lmstrate furnished oxygen atid samp le
O supp lied Ca atu nm The RCA sample contributed rather
z 03 definite ie a ks  at ~3 an 2 84 amu which were interpreted at
2 T t ’ ( ;a N J ’  a~~ ~ aN1-1 ] ,  respe-cti s -e lv, which smm ~.~am rfs a

02  I - similar interpr e tatim mn in the 555 spectra.
0 m 50 0  IIII~ ~~

- Sample 55S and the IBM samp le did not e x l u u - r u e - n , t  nov

11111 A oOi t  substrate interfer ence ; therefore oxygen indicated in th m -mr
0 —j- -l-

~
.-fl-l-14-T4-4-.-1-T--——-— sl)e’ctra was in terpre ted as euriginating from t he samp les.

80 85 90 95 As stu t o-cl u-~ rhe -r. hydrogen is also very much in evidence

MASS / CHARGE (omu ) in t he -s c spi- Ira. but cannot be identified as u mrm guum ~u ting from
the sample or the P-MA

FIgure 4. Mass spectrum of (ia 8-~ sputtered by O~° primary oem beam
Evidence of lormatucn of both gaII um and arsCnic oxide fragments in (‘ON(’LUSIONS
the analy-luc al environment i’lmu m )immui m I ~ vi- mu - .ilssms of de-pos mim . obtained from the

of Ga i t ’  H I -NH has shown that the samp le
it cannot be stated at l i i  ri m - e m m -I  it r the hydrogen i-i o- utnt mm ins ~ :m lm m u u im . nitrogen. osvgt-n. and u muluO P , the latter being

contri buted by the lSM,-\ os m r m ’ :m nm m ’ n t or w hether it is an u - m m  en l rmi led  near i Ii~’ sur face of the’ sample. While x-ra y
impuri ty cori mm emn to be th the (hu.-\- - and I aN samples. A d iffr ac t m mt n was relied on for the serification of the mlepu~~rtm ’
fragmen t corresponding t u m  JGaCV or )GaCH~ was not de- let ime CaN , it is s ignificant that SIMS prurvided a means of
tected at 81 and 82 limo . r u - - pc i-f us c - is  - i i i  the refe mre cannot direct l y de t e c t ing  the presence of n m t r ( u g r m m  in the depousits-
ri-take any detectable cu.nt ribmiti imn t im tht- 83, 84 tm mci pm- ir k-. j t v I r m u m - ,u r l u u u m s  fronu the vacuum svsii - un oil were ro ut e- cl out as.

The lj keli hmi od of I’ (’,ui(’}I r and G~ CH ) ‘  was con- a s m u m m r u  m- of car limm n Emu-o-a ~m-i e of the uuh senm -e of hvdremcarhons
sidered in the interprelatlim f tim- -  peaks ct mms u di ’ r e- d at 8.3 and in the ~~~~ speclroc Hvdro c.arl.x-ns di-te~-ts.-d in the 5-555 film
84 nmu since it is here that CaN)° , and 16 GaNHJ’ wmr mld wt mti ld lx’ - .m i~i mi fm t :m ’ m t  s , mm ma ihm~ was su spected tm be the reason
be d t ’ - c te d if they e x t - f  and could ri-~~m h in an ambiguity in fur the ~m - l l m w i r a  u m color that has Ixs-n imm i ram te - r i s t  m~ of th~
intt -rpret atmm u n The ~~~~ fm ;- I i n  of t he fragment ions a; s :t f ul mi ms r a m  from t ;~ ic ,H . ) , -

~~‘ H~. It w a s int eresting tei note
and 84 amu as F cu (;aN~

. and I GaNHI* , ic pm-d u s t - I s  - i that s : mnu t u l i -  Sru S has changed color (in the region being an-
supported by comparing the t m mIss s i - m CI i m m of CaN samnple~ alvzed) fr -r i -,- u - h a .s h brown to gray No explanation can
grown by the two other proc esses r h - n  - m m m - m i  earlier. be offered for hm ~ m iu. - m r ~~ l in color at the present f u me

Comp arison of Mass Spec t ra lot GaN Grown by Other l i t -  CaA~ samp le permitted establishing a background
Techn iques. Two other samples of CaN grt rw r m by the two lrmm - .e l i tm c against wh ich the CaN spectra could be compared.

• techni ques re ferenced earlier (identified as the lltM and ~0 ’ ~ The 0m m-i-. spectra obtained from t i e  C m N  grown by two other
samples) were analyzed while stil l us im m ~ t he ( ;sAs for a u) a . ium:u u ru i ’ r .  l i lt-u i confidence to the inic’rpretatiuun of t l m  niasr
re feren ce The s pectra (ci t the IBM s ample are shown in peaks as dud the spt-cua obt ained by using the oxygen primar

- - -.-=t==— - -  - .  —. - -
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ion beam on the GaAs samp le at the et t d of the mmnalv ~r - i Pu-n reviewing these s;-’c tra . it appears unnecessary to
Some of the fragment ioos occurred at an r n / c  that cou ld ..-sk CirN1’ ions directly as evidence of the- N in GmuN for the

be explained only through the addit,tmn of one or twu r hvdrog,’n expt’rinmental conditions described here. Nu t rm -ugi -n ions de-
atoms (or ions ). Although the analytical environrnm-nt iii t lit - tecui- d mit )4 amu are irt in ihul i-d to the samp le anol not to the
ISMA could itself he a smuurce of hydrogen. otme cannot rule instru~o m- n l Imo ~cround for the conditions of our analysis.
out the actual growth process and sy stems as a su m urc e , C-. - - W ’ ~~~~~~’Npeciallv where reactants such as NI-I1 or Ga(CJ I- , .N} l - are A ( hT’ .() LLDG. IF. T
involv ed . It was in fact the l-mvdrimgen qmiestion that n u t  ivated ~ t i t -  Ant hors are -spe c iall v grateful for the cumu m rt i ’s~ and
the ana l~-s i’u of the IBM sampl e which did numt intentionally generosity exte- nded by the Cemmtunwealth Scuenufic Co..
use any hydrogen-containing reactants. Only extremely careful which priuvided the ISMA used fur the analyses repo rted.
experimental procedure can hope In pmn (mtii nt the s•murce(s ) Special thanks are dm ie t o I  I. I’ank os-e, RCA , i r m o c e~mun . N .1..

O o(the hvdr tmge n. It is emphasized here that the evidence- (err and P. .1 Rurkhardt , IBM, Hoç uc-ecll Junction . N who
— 

hyd rogen pers isted even Af ter  extt’ridi-d I -ngths of spotter 1- - m m . i I i ~~) their ~~nup les f u r  curitmpart~~mn . and for their permission

— 

ete hint~ tu pti blish the r Nulls of the analyses elated ft pIes
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Velocity-field characteristic s of GaAs with r~-L’~-X’~conduction-band ordering a)

M. A. Littlejohn, J. R. Ha-j s pr , and T. H. ~~HSsOfl

Electrical Engineering Deparimeni. tVorth Carol ina Stain L’ nusr -ou~y. Raleig h. ‘~ur:i Carolina 2760 7
(Received 11 May 1977 ; accepted for publication I June 197 7u

This paper desc nbes Monte Carlo calculailons of ec locity-t ield characteristics foe GaAs u~ ng the recent
experimental conduction-hand ordrnng of Aspncs, which pl.-iccs hr L~( l l l)  conduci oc-band minima
tower in energy than the X~(l00) minima. These c.il-~ul -itions ruse t rumer val lc ’ y deformaiton potent ials which
gtve the best f it to recent l~~ h- f re l d  dnft ocIcmcu t~ measurements, and iii the samru e tun ic give good
agreem ent with accepted pcaa. J s ~ t~ and threshold field ~. luc’

PACS numbers~ 7 1 25 .T n , 72.Y~ lIt

The recen t Scho ttk y-barrier onoetrore!leo’tance r n - a  scattering ( i n- c  also been ~nt erpr et c-d in te rms of th is
surements using synchrotron r,udua tion t ,t have offe red conduct ion -band structui-e. It apponrs that  the evidence
evidence that the L~(111) ocn - Iu c-t :on le nd minima in being accumulated indicates that the r i-i ~~~~~~~ conduc-
GaAs is lowe r m energy than the .\‘~(lOO) minima. Thin tion -band ordorin!l is crurrect for GaAs.
is contrary to previous c-onduction - (a nd ordering, and
the observation has led to a great deal of activit y toward There are Monte Carlo calcu1at~~-ns of ve locit y -fi eld
evaluating consequences of it. Hv .lrosL.lic pressure characteri stics for GaAs ~~~ osing the ~‘rcvious ly
and untaxial stress measurements in GaA s ~~ suggert acccptrsl conduction -band ordering ,shic)i are in good
the r~-L~ -X~ ordering and are in agreement with Monte agreement w i th  experimental data. fhc- :- e calculations
Carlo calculations based on this asso med hand st ru c - are lnsi’cj  not only on the hand structure , ho~ require
t o re. Separate hy dr us tat ic  press ure measurenients ’ a knc a- loigo’  ~-f mater ia l  parameters w hi,-( ’ has’ e not
and unuaxial stre;n ’. measuirementst complement the been measured and which a t e  used as adj istable pararn-
above expo rn ients , and th e re.sults of rcsOi ia~~t l-~t n.in eters in ( m i n ing agreement between these comp .mtu r

TABLE I. G-u-\s mater ial paranu ttrr. re -s.d in the calcut rmt )ons .

Bulk material ~- ar.ir-ieters

Parameter V e l u r -  Par tire-h er V r i ue
Lattice- constant 5. 0-h ‘~ 1 cr~ 1k) phoruon r .- rrt- lgy U. 0353u~ c ’’
Dei,sdy 5.50 g e m 5 Sound r’e1oci~ ’ ~, 24 X j  cm ’sc-e
F lectron nfl rrity 4.07 eV Optical d~ck- r.trii COrintru t i 1~ . 92
Pieroc ’tectr , - rrur.stant 0.10 C - r n’ S’ tm t)c diel ectr Ic constant l,. 90 

-

~‘alles -dep cuidm -nt rumiuterial pa rarriete rs
Conduct on-hand valise

Parru - -ret e- r V (000) X (101)) I. (111)

AcoustIc du forrm iatior . t i -  r O t a ]  ~eV) 7.0 9.27 9.2

Effective masc (nn /nm 5.) 1~ 003 0.35 0. 22~
‘Ornpnrabolle-itv li’ \~~ ) 0.610 0. ~ 14 0.4 61

Energ y hand p. p leVi 1.439 t . 901 1. 769
(r .1 at s i - to s-a lert- n t e d )

Optical defo r rru .mtl ’n i s - t o r i t rul (e\’/cm ) 0 0 . -

Optical )) hOri -)Tr energy (eV) 0. 034 3
intervalley dr-lr ’ rrnr t l run (it i t nti;i ( ( -V/cni)

from r(000) 0 1 s1o~ I “i0~from X C100) 1 rr1O ~ 7 x ] O r .5 s l0~from L U l l )  I ) j f l~ 5 X 1 O ~ 1 )Cl0~
Intervaller- phonon i- r ue - a - p 1eV)
fro m r(000) 0 0 0099 0 . f l 7 5
irom X(100) )i~ ( 7  ‘3 0 , 1)739 0. 0293
fro m LOll) 0.027)’ 0. 0295 - 0 . 0 2 9 0

Nurrlcr u t  1r ivrule i t t  v :ul i c ’ye 1 .1 4

It Thia work waq .- i t ) a • r mur i  by a r” sen r e - i , 
~t m i t  fronu tim.- ( ufi m i- ,

of ? ‘a~-aI flesi-arch, W:rshlngton, D. C .

£~~*‘7 ~ , inmost od Arrnn..4 Pba... .... .sio.i - AD 6... i~~ ~~~~~~~~~~~~~~ 9fl1~ - - -~~~~~~.~~~~~~~~~~~~ $~~~9’L~~~ - .~ .9 I - -
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‘ 

- t - — , - — .— F i e u z - e  1 .l~~ws s a ’ i u c - i t y — f i e l d  ii - ’ . - e _-s to t ’ (~~iAs c teh i  a —
latc -d s i l t) ~ —L — _V - i t 0  os t , j s — l r r ; r( .rdc - r i tm g .  The e — i n n g y

— ~s ( i i ~d sep a i a t iom t s  of ~Er_ L — 0. 20, 1 oV m d  -3i~~~~ - 0. 19 2

~ 
eV c r u g m i t r u i l y re) ) - rted by Aspnes , ~ t c -  X cllm i is e t i ma ss

~ 20 ‘- —1~~’” ‘ 
of 0. J9’u:~ , ~~ anti t ( iC  - - 

~~~~~~~~~~~~~~~ n u t  i . n I l e ~~ r~t- h~i n~r m t m i r u

~~ ,
, 

~ 
i 

•1 .~ ~, ~ g~ 1 intui t in l im e 1. va l ley  , bL~~L ‘ 
of 3 ~ 10 u -  s /ciit L o c

j 
I ~~~ 

- ~ hci-n used . Shown for c- vrr ipe r ;s o:m :5 a curs e- c n ] ’ r t t - d
~ 

3 ‘
/ , 

C ~. -~ using r -A -L o r t l r - r t n g  with the ~~~~~~ ;ly accepted
~~ it — .— 

— inaterial m o m .  r i d e r s .  ~ Fhe r - L  i t c - r s ’a i l e.-y defor rna—

~ 

0 ~~~~~~~~~~ 
j ~ 

r po t enti a i J)r~~~~ ha~~bce n v a m m [ d  f rom 

~~~~ ~ (
~t0

~ ~ 
ef fect is ’e t !ma - - r .  iu. ] _ .  ) ,  t rue  ~( u - f t , .~.:r’ _ r em ;: on t ua l  DL_ L ,

05 1 - i  .] t ue tu tu - ru - e l  t :r ( luc ti u ,( 1 —ba11d rulertig’ and a -] ua ra-

~ 
) I ‘ ISo ~ S It r l ii . i material p a r a m t.~ rn have the va l ues

0 ~~~~~~~~~ — - -
~~~~~~~~—~~~~~~~~~ ~~ --— a ~~~~-_ - A - _~~~ given in Table I. I i  - - r e  I also s hows t ile t u n e of cx -0 2 4 6 8 C uS a 6 -

I - - r i i inr -: t~- l  ~- a I r e s  of d t u f t  vo l m a - i t y for f i t - i ts t - - twnc- nEcaceru c FIC LO ) N l Ee S.TY ( k ,  / r t~t I , i i  ,. - -2 nJ, ] 10 1~\ ~ e m n .  . ‘ l t r r iz e d ItII~ i u t ; t ’. s t-a l te r in g ran
FIG. 1. Drift velocity versus e’ t’c-t r ic fie-ld It n rs i tv  for ( ri.-\S ‘ i - i - r i  included in tm ~ - i -m m n ut i i t  ‘~~s with an r r mr r r t t v  con —

with a doping level of 10” en . T hu soltd c u r ve -  are for u - c- n t :  . u ) n i .un ~~ 10 m r t tr . 1 I r e t in ] 1- 15 ) 11 Of t I n t ’ - scat te r. ’r --
r—L—X conduction—band ordering wIth .~Er j  0. I eV t ad 

i t - i  ~~ n-. - .m is kt m u r- in t i  reduce i i i -  toan inmum s’~ i i c ~it .
~~~ z=0.192 eV. 

The dotted curv e us for r - a - i  t t i d m - r e , ~ - - , 
‘ -  u -

Us ing Er r l .439 eV , E~~~= l . 869 eV , EL = 2 .0  eV~ and o m t Xj  i n )  It’ i , 5  i- t i — u  u~)P t I i s ’ r- l i , it d held ‘ - - u i - u  ‘van n u t

0. 39m 0. The bars show the range of re~xmrtu.-d exp ertrn u-zr t ;ut tnc lu d id in previous - ennui-c effect stud;es. ~. It is to
va lues. The values of 

~F,L are 2 .5 ~~~~ eV cni urum-a- t ’ A~, be .‘- l~- n  t hat for t in-se enen - g ;‘;e; a n - a t l t .t ; r s  t h e  11 cr
5X 10 8 eV/cm (cur ve 8) , 1 X 10~ t~V , em (cur-s-C C), 2 .5 value- s of Lt 1-~~~, (— 10 ’ eV - c n r ~ are re-quit-ed te ci c s - c the-
X 1 O ~ eV/cm (cu rve D). ca lct t i ; mt€e ~i t - -  es to t  the range of c. eulmental values

simulations and the ex purr i rnental  v e ! c c i t v  - f l y  1,-i c - i n -v - s nea r the th ‘-eshold f u c Id .  The low- — f n, ’ll 100 V cm)
The question arises as t i  -what ef f -ul the ns a- .o-,rdac - dr if t  n - t ,, ily - .r the c - i n -yes of Ftp , I has beer- - u s i l t - t e d

lion—band ordering has on the 7I ,t t i (c  C. rlo ca lcu lnut  u s  5 , b it t- m a x i m - r i m  - dss , i l i e d  - --~~~‘ nca i r i . n  t ec h nm qu e~~’ ~‘ and
and what n-iaterial par’m.me.ter ntd m s t : i ’ m n r s  ha - . e to be is r )~3ç) cm , sec -
made en order to obtain the same ~ m I aF.reement ‘-~ ~n Our c~~lt j l r iHis s ; t - I i c r i ) r  t i nt t ine only m u-n at
experiment. Pres t o - c s  ac- I hors~ hrus ’e’ old re~ se,.l t i l  parun ic- ler  ss In ch c-an be rcasonahlv ’.-a r  ted to t’x t t r i t d  thu
question to some ex tc - mmt , although they m i re been pri veloc its ’ - f ie lc l curves tosard those f i r  Inns F - X - L  t r i e - r -
man ly concerned with i t r c e s e : e  and strc :- s ef f i t - i s  and Ii~ ~ the e i iec rt - v c c t ~ l it  , .51 - OtI s- r
with electric field intensities near the threshold field , have mu ,u d to usc- F- i .  i-~ i t - ru t  i r s  1,ii~~ - ’ than 3. 2l1 4 t V
i. e. , E e 5 kV cm. In addition , niuclu ex pex - tmer mta l t t ,  t - t r t : m ri a rt  t o r m ent l e t o  c c - n  — I n v - n- -s -\

~~
. rio n - i t - . ri nd

vun~~.ci ty  —field data take-n to da t e tmas been I c - s t  n - r u t  ~I to ‘1 - n t t r  Ca t - Ic ,  rais i n t n - can - V e t - -.- t~eC, - , t ] ,  , A~~ 1t in~
ttn has

electric field values below about 21) k~v cm. m . l)ata used un ia - ; ra l  s t ress u -~~pu ri in i- t l r .  lii infer a r - L  se -nra -
taken at higher electric fe Ids ‘2

~~] — 11) 1] k’c - Cifl t sin-a’ ti cm n of .3 L’ - 0.330 0.0 5 oV.  O ur  calcul t Ie - us h as- c
much var ia t ion in almni I rne -  values 3e ’,we en d i f f c - i e - t mt
authors , probably due to d i f f e r tn i ~ experimental 

- r - - i - —t---—- -

techniques t 3  and possibly due to contact i- I iy i- t ,. 6 Pi nts 
, 1

makes theore ti cal u t 1 t- rc )  it a is  in t i e  high —field n c ’ uO - iii -

uncertain.

Houston and Evrnn, , t3 have so r t  recently used hi . - - t ime-  , - -

of—fl ight technique to tt lrl~ in ‘clan] nu pp t - r ur ns ti b I] ’ - nii’ ,t —~
‘ 

~~
‘ 

-

rel iable velocity -field data (nikon l i t  da te  for fields hc- —  -

tween 20 asid 100 kV cm. V r-ni m i p the da ta , and t t l i cr  , .. / ,
, -

reliable low —f ield data rn-ru e the th r e s i n t I d  lb-Id , ~ a— / ‘ - 
-

an experimental basis this paper : lev c r ib cs Monte Carlo / t. 
- 

- - - - - - 
- -

ca lculations icr GaA s f i ~~u n n  c uw fields to 100 kV ‘cm , / - - -_

~~~~~~consi der ing the F~~ -L~~~-X~ conduction - hand ordering.
lntervalley defoe rita - ru t i t e nt  m a ]  in I- av e  been used -a- l it  u I  “‘ —1
give reasonable fits 1 h igh- - l ie- I l  data and which ct l t ’
give good agreement wi th  data nu’:ii the threshold field. c ’ - - - - - — - - 

- ‘
The Monte Carlo t r ; m ’ u - ; 1y u rt program has ( ut - u - t m p re -  I- - i - . r’ r ~~ ‘. -

vious ly described . 14 . 16 i c - i is s e rv  similar to  othe rs
rep orted for GaAs studies. ~~~~~~ ‘ ‘~~ Table I -.utmiuniartr, ’s t 5 . 2 . It t ilt - _ t -h.unI ~ v - r - u ~ I ( - C ’ r c  l iv  I tn: -: -~~m t \  - ‘i- i
the nmat er ia l parameters  ust ’ t l  to -nih ulate v e loc i ty  -fie ld auth mu t i t t ) u r 5 ~~ ~] of j  )t ~ ~~~~~~~ I t -  so lid m i- s , - . u i - i’ for
characterist ics for (.a As  w ith F — L — .\ conduction --hand I 1~ - ‘c . ‘ i r i l int i t i c - ’  t rot t.r.l~’rmng st it t ,  i t - -  o . ret i -V ~t-~1 

~1 —~- - - - m~~t ‘ t 7  ci - ‘Of - i - m~~l ,-u -~~ - ~ I . t  1 - .5’ ! ti—it i c - - n r c  tns i ’ a~ tIneordering in our work lii . ‘i (tara t n im t e rs  ar e u Ii ilIt
I’ . f i n )  p u t  ii t n t  c - .  1. The t . u r .  a- ut S ,~~ r , . t t i n .  -the sa .me as thu se ernptoyed in other publishcxl -u 
(v i’ ) t S t t , t t ’ ’ ’ ’ - . t ,  I .1,0’’,, 1’ ,- v .. r u t - t i  / u ~~~. are I’. S

t ions ,~~~1~1~ ex cept for  the  L and ?‘ band gaps ni-md a few 
~~~~~ i’~ ( It  It ‘ r ~~ -~ 5 ’  10 cV cnm f l - n -m i - I - ) , lv i ) ’ e ’ u ,cnu

other changes to be discussed in the l ’ - x t , ~
-
~~i- C) , it . . v1 t i~ - ‘; ciii te-urse ISm , - - 

-.-
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been repeated for higher t -ep a r at i - u i s and Fii~. 2 shows t i r r t - r r~~ 1

the results for 
~~~~~~~ 

0. 33 eV and AE~ ~~~
- - - 0. 192 eV.

The velocity near the threshold field is v e r y  s innmi ~ar to _ .~
both experim ental data and previous simulations. How- ~
even the slope of the velocity-field curve above the ‘n~ N~ 

“-‘- ‘,
threshold field appears to be too small. For ~~~~~~ ‘ “

N~~~~~
’
~i’,~ 

‘
~~
‘-..,,,

= 0.38 eV and t~E±~~ = 0. 192 eV th e- peak velocities Nsa ~~~~~ 
‘
k’-’—

are somewhat h ig her (i’,,~~ = 2. 1 x ~~ cm/sec for E = 4. 7 ~ a N~~ 
‘ ‘- -. ., “ -

kV/cm with DrL = lx 10’ eV/cm ) and the slope above “
~‘a’,,,

threshold is smaller still. All our calculations indicate ~i 
“-‘-‘-~~~ 

‘.-j’ -

that ~~~~~ a 0.33 eV and Dr L  lx  iO~ eV: urn  are re-
quired to give agreement between the Monte Carlo
simulations and experimental velocity-f ield data near the 6 S

”.-. -

threshold field. 
- _L . .J . - ~ 1 -The value of the equivalent L~’ n m n t e r v a l l ’ y  de f ’ u i - rn a - too ice ~co

t ion potential , DL L,  was varied to change the slope of T E S E t u t i U R E  u K I

the velocity-field curve above threshold. It was found
that as DL L was v a d from 3 x 1o~ to abos e 10v C’. ens Ii lG 4 ~~~ s i t s  ii rcu t ii~~ r i a v f r GaAs is uth a

- ‘ - d uping leve u of in’ ‘ c - tn , E~ 100 k~ cm , a-Er L 0. u ’  c\  andthe ve locity at 16 kV cni could be decreased while the 
~~~

. 
. ~~ eV. C urve I, - - . un ~~ (.V) : 0 . .r- ~. , n i c e  B—,r : (X)

ve locity at 5 kV / cm was ef fect ive ly  unchanged, indicat- O~~~ fl s -
~ -.’~ ,- ‘ ‘ ---r.n ~~tX) =0.lur tu 5, ci t - c -  Ii.. .n-sc - _ L  =o .rpr eV ,

mg the desired increase in slope, The best value of ~ E , 5  =0 . 142 e\ , ‘ri ~~O1) - 0.:tn unt 0.
Dc~~ seents to be about (1 — 2 ) ’  10~ c-V /cm w hich i-esults
in a va lue of velocity at 16 kV cm -il equal to the value
required by th e experimental data and the previous

~-X-L curves shown in Figs. 1 and 2. The actual best lated m aI m - mn compared auth  the experimental v r iuc:, ,

va lue of DL L  depends sonsewhat on the .~E r v  separation , the c I te - s - l i ve  mass in the .V valley was increased tnT
and good fits to the data can be achies-ed fu .ur fields up .‘i”.in iu - c  the hi gh— m old ur P u - i l y  - 

m m  l I en i y s o l t s  i f  this
to 20 kV ,cm using DL L  ‘ 10 ’ eV -  cm and ~Er L  0.33 c’ i t i l ç tu 1 nt ’ mon are ~hoain in Ftp .  3. rhe I iran- s co uld also
eV. be -.- a n - i s - -d to r r ’ ’ l c ic s -  t ir e - t - l i it-it v , hut the value for this

- bsu vt scorn s in,’ ru u u - r t  r u in ti tan the mass for the .\~The value of D - = 10 e\ cm alsct t i v e -~ rc as i - r m a l i le  -
- - - - - 

hand , - and varying tin e I . . niass would affect the near-
agreement with the best high-f ield data available. Fig- - 

‘ ‘ -
- threshold drift ‘ I i ’ s  tv  A salue for th~ ef fect ive t iasna

ure 3 shows this data compared with the Monte Carlo - - . , -
- - - , - ratict in the \ va - b y of 0. 58 gives the hc-O fit to I n c

c alculat ions using aEr.,~, =0. 33 i ,cl 0. 38 it’ .. In -n - st .’Is - 
, -

- - - - s  t i~~t~~ for .5E r~~, = 0. 37 e\ , while inc r c - an - ~ng the separa-
‘.1 dat a are shown representing original nieas urenslu - nts - - -

- m i  - 
t,n o to 0. 38 c’, ca,m-n es a dur -c ia t t i .n at the k ae r  fneids.and a ver y  recent refinement - both taken by the t innme-  - - - -

- - hh i~ ripi - s t i  ‘ ‘ c .  t is also nianifested in the temperatureof-flight technique. The Monte Carlo data f u r  ui.Er1. - -
- - dependence of the near - .- ncluration s-e loci ty.  Fm uture 40. 33 eV results in a ‘mean s- correct field un t : ’p enc l i . nmc e

- 
- s hit ru s the measun-ed temperature dependence of t h efor the ve locity. However , because of the higher calcu- - -drift veloci ty at 100 k\ - cm c~ ru i t~a re d to the s ls , nt t ’ Carlo

ita lcuiaiions as the mas s ima the X~ val ley is varied. ‘rhe
— 

~~~~~~ ten mpu - t - a iure  dependence and field depemsdence of the

i hig h-field di - i f t  veloci ty obtained front ~I’ - . te Carlo
u t ~

. calculations are in n u r re en c en t  with expei- innetit useng
in ’ ]V ~ ) =  0 .S Orc i

- 
Another s i n ’ n i t f n u -rmi va r .u l ’ I r ’  u s t he l.~ -X ’~ u ’cmerp v

ci . . n- pnsu- i n c c ’  ~~L5 _ 3  - As~tncis lm~es ic- pitt 1. -la f l a t s  pan t rans - Is r
- - c ,.~ to lu,’ 0. 170±0. 03 c-V at 2 K , 2 wi th a va lue o! O. 192

- ~ 
‘
~~~~~

— - __ ,.~~ , 
- ‘0 . 04 -V ~ at 300 K. V t .’ t ins - i- int e r im - i  var ia t i o n .-; of

- ~~~~ ~~~~~~~~~ 
t i n  th u M imic ’  Carlo calculations f i r  GaAs c - i t h

- 8 -  — _ ‘ -Z~~~~ _ , 
— r-L - ,V c onduction -hand o r lu - r i r s i t . For u - N . u n n ] t k- , curs e

D of Fig. 4 stm oa ’ s the 100-kV cm dri f t  vv l . ’ tv  v e r s u s
I - - i t tp c ’ ra ture for ~ErL =0. ’33 cV , nz ( V )  (1 39°i~., and

= 0. 14 2  cV . Thc ’ re us essent ia l ly  no chanpe with

- - — - . 
j the u s - c r c - u s e  in ~~!n 1~~~ . In fact , 51i~ ~ would have Ic. l e

z” vi ‘. - i - ec ~ - - ‘ix ’ lecrcnen.t ici below 0.1 c-V to result in s ign i f i cant  changes
Ei ti ’,~~~t C C ’ELD ~~~~ ~. 

, , , ,., I ci any resul ts ; i r r - c - r ’ n m h - d  so f a r , and this ms vnc ’ msc - d  as
an umireasomiable va lue in Iir ’lit of A (inc-S ’S da t a .  At the

FIG . :u . f l rtft u e l u u r t t y  versu s ‘i-t i- i .- lie -huh c t , ’ :  - - c I a  for Gn u ,-\~ same time , t h u r aui t llcurs n . ’ have used ‘~-~~L-i as sma ll
with a d I t m i g  he -se1 of 10” cttt 1, The u loitc-d curses . r t-  expert— an 0. 02 cV in inter~~ c’I ‘nc p r u — - i r e  s f ! c  n- i PaIn. Ii ate- —
menta l dat_-u ii n cv .- I — i t - r u s t  pom ri-c lit to t iLt of lId . 11* e s u r I i t  t is a q it t iur im r u n  m d i  I is r i ta andcurv e —.—d~ t..i of iii 1. 1 2). FIi’~~~. liii u - - i -- i ,- ire - ., ‘ - n - t L ’  t i

d:ut,a t i e r ’s. ’ A— .r~rr_ L o. .i:i v • ~.m xi o. :~- . -0 cur.e t n , ,  u n , - - r at  a - r t ’ i s u r n -  v iew ‘- i t - h  small values cf .5! - as
AF r L  o . ta cv , u. (X) a . -c ’- ., 5 . t im - si ’  (‘ -~~‘!n r j  0. ;i~ ,- ‘c- sernie -what u.nt - cas ’ u iaeu lc  unt i l further r e tn u I t s  a re

I ( ~~~~~ c’ rv,, 1 F~tr al l curves .5! - 0 . 192 i -’ . ) .  achiev ed. 
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In summary , Monte Carlo calculations and expert - ~1 .J . V IOM in. C. l’h-tci-r lng, A .R. Adams , W . i’awce tt , and
mental velocity -field data are in agreement using the G. I) . PItt , Pro r-c’d iti~ps of 13th Internat Ional Ciunfi-re nce on

•-L~-X~ conduction-band ordering. The major param- J’hy r-ucs of Sccumi cou. d cct . ’ r~~, Home, 1976 , p. 1243

- - (uiiimmii,I icml ic~)
eter changes required from those used in previous t A ll ,\mtams , J ’ .J. Vtnson, C. J’ickc-ring G.D . PItt and
~~-X-L band-ordering calculations to achieve this agree - w . Fawcett , Electron . I ett . 13, 47 (1977).
ment are Dr L u= IX 1O ’ eV/cm , DL L = 1X 10 9 eV /cm , c’,y~ Czub alryj and M. P. Shaw , App !. Phys. Lett . 30, 205

and m (X ~)=0. 58m0, with a minimum r-L energy 0977).

separation of 0. 33 cv. These values of deformation n.E . Aspn es and M. Cardona , Bull . Am . PhyB . SOC. 22 ,

potentials do not ,coi nc ide w ith the values DrL  = 2.8 X 10 1R. Trornrm:cr and M. Cardona Solid State Commun. 21 153
eV/cm and D~.± = 1.8 ~ 10~ eV/cm requ t red to give the (1977)
best agreement to pressure and uniaxial stress experi- ~W . F awcett, A . D. Bonrdman, and S. Swa in, J. Phys . Chem.
ments . 4 However , the actual variation and amount of Sui idg 31, 1963 (1970~.
increase of peak velocity and threshold field fo r hydro - - 1Oj~~(~~ Ilueh a nn  W. Fawcctt , J. AppI. Ph1’s. 41, 3843 (1970).

static pressures up to 10 k—bar appears to be in ques- ‘A . F:nwceti and D.C. Herbert, .3. J’hy s . C 7, 3641 (1974).

- 6 - - E.G. Bosch tind R. V. .13 . Lngclmann, Gunn-. ’f f ec l  L l cc l r o ’ , i u ’s
t ion , and the previous Monte Carlo calculations pr ulmab ly V.’iIcy, ~ ~~~ 1975) , pp. 25 and 206 , 

-

need to be reevaluated in light of new data . 6 In v iew of ‘~1’ A . Ilu ’e t u ton a n d  A .G. R. Evans , Solid—State Electron. 20 ,
this uncertainty, the calculations made here are 197 (1977 .
presented with material parameters which give agree- 14 M.A . I,ittlcjohn , J.R . tlsuser , and T.H. Glisson, AppI.
ment with experimenta l data for electric fields as large , T’~~’te . l.ett. 26 , 625 tIluts) .

- . ‘ 
- 1’J }t Haitse r , ‘ii . A . Littlejohr and T, }I. Gtisson Appi.

as 100 kV/cm. Additional calculations as well as e-x- rttm3-s. I~ott. 28, 4511 (1976).
perimental verification of deformation potential values 1C M A  Little-john , J.R. llauser , and T. lI .GI i s~on, Appi.
should be made. Phys. l.ett . 30, 242 (1977).

17 T.J. ~talctn ey and J. Frey, J. App!. P1 -s . 48 , 7,51 (1977).
1D.E. Aspnes, C.G. Olson, and D .W. Lynch, Phys. Rev. ie l).E . A s l inneF , IEEE Trn rnc . Electron Devices ED-23, 121c
Lett. 37, 766 (1976). (1976) .

2D.E. Aspnes, Phys. Rev . B 14, 5331 (1976) . iiir.A . lit nncbrn and ,-‘. ,G. 14. Es-tins , iEEE Trans . F;]ectro n Dc-
si-i. Ehrenreich, Phys. Rev. 120 , 1951 (1960). vice -s ED-23 , 3m1 4 (L’76).
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LN~~RGY EANiDL A }. t A N D  LATTI’ PL ‘ DNt- ’!’A N T
CONTOURS OF I l l- V  (~UA’iLc- ~LAuY A~LCYS;’t

T. H. Glisson , ‘ . ,-<. H0cser, M . A .  Li t t l’ .nj c hn , C. K. W i l l i a m s

- Nor th  Carolina State H1,ivers~ ty
Elec t r ica l  En g i ne er in g  Dr-- 1 ertc n - -~ n t

Rale igh , Nor th  C :irol ina 2 7 h 0 7

- I Energy h~ nd gap and l a t t i c e  constant  contours are ~. r-c- - eiited
for the  nine quaternary aliccyc; formed 1it ’:t- A l , Ca , In and
F , As , Sb. The -~uaterna c’y ~: c ;i~ ;:~a~nS ;-;ci’e obtained usi :g an
interpol ition formula proposed Ly ~ocn ~~~t a l .  The qua ter-
nary la t t ice  cons tan t s  were obta ined h~ ‘i-c e of a l inear
interciolation technique using the h i t - n o v  l a t t i c e  cons tan t s
as L c ’undar ’v values.

Key words : quaternary alloys , t and g mp- , l~~ct ice  cenctertt .

I ~~I ‘i~ at  ill

There Lay been cönsiden at— ~ ‘~; intoner; t rn t I e  nater—
nary TIl— V semiconductor m -nteri - imc - for man-.- ap 1cli ~~ti 

, rnn ,

such as electro-optics and micr - ;-,~ave devices [i-ti . One
significant I’e ,ac cun  for this interest is the aLilit ’ to
synthesize naterialo with a i ixed  l a t ti c e  c o t n s t . n r : t  ,in-1 a

variable range of energy Lcin-~~ ~ S ‘:cr , -ronvept~uc 1c’ , t n ’

synthesize materials with a cnc’tnc tan t ariergv band ntap and
a variable lattice constant [7].

~This work was supported by a ru-- ;e-nr .ch  tra :_-t fi’ao the
Office of Naval Research , i ’ - t . H 1-t o r , D . C .
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In order to predic t  the energy barn d gap or l a t t i ce
constant for a quaternary material a two-step n : e ’~ u e r i c e  is

- 
involved . Initially ,  it is neceavary tc- have available
experimental (or theoretical) values of th e v e  mat e r i a l
parameters for the  four b on ;n ih l e  b in a r y  I l l - V  cons tituen t s
of the quaternary compound .  These V d iU n 5  lOll  O, ,ld i ly
available for oost 111—V n t : n ia l s  in t i e  l i t - -o,ntcr - e [8].
There are also four possib le  t e rn ar y  (p seudob i i r a r y )  I l l- V
systems in a g iven ‘1’iat - r n a r y  conip c -u rn d .  I an  the  i n - c t  s t ep ,
the energy band gap and la t t ice  constan t  as a fu ; — c t i o n  of
alloy composi t ion for each t e rna ry  sys tem is computed
from the known binary ma ter i a l  p n r a a e - t e r s .  Th is  computa-
t ion  is on a good exper .i r ;c r i t a l  and theore t ica l  ns is
[9— 13] involving the use of Vegard ’s law and the  concept
of the “bowing parameter ’ for  the energy band gap [lL ~].
The f i na l  s tep involves the  use of the  compos i t iona l
dependence of the energy band gap and i at t  ice cons tan t  for
the four ternary combinations to i n t e r p o lat e  to the desired
quaternary energy band gap and i -~t t i c c  cons tant .  This  f i n a l
in te rpola t ion  s tep  is scnewrna t  ‘-oL i ri ca l  i n  n - n  t a i l - c .  There
ap~ oar to be several  such m t  r ’~ - , ’ lat icn  t e -  t i  L°°5 used tan
the l i t e r a t u r e  [6 ,7 ,15] ‘~tnd wh l e  l. tj i- n: e a t e  s i r :,i l a r , they
also have n o n - t r i v i a l  d i f  fu r ’ e n c e s .  T h i s  p aper  w i l l  d iscuss
th is  critical i n ter po l a t i o n  p -n ‘n,ce l .nve.  in w i — t i  of the  small
amount of e x p e r i m e n t a l  qua tr nrn try  n I - i t a , - tand  ‘aill ; . i — c - s e n t
ca lculat ions fu n  energy L a n d ’~~y-a and  l a t t c c e  constants
for the nine q u a te rn a r v  alloys funned f rom Al , Ga , In arid
F , As , Sb us ing  one of t h ese  in te rpo la t ion  t e c l ;t t i -:ues.

bota t I on

There ap p ea r s  tc. b e  no ~onerai 1- - ac c e p t e d  sche ntr e f ar
ny m t ’o i i ca l l y d n - ; c r i b i r n g t i i t -  I l l - V  -jt:aternary a l loys . In
L h i t i , ; , ~~~ep the  t o l l  ~i n j  - - ; ‘- ‘ r i t i ’ n n  h i s  been - i d - m n - t e d .
W i t h i n  b o t h  the  g r o u p  III e~ d gn - eup V pui ri t ig ,  the  f I i

posi t i -rn i~; occui t e d  b y ~~ ie ei~ t n - n t  w i t h  lowest a t o m i c
nunnH-r . The c o m p o s i t i o n  v a r i w i - - n ,  ;re associated with t I n e
four r - i p o e n t . ;  i n  t h e  , , n - ~~ -r  l — x , x , 1— y ,  v. l et’ o n - n e n l  i ’ , a

y a l loy  w i l l  bc Ie: ’ t ’ - d  av A 8 C . l i - i - e  A.1 t. X l ’~ v
and B are gro t to  I I I e I u n , - t i t  S s i  t ,  P~ L I V  fl~~ low er’ a ta~ttn ; C

number than B, Lihewise , C and I; i-c g t -o ’ l l - - V e l e n i-u t :  w i t h
C having lower atomic number t d , l n  P. . Follow ~~n~- prev iru in
authors [6,7], a inia t et nar’, alloy r a i - a r t n t a-r (e .g . , t-
or lattice constant ) is ‘i n -s ot ’ ii el sv a sn n  n m :  Q( x , v )  L,v eO

Glir ..’:r.
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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 parameter for the four binary eic- rrentn c Q(O ,O ) = B

1,
Q(l,0) B , Q(l ,l)  3

3 
and Q(O ,l) = B~4 are o bt a i n e d .

Along the ~oundaries of the plane the parameter for the
four ternary elemen ts Q(x ,O) = T 2 ( x ) ,  Q( l , y )  = T 23

(y ) ,
Q(x ,l) = T~ 3(x )  and Q ( O ,y)  = T1~~~y )  are a ’h t a in e d .

Estin~ation of A l~pyj~~ra~teters

Many ternary alloy p~ir;stneters (e.g. lattice constant )
are pbtained by l inear  in te rpo la t ion  from those of the
const i tuent  binary compounds , i . e . ,

T . .( x )  = xB .  ± (l-x)B . ( 1)
1) J 1

For some parameters  the  th eo re t i ca l  v , t I ’i a t i onn  w tL -aanpo-
sit ion is nonl inear  [1’4 ,16]. For the direct bat-~ gap for
example , Thomp son and Woolley [~~~] have show n tha t

T. .(x) = xB . + (l—x)B . - C. .t-:(l—x) (2)
13 3 1 ]

~3

where C . . is the  bowing p n P a n i ’n t e r  for the t u t  b y  alloy
band gap~~~. . .

In the absence of d e f i n i t i v e  theor ies  for qn ia t erna ry
parameters , es t ina tes  of a q u a t ern a r y  alloy pat’aneter
Q(x ,y) must be obtained by i n t - x ’ o lu t i o n  f rom the four
ternary alloy parameters T . . .  Various interpoistion
schemes have been proposed~

3 Onton and Chicotka [15]
used the solu tion of Laplac e ’s en lu at ion sub ~ - ‘ ct to t he
bound~ nv conditions Q(x ,O )  

~J 2
( > 1 ) ,  et c .  I nc  I-~c ante  Carlo

transport studies [5] the present is than’;; have ~~~od the
i nt e rp oL i t io n  e-guation

x(l_x)[(1_y)T
12(x)iy T43

( x ) ] +y ( l~v)[(l~ x ) T
1~~

(v)1xT ~~ ( y ) ]
Q ( x y )  

x (  l-x)+y( 1- y )  
-

~~~~~~~~~

_____

( 3 )

This interpolation equation i nduc es to the e n  m a n ,  p ardrP -
eters on the quaternmtry plane be’s L-irii s an d  to t h e  average

G l i sa , ,  an
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1

of the ternary parameters at the mid point (x=0.5 ,y=0.5)
of the compositional plane . This is incidentally the
solution to Laplace ’s equation if the T. . are l inear  as
in Eq. (1). Moon et al. [7] have propo~~d similar schemes

• - for the estimation of lattice constant and band gap . For
the lattice constant , Moon g ives (in the above notation )

Q(x ,y)  B
1
1-(B

2
-B
1

)x + (B 4 — B
1

)y + (B
1
—B

2
-1-B

3
-B
4

)xy (Li )

For the lattice constant , the T . . are assu med to be
linear in their arguments , so the soI~ tion to Lap la ce ’s
equation is ide nt ical to Eq’. ( 3 ) , which  in t u r n  also
red u ces to Eq. ( t i ) ,

For the band gap , Moon c t al .  have used the  equation

Q(x,y) (1-x)T
14
(y) + x T 23

(y )  - ( 5 )

where the T . . are determined from Eq. (1) and
13

= x(l-x) [(1-y)C12+yC~ 3] + y(l-y)[(l-x)C
14

+xC
23

] ( 6)

— An important d i f ference  be tween thi s band gap esti mate and
that obtained from Eq. (3) is in the manner in which the
ternary bowing parameters  C .  . enter the calculation . In
E q. (3) , the ternary bow ing ’~~i f e c t s  are included in the
T . ., whereas in Moon ’ s method the bowing enters  as a

1]
separate quaternary bowing p a r a m e t e r  te rm g iven  in E q. ( 6 ) .
At the center of the composition plane , E q.  ( 3 )  y ields
(for the quaternary bowing ) 1/16 (C

12 
+ C 143 + C 114 + C

23
)

and Eq. (5) gives 1/8 (C12 + C 143 + C
1~ + C 23

) , w h i c h  is
twice as l~ui- g- ’. Thus , at the center , Eq. (3) gives the
average of the L ow ing contr ibu t ions from the f our ternaries ,
whereas Eq. (5) gives the average of the bowing contribu-
tions from the two sublattices. This is the  p r i nc ip l e
d i f f e r e n c e  be tween  the  i n t e rp o l a t i o n  scheme s of Refs. f
a nd 7.

Gli s son 
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Comparison with Experiment

Onton and Chicotka compared their interpolation
approach (solution to Laplace ’s equation) with measured
values of the quaternary bandgap in Ga 1 x ln

x
P1y As

y 
and

found the inter~ olated values to be within ±30 meV of the
measured values. We have repeated this comparison , using
their measured data. The results are given in Table 1.
The average error and standard deviation of the error
are also shown, and it is seen that Eqs. (3) and (5) give
comparable errors.

Table I .  Comparison of Eqs (3)  and ( 5 )  w i th  Exper imental
Da ta for Ga In P As .

l-x x l-y Y

Composition Bandgap (eV )

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

0.004 0.260 2.357 2.353 2.222
0.006 0.3140 2.244 2.239 2.1214
0.006 0.420 2.136 2.131 1.993
0.009 0.500 2.027 2.020 1.881
0.008 0.590 1.913 1.907 1.738
0.010 0.710 1.763 1.755 1.592
0.012 0.830 1.619 1.609 1.475
0.017 0.910 1.521 1.510 1.351
0.015 0.970 1.1455 1.447 1.326
0.060 0.220 2.336 2.297 2.203
0 .060 0.280 2.255 2.214 2.135
0.070 0.340 2.160 2.113 2.038
0.080 0.440 2.014 1.963 1.869
0.110 0.650 1.709 1.650 ‘

~~ 1.535
0.110 0.700 1.649 1.591 1.1472
0.170 0.850 1.383 1.326 1.236
0.190 0.97~ 1.184 1.166 1.165
0.250 0.1140 2.124 2.054 2.101
0.230 0.190 2.100 2.021 2.041
0.250 0.240 2.008 1.921 1.953
0.250 0 .3 10 1.924 1.830 1.809
0.260 0.630 1.523 1.430 1.388
0.330 0.800 1.225 1.1145 1.170
0.340 0.090 2.029 1.971 2.077
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Table I continued .

Composition Band gap ( e V )

x y Eq ( 3 )  E q ( 5)  ~-~ea - m u r e d [15]

0.370 0.120 1.954 1.883 1.978
0.410 0.170 1.843 1.757 1.850
0.400 0.030 1.983 1.957 2.086
0.460 0.040 1.887 1.854 2.019
0.500 0.040 1.830 1.797 1.953
0.570 0.060 1.72~ 1.678 2.854
0.650 0.060 1.625 1.580 1.750
0.710 0.060 1.558 1.513 1.686
0.830 0.100 1.401 1.346 1.470
0.870 0.130 1.333 1.276 1.389
0.920 0.190 1.216 1.166 1.268

Average error (eV) -0.052 -0.008

rms error (eV) 0.109 0.118

Calculation of Lattice Constant and Bandgap

For the calculation of the lattice constant , the
three methods dis cussed above are id ent ical , as given in
Eq. (4) For the calculation of tri o bandgap , we have
elected to use Moon ’s procedure , since it has some
theoretical basis , whereas the other t~io are more or less
ad hoc.

The quaternary lattice ccnnn -; tdnt and energy band gap
contours are pr’mnente d in Fi gure l(a)-(i). These con—
tours were obtained by numerical solutions of Eqs. ( 4 )
and (5), using the data given in Table 2. In all cases ,
the lowest qua ternary band gap is p lott ed in Fi gure 1.
The shaded regions represent compositions for which the
quaternary alloy is an indirect handgap material.
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Table II. Parameters Used in the Calculation of
Quaternary Bandgaps and Lattice Constants

~~nd gaps (ev)  Latt ice
Compound fl000) x ( io o ) L(lll) Constant (A)

AlP 3.6 2.42 4.0 5.462
AlAs 2.95 2.153 3.3 5.6611
A1SB 2.25 1.52 1.85 6.135
GaP 2.74 2.26 3.0 5.4495
GaAs 1.439 1.961 1.769 5.64191
GaSb 0.69 1.1.1 0.765 6.0914
In? 1.314 2.04 1.87 5.86875
InAs 0.359 2.1 1.6 6.0584
InSb 0.175 1.0 0.63 6.47877

a) Binary bandgaps and lattice constants

Alloy Bowing Parameter

r(000) X(100) L(1l1)

(A 1,Ga)P 0.0* 0.0 0.0
(Al ,Ga)As 0.26 0.02 0.45
(A 1,Ga)Sb 0.0 0.0 0.0
(A l , I n ) P  0.0 0.0 0 .0
(Al ,In)As 0.52* 0.0 0.0
(Al ,In)Sb 0.42* 0.0 0.0
(Ga ,In)P 0.758 0.15 0.68
(Ga ,In)As 0.6 0.15 0.5
(Ga ,In)Sb 0.43 0.24 0.33 —

A 1(P ,As) 0.22~ 0.0 0.0
Al(P ,Sb) 1.2* 0.0 0.0
Al (As ,Sb) 0.72* 0.0 0.0
Ga(P,As) 0.21 0.21 0.25
Ga(P ,Sb) 1.2* ‘

, 0 . 0  0 .0
Ga (As,Sb) 0.65* 0.0 0.0
In (P ,As) 0.27 0.27 0.26
In(F,,Sb) 1.2 0.0 0.0
In(As ,Sb) 0.596 0.6 0.55

b) Ternary bowing parameters

*denotes estimate from Figure 2. In the X6L valleys
unknown parameters are equated to zero .

7
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Estimation of Unknown Ternary Bowing Constants

Relatively few of the Ill-V ternary bowing constants
are known with any certainty , especially for the X(l00)
and L(lll) valleys . Figure 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
definite trend toward larger bowing parameters with
larger lattice constant differences. The solid line
relationship shown in Figure 2 has been used to estimate
several unknown bowing constants , as id en ti f ied by the
asterisks in Table 2. Since bow ing is known to occur ,
it was felt that this  procedure is be tter than arbi trar i ly
sett ing the unknown bowing constants to zero.

- Sumrna~~

Calcula ted bandgap and lattice nonstant contours have
been presented for nine quaternary Ill-V material systems .
The calculated values are based upon interpolation tech-
niques which use known values of ternary Ill-V parameters
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
techni que 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 gen eral
proper ties of the increasingly important Ill-V qua ternary
materials .
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It~TR 0DUC TI0 N

The ~aAs IdESFET has become widely rcco~nized as an excellent micro-
wave transistor for both low-noise , sr-tall si gnal amplification and power
amplification through X-band [1 ,2J, ard it Is also c-:~rg ing as an
important logic element for high- speed di gi t 1 ~pp licatl on s [3]. The
advantages of this device can be aU.ributed prlrr~rily to its technolcgl—
cally simple structure and to t he  r~~terial transport propert ies of GaAs
[4). T h s  n:turally prompts an exemir iation of other r-aterials having
properties ~:hich could lead to improvement s in besic device performance.
Based on this consideration micro-.;aye transistors have been fabricated
from InP [5] and Gai_ ~

Jn
~
As [7) and theoretical calculations have s~g-

gested that inP i~~
As
~
[7] and Ga1~~

In
~
Pi~~

As
~
[8] have transport properties

which are favorabl e for improve nents in 1~ESFET perforn~nce.

This paper ~- -- i ll discuss ~~SFLT perfor o~nce in the three quaternary
r-3terial systcns C

~ i~~
In
~
P1 ~As~~ Al 1 ~

I n P 1 As , and G3 1~~~
I n P 1~~

S b .
This disc ussicn will center around r~ s u l t s  obtain ed from the ?-~ nte Carlo
method . The’ ;-~ resu l ts na -c c-e n a po1 i~ d in dev ice  r o d c l s  to obtain
pe rforrance pera;r.etecs relat ve to G~~s. S-: .-era l asp e ~s re la ted  to the
dev ice perforttence wi l l  a lso be addre s s c d .  T hC S C include the inf luence of
a lloy scat ter ing,  n~ n— unifo nr f ield d is t r ibut ions , non-equ il ibrium tran—
s ien. ef fects (veloci ty ov e r s : o o t) ,  and the rev ised conduct ion band
structure of GaAs [9]-.

1~TE~ IAL P R O P E R T I E S  FO~ !~D~TE CARLO CP CL’LATIO~S

I-f th-~ ~onte C- - r io rrat ~ .e~ is to be used L S a ~ - ed i c t ive  tool for
te r 1 a ny ent c ’j at~ ;-nery ~;ater iri , an  ii: ~ert:nt f~ c~ or re la tes  to the
r. ~;n-:~ in s- .. au~r ie l r.e r- en - ~:rs are c- st i r t t c - i c r - d  cc - r r uted.  Th is
can b2 i l lLs 1r:~ ed by ref e renc 1-0 Fi ure 1 , ~,:;e re the cc- ne s i t i o r 3 l
plane (C ~~~~ . ~l, 0 ~y ~l) is ‘;hm n c-r c - t t  r r ~ ry :l~ oy

F irst , i t  S as~. ’~r - e ’ 4
_

~~~:t all i :t t e r ia l  pr r r i ; . : t r:rs n-~--f :-d for the - t n t -~Carlo m:th -e~ i ’ ra hnc .n fo r t.~i-e bina ry II -V co ;pc-~n 1s at the corn er s
of the cc npt.~~ it - na l plane (1.C ,~ C ,AD ,~ D ). This is a re:s o ncb le a~ rtr np ion ,
a lthcej ch s ono r-:~ er ia 1 p: re r - t O t e rs  - for th~ hici her c r e r o y  csn~ rt t i o n  h ar-~nin ir-2 ( c . c .  t ~ L cnd X cc- n~ t t c t i cn  H-t~ s) a r r- inc r? r t c i n . Th c ~ c
p r a - -  :-~-s ~ro u~ i ’ 11 y “ sti - L~~ ~r c r  tr : :ee y o r  r~ t rHls h ; - ~ing t t v -~ C
r1; ir ~~~

‘ - - 2  i O~~. 1St  C - .-C ’~~Cri 
- 

~ ~a l i ~ ~1O , i l ~~. ‘ i t , t~’ . r — ~ r i~~l
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The final step In the procedure Is to use an Interpolation equation for
the qua ternary material parameter at the general compos ition point (x,y),
or else to use avail abl e theoretical results [8]. The measure of success
of this procedure must depend on the accumulation of experimental data ,
and the resul ts for the Ga i_~

In
~
P1_Is7 

qua tern ary system su pport the
validity of this interpolation method . These results Include the energy
band gap data [14], the 10 phonon data [15], a nd the effective mass ,
low-field mobi lity, and drift-veloc ity data (16].

DEVICE MODELS AND MONTE CARLO CALCULATIONS

The availability of material parameter s allows a steady-state drift
velocity—electric field characteristic to be computed for a given
material by the Monte Carlo method . The relationship of a computed
velocity-field characteristic to two o the r  characteristics which have
been used in device models to calculate MESFET performance parameters is
shown in Figure 2 for GaAs . The Monte Carl o veloci ty-field curv e has
been computed using the r—L-X conduction band orderi ng for GaAs [9),
and the material parameters have been adjusted to give a good fit to
experimental velocity-fiel d data for GaAs [21). The peak velocity is
somewhat lower than previous calculations , and has some slight effects
on the results presented here . The device models have been described
by Lehovec and Zuleeg [17] and by Pucel , et al. [1,18], and both have
been used recently in the literature as design mode ls for MESFET ’s
[1,18,19]. While these models include velo city saturation in two
different ways , they do not include the negative differential mobility
present in the static veloc i ty-field curve. These models are used here
in only a quantitative way to obtain a comparison between the performance
parameters for GaAs and the ctuaternary mater ia ls .

Table 1 shows a comparison between the calcul ated performance
parameters for a GaAs MESFET using the Monte Carlo velocity-field curve
to provide the data for the model characteristics. The most serious
discrepancy between the two models lies in the values of the small - -

signal drain—source resistance , rDS. This discrepancy affects other -

paramete rs leading primarily to dif ferences between 
~max and unilateral

ga in for the two models. This points out one of the most serious
limitations of these analytical device models.

TERNARY AND QUATERN ARY MESFET PERFORMANCE

The veloci ty- f ie ld characte r is t ics for the quaternary mater ia ls
Ga 1 ~

In P 1 ~~~~ Al 1 ~
InP i As , and Ga 1 I n P 1 Sb have been studied

in this work . For the purpose of this paper Tabl e 2 sumarizes t F - e re-
sults for s ix s io nif icant  c ocn po ,it ions f rom these mater ia ls .  Tabulat ed
fo r co r- pa r i s on  are the resu l ts  4 or Ga t - .  The tab it show s ve l rc i L . - f ie ld
~i i t ~~ both- i..- ith  and w i t~ n- it a l l r v  sc i ’ t e r i ng  to i l lustrate the c ’ i- ts of
1e~ S i n - c . ,  t d lt scat ’ rir ;  proc ,~s s on t i - - j t -  ~n’;~-o rt  cr ; .3 rac t e r is t i c s [?O] .
‘~ re ~~~~~~~ be said ;n t r - 1 5  po itt in ~h- - n - -p t  s e . t i o n .

-~~~~~~~~~~~~~~~~~~~
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Tabl e 3 shows the results of the MESFET calculations using the
material parameters In Table 2 as a basis. Results are giv cn for Pucel ’s
model only, both with and without alloy scattering. There are slight
discrepancies between the two models used for Tabl e 1 , but the results
shown here are representative of both models. It can be seen that there
are predicted improvements in MESFET performance for these ternary and
quaternary materials with respect- to GaAs.

OTHER DEVICE-RELATED ASPECTS

There are several other aspects of the Monte Carlo method which are
viewed as important In their relation to device performance. A brief
d i scussion of these fol lo ws:

a. Alloy Scattering: The results have indicated that alloy scattering
degrades device performance . Presently, there is a great deal of uncer-
tainty In the scattering potent i al used to estimate the influence of alloy
scattering on transport properties , and three different scattering pot’ -
tials have been proposed [20]. Figure 3 shows the effect of these scat-
tering potential s on the veloc ity-field calculations for A1 25In 75P 25 —
As 75and Table 4 shows the extent of device performance degradation for
this quaternary material . Depending on the scattering potential used ,
the degree of degradation can be quite severe . The actual extent of alloy
scattering in the ternary and quaternary materials will most likely deter-
mine their usefulness for theMESFET and other microwave devices.
b. Transient Transport Effects: The dynamics of electron transport in
small devices such as the MESFET have been proposed as a basic frequency-
determining phenomena in these devices [22 ,23]. These effects have been
investigated in the quaternary systems , and a typica l result is shown in
Figure 4. Here the “veloc i ty overshoot ” is shown for Ga 27 In 73P 4As 6
with and without alloy scattering and compared to GaAs. The results for :
GaAs are slightly different from previous results [22 ,23). The differences -

can be attributed to the use here of a three-band mod el appropriate to the - - —

band structure of Aspnes [9]. Again , the influence of alloy scattering is
evident.
c. Non-Uniform Field Distribution: In a realistic device , the electric --
field intensity w i l l  vary with position along the channel . ~Je havedeveloped a Monte Carlo program which allows calculations to be made with
a non-uniform field. Figure 5 shows the veloc i ty along the channel of a
device with a field distribution whi ch varies linearly from 1 kV/cm at
x=O to 16 kV/cm at xl .5 ~ and x=3 ~~ Al so , shown in this figure is the
static drift velocity along the channel . It can be seen that there are
velocity overshoot effects for this non-uniform field variation where
the electron has been injected at x=O from a static electron distribut ion
correspond i ng to a field of 1 ky/cm . These overshoot effects are not
as dramatic as those for a step-field distribution [22,23], but when
averaged over the channel could lead to reduced transit time .

The overshoot effects for a device with an e~ectric field d istrib ~t i on
calculated from a short channel JFET model [?~~~~~ are ~t-iown in Fi q j e 6
This field d i st r ib i t iori a l l e w s  for ~- o h  ‘;n~rce and dra ir paraS t~ c re~ ions

—-
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•
~to be Included . For this model , the gain-bandwidth product has been numer—
Ically evaluated and the results are Indicated in FIgure 

~ 
for both GaAs

and Ga 27 In 73P 4As 6. The results agree reasonabl y well with the device
models, and are somewhat less than previous overshoot calculations [25].

. 
SUM!’t~RY

High field transport properties of several ternary and quaternary
Ill—V semiconductors used In smal l signal device models pr ed ict t hat

— 
Improvements in MESFET performance over GaAs can be achieved . The effect
of alloy scattering generally degrades device performance and limits
the improvements which are predicted for these materials. In addition ,

- dynamic effects in these ternary and quaternary Ill-V s~niconductors are
enhanced when compared to similar effects for GaAs.
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TABLE 1: Device performance parameters for GaAs obtained by using ~~nte- Carlo data in the models of Lehovec and Zuleeg [17] and Pucel ,
et a] (18]. -

A. Channel width = 0.3~an, Channel l eng th = 1.5~m , Channel depth = 3OO~ji~,

ND 
= 10 17cm 3.

gm(mS) C95(pf) rdS(ohms) ft(GHz) fmax(GHZ) T~
(psec) U(db)

la. 30.5 .364 445 13.3 24.6 9.25 14.9
lb. 25.6 .37 460 11.0 18.9 11.2 12.7
2a. 37.8 .369 1583 16.3 63.1 6.7 23.7
2b. 31.8 .38 2538 13.2 59.2 8.5 23.0

B. Channel width 0.2im , Channel length = 0.75ijm , Channel depth 3OO~m ,

N0 10 17cm 3
. 

-

la. 33.6 .192 460 27.9 54.8 4.8 21.6 -

lb. 28.1 .194 474 23.0 42.0 5.7 19.3
2a. 45.0 .240 872 29.9 93.6 3.6 27.2
2b. 37.0 .245 1422 24.1 87.5 4.6 26.4

Notation : = transconductance , gs= gate-source capacitanc e , rdS= smail
signal drain-source resistance , f

~
= gain-bandwidth product ,

~max = maximum frequency of oscillation , Tt= source-drain transit
time , U = Unilateral gain at 5GHz. Also , gate voltage 0 volts
and drain—source voltage equals the pinch-off voltage . Here
the number 1 denotes Lehovec and Zul eeg and number 2 denotes
Puce) • ~! ~i. 

The letter a denotes 
~sat 

= vPea k and the letter
b denotes = 0.8 Vpeak~ 

where 
~peak 

is the r~3ximum Monte Carlo
veloc i ty and is the device model saturation velocity .
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TABLE 4: Device performance parameters for A1 25 In 75P 25As 75
Illustra ting the effects of different alloy scattering
potent ials. The calcula tions use the model of Lehovec and
Zuleeg [17] and are for a device with a 1.5 ~im gate length
and channel doping = 1017cm 3. The GaAs parameters are shown
for comparison.

9m (m
~ 

C95(pf) rdS (ohms) f
t

(GHZ ) f
~~~

(GHz) Tt(psec)

a) No alloy 57.9 .407 235 22.6 41.7 5.34

b) 
~
UEN 56.7 .408 236 22.1 40.5 5.46

c) MJ~~ 47.5 .406 294 18.6 34.8 6.49

d) 
~
UEG 42.7 .410 303 16.6 29.8 7.28

e) GaAs 30.5 .364 445 13.3 24.6 9.25

Notation: (see ref. 20): 
~
UEN 

- scattering potential using electron-
egativity difference , - using electron affinity difference ,
MJEG~ using band gap difference. 143 4 . 1 .A B• D

I I

Figure 1. Quaternary composition- - -

al plane illustrating inter-
polatio n procedure . The Thj’s O4~~ V 4 •  

-

are ternary par ameters arid 
~~ - 

-

is the inte rpolated qu.ater- AC~~~~D,

nary par ameter.
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ENERGY BANDGAP AND LATTICE CONSTANT
CONTOURS OF 111—V QUATERNARY ALLOYS* 

- .

T. H. Glisson, J. R. Hauser , M. A. Li ttlejohn , C. K. Williams

North Carolina State University
Electrical Eng ineering Department

Ralei gh , Nor th Caroli na 27607

Energy band gap and lattice constant contours are presente~1
for the nine quaternary alloys formed from Al , Ga , In and
P , As , Sb. The quaternary band gaps were ob tained us ing  an
in terpola t ion formula proposed by Moon ~ t al. The quater-

nary lattice constants were obtained by use of a linear
interpolation technique using the b inary  lattice constants
as boundary values .

Key words : quaternary alloys , bandgap , lattice constant.

I n t r o du c t i~~r

There has been considerable interest in the quater-

nary 111-V semiconductor materials for many app l icat ions ,
such as eiectro - cptic~ and mi crowave devices [1-6]. One
signifi cant reason for this interest is the ability to
vr th~ size Traterials with a fixed lattic (- constant and a

variable r m n r e  of energy b.indgaps or , conversely ,  to
• syn thesize materials with a constant energy bandgap and

a variable lattice constant [73.

5Th i~ work was supported by a rt~~earc1i grant from the
O f f i c~ of Naval Research , W a shi ng ton , D.C.
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I In order’ to predict the energy band gap or la ttice

constant for a quaternary material a tt.ao-step sequence is
- 

involved. Initially , it is necessary to have available
experimental (or theoretical) values of these material
parameters for the four possible binary Ill-V constituents
of the quaternary compound. These values are readily

- . available for most Ill-V materials in the literature [8).
- 

. There are also four possible ternary (pseudobinary ) Ill-V
systems in a given quaternary compound . In the first step,
the energy bandgap and lattice constant as a function of
alloy composition for each ternary system is computed

• from the known binary material parameters . This computa-
tion is on a good experimental and theoretical basis
[9-13) involving the use of Vegard ’s law and the concept
of the “bowing parameter ” for the energy band gap [14].
The final step involves the use of the compositional
dependence of the energy ba ndgap and latt ice constant for
the four ternary combinations to interpolate to the desired
quaternary energy bandgap and lattice constant. This final
interpolation step is somewhat empirical in nature. There
appear to be several such interpolation techniques used in
the literature [6,7,15] and while these are similar , they
also have non- t r iv ia l  d i f f e rences .  This paper wi l l  discuss
this critical interpolation procedure in view of the small
amount of experimen tal qua ternary data , and will present
calculations for energy bandgaps and lattice constants
for the nine quaternary alloys formed from Al , Ga , In and
P, As , Sb using one of these interpolation techniques.

No ta tion

There appears to be no generally-accepted scheme for
symbolically describing the Ill-V quaternary alloys . In
tbi~~. paper the following convention has been adopted.
Wi thin both the group III and group V pa i r ing ,  the first
position is occup ied by the element with lowest atomic
num -er. The composi tion variables are associated with the
fo ur el~’ments in the cru r l-x , x , 1-v , v . For example , a

• ; i -tternary alloy will b~ ~~nc~ ~ -i as A B C . Here A
l-x x l -y  y

and B ar-fl group III e1ern nt~ - with A having lo~ e~ atomic

~u i r n b”r ’  tsan B. Likewise , C and U are g roup V elements with
C ti cnng lower d t U f lj c  rn~-~~r thin 1- . }ollo wing previous

~ut h - : . N- ,7 1, a qu1t ! - t .~ r’ a1l. ’’~ r~ . ”i~ t er (~ .g . , band g3p
u i  1 ~ i ‘ c~ u- ,tmt l~ d c:’i •~~ 1~v a .ur~ arc Q(x ,y) over

2
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In order to predict the energy bandgap or lattice
constant for a quaternary material a two-step sequence is

. involved. Initially , it is necessary to have available
experimental (or theoretical) values c~ these material
parameters for the four possible binary Ill-V constituents
of the quaternary compound. These values are readily
available for most Ill-V materials in the literature (8).
There are also four possible ternary (pseudobiri ary) Ill-V
systems in a given quaternary compound . In the first step ,
the energy bandgap and lattice constant as a function of
alloy composition for each ternary system is computed
from the known binary material parameters. This computa-
tion is on a good experimental and theoretical basis
[9-13] involving the use of Vegard ’s law and the concept
of the “bowing parameter” for the energy bandgap [14].
The f ina l  step involves the use of the compositional
dependence of the energy bandgap and lattice constant for
the four ternary combinations to interpolate  to the desired
quaternary energy bandgap and lattice constant. This final
interpolation step is somewhat emp irical in nature . There
appear to be several such interpolation techni ques used in
the literature [6,7,15] and while these are s~~~ila r , they
also have non-trivial differences. This paper will discuss
this critical interpolation procedure in view of the small
amount of experimental quaternary data , and w 1 1  ~reserit
calculations for energy bandgaps and lattice constants
for the nine quaternary alloys formed frun~ Al , Ga , In and
P, As , Sb using one of these interpolation teci~~~ques.

Notation

There appears to be no generally-accepted scheme for
symbolically descr ib ing  the I l l -V  quaternary alloys . In
t h i~~.paper the following convention has been adopted.
Wi thin both the group III and group V pair ing , the first
position is occup ied by the element with lowest atomic
number. The composition variables are associated with the
four elemen ts in the order l-x , x , l-y, y . For example , a
.quaternary alloy will be denoted as A B C D . Here A

l-~~~x l-y y
and B are group III elements with A having lower atomic
number than B. Likewise , C and D are group V elements with
C having lower atomic number thin I; . Followinp previous
au thors [6,71, a quatcrriary alloy paramot er (E . g . ,  band gap
or lit t ice c~ nstant ) i~ th ;,c ri bed 1w a .ur~ ace Q( x ,y ) over

2
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the x ,y composition plane (0< x c 1, 0 < y < 1). At the
corn ers (x and y equal to zero and/or one) the values of
the parameter for the four binary elements Q(0,0) = B1,

• Q(l,0) = B , Q(l ,l) B
3 and 

Q (O,l) B4 are obtained.
• Along the ~oundaries of the plane the parameter for the

four ternary elements Q(x ,0) T 2
( x ) ,  Q(l ,y)  = T

23
(y ) ,

Q(x ,1) = T
43
(x) and Q(0 ,y) T

1~~y) 
are obtained .

Estimation of Alloy Parameters

Many ternary alloy parameters (e . g .  la t t ice  constant )
are Qbtained by linear interpolation from those of the
constituent binary compounds , i.e.,

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

For some parameters the theoretical variation with compo-
sition is nonlinear [14,16]. For the direct bandgap for
exa mple , Thompson and Woolley [93 have shown that

T. .(x) xB. s- (J.-x)B . — C. .x(l-x) (2)
1) 3 1 1]

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

In the absence of definitive theories for quaternary
parameters , estimates of a quaternary alloy parameter
Q(x ,y) must be obtained by interpolation from the four
ternary alloy parameters T. • . Various interpolation
schemes have been proposed~

3 Onton and Chicotka [15]
used the solution of Laplace ’s equation subject to the
boundary conditions Q (x,O )  T1,~(x), etc. In Monte Carlo
transport studies [6] the prese~~t au thors have used the
interpolation equation

x ( l - x ) [ ( l -y ) T 12 (x ) t y T~ 3 ( x ) ] + y ( 1 -v ) [ ( l - x ) T 14 ( y ) + x f 93 ( y ) ]
Q(x ,y ) -  — ---— 

x ( l - x ) + y ( 1 - y )  ——

(3)

This interpolation e q u a t i o n  reduces to the ternary  pararn-
eters on the quaternary p lane houndarie~ and to the average
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of the ternary parameters at the midpoint (x 0.S ,y 0.5)
of the compositional plane. This is incidentally the
solution to Laplace ’s equation if the T.. are linear as
in Eq. (1). Moon et al. [7] have propo~~d similar schemes
for the estimation of lattice constant and bandgap . For
the lattice constant, Moon gives (in the above notation)

Q(x ,y ) B
1

+ ( B
2
-8
1

)x + (B 4-B1)y + (B
1
-B
2
tB
3
-8
4
)xy (4)

For the lattice constant , the T. . are assume d to be
linear in their arguments, so the sol~tion to Laplace ’s
equation is identical to Eq~. (3), which in turn also
reduces to Eq. (4).

For the bandgap, Moon et al. have used the equation

Q(x ,y) = (l-x)T14
(y) + x T

23
(y) — A ( 5 )

where the T.. are de te rmined  from Eq. ( 1) and

A x(l-x)[(l-y)C12+yC43
] + y(l-y)[(1-x)C14

+xC
23
] (6)

An important difference between this bandgap estimate and
that obtained from Eq. (3) is in the manner in which the
ternary bowing parameters C . . enter the calculation . In
Eq. (3), the ternary bowing~~ffects are included in the
T.., whereas in Moon ’s method the bowing enters as a
se~ arate quaternary bowing parameter term given in Eq. (6).
At the center of the composition plane , Eq. (3) yields
(for the quaternary bow ing) 1/16 (C

12 
+ C~ 3 + C14 

+ C 23)
and Eq. (5) gives 1/8 (C12 

-s- C~~ t C~ 4 
t C

23
), which is

twice as large. Thus , at the center , Eq. (3) gives the
average of the bowing contributions from the four ternaries ,
whereas Eq. (5) gives the average of the bowing contribu-
tions from the two sublattices. This is the princi ple
difference between the interpolation scherra~ of Refs. 6
and ?.
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Comparison with Experiment

Onton and Chicotka compared their interpolation
approach (solution to Laplace ’s equation) with meas ured
values of the quaternary band gap in Gai..xInxPi..yAs and
found the interpolated values to be within ±30 meV~

’of the
measured values. We have repeated this comparison , using
their measured data. The results are given in Table 1.
The average error and standard deviation of the error
are also shown , and it is seen that Eqs. (3) and (5) give
comparable errors.

Table I. Comparison of Eqs (3)  and (5) with Experimental
Data for Ga In P As

1-x x l-y y

Composition Ba— d ga p (eV )

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

0.004 0.260 2.357 2.353 2.222
0.006 0.340 2.244 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 1.913 1.907 1.738
0.010 0.710 1.763 1.755 1.592
0.012 0.830 1.619 1.609 1.475
0.017 0.910 1.521 1.510 1.351
0.015 0.970 1.455 1.447 1.326
0.060 0.220 2.336 2.297 2.203
0.060 0.280 2.255 2.’14 2.135
0.070 0.340 2.160 2.113 2.038
0.080 0.440 2.014 1.963 1.869
0.110 0.650 1.709 1.650 ‘

~~ 1.535
0.110 0.700 1.649 1.591 1.472
0.170 0.850 1.383 1.326 1.236
0.190 0.975 1.184 1.166 1.165
0.250 0.140 .124 2.054 2.101
0.230 0.190 2.100 2.021 2.041
0.250 0.240 2.008 1.921 1.953
0.2 50 0.310 1.924 1.830 1.809

• 0.260 0.630 1.523 1.430 1.388
0.330 0.800 1.225 1.145 1.170
0.340 0.090 2.029 1.971 2.077

5
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Table I continued .

Composition Band gap (eV)

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

0.370 0.120 1.954 1.883 1.978
0.410 0.170 1.843 1.757 1.850
0.400 0.030 1.983 1.957 2.086
0.460 0.040 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 1.558 1.513 1.686
0.830 0.100 1.401 1.346 1.470
0.87 0 0. 130 1.333 1.276 1.389
0.920 0.190 1.216 1.166 1.268

Average error (eV) -0.052 -0.008

rms error (eV) 0.109 0.118

Calculation of Lattice Constant and Bandga~

For the calculation of the lattice constant , the
three methods discussed above are identical , as given in
Eq. (4). For the calculation of the bandgap , we have
elected to use Moon ’s procedure , since it has some
theoretical basis , whereas the other two are more or less
ad hoc.

The quaternary lattice constant and energy baridgap
contours are presented in Figure l(a)-(i). These con-
tours were obtained by numerical solutions of Eqs. (4)
and (5), using the data given in Table 2. In all cases ,
the lowest quaternary bandgap is plotted in Figure 1.
The shaded regions represent compositions for which the
quaternary alloy is an indirect bandgap material.

6

G 1 is son 

- --- ------ -•- - -
~~

-• - •
~

• •--
~~~~~~-



- • - - ----
~

---- - --— - - • -~~~~~~~~~ .

102

Table I I .  Parameters Used in the Calculation of
Quaternary Bandga ps and Lattice Constants

~~ndgaps (ev ) Lattice 0

Compound r( 000) x(loo) Lull) Constant (A)

AlP 3.6 2.42 4.0 5.462
AlAs 2.95 2.153 3.3 5.6611
A1Sb 2.25 1.52 1.85 6.135
GaP 2.74 2.26 3.0 5.4495
GaAs 1.439 1.961 1.769 5.64191
GaSb 0.69 1.1.1 0.765 6.091+
InP 1.34 2.014 1.87 5.86875
InAs 0 .359 2 .1  1.6 6 .05 81+
InSb 0.175 1.0 0.63 6.47877

a ) Binary bandgaps and lattice constants

Alloy Bowing Parameter

r(000) x ( l oo )  
— 

L(111)

(Al ,Ga)P  0.0* 0 .0  0.0
(A1 ,Ga)As 0.26 0.02 0.45
(Al ,Ga)Sb 0.0 0.0 0.0
(Al ,In )P  0.0 0.0 0.0
(A1,In)As 0.52* 0.0 0.0
(A 1,In)Sb 0.42* 0.0 0.0
(Ga,In)P 0.758 0.15 0.68
(Ga ,In)As 0.6 0.15 0.5
(Ga ,In)Sb 0.43 0.24 0.33
A1(P ,As) 0.22* 0.0 0.0
A1(P ,Sb) 1.2* 0.0 0.0
Al (A s,Sb) 0.72* 0.0 0.0
Ga(P ,As) 0.21 0.21 0.25
Ga(P ,Sb) 1.2* ‘

~~ 0.0 0.0
Ga(As ,Sb) 0.65* 0.0 0.0
In (P ,As) 0.27 0.27 0.26
In (P ,Sb) 1.2 0.0 0.0
In (As ,Sb) 0.596 0.6 0.55

b) Ternary bowing parameters

*denc,tes estimate from Figure 2. In the X&L valleys
unknown parameters are equated to zero.

7
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Estimation of Unknown Ternary Bowing Constants

Relatively few of the Ill-V ternary bowing constants
are known with any certainty , especially for the X(100)
and L(lll) valleys. Figure 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
definite trend toward larger bowing parameters with
larger lattice constant differences. The solid line
relationship shown in Figure 2 has been used to estimate
several unknown bowing constants, as identifiec by the
asterisks in Table 2. Since bowing is known to occur ,
it was felt that this procedure is better than a-’bitrarily
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-
niques which use known values of ternary Ill-V parameters
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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