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!~ 
A~ST~ACr

“
~~ neoretioat efforts at understanding the band structure

of , and hence electron transport in , alloy se.nicond uo tor

na terials are descrioed . In particular , calcula tions of ~and

structure and transient and equitiQra~ed velocity— field

relationsnips are o~ in pe rforne d for Ga~~n~ _~ As and

na terials wt~ioh nay oe suitaole for tact

logic or nicrowave devices. l3tnods for describing

pseudopotentia l variations anJ che~n1oal disorder in alloys

are discussed .

ii . 
_____________

Approxina te calculations of velocity— field curves flav e

in dicated tnat the alloy se.nicond uc torc Ga~~7In~~ 3
As and

Ga~~7In 53 As 6P q~ wnich can be epi~ axially natched to GaAs

or m R  substrates , hav e a higner lo~— field nooil.ity and peak

velocity than GaAs . These properties nay lead to inproved

nicrowave or fas t logi c d ev ices , aitnougn expariiental

resu lts on GaInAsP microw ave FET’s flave ~~en

disapp ointing 2b .

T:~e work covered oy this grant is an attenpt t~ bet~ er

describe the transport propertie s of tnese alloy naterlats .

• .1
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Fo inprove tnis description , it is first necessary to

exam ine their band structures in greater detail tian nas

besn done before. Consideraole difficu lty arises in suon an

investi~ at ion , how3ver , and so~ne of tm~e dif ficultie s are

described in this report.

III. Band Structures for lU—V Semiconductors

A conputer progran was written and successfully applied

to the calculation of Dand struc tures for III— ~ com pound s

using nonlocal pseud opotentiats . This initia l pnace of the

project was unJerta~~n as a test of conput er algoritnns ,

with the intent of reproJucin~ tne results of C~ eiikows<i

and Conen~ . Tie cand structur e calculation we p~ rt’orne J

generates two types of irt fornation :

1. sand energies as functions of wave vector. FroM

this information , one can extrac t tn~ fo l low in~
materia l propartie s needed for transport calculations :

A. Fun damentat ~~~~~~~~~~ useful for

characteriz ation of heterojunctions and

rougn est i.nates of ~reakicwn field.

B. Band shape near cond uction band nini .n a ,

need ed for equations of notion in transport

sinulations .

C. Density of states , needed to calculat e

scatterin~ rates.

D. Sub—band g~ps, needed for sin u l atin3

: ~~ 
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interva iley transfer.

2. Pseudo—wave functions. These functions are used in

subsequent calculations to yield nart y nec e s s a ry

quantities , including :

A. Intervalley scat te r ing  ra tes for

transport simulations.

B. Coupling strengths , which could be

useful in the deve lop- nent of a ~onp lete

theory of alloy scattering .

C. Matr ix e lements for a wide va r i e t y  of

other transit ions , suc h as pnotoaosorption

and Impac t ionization.

de ver i f ied our conpu~ er progran by caieulatln~ t~~ band

structure of GaP at syninotry points r ,  L and ( , and

comparing wi th published results:

Energy ( e V )

Lave l Th is work Ref .  1 Accession For

— 1 3.30 — 1 2 . 9 9  NTL ~ G~~AI6 DX TA R
r~’ 3 Un.~ic~u~ceda J~~i t i fi ~~• t l o n  

________

2. 90 2.~~3 —_____

By_
C -

a 5.22 , .2 L ê _~L~ rfl ~!J~~L_
.

~~~ ~~~ .9 ,  z~ ~~~~~~~~~~~~~~~~~~~

— 7,0 1 —7.0 1  Dl t bpeC al

..~~~~~~ 
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P% U~ ~4

— 10.61 —10.60

— 6 . 8 5

L~ ,5 — 1.10 — 1.10

2.79 2.79

L~ ,5 5.72

U. Band Structures for Alloy Semiconductors

~alculatiort s of alloy carU structu~ es by otners ’ 0  have

involved several  approximations. For exanp ie , all have used

local pseudopotentials , w~ ioh results In equal treat.nent of

the w ave function components of various angular nonenta .

Also the energy dependence of the pseudopotent ial ope rator

has been ignored . These calculations appear to be

F inconsistent wi th  experimental data , indicating that a

nonlocal operato r nay be necessary for alloys~ . m esa

inconsistencies will be discussed later. Reinforcement for

tnis statement is furnished by the report 7 that nonlocal

contributions are important in the calculat ion of

intervalley phonon coupling consta ntS , even for trte

compo und semicond uc tors .

In an “ empirical” band structure calculat ion , i.e., one

in wnich tne pseudopotential parameters are adjusted to giv e

reasonable agreement betwe en ca lculated and measure d

spectral pr opert ies , the nonlocal net~od requires nore

paraneterc than t~ a local nethod . Fortunate ly,  tnese 

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



r r~~ -~~ w- A ~~~w - - _ 
— . “ 

— — —

PA G E S

nonlocal paranet ers nav e already ceen deternined 1 for a

large nunoer of 111—V compounds in a nanner tnat is

apparently suf f ic ient ly  accurate for the deternination of

input paraneters for transport simulations.

~e have developed techniques for interpolation of the

local part of the pseudopotentia l across alloy composition

ranges . The empirically deter .nined form fac tors V(~~) for

each co.npound at its equi lib r iun lattice constant are

subjected to a nonlinear trancfornati on 2 to remove the

screen ing , then f i t ted to the t n ree— paranat e r  model function

V (k)=A (i—B)exp (—C (k—a) ).

This nodal function is then evaluated at wave  numoers

appropriate to the lat t ice constant of’ tne alloy, and

renornalized wi th respect to tne atom ic volune of t~e alloy.

The to r n fac tors for the two or four co:npounds (for a

ternary or quaternary alloy, respec t ive ly )  are linearly

interpolated according to tne alloy composition ratio(s),

and screening is reapplied .

Two techniques were developed for interpolating

the nonlocal part of the pseudopot entia ] in alloy cys t~ n5.

Unfortunately , neither nas yet ‘iven results w~1 icfl can be

accepted with oortfidence .

In the first techniqus , tne cuoes o f t~ e nonlocal radii

(R3) were L inearly ir .terpolatei; tne ~~~~~~~~ pa ra nete rc ~
and $ were then rertorna li ze l ~~~~~~~~~~~~~~~~~~~~~ to R 3, and

~_i~ ~~ _:~~ -:
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subsequently interpolat ed . For a ternary alloy,

R~ 110~ zxH 3.(1—x )R ~

( alLo y *~~~~a~
’R alLoy + (1..X)(;)R b /i

~allOy ,

wn ere x is the composit ion rat io .

This nethod is inspired pnysicaiiy oy tne fact tnat in cost

of the natr ix e lenents of the nonlocal Operator , t f l ~~~

nonlocal parameters enter as (a +f 8 )R 3 , so the net nonlocal

strength should be app ”oxi :nately preserved if a and B are

scaled along witn R 3.

Calculations on Ga ~7 Ln 53 As usin~ this scne n~ res ul ted

in a ban-dgap E~ :3. 97 eV (corrected for spin orbit

splitting) , rtigher than the measur ed va lue of 3.~~U eV 3 .

Part of this d i f ference nay oe att r i~ utab1e to neglect of

alloy conpos it ional disorder j r  tne calculation , wrt ich uses

the “virtual crystal”  approxim ation (r/~~A). A disorde r

correction torn can oe added to the V~ I~ energies , wmicn

re~ ults2 in a decrease uf tne calculated gap to a~ cuc

3.95eV. ~4e conclud e that eitner our V A  calculat ions are in

error , or the puolished results for the disorder effects are

inaccurate , possioly due to tne fact that tney w e r e  t’~~~d

(ron a local pseudopotential .

In order to verify the correctness of our ~~~~

calculations , a se~ ortd ncr.local p u d opotent i~ L

interpolation sc hene , w~ ich i r tvo lve~ ca lculat ing eacn ca t r ix

el-enent separately for eacn conpo un i then perfo -aing tne

linear interpolat ion or. the iatri~ ele~ ents , was tried :

- , nonlocal , -<
~~

_J i s l alLoy (_ .s~~>

- - .  :
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:w~ere ~k—G > is a plane wave basis state.

This formula correctly scales the nonlocal terms only for

tne alloy atomic vclune , not for the enange in scre nin~ .

tiowever , screening may not be inportant for tre nonlocal

part of tne potential 1 .

Renorna lization of R to account for the latt ice constant

change has ocen considered , but was not done Decaus e the

available netnods (such as a quadratic variation 9 or the

linear “touch ing spheres ” criterion 1 ) would require previous

~nowledge of the band structure for eac h alloy composit ion.

Since the results are relat ively ir tsansit ive 13 to the value

of R as long as a and B are chosen appropriately,  ~ was left

unchanged (ron its value in the binary compound .

results for GaIrtA~ using this second interpolation parad i~ :n

were nearly identical to the previous results.

On the oasis of the above results , it was decided that

new calculations of the disorder effect should be performed ,

using the nonlocal psaudopotentia l , in order to

1. sa t i s f y  the ~cal of calculating accura te  su e—

band gaps for alloys , and

2. deter -nine wnether the alloy p~ eudopotential

is ceing properly f3r.nulated , th ereby

establishing a confidence level for tac matrix

el ements that will be derived from the wave

fun c tions , even tnougrt there are presently no

plans to correct the wave functions for disorder

I 
_ _ _ _ _  

_____  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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effects. Unti l t~ e ener;y oand results

(/ A.disorder) are nai c to a~ r ee  wit n

neasurenent s , there is no guarantee that tre VCA

pseudowave functions are accurate .

There is considereole ~.,cntusion in tre literature

regarding the disorder effect. Some authors~ ’13 appear to

have obtained good agreenent with experiment by ignori ng

disorder , wnile others 11 ’12 na ve s t r e s s e d  t~e importance of

disorder , par t icu lar ly  for anionic ~i ix tures sucn as Ga A s P .

~ local pseulopotentia l ca Lcu l -~t ion~~ of the d i s or de r—

induced oowing of the direct gap in GaAsP snows it to be

nearly equal to the ob served bowing , implying tnat t i~~~~~ VC A

oowing should be nearly zero. Uowever , our local

pseudopotential calculat ion of VC A oowing gives ~~~J• L~~~~ eV .

It is comm only agreed that disorder is relatively

ur .1nportant in and AiGaSb~
3, but there is so~ e

debate regarding GaInA sP. Some treatnents 12 assune tnat

disorder affects the entire ~riilcuin zone with tne sane

strength while otners 11 claim that some points are ncre L
strongly affected than others. ALtare ll i 14 st ates cnac

disorder is more important for th~ conduction band than for

the valence oand , wnile Salde reechi  and ~1ascnke 1
~ f ind that

the reve - s e  is true . Tne lat ter  wor ,< a lso conf l ic ts  w itn

Stroud ’~ c lain~~ tnat disorder always red uces t~ie gap

re la t i ve  to tne VCA val ue . Inc evaluat io n of eani

structure calculat ion techniques for i icys is nin-dered oy

J



- 
— ---- - -— —~ — - -~~~~~~~~~~0

PAG E 9

tne prol.ifsration of incorrec t pseudopotent ial. parameters 13

and oy the spread in experi menta l data.

~~~. density of states Calculations

to reduce co.nputation tine during transport simulations ,

a tw o—band sec ular equat ion model was applied to tac

-: “camel’ s eac <” conduction oand st ructu re~~ at the X symm etry

point , and expressions -were der ived for energy dispersion

relations and densi ty  of s ta tes .  Inc model is used oy

f it t ing to several , points frc.n the full pseuicpotential

calculation.

For GaInAs P com positions n o n  in As and In , tne ~
m ini -nun is expected to be at X and the dispersion relation

Is nearly paraoolic . For compositions rich in Ga and P , tne

mint-nun shif ts toward r and tne oar.i shape is approxi mate ly

wh ere and are the conponer .ts of ~< (measur ed wit~
respect to X ) parallel and perpendi cular , respectively,

to the line. A:1T2/2m 1, i3:
~~

/2m t.

The densi ty of s ta tes is ‘iven by

g(~ ): 
t (J~~ — a (x-y)v ’~~~)

~~~
2 

~
2,’~r 

— 1
wnere x: Ao —2 (i0—~ ),

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

U 1 : unit step function.

Inc paraneters A , A~~, ~~, A and B are cocaired cy fittin g

~ 

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

‘
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to calculated band snapes.

V. C.)~4CL’JS1~~1S

A co mputer program was developed for the purpose of

calculating band structures for I I I — ~t compounds using

nonlocal pseud opotent ials.  Upon v e n i f io a t i o n , these

teenniques w ere ex tended to bard St ructur e ca lcu la t ions of

III— ~ alloys , but the results cannot yet oc reconcile- i wit h

exper i mental  data.  A dd i t i ona l  calculat ions are now being

performed for tnat purpose .

A large body of experinanta l measure ments is avail. aole

for conparison with ca lculated results , including energy

gaps21 , effective nasses 19 , and nign— field electron

transport data 20.

A possible cause of disa greement b~ tw~ en tneory ar-i

experimen t is tne preferential clusterin g (also called b

segregation or shor t — range orde r)  which has ucen ooservei in

alloys . There have ~een theoret ical  att empts a i m ed at

predicting the extant of this pnenonenon22, and seg regat ion

has Qeen ooserved , for example , in ~riigna n— grown aul~

GaInP23. The influence of short range order on oani

Structures has osen studiei 2~ for b inary systems , -wr.ere tne

effect was de~cri~ ed as “str ik ing , ” and tne ext .~r.sion to

pseudo—binary system s li~<e GaInAsP should be feasiole . The

effect of segregation as an additional scatterin g me chanism

E~~ 

— -

~~~~~~~~~

- 
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(pernaps to be used in plac e of tne usual “alloy scatter in ”

term wnicn was derived cn tne assunp tion of no segregation)
— 

ha~ oeen introduced into e lectron transport s inulations 2
~ .

~e consider the following to pics to oe wortny of furtner

- s t u d y :

1. Disorder contr ibutions to the oand s t ruc tu res

of alloys . The validity (-ur invalidity) of the
4

t virtua l crystal approxim ation snould be

definitive ly estaolished .

2. Alloy scattering. Accurate netnods snould oe

-~ estaolisned to replac e the educa c~ d

wnicn hav e been used to determ ine the strengtn of

this process.
• 3. Interpolation method s for pseudopotential

pa rameters should be studied more tnorougnly .

Ire var ious nc-del potentials , such as square well ,

f 
Gaussian well , and 1/n , should be compared

systematica lly.

4. Short range order in alloys should oe

investigated experimenta lly for variou s crystal

growtn conditions , and the results should oe

incorporated into band structur e and transport

calcu lations.

_______________ — -— — — -  — - - — _;-~ - - -, - 
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Transient velocity characteristics of electrons In GaAs with
r.L.X conduction band orderIng~

S. Kratzsr and J.ffr~y Fr.y
Sc#ns~ q~’ E1.ctnc& E ee,6,~ Co,,,iil Usivsiwiy. Ithaca. New Yiw* 14833
(R.~ srs4 10 F,bniary 197$; accepted ~, peMicasioe 1 March 1915)

The tranuáuni velocity chniactsriaics of cioctrons in GaAs have been calculated for uniform electric fields
at room wapersture. Three-level bend-structure data have been used with a Mont. Carlo simulation
p,ovsm to predict electron drift velocity. wenperatwe. and valley population fractions as flincttons of
position and clei tn~ field. Resulti for two three4evel band4tru~tuge models ire ~omparcd with thu.~ for
the pteviously accepted two-level model. Transient sad ueedy-sts*. properties are see, to be sensitive to
somo material peremetsie wl~~~ values are still in dispute.

PACS cumbem 72.~~.Ey. 72 20 1k
The p.rfosmanc. of very smal l electron devices, suc h here , using this method , (or electrons in GaAs und er

as mlcrowave- fteid-effec t transistors, may well be af- the influence of a uniform electr ic field. The scattering
fect.d by the tr ansient electron transport properties of processes included in the transport model are acoustic
the semiconductor mater ials of wh ich they are made. phono n through deformation potential , polar optic phonon ,
This paper describes an investigat ion of some of the intervalle y, ionized impurity, and (for the L va lieys
transient properties of electrons in GaAs , using recently only) nonpolar optic phono n.
pub lished data ’ concerning the three— level band struc-

H. MATE RIAL PARAMETE RSture of this material and the proces ses that scatter
electrons among the levels. Values of the electron- lattice interaction parameters

of GaAs for this calculation were obtained by criti cally
I. INTRODUC flON exam ining all ava ilable data, wh ich for some para-

meters cover a wide range. In Table I , column T re-The necessity for this work arises from new informa-
• lion on the band structure of GaAs. Previou s calcula- presents the two-valley model used for previous trans-

ient calculations. ~~ Column B shows values obt ainedlions of the transient resp onse of electrons in this mate-
rlalt 4  used a two-level band-structure model which , In
the light of new experimental results , is now taken to be
incorr ec t. This two-level model (hereaf ter called model
TI placed the X minima of the conduction band at a tower TABLE 1. Parameters for two-level (11 and three-level
ene rgy than the L minima , and the L-.V separation was (B . C) models for the band structure of GaAs.
assumed to be large enough so that scattering to the L Param-valleys did not occur. In contrast , the new data , ob etsr Units 1’ 8’ C Alternativestam ed by eiectroreflectancet and other techn iques , ~ have
been Inte rpreted recently to show that the correct se- “~!.C ~~O 0.22 . 0. 128 0.35, ’ 0. 17°

m c ~~ 0.35 0. 58 0.58 O. 35.eO. 33dq :ence, in order of increas ing energ ies, is r-L-x; se f rn 0 0. .!22 0.244 0. 35. ~ 0. 26°
further, the interva lley separations are small, so that “ lo m0 0. 35 0. 58 0. 58 0.35. ’ 0. 43d

scatte r ing among all valleys must be considered.
~~ eV 0. 33 0. 30 0. 38 , ‘ 0. 285 • 0. 29Several authors’s have r eported theoretical calculations 
~rx eV 0.36 0. 522 0.48 0.40 , ’ 0. 33, ’• which imply that the new band-structure model can be 0. 485 ,~ 0. 36’

consistent with the observed steady -state transp ort pro- R,(r) eV 7.0 7.0 7 .0
parties of GaAs. We recall that , as early as 1970 , Faw - E,(L) eV 9 . 2  2 .24 7. 0’

cett , Board man , and Swain7 expressed consternation E,(X) eV 7.0 9. 27 3 .0  7. 0’

over the fact that some experimental results were In - ~(1) er ’ 0. 576 0.610 0. 610
consistent with model T. a(L) eV ’ 0.46 1 0.46 1

a (X) eV ’ 0 0. 204 0. 204
It is possible to study th e transient behavior of d ee- DrL 10 eV/czts 10 10 2.8’

• Irons in small devices by solving the differential equa - Drx 10~ nV/cm 10 10 10 11, ’ 5’
lions describing conservation of energy and momen- DLL 10 nV/cm 10 10 1.8’
tum. ” Rowev.r solution of these equations becomes Dzjr i~ eV/cm 10 7 7 10. ’ 1.3’
simple only when some extreme simplifi cations , such Du 10~ nV/cm $ 5

• as the use of relaxat ion times derived t rom steady - ‘Refe re nce 7.• state distribution functions are made. The accuracy of ‘Refe~~ice 1.
the results using this technique , the refore , is question - ‘Referenc e 6.
able. The pr eferred method is the more accurate but d1• TOtiol, H. Neuman. and F . Hes s, Phy.. Status SoLidi B

~
. more costly one of Monte Carlo simulation , descr ibed 55, K47 (1973).

elsewhere. 7 The transient prop erties are calculated • Reference 5.
11, Sugeta , A. Maje rfeld . A. K, Sa~sna , and P. N. Robion

____________________________ 

(unpub lish.d).
‘L.W. James and J. L .  Molt , Phys. Rev. 183. 741 4 19$9) .

R.asar ch. 155, 786 (1969 1.

• 
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a
for a three-level model by Littlejohn el al. ’ in a pro- The nonparabolicity t am es for the L and X valleys of
endure aimed at achieving a “best fit” between Monte model B were taken to be isotropic and were calculated
Carlo simulations and steady-state drift velocity mea- from pseudopotential band-stru cture predictions. 10

surements. This model (B) was used as a starting point Jacobon i et al. , in their Monte Carlo simulation of
in our investigation of transport properties. We de- high-field transport in the ~ valleys of Si, also used an
scribe below the reasons for considering changes to isotropic nonparabolicity constant , but they obtained the

4 some of the parameter values used in model B. value empirically rather than from a band-structure
4- cal culation. However , even if the effective masses forThe effective masses for th e satellite valleys in model

these valleys were isotr opic at the symmetry points,B are isotropic; that is, the conductivity mass m~’ and the nonpa rabolicity constants would not be so. The band-density -of-states mass ,n~ are taken as equal. However,
electroreflectance measurements5 and pseudopotential structure curves, by convention , cover only a small
calculat ions ’t indicate that the L valleys are highly an- part of the Briilouin zone. For the L v alleys, only long-

itudinal variations are shown (1 to L, but not L to K orisotropic. Therefore , in model C we have obtained L to W) . The nonparabolicity value obtained from thesevalues for mr by correcting” the data of Ret, 5 for in- data, therefore, is appropriate only for the longitudinalversion asymmetry and coupllng to higher Conduction component of k. Paige, 25 in his analysis of the L valleysbands.
of Ge, assumed that nonparabolicity is significant only

- • The subband gaps used in model B were taken from the for the transverse component of k. James26 suggests
most recent measurements (E t-~ by high-pressure tran- using a high-order polynomial in k~, k r, and k z (rather
sport , ~ ~~~ by electroreflectances5). An additional than ) to account for the anisotropy of the nonpara-
measurement , of Erx by optical absorption, 13 was not bollcity. This topic needs further investigation, but in
used in the formulation of model B. However , this ne- the absence of complete calculations we have retained
glected last measurement yields data subject to a higher the values of model B.
degree of experimental control than that obtained by
high-pressure tr ansport . Further , the analysis of the Finally, we note that Adams at al. ’ presented a corn-
electroreflect ance structure leads to an uncertainty of plete model for GaAs material parameters. We did not
30 meV for Erx . ~ Therefore , we have used what we use this model because it includes a value for m~
believe are correctly weighted averages of all avail- (0. 35rn 0), which apparently cannot be just ified by any

• able data for the subband gaps in model C. published experiment or calculation. In the trial-and-
error fitting process used by these authors , an error

The acoustic deformation potentials of model B for the in one parameter can [cad to compensating errors In
satellite valleys were obtained from measurements on several others , so that nonphysical parameter values -

indirect-gap materials. Such measurements can yield may result even while the end results of the calcula-
a wide range of values; for example, those for the X tions may agree with some experimental data.
valleys of GaP range’~~’6 from 3. 7 to 55 eV. Some
authors’” have attempted to calculate the acoustic de- In the results presented below, models T and B are

compared in order to determine whether previous GaAsfor mation potential from derivatives with respect to device analysest’ T would be significantly altered by the• pressure of dir ect energy gaps , taking the deformation
potentia l for the valence band as zero. However, Rode’9 use of a three-level material model. Models B and C

are compared in order to demonstrate that the individ-has noted that this procedure may be very inaccurate
• and can be justified oni, because this scatte ring mecha-

nism is relatively unimportant in GaAs at room tern-
per ature. In the int erest of rigor , therefore , the values

BOrof acoustic deformation potential for the L and X valleys - - --in column C were obtained from the dielectric bond -- - 
i.7O~• • calculations of Caniphausen at at . ~ which include the

strain dependenc e of the valence band edge.

It should be noted that the stral ned~crystal pseudo- ~ 
6O~-

300°K
for calculating acoustic deform ation potentials of GaAs. ‘~ ,o1- 

— model 8
potential method of Tsay and Bendow could be useful ~ ~~

However , these authors havö not reported some of the = - -
~~ 

- m odel T

data necessary for the calculation, viz, deformation
potentials for the indirect gaps and the ionization poten- 

~ 
30~

tIaJ. Yen and Myers22 also used a nonperturbati ve 
~ 2O~ /

formation potential for the r valley. The computations 10
pseudopotentlal method to calculate the acoustic de- I

• are relatively simple and could easily be extended to r
the satellite valleys. However, the additive arbitrary 01

0 2 4 6 8 tO 2 14 1$ 1$ 20
constant which arises in their band-structure calcula- 

~tion has not been shown to be volume independent ,
FIG. 1. Fraction of total electron density in each set ofTherefore, as Harrison23 points out, such calculations satellite vaU.y.. as functions of electri c field , for models Tcould be used to find deformation potentials of energy and B. N — lOs . 7 = 300 K. For model C, X valley fraction (agaps, but not the deformation potential of the conduction sante as for model B; L valley fraction is nearLy equal to X

band, valley fraction of model T.
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6001~ -I
~ 

I2~-

2 3 4 5 60L ~ ,l’V/ cm0 2 4 6 S 0 2 14 6 ‘8 20

~ ., kVkm FIG. 4. ELectron temperature versus electric field for model
- B; N ’ 1O~ . Dashed line represents an empirical formula to

FIG. 2. Equilibrium drift velocity versus electric field for b~ used for YET noise analysts,
models ?~ B. and C; N- 10k .

from experiment, primarily because of the differences
ual parameter changes described above have a sob- in mZ between the two models. The effect of doping on
stantlal effect on the predicted transport properties. the steady-state properties of model B is shown in Fig.

3.However, model C shares at least some of the failings
of model B since the inter-valley coupling constants and Electron temperature as a function of electric field is
m~ values of model B, which were chosen to give rca- shown in Fig. 4, for model B. The three-level model
sonable steady-state properties in conjunction with the (B) yields temperatures somewhat lower than does the
other parameters of this model, have been transferred two-level model (T), following the law 7’~ = 3 00(1 + 1.8
to model C without alteration. (E/5)2•’] for E <4. 5 kV/cm. Therefore, GaAs tr ansis-
Ill. STEADY-STATE RESULTS tors should have lower intrinsic noise figures than were

previously predicted on the basis of the two-level
To obtain some iniormation on the differences among model.27 In fact, the latest GaAs FET noise results 28 do

models T, B, and C, we have calculated the steady show this prop erty. In addition, recent experimental re-
state transport properties using each model. Figure 1 suIts for GaAs layers2’ have shown a T,—v s—electric-
shows that for model B the X valley population is quite field relationship in agreement with that calculated
small for fields up to 20 kV/cnr. However, this does hex-c.
not mean that a two-valley (r-L) model would be ad.-
quate for low-field Monte Carlo simulations, because IV. TRANSIENT TRANSPORT BEHAVIOR
7’—X—L transfers appear to be important in models B FIgure 5 illustrates the velocity overshoot phenome-
and C. FIgure 2 shows that model C has a lower peak non for models T and B in terms of velocity versus 

-velocity and higher saturation velocity than model B, distance for electrons which are initially in thermal
but both models yield results that fall within the range of equilibrium at 300 K. The field strengths of 10, 25, and
experimental data, indicated by the bars in Fig. 2, up 75 kY/cm have been taken as covering a range of values
to about 10 ky/cm , At higher fields, model C gives a which may occur in field-effect transistors with gate
velocity that diverges from the results of model B and lengths of 1 ~.tm or less.

FIgure 6 shows the populations of the satellite valleys
as functions of distance, for models T and B. At the

Modei B
300 1(24 l0~

1 cm 5
— 0wn 3 300 K

20 .~ J O” cnr 3

2
‘2

‘
~~.~_ _ _‘~,4

_ _ _ _ _ _ _ _ _ _ _0
0 2 4 6 8 0 2 4 IC 8 20 0 01 0.2 03  0. 4 05 06

& kV,Cm d,~~m

FIG. 3. EquilibrIum velocity versus electric field for model FIG. 5. Instantaneous velocity versus distance for models T
B; T. 300 K, N— 0, 1016 , and 101?. and B; N. 101t , Es 10, and 25, and 75 ky/cm.
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effect at high field strengths and causes a re~~ction in

Cc 
two curves are Identical to within computational accuracy.

•
3C

;~~zo
~~~IO

-x peak velocity at lower field strengths.
50 Figure 8 shows a comparison of t ransient response s

for models B and C. At 10 ky /cm, the peak velocity of40

Jo 

L

30 model B is 20% higher than that of model C, but at
20 higher fields , the peak velocities are nearly equal .

________________________X V. CONCLUSIONS% 0.1 ~~ 0.3 ~~ 0 0.6 0.7
d, ~tm The transient res ponse of electrons in GaAs has been

calculated using a now-discred ited two-level band-
FIG. 6. Sat.U1t. valley fractions versus distance. for models str ~scture model and two three-level models. A review
T and B; N iO~’, I • 10. 25, and 75 ky/cm. of available data on material parameters has revealed

some apparent inade quacies In individual parameters of
one of the three-Level models , which had been optim-
ized as a set of parameters to yield steady-state pro-

higher field strengths, model B is seen to exhibit rap id pertie s which agre. with experiment. Steady-state tra n-
transfer to the L valleys, via ~ —L and ~—X--L transi- sport simulations suggest that th , other three-level
tions. After the L valley population has become signifi- model, which was arrived at by consideration of the
c*nt, L—X transfer causes the X valleys to become model parameters individually rather than as a com-
populated. plete set , is also not fully satisfactory. Nevertheless ,

The effects of doping on the t ransient properties of the transient results presented herein should be useful
model B are shown La Fl5. 7. As previous authors have in the further analysis of such GaAs devices as micro-

wave-f ield-effect transistors.found for model T, Impurity scatteri ng has very UtUe
The predicted transient properties are found to be

quite sensitive to changes in the material parameters ,
even U we restr ict our attention to those models that

~~~~ B give good agreement with measured steady-state drift
10 ky/cm velocities. While this fact complicates the analysis of

tiny electron devices when several mate rial models are
being considered, It also provides an opportunity to

0 cm select from among these models when experimental
transient results , as can be obta ined by a microwave
Urns-of-flight experiment,3’ become available. 
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