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I
1.0 INTRODUCTION

t

During  the  pas t  f i v e  years an ONR—sponsored research program has

- 

I been underway in  the El ectrical Engineering Department at  North Carolina

S t a te  Un iv ~- r s  i ty  w h i c h  b a s i c a l l y i n v o l v e s  t h e  use of t h e  Monte Carlo

me t hod to s t u d y  hi g h — f i e l d  t r a l t s p  t t  p r o p e r t i e s  o t  s emiconduc to r  ma te r i a l s .

The emp h a s i s  h a s  b~ cn d i rec ted  toward  the  stud y o t  ternary and quaternary

111—V compounds in an a t t e m p t  to i d e n t i f y  s p e c i f i c  m a t e r i a l s  w i t h  des i rable

e lec t ron ic  p r o p e r t i e s  fo r  microwave and high—speed device app l i ca t ions .

A s u b s t a n t i a l  e f f o r t  has been devoted to developing a comprehensive

Monte Carlo computer  program which can be used as a predic t ive  tool in

the stud y of hot electron t r anspor t , as well as low f i e ld  ohmic t ranspor t ,

• - in a general class of semiconductor  mater ia ls .  We present ly  believe that

the capabilities which have been developed so far under ONR sponsorship

are second to none w i t h i n  the s c i en t i f i c  community , and that the bulk

s ta t i c  t r anspo r t  properties of two general classes of quaternary Ill—V

semiconductors  can be predicted using our computational methods . These

two classes of quaternary materials consist of  compounds of the form

L

III  III  V V I I I  111 Ill  V III  V V V
A B C D and A B C D (or conversely A B C D ) ,  which can1—x x l— y y x y z x y z

be specified to include any binary or ternary compound as a subset of

these general material forms.

The accuracy of the computational program depends on several factors.

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

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

material parameters and either theoretical models or experimental data

L :~~
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for the ternary material parameters. This information is coupled into

a general interpolation procedure for calculating the quaternary material

para me ter s, from which the transport properties are obtained in the

Monte Carlo method. This work resulted over three years ago in the

J p r e d i c t i o n  t h a t  sp e c i f i c  c o m p o s i t i o n s  oh the  q u a t e r n a r y  compound

Ga In P As la t t i ce—matched  to m l ’  substrates possess transport
• l—x x l— y y

I properties having distinct advantages over GaAs [1] for device app lications .

In the past three years considerable experimental work on this compound has

• • shown the material to indeed be promising for many device applications,

although the principal applications have been for electrooptic devices. 4
However , the complete advantages due to the predicted superior trans— 2

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

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

appears that many of the device problems can be overcome through the

- refinemen t of the ma ter ials technology , and there are reasons to remain 
-

optimistic that the predic ted material advantages will be realized .

In the authors ’ op inion the influence of alloy scattering still remains

an unanswered question. However, recent results on Ga Al As and
l-x x

• 1 Ga
1 

In As suggest that our approach which uses the electron affinity

difference for the alloy scattering potential is correct [3]. It is

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

refinement of the growth process in these materials to the point where

reasonably pure material can be achieved . Then, by examining the low

• I temperature (77K) Hall mobility, the effects of alloy scattering In

Ga1 ~
Al As can be separated from those due to ionized impurity scattering,

1. and are in good agreement with our previous models.

I
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.In  i o nt  i t I t t h~& s~ ~ so t  t vt r~ Ii t t I .. L ) I l n h .  rm it  Ion  h a s  b~~~n

accumulated w i t  i c l i  e 1 uc id a  L ~~~~ expe r  i -
~c ii I a ! ! v I lie e i t t  I r o n  t r ans~to r 1

I p r o p e r t i e s  ot  ~ a In  1’ •\ s w h i c h  ~ l l l  d i r e c t  l v  t i e t e r tu i ne i t s  u s e lu l n e s sl — x  x i - v  v

as a m a t e r i a l  f o r  h i g h — I  r e q uo n cv , h i g h— s 1-  cd d e v i c e  app i i ’ . t t l o i i ~~. i ro nt

our own Lt horatorv  wo rk in  t h e  g r o w t h  of t h e  ( h t I . i t c l f l t r V  i t  a p p c ar ~; t h at

m a n y  m a t e r  i i i  problems rema in to be solved betore t i l e  t r u e  n a t u r e  oh  t h e

transport properti es can be elucidated. For example , energy  bandgap

measurements do suppor t  the interpolation procedure for determining

quaternary material energy bandgaps [4—6]. However , measurements of

effective mass by various techni ques are contradictory. Some of the

measurements  suppor t  t he  i n t e r p o l a t i o n  [6,7] while other exper imental

data are c on t r a d i c t o r~’ to i t  [8,9]. In addition , Hall effect measurements

of t he  temperature dependence of the electron mobility [10,11] indicate

that alloy scattering is considerably more prominent titan is predicted by even

the largest of  the theoretical estimates. In addition , for the quaterrtary

compositions lattice—matched to InP it has been very difficul t to form

• Schottky barriers on n— or p—type material [2], and there are often

problems in forming rectifying p—n junctions by LPE [12]. The emerging

1. data strong l y suggest regions of non—stoichiometric or conducting—type

defec ts wh ich affec t the barr ier reg ion. Recent experiments in InP

grown by MBE [13 ,14] show the presence of conducting In preci pitates

which affect the transport properties and the format ion of Au—Sc ho t tk y

barriers on InP in a manner which is similar to the measurements on

L Ga In P As [15]. The question of the behavior of impurities , the
1—x x l—y y

formation of impurity—defect complexes , and the behavior of non—stoichio—

me tric defects is emerging as a signif icant research problem in the

~~~~~ s—’.- I ~~ -—
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Ill—V materials w h i c h  will greatly aftect t h e  experimental and theoretical

• J interpretation of t h e  transport p r op er t i e s .  W~ are  b e g i n n i n g  to examine

ways to stud y suc h problem s with t i l e  Monte Carlo method , f o r  example by

m i t  Li! l v  includ ing t u e  Sc i t z  d i s  loca l  lou  seat  t e r l ng  In h u e  c a l c u la t i o n  [ 1 6 ]

• . The genera l  purpose  ot  t h e  above discuss Ion I s  to show t h a t  at t it e  i)rCSL9lt

t ime t h e r e  is not adequa te  ev idenc e  to e i t h e r  c o n f i r m  or d i s p r o v e  t h e

basic interpolation procedure used for predicting ternary and quaternary

material parameters. In f a c t , as exper imen ta l  i n f o r m a t i o n  con t inues  to

be gathered , the interpolation procedure can be refined to make it more

generally applicable.

L We have continued during this year to examine the general area of

submicron device physics, and have emphasized the effort to establish

physical processes which effect the operation of small devices and to

incorporate such mechanisms into the Monte Carlo method . We are examining

the limits of the Monte Carlo method , and other transpor t techniques , as

to their general applicability to small device phenomena .

As a first step in this approach we have implemented a conventional

transient or step—field approach [17] to examining what is commonly called

velocity overshoot in the electron dynamics t18]. Ai~other approach ,

called the “ensemble” Monte Carlo method , has also been implemented which

critically examines various estimation schemes for the dynamical behavior

of both electron drift velocity and electron diffusion . We are continuing

to consider and investigate other areas such as fluctuation phenomena,

[ modifications of collision interactions and interaction time field effects ,

two—dimensional material and device effects , fundamental frequency limita—
t.

tions, and the influence of degenerate carrier statistics.

_  •
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In  add i t  t ou t , we have ~e~gun  1( 1 e x a m i n e  e l e c t  r u n  transport In quasi—

two d i m e n s i o n a l ~ v~~t e I l c  oi  supe r l~~t t h e  slru ettu res . W~ bel i eV c  tha t t h i s

L em e r g i n g  l i e u  h u t s  i m p o r t a n t  *pp h i c a t  h u u i s  I or  new dev ice concept s and

st r u c t u r e s , and t h a t  t u e  h a s  h c e l e c t  ron t~ uuls p to  t p r o p er  t i e s  cJil  be

very  c o n v e n ien t  l v  s t u d i e d  by thc  M o n t e  C a r l o  met  nod . I uu d ev d , some 0

the impor tan t  phenomena can only be ’ s t u d i e d  b y t i l l s  t e ch n i q u e .  in

a d d i t i o n , t h e  s tud y of e l e c t r o n  t r a n s p o r t  in these  types  of s t r u c t u r e s

requ i res  a more comp le te  knowledge of the sub—micron related phenomena

ment ioned  p r e v i o u s ly .

A major  goal of t h i s  research  program is to examine the Monte

Carlo method and its general app licability to the study of small device

p h y s i c s  and phenomena . It is strong ly believed that of the possible

t e c h n i ques t o  be a p p r o p r i a t e  for  such s tud ies  the Monte  Carlo method

• w i l l  again , as in t h e  pas t , prove to be the more comp lete and accurate

computa t iona l  method to s t u d y  transport and hot electron phenomena in the

next generation of electron devices.

1.

4
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6

I 2. 1 Review o t  i’ r og rc s s

I ib is . t L o u  c o i i t . u i i u s  .1 i ) ri el d i s c u u s h u . u i i  o f t h e  work performed

du r  ing  t t i e  p a s t  v c  I Som e ot t i i  i s  work r ep r e s en t s  t h e  cone lus  i o n

0?  c i i  or t  b egun  m o r e  t h u u u t  a ve u F  ago , and t l u e s e  Ir e  p i  c~~e u i t e d  he re  b r
4 

completeness. Also , a d i s cuss ion ot recently initi ated work is Included.

During the past year we have attacked some problems which were ic it as

r barr iers toward the development of the Monte Carlo method for the study

of small device effects. Inc luded in this section is a list of F
publications and presentations. Finally, the appendices include

I—

manuscri pts published dur ing tile year.

I
1) The work on central (000) valley negative resistance has been

completed and published recentl y in Solid—State Electronics (Appendix 4.1).

This work is mentioned here because it has basic importance for velocity

• overshoot. We have studied velocity overshoot in materials which are

dominated by central valley transport , and a paper will be prepared for

publ ica t ion .  This pa r t i cu l a r  phenomena could be a useful effect for

devices. However , the materials growth techniques for the materials

probably are not adequa tely developed , since , for example, Ga1 ~
In
~
Pi_~

As
~

is a material which is dominated to a large extent by central—valley

• transport. The r’henomena cannot be studied in the quaternary at this

• - t ime because of materials growth problems .

~i~~ _ _ _ _
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2) ~~e have examined czire~ ullv and criticall y t u e dcl init lons ot

t e s ti ~~ u t o r s  f or t i le  d i~~t u s i v i t v  a t  hi gh e l e c t r i c  I ~elds in GaAs . T h e

reasons  f o r  t h i s  ar e  d u e , I i r s t , to t u e  v e r y  l a rg e  d i s a g r e e m e n t  L et w e e n

- ~~~~~~~~~~ u~~ur e d  d i  I I us i v i tv  b r  ~~l e c t r o u s  ir  GaAs by  the t j u n e — o f — f  li ght

l e H i t l i t l u e  ( 1 9  and  t h u e s r e t  i c u l  M o t t l e  C ar l o  c a l c u l a t io n s  [ 2 0] .  T hI s

b a s i c  J i s u G r c e ’m e n t  isis u s t  b e e n  Sat  i s t u c l o r  i ly  a n sw er ed  (e .g .  see

r e t e r enc e s  i t t  Appe n d i x  4 .2 )  . ~~ cond l y , i t  a p p e a rs  th a t as one goes to

t he  s m a l l  d e v i c e  d i tu . us ions  d i  f t  us ion w i l l  become more and more i m p o r t a n t

as a possible physical limitation to device performance. Thus , we felt

that i t  was important to establish once and for all the validity of the

Monte Carlo method for the calculation of high—field diffusion coefficient

in compound semiconductors. This  has been accomplished , since it has been

concluded that the large discrepancy between exper iment and theory is

due to unaccounted for circuit effects in the original experiment . A

paper on this problem has been accepted for publication in Solid State

Electronics (see Append ix 4.2).

3) The theore tical modeling of alloy scattering has been continued ,

- and another paper on this subject has been published recently (Appendix 4.3).

At the present time we can only conclude that an alloy scattering mechan ism ,

- or some other form of scatt ering sim ilar to alloy scattering is essentially

dom inating the transport in the quaternary, and we are investigating other

mechanisms for their effects [13]. This work will continue since we have

an exper imen tal program deal ing with the growth and characterization of

the quaternary, and the data obtained in this program will be examined

using our theoretical models.

• •0

L 
_______________

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
•
~~~~ ~~~~~~~~~~ ~~• . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —•



H

I - )  ~~e h i v e  also been e x a r n ln l n ~ t h e  c i i  e~~t i ye  mass interpolation in the

J sa In  P A~. system , in in ct fort to expia in t h e  c o n t r a d i c t i o n s  w i t h
l—x x 1— ’ y -

e x p e r i m e n t a l  e t i e c t i v e  mass v a l u e s  ob ta i ned b Sb u u b n i k o v — d e  ilass o s c i l l a —

t i o n s  ( S t e  i n t r o d u c t i o n ) .  l~e i r e p r e s e n t l y  exp l o r i n g  h h u ~ p o s s i b i l i t y  that

j b i i s i e  e r r o r  i t  be en m ach e i i i  t x t r u t  ing  cf te ctive mass values I ron the

e x per  ime i t t a l  d a t i .  t h u r  i l l  I t in I r e~~u u I t s  s h o w  tha t t h e correct ion required

t o  e x t r a c t t h e  b a n d — e d g e  t b  I e~ I l y e  mass  I ron t i u ~ mass  m ea s u r e d  a t  t he

Ferm i e O t t  ~;v it  -. . 2 K is Lo l l  l u r . m t i t a n  r e p o r t e d . t i tus , tl~ band—edge

correct ed ettec t jV ~ m as s es  are mu~ h mi ller thian originally reported and

are much closer to the interpoLu ted values than the expe r imen t s  have p

orig inally indicated . ~e have collaborated with Drs. J. B. Restorff and

Bland  H o u s t on  at t h e  N aval  S u r f a c e  Weapons Cente r  on th i s  problem , and

we plan to submit a publication in the near future.

5) The work begun almost two years ago on the i nc lus ion  of the  Paul i

E x c l u s i o n  P r i n c i p le in the  M on t e  Car lo  method is nearing completion ,

and a paper is in the p rocess  ot be ing  comp le t ed  and submi t ted  fo r  publi-

cation (see Appendix 4.4). The method is  somewhat  more general  than

prev ious at t er ip t s , and has been used to calculate low—field drift mobility,

l o w — f i e l d  Hall m o b i l i t y ,  and h i g h — f i e l d  d r i f t— v e l o c i t y . We view th is  work

as the first step toward Includ ing electron—electron interactions as a

basic mechanism in the Monte Carlo method .

6) The Monte Carlo program has been modified to allow the addition

of a sinusoidal (in time) electric field and the calculation of mobility

(amplitude and phase) as a function of frequency. Some preliminary

4—

_____  

~~~~ ~~-~~~~~T C ~~ ~~~ L~~~—~-
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r~~ ults h1 v~ Deen ht ai ’~ed b r  aAs . i c r  a dc (bIas) 1 ie ld  E = 1 ky/cm
0

a 10 t~tl.~ ~ I ield w i t h  p e ak  a m p l i t u d e  200 V / c m  we t i m i d  7133 in
I

w I t  hi t i m e  v i i  Uc 72 84  h I  u i i i u d  I r on t h i e  s t a n d a r d  ( d c )

Mon t , ’  t r i o  ~ , - m mnm . l o t  K — 7 k V / c m n  ( i . e . ,  b i a s ed  i l l  t h i e  mie ~~a t i v e

r e  ~ ~ t a S e r e’~~, t o i l  1 We o f t  t a I rt ~~d t h u e  r eSl i  I t s i i i  i.m b Ic 1 be h o w .

t u bl e 1. M l ’ i l i tv Vs f r e q u e n c y  b r  i i — ( ; i A s  = l0~~ cni
1
).

- f ( G i i z )  , .  ( c m / V . s )  /~ (deg)

10 288 160°

50 267 147 °

100 202 85 0

• These data are described reasonably well by a simple singl e pole model

• w i t h  a corner  ( -3dB)  frequency of 100 GHz.

We shall continue these studies and publish the results during the

coming y e a r .

7) The i n v e s t i g a t i o n  of trans ient (step field) response is continuing .

An “ ensemble” Monte Car lo  p r o g r a m  is used to comp ile ca r r i e r  h i s t o r i e s

• (position , energy , etc.) from which i the spatial distribution , k— space

d i s t r i b u t i o n, and va r ious  ins tantaneous  ensemble averages (ve loc i ty ,

energy , position , variance of positions, etc.) can be determined . Results

• have been obtained for n—GaAs (N. = 10’6cm 3) fo r  s tep f i e lds  E = 1, 4, 7,

and 20 kV/cm representing the ohmic , threshold , negative resistance , and

saturation reg ions , respect ively, of the static velocity—field characteristic .

_________________________ 
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A paper d e s c rib i n g  these  r e su l t s  is in preparation. in addition , we have

examined t he  influe nce ot et te .ctlve mass on velocity overshoo t in

Ifl L’~ As and have p u b i  i slmc•d a paper on th is work (Append ix 4 .5)

1 Ihe coin i ris i o n s  o I t Im Is p • m p e r  demms ’i i ~; t r a t e  the  real need to reso I ye t h e

ques t  ion ot  t i m e  v a l  I d i t v  i’~ t i l t  l u t e r p o l a t  ion procedure for Predict ing

ct feet lye mass in the ( h t t t t e r f l i t 1 ~ ’

8) We have  In i t i a t e d  a s t u d y  ot the phenomena of rea l—space  electron

— t r a n s f e r , w h i c h  is a concept  o r i g i n a t e d  by Hess and Streetman at the

U n i v e r s i t y  of I l l i n o i s  [21 1.  The work performed here has been done in

collaboration with this research group and is proving to be a very

f r u i t f u l  i n t e r a c t i o n .  Real space electron t r a n s f e r  involves the use of

layered h e t e r o s t r u c t u r e s  of the  type recent ly used to s tudy  modula t ion

dop ing in s u p e r l a t t i c e — t y p e  m a t e r i a l s  [22 1.  The structures emp loy a set

• of al terna ting lattice—matched semiconductor layers with dissimilar

energy bandgaps and electron mobilities , as schematically dep icted in

Figure 1 using GaAs and Ga
1 

Al As. For an appl ied electric field parallel

- 
to the interface , the electrons are initially primar ily located in the

high mob i l i ty  mate r ia l .  As the field increases the electrons can be

• thermionically emitted into the low mobility material when their average

energy exceeds the heterojunction energy barrier. This represents a

mechanism for negat ive differential mobility which is similar to the

Gunn effect mechanism but which occurs in real space rather than in k—space .

Figure 2 shows the results of a preliminary calculation for real space electron

- 
transfer which illustrates that the Monte Carlo method predicts the process

to be a real effect. We are continuing to work on many aspects of this

problem. Some phases of this work will be funded by the U.S. Army Research

Oft 1c~~.

~~~~~~ _ ~~~~~~~~~~~~~~~ • ~~~~~~~~~~~



I
1 ’
I

1~~~~~

-
~~~~~~(I) d i

U)

J -J —

0
w I (.!~

Y v)



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

• -~~~~

I
I - 

12

i 1/ i

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

1-4
41

S
1-4
‘4
0.

mU

0 U)
is 

— 41— U) • — __ w ‘4

c ILl 0

0 
_ ‘4-’- 

>
‘a

- w - 
-

a _
E (4I— C)4 ’ .  Ci) UI 

I

• > ~~~~ .

Li.i .~~~~~~~

i i ~ 0 0 Cs~

_ e J W• •0~~D ~a. Si 41
I

00

• _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

C~i - 0

L (LO 1)(38S/W3 ) A113013A

________ - - -- ~~~~~~~~~~~~~~~~ .—~~ =- - -J L~~L: : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



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

- • —‘,--- - —-- .—‘.•--.-‘ -w--~.•--’.--
. - ‘- ‘ - - - - - - ‘

~~
- - - - - - ‘ ‘  —

13

9) Work on tile’ tW e)— d imens i ona I mno d~ i i og of  F F 1  d e v i c e s  is coOt Lou ing

A general two—d imens tona l  dcv i t O  nmo d m, I has been developed , and during

the past  year  a c o n s i der a b l e - c t  f o r t  has be -en expended i i i  s t u d y ing  tile use

of finite diffe !rence numerical algorithms to so l ve tire semiconductor

transport e q u a t i o n s .  We are presentl y not s a t i s f i e d  w i t h  the r e su l t s

achievable from th is tecimn ique , p1 imn ar l lv regard in g c o m p u t a t i o n a l

accuracy  and convergence .  A t echn i que h a s  now been developed which

combines the finite differenc e technique wit h finite element methods.

• It appears tha t the finite element method is now evolving as tile more

appropria te techn ique for the umodeling of complicated device structures

• 
~~
. [23]. Thus , dur ing the next year we plan to move in this direction.

The long— term goal of this work is to provide a device program which

will interact with the Monte Carlo program to provide a self—consistent •t

solution for transport and terminal properties of sub—micron devices .
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- 
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S,~4,J •Cm.u, H,,a a, • 501 p~, a isi  am,

P,c~.mo. Pr,., I J tCY p ,rn,.j Hri j n

NLG A HVF RFS ISTANCE A N D  PEA K VELOC ITY IN
• 11W ( ‘FNTRAI .  ((MX)) VA l L EY OF Il l—V SFMI(’ONDUCTORSt

R II ,ktiSi R , ‘1’ II (,i INSIIN and M. A. l i n t iii IIIN

1-kUrival l- mgineering l)rparlmc-ir ( . Nt  State u nive rsity . R~’~~,gh, Nt 27Ni7 . U S A

R,- eii-~d 7 June ~7N . in r,-i-iced form 50 N,iremher 1975)

Abairact li~t’ negative resistan ce in I l l -  materials such as GaAs at large electric fields is generally recogni,ed as
aris i ng from the trans fer of cleti rt’ns from the ceniral (Xt0 ) valley to higher lying minim , in the conduction hand
Monte ( silo transport stud ies sh ow that the negative res istan ce effect is still present in I l l -V material s when the
v alley spacing is inc reased to large values I ’  fl• S eV ) and even present when the higher minima are el iminated
ent , ret y from the calculations This negative resistance arises from basic transport properties of the central vallry •
Studi es are presented of the h,isic negati v e resistance effect in the central valley of Il l— V materials as well as
stud ies of Al , ln , As (a • 0 75) and Ga In , ‘is t~ 0.6) which ~ e two specific materials where the negat ive
res istan ce effect is due predc rninan ll ’ i It’ t he central valley.

I.
The negative resistance effect as first reported by
Gunnhl ,2 i has been observed in several of the Ill—V
binar y and ternary compounds that are direct bandgap 

•
materials . The major Factors determining the negative i
resistance c haracteristic are now thought to be fairly well
un derstood , and a good summary has recently been given
by Ridley 131 A brief summary of the conventional
understanding is useful in relationship to the present

Tb negat ive resistance effect in GaAs has been
identified with a transfer of electrons at large electri c
fields from the high mobility F’ or central va ll ey to higher

• lying L or X minima having lower mohilities , The yak ~~~t~~rL (Pt — ____________

• d ity of th is basic model has been vert fi ed by simp le
• analytical ca1cu lat ions 13—~I as well as by more detailed

Monte Carlo calculations 16—Il l  The energy bands for a x (moot P h u t
general Il l—V semiconductor are shown in Fig I , w here

~
g is the energy separation between the central valley Fig. I. Energy band diagram for general Ill-V direct bandgap

and the next lowest valley, which is assumed to be the J semiconductor.
v a lley. In some materials a three band model including
both the X and I. minima is required to give good lead to the conclusion that high peak velocities should
agreement between theory and experimental results , be achieved in materials with a) a large low fiel d mobil-

In the presence of a large electric field , centra l valley ity and (b) a large energy separation betw ee n the central
electrons are heated by the field to large kinetic energies , valley and the higher lying minima. The binary semicon-
and as the average kinetic energy approaches the valley ductor GaAs has a relatively small val ley separation on
separat ion , a large percentage of the electrons transfe r to the order of 0.31 eV. The separ~ ion for lnP is somewh at
t he uppe r valley. This transfer is enhanced by the larger larger at 0.60 eV and lnP is predicted to have a larger
effective mass of the upper valleys as compared with the peak velocity than GaAs althoug h the field al which the
centra l valley. Ridley has used an energ y balance ap- peak velocity occurs is also somewhat larger.
proac h to estimate the average energy of the electrons as The largest valley separation in the binary Ill—V
a function of electric field and equated this average materials is I I I  eV in lnAs . This large vall ey separation .
energy to t he valley separation to estimate the threshold however , cannot be used in transferred electron devi ces
electri c fie ld for a variety of transferred electro n (TED’s) because of the low breakdown volt age of InAs
materials 13 1 due to the small bandgap of 0.36eV Thus . of the b inary

Simple considerations of the transferred electron effect Ill—V materials , lnP is predicted to have the largest peak
velocity of the materials which are useful for TEDs .

_____________ _________ The te rnary and quaternary Il l—V materials provide a
~This work was supported by a research grant from (he Office wi der range of handgaps and valley separations for

of Naval Research . Arlingt o n . Virg inia. potent ially higher peak velocities th an can be achieved in
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I 11(5 1 K l tsi s~i em at

the bin.i, i ris.iter i.mls I he quate’ t nai t . i  - lii , I’ - , As , I I 1 7 V I I I I -

Lilt it e nsale bed Is ’ lii I’ sii tss t r i te ’ . h a s  I e. .‘ii t ls hx’ t’ii pie• I dueled to  hjv~ a it’.~~ % i~lOt i t ’ , ,,il~t r  ih.iii th.it ,if e’il her
• ( , _ i ‘i’. or list’ ) I 11 l ii,- lii c, l,rvi t,.’ld iu,oliililr, iue ’e’tle’ tl liii - I I I

• high vt - kit tt ~- s ,e’quine’s los. h.iit.lg.ip ili,ite’ii.Ils vs ith sni,iil —

ef f e c t i ve’ uti.Issc’ s lI,’wc ’sei - to.’ limvi .1 tr .iiitI t ~.ilr , -is in ~
‘ ‘-..,, 

•

I (l oo t• J lii As , lcaels t o low lrit ’,ikih’vsii voIt. it~~s I t iiis ,i ei ’il i 5— 5 
I

pr ofu se inusi hi.’ I ‘uii.l hi’! vi cc i i  f lies,- vim ’ i tt i i i i i C u l t ’ i i i ’ . ...~~ -

I- roni hreakcluiw n uultage ’ .uiid - h- s ic. on sumIt ’ i i t ,  ‘ u s . t Ii.-
handg.ip of high selot i t ’ , itl. it . I mis t o t  i- t i b et I l- I  )s mu

T I I -  Is should proh,tlslv he ii i.iiid I e’i mit l.ug.’t ‘ -

If .u nunimuini bandgap oh ,umiiiiid I .- ‘. is sek’t lcd tlu’ii
all the I l l  V te imlars  ,uuiJ qu.dertiat.. iii.ile’ii.u ls can ht’

— searched to find which material hjs the hugest salle’ , ~
, 1 1 1 •J I L.~~1 I

separation. This material turns out to be Al ,ln, As for 5 , COMPOS ITION or A l ~ ~,

w hich the energy band diagram v s  ctsrn pssstti on is shovin
in Fig. 2 At -m composition of (1 ‘

~ th~ ene rgy gap s hg. Calculated energy gaps vs composition for A1 , In, As
- about 0.91 eV w hile the I - to-i s.dlcs separ uliomi is about

1. 12 eV . Monte (‘arIes calculations for this composition calculations were obtained from the binary Ill—V 
—

Ito be discussed in the nest section ) lead to -i low field parameters as discussed in previous puhlucat ,onsIIO— 12l

- 
mobility of about I L700cm~/V sec and this coup led with and are given in Table l.t Included in the calculations
t he large valley separatiesn leads to an expected large are scattering processes due to acoustic phonons, polar
peak velocity before the onset of a negative resistance optical phonons . ionized impurities (l0 ’6/cm ’ impurity
effect. density). piezoelectric . alloy scattering processes, and

- Another ternary material which has a large valle’, equivalent and nonequivalent intervalley processes. The
separat ion and also has .u large h.undgap is Ga , ,In , As calculated peak velocity is about 2.7 x 10’ cm/sec at a

• with 0.4—0 .6 . For example at 04 the handgap is field of about 4000 V/cm. This peak value is about 35%
0.86 eV and the va iky separation is 1) 72 eV l’hese higher than the calculated and measured values for GaAs
va lues are not quite is good is those for the -‘il ,l,i, -‘is  and this verifies to some extent the discussion of the
system hut the technology fcsr (ia , In. As is much itiore previous section as to the need for a large valley separa-

- highly developed. The qttatern arv Ga .lt i ,l’i ,A’., t ion to achieve large peak velocit ies . However , t he peak
prev iously reported on 112 ! .ilsii has a f ,ivotahl e handgap velocity is not as large as was expected ,
and valley separation for large peak vel oc it i e s The numerical values shown at various points along

Monte Carlo calculations csn both the Al ,In, As and the curve of Fig. give the percentages of electrons in 
—

Ga ,ln ,As systenm have not shown as large •u peak the L plus .~~ minima. At the peak of the velocity curve it
ve locity as initially ex pected. this has been foutud to be is seen that only 07% of the electrons have been trans-
due to fundamental phys ical limitations for the peak ferred to the upper valleys. At i0~ V/cm which is far into

L. ve locity which occur within the central valley. For valley the negative resistance region only 9.2% of the electrons
separations larger than about 0.5 eV . t he peak veloc ity have been transferred to the upper valleys. These per-

• - and the threshold field have been found to be determined centages which were obtained from the Monte Carlo
almost entirely by the properties of the central valley, calculations are much too low to account for the peak

- Materials with large salley separations will be referred to velocity and the negative resistance for this material, For
in this work as centra l valley dominated materials since
such materials show a peak velocity and a negative
res istance determined mainly by the central valley. The 0 

- I I I I  I I

• high field properties of such materials are discussed ~
• detail in the next section - .07

• ,
• I - / -

2. (‘FNIRAt. ~4I,I.i~ tW)MINATF1) .~i
- io l - /

MATERiAI.S =
• . The calculated velocity-field curve for Al11 ~5ln0 ..As is - /

shown in Fig. 3. The material parameters used in the ~ /
L - // Al 1.,~ l, , *a , i.  75

— 7 AC — i , u i6.V
• _______________ .- •-~~~~~~~ .- -— _______.— —--— —— ~ to 1 -

— t ihe possibility ex ist s in the ternary materials of twis 1.0
phonon modes, while in the present work a sing le It) phonon .~ ......j i i i_ c , j......_j i i i i i i i
energy is used. This has been estimated from the’ k) phonon io n io ’ to 4 to’
energies of the binary materials and should be considered as ELCC1’SiC FiEt O t V /cm t

- 
some average phonon energy . Detailed properties of the mrrn.iry
materials are not sufficiently known it present t o iuisiif’ , the use Fig I (‘alculated velocity-field curve for A~ ,5ln07.As. The

1. of two 1.0 pheinons However , the use .uf a single I Ci phonon value s along the curve show the percentages of electrons in the
should not detrac t from the ma,n conclusmo ns of this work upper (Il l and tOO) valleys .
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example, at io~ V/cm a trans fer of all electrons hack to previously recognized that t he negative resistance effect
the central valley would Increase the velo ci ty by no more of certain ternary materials can be dominated by the
than lW~’ and thi s is muc h too small an effect to eli- central valley even at room temperature.
minate the negative resistance This leads to the con- The dominance of the central valley is not limited to
e lusion that the peak velocity is being controlled by the just Al , ,ln,As hut has also been seen in other ternary

- central valley in this material and is not due to electr on materials such as Ga, , ln, As with .t - 0.4—0.6. The
transfer to the upper valley.

The dominance of the central valley in determining the 
_______

- . - . - iO T’ T~~ 1~~~1” ~ T 1 1 T T~~~~T I ipeak velocity is shown in Fig, 4 which compares the
calcu lated velocity-field relationship of Fig. 3 with that
obtained by including only the central valley in the -

~

I Monte Carlo calculations. The two calculations give very ‘
E

( similar velocity-field relationships with the peak velocity
being unchanged by the elimination of scattering to the ~
upper valleys. A comparison of the two curves in Fig. ~ ~ ~I shows that transfers to the upper valleys increase the 

~ AC-I l i v
[ - magnitude of the negative resistance beyond the peak ,. 

— —  — 
1000) V A L t ( Y  ONLY -

but the upper valleys are not required for the exi sta nce 
~~ to’ -

• 
- of the negative resistance. Upper valley transfers are

I also seen to cause a larger drift velocity at very large i I I i i  I i i i  m i i

I - fields (at II? V/cm for example). to ’ to ’ to ’ to.
- - . - E L EC T R i C  Ft EL O tV/mi tA similar negative resistance effect has been predicted

I to occur in the central valley of InSh at low temperatures Fig. 4. Comparison of velocity-field curves for Al,151n,,.As
( 

t 7’7~K)J 131. However , it does not appear to have been using central valley only and using all vatleys.

- 

‘ -
~~~~~ ~~~

- 

~~~~~~~~ 

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

- 

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



~~~~~~ - . ..—- -~~ —---

I
4~~t I it l i s t su~ ‘I dl

selis,it’, field c urve for thus tern .ir’ , w i th  u t l t, us s Ilm u vi U hig her is i lIg uu t u t i i i t t , i  (e i ther  k sir I v-alleyl is so large that
in l ug ‘this part ictti.u r nm.ute ru . i l his .in ent’tg’, g.up tuf oui l’, the mm t’li iI,iI .miit ’’, must be eo rt midered in the ir,uns

e,S e V m d  a s_ tI les st’p.ur.itl mln v ’t tI ~~t .-
~
, -5.’. a uth 1 ,mitl III .iIl of the Ill V tern..ry and quaternitr y iII,iteriIils

• - -Al 5, 71 ln, ., -\s . the presence of the tippe t s , uikmm h.is the sp.ucing t Ill tieser be made so l,trge that ii h~s nil

essential l’, no effec t mm th~ peak mm eliucit ’ , , t  t Iirs’sht ’i.l eff ect t in the transport proc e ss Heswes er as the
field for negatms e r e s l s t u n ce the tipper m Ile s s . e..j n pres ious st’~ lion i l luust r ;u i es , t he spacing can be smi large
increase t he negative re s is ta neC ~ f Iemm t mI ld t i l e leas t - the ’ ( h u t  inter’. .ulky Itansiers hase a negligible effect on the
high field seloe it’, ‘e.mk sel m ici t ’, and thresho ld field for certain materials. A

Th~ iw -
, materials discussed s It t o  h.ive large s tIlt ’’, slush em f tr .mrispsi rl in munl y t he central valley can thus lead

sep ar .,ti ons . m d  th is us the’ cuin dtt um iui for th,’ pe’.uk mm clii it ’ i ll uiiderst ,unehung mif the physical processes leading to
i t s  and t hreshold t,~IiI bei ng dt ’ ICrillined by the ce l l i r / u l  .m peak velocity and negative resistance effect in these
alley - I-or low c i s-alit’’. ‘sp ir it ions - how s’s s r - suu c 1, .~~ It lIutert /ul s as wel l as pruus ide m u m upper limit to the peak

th~ 0 11 e 5. (or t , .u 5.’. the quest ion mi isis .t’. to how mm ~Itiv’ it ’, (or itt her in;uter i.uls Since the At ,, ~I n0 ,*As —

import ,unt us I ht ’ i t t  l&’r ,uIle’, ii ,it l s te r u ii .‘l.’~’ I ru n t ’ . ill collies c lost’ ‘.1 of il I the tertiary Ill V materials to being
determining the pt’.ik v doe it ( ‘ dc uLttuii ii’ . f.ii ( -5.’. clonlinia teit I’’, the ~e t it r,ml vall ey, the paranseters (tsr the
have show ii tb/it without the I iii. ’ 5, s mIle’ ,’ . pR’ 5t’lit t h e  0.111. t i l a t ut in s prese nted in this section (using only the cen-
velocity vimiuld peak ml ,ib,uut 2 lii - 

iti/st ’ i m s uuppuisrul I r u  s .mllt ’’~ ti, ’ selected ms t hose eif thus material - and mr C
to t he s .uIu~ of ,ihii t it 2 it ‘ Ill - 

curri st’mm uth’luehulig the UPpt’I listed il l  I’ahle I
va lleys, thus the t r,u ttsfer of ca rriers t mn the tipper mm ilk’ss I he negati v e r Cs r st , u n ce antI peak vcloc it in the ce nt t al
reduces t he peak vClot’ lls in ( a  -‘v s l’s about 2tt ; s t i lt ’s have been found to he due to the fundamental

The central sa lle’, domitta tcmj materials such as shown properties of the tionparabolic hands of the central valley
mn Fig 4 are predicted by the ~v1t,nW ( arIes calculations lvi ms first d~’,cussed h~ Persky and I3artelink(l31. The
have a large peak-Itt-valle y rains for the se it uc i l ’ ,  fie ld negatise resistance esceu rs when the nonparabolic bands
cur se The peak-t o-valley ratio in I- tg . 4 ranges front Ire considered wit h only the dominant scattering process c
about 4 to 7 for peak fl~lds from 2(1 to 1(8.) k\ - For (~~i -‘is of polar optical scattering. This is seen in Fig, 6 which
wit h a smaller valley spac ing, the peak t o -s / i lk ” , ratio ~ compares t he velocity-field c urve for only polar optical
at most about S hs both experimental measurement 14 1 scattering with the corresponding curve including all
and theoretical calculat ions lt6) This large pea k-to-valley scattering processes. The general shape of the curves is
rat io for the central valley dominated semiconductors seen to be determined by polar optical scattering with the
may be espec ially usdul sru cerI um de’mmte ~ application’.. other scattering processes simply reducing the velocity

The preceding discuss it ,n has demonstrated that w hen by almost a constant factor at all field values.. This
the valley spacing becomes large the peak scI~cit’ , and domtnance of polar optical scattering is to be expected
threshold field are no longer determined h’, electron since It is the major energy loss process.
trans fer from the central s mIle ’, to higher lying minima. The presence of a negative resistance in Monte Carlo
The peak s~ Iocut’ , us rat her determined by the fun- calculations when only polar optical scattering is con-
damental transport properties of the centra l s mil e ’ , In sidered is at first very surprising. This differs from pre-
order to understand t hese central salle’ , lumitatt ssns a sious studies w here It has been sheswn that only polar
stud’ , has been made ‘f the high field properties uu f model optical scattering leads to an energy runaway condition
semiconductors wit h ~- nls - i centra l valley These studics aI large electric fleldsf 16—18 1. As shown below the
are discussed tn miet,uil in the next ‘~ect ns sn. difference between these earlier studies and the present

study arises from the description of the energy hands.
i raAss~~~i IS C ~S1IA i S ~i.LgV (551 The studies referenced above considered parabolic

This section considers .u semiconductor tn which the energy hands while the present work has considered a
spacing between the ~ent r ,ul v. ui le ’n 111000) s. u l l e s  I and nein-parimbeslic hand described by

-. T ‘1’’’ 1 7 1 t I ~~ T I  I y ( e )  = e( I + aC), ( I)

1
-

where m’ is the effective mass at e = 0 and a is the first
- ~~~~~~~~~~~~~~ order non-parabolicity factor! 191. With parabolic hands

one gets energy runaway and with non-parabolic bands
I- / “s’.-.. — 

one does not.
The basic physics of high field transport can be des-

us, * A. N, cu bed analytically by energy and momentum balance

— AE O 9O IV  
- equations of 131

-. —10001 V aLL EY ONLY
~ I~~ - -  — - — A L L  V A L L E Y S  : *

- •d r ,, r m .t’ _ A
L - £~~~~L_L-LL - .1 - - - LLL  m — q — — — ,

lO~ io n -0~ tO~
ELECTRIC P u ELO tv / en )  de qEr C — Ct 0 (3)

Fig. S Velocity-field curves for Ga,,.In,,,As cit
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where F is the eIec t r,~ held. m the energy depetident 101

1 
I I I I I I ~~ T I  I

ehfec ti vc mass . E r t he thermal energy . r ,,, th~ momen t um
...,,IU LA R OPTICAL

_
“5,

r e lax~~ion I ~ ne~~nd~~. t i ~~~~~~~~~~~~ 
~~~~~~ ,—

,-- 
- 

-
~ liNt V

/ .  lm I,
- ,  N

io ,t / / to ‘~m 1 u I )‘ 
~, 

- 

/ A L L  ‘, I , A l  T I R i N G N VI q r ~ r . r / 
- PROCES ’ . t S N

• - -

m~’ r•
(E  ~ , T~ 

) (5) 

1~~~~~ 

— 
- 

I 
10”~

If a model is available for r, ,mi~d r . as funct iuiuis 1,1 _ 
~

energy, these equations express F and as functions of ~ -
A5 25 is,

15
A 1

average electron energy. 13y solv ing these for s.mriesu’, 

11

b0001 V A L L ~~V ON

values of energy. r us a function of F can be obtained -, si~~vL A N A L ’ I T I C A L  MODEL

For polar optical scatter ing only and it large energies I I I I I ii I
to 1 10 3 

~‘_I~Ic P ~w~) the relaxation rates can be approximated as I -II- I L  CC TRic

= 
q_ •) “2

~~WU I I I dyb~ ) 
( 2n(w,, t , I-mg h Vel o c ity held c urve for central va lky with Just pot~mr

tuptical scattering.
r , Sir*’ ~ ~

,/ ~~~~~~
c — c , 

= ~~~~~~~ ol ’ ( I  - ) I dy even less than that given by a hand described by eqn (I).
c~ ~7~~TTS d~ (6) Thus if energy runaway does not occur with a band

described by eqn (I), it will not occur in a band where
51

energy increases more slowl y w ith k. Also the negative
~ In (4~ i C ) ( h~~~~~~ ) (7 1 

effective mass region of a band can by itself lead to a
negative resistance at high fields. Thus a more accurate

where A~ u0 i s the optical phonon energy and n (wnl  ts the descript ion of the nonparabolic band should enhance the
Bose—Einstein factor, More detailed and comp lete treat- negative resistance calculated in the present work.
ments of the relaxation rates can he found in Refs . 12( 1 . 2 11. A second question arises as to the neglect of p-state
However , the presen t simple expre.s.sionsappear to conta in mixing in the model for the relaxation rates of eqns (6)
all the information needed to understand the central valley and (7)171- In order to compare the Monte Carlo and
negative resistan ce. The energy dependent effective In/u’.’. analytical results , the Monte Carlo results reported in
can also be approximated as Fig. 6 did not include p-state mixing in the calculations.

A comparison of the Monte Carlo results both including
— m *

Id
~~~

’
~~ ‘v and neglecting p-state mixing is shown in Fig. 7. As can

— 

~~~~~~~~ I ~‘.
‘
~~i) be seen there is little difference in the overall results. The

velocity including p-state mixing is just slightly larger
In a parabolic hand ly = e . ldyldc) = I) both the r ules elf than that neglecting p-state mixing, Thus the existence of
momentum loss and energy loss decrease with energy. the negative resistance region is not sensitive to the
This makes it impossible to achieve steady state above a exact model used for polar optical scattering.
certain energy. For a non-parabolic band as described by A simple interpretation of the positive and negative
eqn (I). i’,.. - approaches a constant at large energies resistance regions can be obtained from the momentum
while ( —  *~-) Ii ’ , increases slowly with energy as and energy balance equations. The energy balance equa-
ln (2EJAw.~), In this type of energy hand a steady state
solution can be found at any energy.

The analytical model as expressed by eqns (4)— (8) has - I I  I I I I I

been solved for the parameters given in Table I and for - -
—

the energy band of eqn (I). The results for velocity as a ~ 
- 

/ 
/

function of field are plotted as points in Fig. 6, Excellent ~ /

a&eement is seen between the results of the analytical ~ 

- 

, 
/

,.H O7 /model and the Monte Carlo calculations. This supports , .

the accurac y of the Monte Carlo results and demon- 
~-J

Al
25 

I n 75 A s
straf es that negative resistance is a feature of the central ama.
valley when non-parabolic energy bands are considered.

— WiTHOU T P-STATE M i X i N GTwo basic questions can still be raised with respect to 
~~ - — — — wtrn P-STATE MIX iNG -

the results reported here. First , the energy band is in - -

reality more complicated than the form expressed in eqn _______________________________________
(I). This equation approaches a linear E vs A relationship uo 2 to2 uo’
at large energies while real hands have a region of ELECTRIC FiEL D tV /c ,,n I

negative effective mass at large energies. In su ch an Fig 7 C omparison of calculated velocity field curves including
• - energy band, the electron energy for .u given field will be Iinel not including p’sta iC mixing in the scattering rates.

-- 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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J t t o n .111 be written iii a slightly ulttfc ieni It’ : iii f i t utu eq u u lower Mei rt t e ( arlo result f u r  the tern/u ’, and quatcrn iu y

~ i when only polar 1uplt~ il . IICI tug is onsidered - materials is due to the presence of ,m llsi ’ , scattering in
these tna t er i.uls vs his h us n eut presenl in the t’t ii.msy

.~~t l’, I’ , ) ut i.ml er i/uls If  .mllo’ , s c. mttrr i n g had not been included all of
I 

- 
- the’ Mui t i t~ ( .ir lt ’ results would have been around K0-.90”~- ,,

of t he lin i it u tu g .ulmi ~’ ~tv en hs eqn I I t )
vs here - ..~r 5 . s .  I ’ . is Ihs proh . it ’ uli ts uif r~Iuoi io uI s i nus  Monte f~,ui lu ’ result ’. .mre nuil show n for lnSh and GaSh.
s is u rt . P. is t he pui~b.uI ’ uIuts II ~hu’itu’ i i .uI ’suui 1’ t iuuti , 7~, is tI e ’ I he h.~nuI g.ip ‘t l uS h  us te iei low f u r this material to be
il iC.uII t u l l e  t’,_ t  W e e i i  ss  . i t t t ’i uui ~’. l i i  I • sos, It ‘ .Iuu ’ iul~I l’e’ usc d iI( ,iI t he- lie /uk s clu us i t ’ , I- el i ( ,uSI’ the presence of
neuteui t h.ut r us nu’t c v . ,  II’. I lu s h I l l  m s r, muse d u uu 1q11 the / I t iuil i uli ,i mt uuiil’ , (I t$~ c ’S _il~ use ’ the I minima c- /muses
1 t  ‘SI large cuiclgucs the ne’g.u t ise res ist .uise effect not h I  ~~~~ imr in this

i n.ulc r i . m l I he ela i,u in lug  ~ t r o l t s  uk’ s that there is a
,. I , . (

~ 
, I 

) i i i  I t  
gener al trend luuw/u ld  l .u rg er pt’.ik velo c i t ies .us the

I h.rneIg~ip uuf the seiiiicoutductor deL Ic.ms es

th e fund/intent / m I I uiI~ s of p01/mr opt cal scat lertng and
where u ~~.‘. A I hand nonp/ur/iboltc its in the cent r.ul s ulle’, combine to

F rom the ulionientUlil m d  energ’, rel.u~.itiuiii tuni Cs , the determine t he peak c’locits vs hich c,mn be achieved.
ve (ocils can t hen be ex press ed . t s  Figu re ‘-~ sho ws the s s’ loci t ’, field curses  for the central

/mlley onI~ of A l., ~,ln1, .,As wi th different Ii values ,

I F. I I  
w here the lhetu retic.m l value e,(

In ,

1i ’., I t O h I Lo 2k 11 I II = —
~
— ( I  - - ( 14 ) - -1 - - - ( I I  e~ m1,q~. F ’ -

w here eqn 112) us only ,ulid .ur I/urge energies . -‘st low gives I tM eV for AL1 .,ln.~ 
,,As This corresponds to

fields and low particle energies where m~ m’ and r one of the curs-es in 1-ug 9. Also shown are velocity field
are constant . eqn ( I I I  predicts .m line/IrIS increasing cu rs Cs for i values .mn order of magnitude smaller and an
ve locut ’, with field ‘St l.mrge ttelds if were constant eqn ord er of magnitude larger than the theoretical value. For
11 2) predicts .m decreasing se locits with increasing tield values of ui less th,un 0.104 the calculated values are
rhe Monte (‘arlo results and eqn Cl .ectu.eII’, show that c lose tel t he (1.104 curse of Fig. 9. At t he theoretical value

increases wi th p.mrtis Ic eneri~s .us In I I. .utid tn lurn of us the nonpaa-abolicity is seen to reduce the l~w field
increases .1’. 1 -

~ .ut I/urge - fields I hese culmt’ ine ie u iti/ ike’ tflelhility by about t7~ - le reduce the peak velocity
increase as In Il’ t this us -t we.mk dependence ,mnd slightly, and to increase the threshold field from around

does not compertsate for the ~ 
I skpenstvtscv of eqn kV/cni  to around 4k V /cm A v e r y  large nonparaboli-(12 1. Equation Ill I t s  ,mls u, satis f ied .ut large fields hes muse ci t y Iii = 10.4 ~\ I

) which forlunatels does not occur in
increases wit h energy .irtd h~fd the Ill—V materials, is seen to drastically reduce the low

Equations t I l l  and tI1) can be used tel provide un field mobility and the peak veloc ity . The nonparabolicily
upper limit on t he seloc its which can be achieved in .u w ill he most important in materials with narrow
semiconductor Its equ.utung the limiting expressions of handgaps and large valley spacings , since a is large for
eqns ( II ) and t1 2 1 and t.uking ~,,. and so lstng for such mater ials and the carriers become heated to large
qF r m . one e ’ht .uins energies before infers-alley transfer occurs.

F e 1 = = I —- t,t nhlht .s :2 A T I  ~ . l~ 1
~ fl - - - 

~~~~~~~~~~~~~~~~~~ I I I I I

4 .—
Va lues of i- .,,~, for several binary and compound materi-

lflS b iAI .IIiA,

are the peak seloc t t s values that result from Monte Carlo So, ln iiP . Aet
als are shown in Fig 8. -tIs o shown for sese r .ml materials 

- 

nA.

S * iGo.inl* . Icalculations including /111 hands and all scattering rIro ‘
~~ ~~~ I

cesses . For the binary materials (.u.-\s. InP and InAs the S

Monte Carlo results give peak velocities that are about ~ - G.~~
G.A.

82—~Y~ of the values predicted b~ eqn (13). For the two •

ternary and elne quaternary materials shown , the Monte : ~~~

(arlo results differ from eqn (It) bs large amounts . The ~ • IN TRA L SA I L ( V  L lull . (I I TI I -

M ONT F C A R L O  RESULTS

~ t_ and r1, arc onls equ~ for special sca tterin g preit -e sses such us , L_ 
- I L - L C I —~~~ 

] t
isotropIc scattering Thes are not exact ls equal for polar optical 0 4 5 I 2 i A

SANO GAP lidscattenng. However , the lImiting expression obtained in thu
manner ha~ been found to provide a pensrst upper limit to the peak Fig. S. Calculated upper limits to peak velocity considering cen-
velocity for a s imriers of semiconductors tral valley onls

- - — -~~~ - --~ - —N-—--- ~- ‘~~~~~~~~~— - - —~~---~‘--- ~~~~ ~~~~~~~~~~ . ,- ~~~~ ______
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The presently accepted theory of negative resistance 7 W (-aeec ct t . A D. Boardman and S. Swain , J. Phys. (‘hem .
effects in I l l—V semiconductors attributes the effect to Solids 31. 1963 ) 19’O)

the transfer of electrons from a high mobility central ( I )  It J G. Ruch and Vi F-aw cet t . J .4pp / Phy s 41, 38-43 (1970).
- - V W. Fawcett and D. C. Herbert , I. P/m s. Chem . 7, 164 1 (1974).valley to lower mobIlity , higher lying energy valleys (1. 10 M A Littlejohn , J K Hauser and 1. H Glisson . App i. P) tys .

or Xl. The present work has shown that in material s w ith l e ts 28, 52 c I97c)
a large valley spacing the negative resistance becomes II J K. Hauser, M A. l.utt lejoh n and I H. Glisson. App !. Phys.
dominated by the central valley. Monte Carlo cal- l uS t 25. 4~8( I976 )
culations have shown that the presence of the upper 12 M A  Litt lejohn , J. R Hauser and I H. Glusson , App!. Phys.

valleys us not required for a negative Tev is tance effect hut s G Pershy and I) J Bartc lunk, IBM Journal 13 , 607 (1969 1
t hat polar optical scattering acting in a nonparabolic 4 P A Houston and A G R Evans , So/ md-St. Electron. 2&
centra l valley alone gives rise to a peak velocity /und I’P I9~7)

negative rCs ista nce effect For material s with vall ey I~ l ittlcjohn . i K Itauve r and I Ii t,tus so n , I. App!.

spacings of 0.~ c ’S or larger the peak velos- i ls and iv  F M (~ unwell . High I-/tie] Transpor t in .SelfluuuIndUCItIrs, pp.
t hreshold field has been found tel lie determined almost P$ ~ot Academic Press . New Yu rk (1967 )
entirely by the central valley negative resistance effect I? U 1-reshluch and H V (‘arant ape, I’ri’u Phm s .~ ‘u tluIfldO,i)
Transfers to the upper valleys influence mainly the li4~. 21 t lVSb l

- - 1$ K Stratton , Pruiu R1,~ . 5I,I 4246 . 406 ( 1958).magnitude of the negative resistance and the carrier 
IV I M ( ulnwell and M I) V,mssc- Il. l ’hu, lIeu- lob. ‘97(1968 )

ve locity near the valley minimum of the velocity field 20 U M.utz . Phv ’ Ret- lbs . 84t (196 7 1
curve. 21 K C (‘urhy and I) K I-e rrs . PA y s . Ret- 8-3. tt79 (1971) .
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Circuit Efft’ct~ i in T f n t ~’--o 1-- F ’ l i g h t  Di ffu t-ti v ity Measurements

T. H.  C l i s s o n , R. A. Sadler , J . K .  Ilauser , and K . A. Llttlejohn

r Department at  E l e c t r i c a l  Eng i n e e r i n g
North Carolina State University, Raleig h, NC 27650

r A b s t r a c t

A monte carlo procedure is used to examine certain effe’cts that

interfere with the determination of the diffusivity D from current

rise and fall times in a time—of—f light experiment. It is found that

electron bombardment t ime , samp le capacitance, contact resistance ,

and oscil loscope rise time can cause considerable error in the measure-

ment o f D, especiall y near t he threshold electric field . It is shown

that a reasonable accounting for these effects can explain much of the

diff erence be tween experimentally—and theoretically—de termined D—E

characteris tics for GaAs.
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In t r o du c t  Ion

l x t e ns i Ve 1 I u - . i s ur L ’m en t  II  c i t  t he t i -an spor  I p r o p e r t  I es of e l e c t  runs  in

GaAs were rt’(’ i t  t t~d by Ruch .mnd K m o  in 1968 [1]  . it has proved difficu lt

to bring monte -~- a rl o c- . m l c u l . i t ions  of  t h e  u i f f u s l v i t y  ve r sus  f i e l d  (D E)

c h ar a cte ’ r i s t i c  into ,t~~t t ’s ’ m e ’nt w i t h  t h e  e x p e r i men t a l  D —E c h ar a c t ~~r I s t I c

in [1] without s .m c rl ficin g some agreement elsewhere , e.g., w i t h  ve loc i t y—

field (v—E) or mobili ty-temperature (u—T) measurements. This state of

affairs is illu strated in Fig. 1, where three calculated (monte—carlo)

D—E charac teristics are superimposed on the experimental (RK) D—E

charact eristic f rom 11]. Curve A , calc ula ted by Abe, et al [2], is in

good agreement with the experimental data for E ~ 2kV/c m , bu t leads

(through the Einstein relation) to a low—field mobility that is about

twice the accepted value . Curve L was calculated by the present authors

using the model proposed by Littlejohn , et al [3). That model yields calcula ted

v—E and ~—T characteristics that are in good agreement with experimental

da ta , ye t yields a D—E characteristic (curve L in Fig. 1) that is quite

d if f e r e n t f rom tha t measured by Ruch and Kino . Curve PR in Fig. 1 was

calcula ted by Pozela and Reklaitis 14] using a model that is only slightly

d ifferent from the one described in [3]. The present authors have been

unable to reproduce this resul t , and cannot attribute the great differences

between curves L and PR to the slight difference between the models

described in [3] and [4].

The experimen tal (RK) characteristic itself iR questionable in two

regards . Firs t , it rises sharp ly in the ohmic region (0 < E < 2kv) ,

whereas P shou ld be nearly independe nt  of E there because of the Einstein

L
r e l a t i o n .  Second , the RK c h a r a c t e r i s t i c  appea rs (when ext rapola ted )

~~~L~~: ..~~, ______-
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to appro.ic-li lOO — 150 cm
2
/~. at l a r ge  f 1s-l d~~, whereas  e x per i m e n t a l  data

j 
- 

indicate t h a t  1) does not exceed 20 cm 2
/ s  at K 50 kV/cm [5).

In Ruch and Kino ’s paper [1] t h e  experimental D—E characteristic

was compared to one attributed to  Butcher and Fawcctt (6J* ~nd it was

suggested that the considerable differences were due in part to “inter—

va l ley  diffusion ” . Huwever , i t  is ha rd  to see how this effect could have

been excluded from the monte—carlo calculation described in [6], since a

two—valley model was used. 
- 

-

In this paper we suggest tha t  some of the differences between the
*

exper imental and calculated D—E characteristics might be due to seemingly

neg lig ible circuit effects that interfere with the measurement scheme

described in [1]. These circuit effects include the samp le capacitance,

— 
contact resistance , imperfect matching , oscilloscope rise time , and the

like.

Theory of Diffusivity Measurement

in the t ime—of—flight experiment, carriers are injected at the cathode

and dr ift under the applied field to the anode. Diffusion causes the

spatial distribution of carriers to spread during the drift. Ruch and Kino

assumed (see Append ix C of (1]) the spatial distribution of carriers to be

gaussian with mean x = vt and va r iance ~2 2Dt, where v and D are the

drif t velocity and diffusivity, respec tivel y. Thus the carriers reach

the anode at times near f ly , wher e £ is the sample thickness. At that

t ime 
~, = i’S/2Dt/v , and the current falls from 957. to 5% of its peak va1~ e

in a t ime g iven by T F 3.28 o
x
/v. Thus the diffusivity can be obtained

*Actually , no D—E da ta are g iven in [6). The D—E data attributed in [1) to [6)
• appear to have been obtained from the v—E data in [6] via the Einstein relation .

I’.
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F
from a m e a s u r e m e n t  of the 9 5 %— 5% c u r r e n t  f a l l  t i m e  th rough

1 2 3
4 . I

F
V

D = 

2I~~~ 
(1)

where  v is o b t a i n e d  f r o m  the  sample  th ickness and t r a n s i t  t l ,me ( the  t ime

a~ w h i c h  the  c u r ren t  has  f a l l e n  to 507. of i t s  peak v a l u e ) .

The more e l a b o r a t e  deve lopment  g iven in Append ix  C of [1) l eads  to

2 2 3  -

1 (T
F

_T
R

)v
D =  21.69. 

(2)

r where is the 5%—95% cur ren t  pulse rise t ime and v is obtained from the

sample thickness and the elapsed t ime between the 50% r ise  and f a l l  t imes .

However , it is not clear that diff usion effec ts have anything at all to do

with the shape of the leading edge of the current pulse; the inclusion of

I 
T
R 

in Eq. (2) is perhaps best regarded as an attempt to compensate for

circuit effects and the finite time for which the sample is bombarded

(to inject carriers). Ruch and Kino s t a t e  co r rec t ly  that Eq .  (2)  compensates

exactly for circuit effec ts if the  rates of current  rise and fa l l  and the

ci rcui t  impulse response are gauss ian , but the assumption of a gaussian cir-

cuit impulse response is hard to justify. An exponential circuit impulse

response seems more l ikely,  in which case Eq. (2)  can give wrong values for

• D .

Ci rcu i t  Model and Results

~~. The experimental appara tus  and set—up used b y Ruch and Kino are

described in [ 1],  where r ise (and fall) times of “as much as 0.2 ns”

were att ribu ted to sample and support capacitance , contac t resistance ,

and the l ike . The oscilloscope r ise t ime was 0.06 ns , and the sample

was bombarded by electrons (to inject carriers) for t imes on the order

of 0.1 ns . The electron—hole pairs were cre.1ted within 3 iim of the

--- - - -4- - - - ~~~‘.
4—. —.‘~~ “ —‘— ~- ~~~~~ - L.. — .—~—.-.-- i—.-- ~~ r —--~ 
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ca t hode . These  e f l e c t s  and others (such as space cha rge )  c o n t r i b u t e  to

-

~~~~ 

and i
F 

in Eq. (2), perhaps as much as or more t h a n  diffus ion , and may

distort the value of D thus obtained.

A first—order accounting for circuit effects can be made by super—

imposing the responses of a single—pole (R—C) circuit to a number of

rectangular current pulses , each of which represents the contribution of

• I a sing le electron to the total current through (or voltage across) the

sample. This is illustrated in Fig. 2, where an individual current source

is described by

k(9.—x )
1 (t) 

~~~~~ 
[ U( t ~~t )  — u (t—t — at )].

(In Eq. (3), k is a d imensioned constant that accounts for charge density ,

sample cross—sectional area, and electronic charge.) In the calculations

to be described here , X
n 

is randomly selected from the interval [O ,3MmJ

(to account for penetration of the bombarding electrons), t is randomly

selected from the interval [0,0.1 ns] (to account for the time for which

the sample is bombarded), and ~t is selected from the density

—(9.—x —vt~t )
‘
~/(4DAt )

n n n nf(9.—x ,~~t ) = e (4)
n n

which is the density of the time to absorption (t~t )  for Brownian particles

released (at t0) a distance £—x to the left of an absorbing boundary

(the anode) [7]. In the Ruch—Kino exper iment and in the calculations here ,

the sample thickness 9. 0.03 cm.

Our procedure was as follows: (1) The field dependence of v and D

in Eq. (4) was obtained by a mon te—carlo calculation from the model

described in [3). This is equivalent to assuming that curve L in Fig. 1

is the “correc t ’ one that would be observed in the absence of Interfering

effects; (2) For each field (1kV/cm ~ E ~~l2 kV/cm), one thousan’~ values

_ _ _ _ _ _  

— 
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each for X
n~ 

t . and ~t were selected as described above ; (3): The

• 
[ 

circuit response (simulated pulse) was constructed from

1000 k(t—x )
r r(t) ~~~ -~~~~~~~~~—~~~~~~ [g (t—t )—g(t—t —~t) ) (5)

n 1  n

where

i —t/t
g(t) = [1—c c

]U (~~) (6)

f is the step response of the circuit for time constant T
c
; (4): The 5%—95%

rise time t
R~ 

95~~5~ fa~4l time TF’ and 5O%—50% pulse duration (transit

time) of the simulated pulse r(t) were determined ; and (5): The drift

- - velocity v was calculated as v — Z / t
T 

and the diffusivity was then calculated

using Eq. (2).

The calculation just described was performed for several values of the

circuit time constant i .  The best agreement between the simulated and

- experimental D—E characteristic was obtained for 0.25 ns. The results

are shown in Fig. 3. The dashed curve Is the exper imental data from [1],

and the solid circles are the diffusivities calculated from Eq. (2) as

described above . Curve L is repeated from Fig. 1, and shows the specified

• 

- 
diffusivities used in Eq. (4) for the random selection of the individual

carrier transit times. Curve L and the v—E data used in Eq. (4) were

- calculated by the authors using the model described in [3) with impurity

concentration N = l0
14cm 3. This impurity concentration is reasonably

I consistent with the sample resistivities given in [1].

The observed D—E characteristic in Fig. 3 is in good qualitative

L agreement with the experimental data , but is displaced toward higher

fields. This displacement is due to the fact that the model used leads

_ _ _ _ _ _ _

~
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to a v — E c h a r a c t e r i s t i c  t h a t  is disp laced to the right relative to that

measured and used to calculate D in [1]. The v—E characteristic measured

I 
in [1] is in much better agreement with tha t in [6] than that in [3], so

- the calculations described above were repeated using the theo~etical v—E

and D—E data attributed in [1] to Butcher and Fawcett [6]. The best fit

circuit time constant was T = 0.22 ns, and the results are -shown in

I Fi g. 4. The simulated D—E characteristic is closer to the experimental

characteristic than itt Fig. 3, mainly because the peaks more nearly

coincid~ .

• Conclusions

The circuit time constants T 0.25 ns and 0.22 ns used to obtain
C

the resu l t s  j u s t  described are reasonably consistent with the estimates • 
-

given in [1] ( 0 . 2  ns fo r  sample & supports , 0.06 ns for the oscilloscope),

and lead to observed (measured) diffusivities that are greatly inflated

near their peak value . The term in Eq. (2) does not compensate for the

circuit effects , although it was found to almost compensate for the effects

of the 0.1 ns bombardment time. It was first thought that the circuit

effects would also disturb the transit time measurement, and thus the

measurement of v, because the leading and trailing pulse edges have different

slopes and would suffer different delays; this was not found to be a problem

• for the time constants consid ...red here. The calculated drift velocity was

L always within a few percent of that specified in Eq. (4) for the selection

- 
process.

L

1~
I-
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The impact of the circuit effects on the measurement of D is further

illustrated by Fig. 5. Here the specified v and D were calculated at

E — 4kV/cm using the model in [ 3) with N 1014
cm 3 . Thus the “true”

I diffusivity is 300 cm 2/s, as was observed for a circuit timt constant

I 
of zero . The simulated diffusiv ity remains close to the actual (specified)

- diffusiv ity for i 0.05 ns, and rises sharp ly for T > 0.15 ns. At

J 
= 0.25 ns, the  s i m u l a t e d di f f u s i v i ty  is about 900 cm 2

/s , and corresponds

to the peak value of the  observed D in Fig. 3.
~~4

Equation (2) can give good resul t s  if the external  c i rcu i t  e f f e c t s

are small compared to the effects of diffusion. In terms of the model

• used here, this requires that the circuit time constant be small

compared to the fall time due to diffusion alone at all fields of

interest. The fall time t
F 

is on the order of 2a (T
T
)/v = 2y

’2D9./v~

and is smallest near threshold . Based on this simple argument, it

appears Eq. (2) is useable provided F

c ~~~~~~~~~~ . (7)

For GaAs and  E = 4kV/ca  we f ind %f~~9./v~ 0.1 ns. As expec ted, this value

- is also roughly that at which the curve in Fig . 5 begins to turn upward .

- If the inequality in Eq. (7)  is not satisfied , circui t e f f e c ts mus t

somehow be accounted for . If the circuit effects can be modelled , a

procedure like the one described in the previous section can be used to •

construct curves like the one in Fig. 5 for various “actual” values for B.

- These curves could then be used to correct the results obtained from

Eq. (2).

L
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Figure  Capt ions

‘-4

Fig. 1. Diffusivity versus app lied electric field for electrons in
• GaAs . RK: experim ental data from [1]; A: Monte—carlo

calculation from [2 ] ;  PR: Monte—car lo  ca lcula t ion from [4 ] ;
L: Monte—carlo calculation by the present authors tusing the
model described in [3].

Fi g. 2. C i r c u i t  model used in t he  c a l c u l a t i o n  of the s i m u l a t e d  diffusivity.
* (see text).

Fig. 3. Si nu l a t e d d i f f u s i vit y  versus  f i e l d  when the “ac tual”  ( sp e c i f i e d
in Eq.  4) D—E 1~~nd~~~—E values are obtained f rom the model in 13]
(with  N = 10 cm ) .  T = 0 .25 ns .

Fig. 4. Si Lu lat e d dif f u s i v ity  versus f i e ld  when the “actual” D—E and
v—E are obtained from [1], a tt ribu ted there to [6] .  

~~ 
= 0 .22  ns .

Fig.  5. Sirnulated peak d i f f u s i v i t y  ver~ us circuit time constant . The I
1, spec i f ied  d i f f u s i v i t y  (300 cm /s) and drift velocity in Eq. (4)

were calculated from the model in [3] .
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Carrier compensation and alloy scattering in
Ga 1_~In~P 1~~As, grown by liquid-p hase epitaxy

{ M A Little~ohn. R A Sadler . -r ii (ilisson and J R Hauser
Elect rical I- nguiicering I )epa i t uilin t - ‘~~ ‘i Ii ( a it i l l u la  Sta ic t not - , s i t s  - Ra liigh. North C a rolina
t S A

A bstr*ct_ C .4 !  I C !  uuuo h i l u i i t . i i l i icst i l  ispci  ii i ittui.i lIy in 
~~~ ‘ i , In, I’, - As alloys are

tii,i-.itti -rahl~ lt~ s tli iu, ih,usu_ 1i i t t lu t t i tl ht, N.louiti. C ailci tIa,ls lsl!t i-ali - ulatn,ns In thi s paper . a
ciufliparisilli hi-tw i t- u lii ieiu iptia tuR 4hL t ic T itlcuii c of ck- i-iut i i u I ta ll mobility mt- ustu i  id exper ,—

— mentally till I in -growl! sanup its  intl ta lciu laici l trii;ii i M,iiult - ( arlo method is presented. ihe
e ipcrimt-ntal dii i is iihi .ii tied I inn sauiip l ts w hith are ii- type and arc grown tin semi —insulating
tri P substrates the theoreti cal cali t i lat ions iii - based tin diffusion coefficient estimator for
calculation of Hall mobility. An anal~ s is ol the dai.i indicates that both alloy scattering and
carrier compe risat ion are ncct ssa i iii c pta ii i he ‘b.c ived temperature dependence of the
Hall mobility.

1. Introduction

The Ill—V quaternary alloy Ga 1 ~ln, P, ~As has rece ived considerable attention
recent ly due to many desirable electronic and material properties, and this
compound has been used in a wide variety of device-related studies (Clawson 1978).
In spite of the wide variety of developed applications, the desirable transport
propert ies proposed for this material based on calculations using the Monte Carlo
met hod (Littlejohn et a! 1977a) have not been fully realized (Murkoc et a! 1978,

- 
Houston eta! 1978). In particular , the reported Hall mohilities have been consider-
ably lower than predicted. and room-temperature electron concentrations below

4~~ about I x 10°’ cm have been difficult to achieve. Much of the work has I- -n done
using liquid-phase epitaxy (t i - i -) .  However , t he electron concentrations are much

L larger for the quaternary than those usually achieved for i i’ i- growth of lhe binary
compounds GaAs and lnP. even t hough the starting constituent source materials

- used to grow the quaternary are of the same purity as those used for growth of the

- 
- binaries.

In this paper a comparison between experimental Hall mobilities of LPE-grown
- quaternary layers on lnP substrates and those calculated fror1~ the Monte Carlo

met hod is presented. Based on this comparison, it is concluded that both carrier

L compensation as well as alloy scattering are contributing to the low-field Hall
mobility and to its temperature dependence.

E 2. ExperImental aspects

The samp les studied in this paper were grown by liquid-phase epitaxy at 660 °C in a
standard horizontal slider system (Phatak and Harrison 1978 private corn-

[ 0305-2346/79/t)045-0239$02 .00 (
~ 1979 The Institute of Physics
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241) ‘i l  -~ 1 iz t !ej i i hn. R 1 Sadler . i - I l  (i lz cc im iziid J R IIau.cer

flh (II l i s .I~ ,i)il ) Ihi- as-g tow n Lt~~t~t s  wi - i c  ut idoped . and the s ullst tate inatec iat was
sc n t i — ins u lat , i i g  I-c-doped lnl’ in a (II 1)13 or ientation l~~pie tl Li~~-i thicknesses were
around It ) ~&in Ihe I Lilt iI1t~asuie iitt - i it s were made iii a ~-a r ia ble—Ii -niperature

• c i  % os t at bet~ ccii 77 and ~t Ml l~ -\ si an dat d \‘ an tie i Pa uw sa niple geome I rv was
IISCCI . ~ tin nt ‘ill acts lii the sa in tiles we i n~ iiht de s~ U Ii au In Sn alloy (I 1ns~tstnti~ cC i l l
1978)

3. Monte Carlo calculations

The calculations ~ res c ntcd t n t  Ii is pape t we Ic obtai ned b~
- t he Monte (‘ar lii met hod,

using a puogramtne described t~rcviousl v (I ttt le~ohn cC a! t i477~ ) 
~ f parttcular

importance ts the met hod used to obtain the quati- i iiai material paranietet s for —

Ga~ , In. I’~ As _ . ihis is done liv an inleipolatton procedure ~ htc h is based on an
assumed knowledge of the const ituent binary material p.it anletei s of . in thts case.
GaAs . In As . In P and Ga I’. While in tit~h nee ds to be done to a I idate further this
interpolation procedure . it has proved useful in calculating energy hand gap and
lattice constant (Glisson t’t a! 1978. Moon t a! 1974) as welt as electron etlective
mass (Restortf t’t a! 1978) . In these cases it has lcd to good agreement with
experimental data Figure 1 shows the results of a calculation for the I’ val lcy e lectron

\ \\~
-
~ 

- - 
FtgUl’~ I - I - fled use m iss u at iii as a

L - - \ A ft(iKiitiii sit As dti i 1~t i%iI!Oil in 
O T h~ 

- N ( i i , , Iii.I i W As , lattice matched
~~~~~  to h i t’ ( i i i sc  A list_ s binary

•  ~~~~~~ t-f kctive iui.isses from Rest~ rtf a at 
=  I ‘47 51 I. i i ii es If and C use attics

~~~~~~~ Ii - ‘iii l it tle iohn it ii! 1 4)7 7a) . wit h
o two ditktcni reported at ut-s f~ r

— h it’ i-~ Resiort f i t  a! 14)78)
1 I ’  1 _ 1 . 1 

- effective mass in Ga1 In, Pt - As 5 as a function of As composition for layers
lattice-matched to lnP The three different curves represent calculations based on
different values of binary material para meters. However . for v ~ 0- ~ t he effective
mass døes not strongl y depend on the uncertainty in the InP effective mass (v =0)

L (Maloney and Frey 1977) White the more accepted value of et~ecti v c mass for lnP is
()~()8 in11, anot her value of (E0(~7 m0 has been used in previous transport calculations
( Rode 1970) and ts shown in figure I for completeness -\Iso, a s e ts recent
measurement of effect ive mass in Ga,~47ln 11 1As has been reported as 0-04 1 m0, and

- 
t he interpolation procedure illustrated in figure 1 has been questioned (Pearsall eta!
1979). This measurement was made at near-helium temperatures from Shuhnikov-

1. -t
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de I Iaas osi- i t Iat toil atup litudes . i t t  the sante manner as the measurements of Restortt
i t  a! (1978) At such loss tecn pe iatui  is  the conduction hatinl density of states is well
below 10” n~i11 

I 

- and uiiie wou ld i spi et degenerate stat ist ics to be preva lent under
the ineasutc itient conditions . Finis. thi s tuteasured etLeetiv - mass could he large r than
the hand-edge et lect ise mass shown i ii fi gure I due Iii non—parabolic hand effects In
tact , on autut het m ore lucas ily sloped ( ia - In,, iAs specimen , an effective mass ot
0-074 PPt~i was tuucasure d 1 his Increase Sn as a t t t  ibuted to noti—paraholie hand effects
Pearsall eta ! I’) 7~

) In addition, one wou ld expect a decrease in effective mass with
increasing temperature. which snoti ld lend to teduee the helium temperature value of
0-04 1 tn ,  lii a s aluc possibly- t ilore cons istent with the value of (h033 in0 shown in
figu re 1 for (ia, ~~ n s - \s he experimental effect ive mass data and the calculated
s a lucs shown in figure I appeai to he consistent at this point in time

In general . the Motile ( arlii method is difficult to apply with good statistical
accuracy at losn fields and low temperatures h owever , this problem can he overcome
to a large extent hs using statistical estimators for the diffusion coefficient ((‘anali ci
a! 19751. In addition, the present programme has been further modified to include
the effects of heavy doping as well as to use crossed electric and magnetic fields for
the computation of Hall mobility, since it is Hall mobility and not drift mobility that is
usually measured The programme details will be presented elsewhere. Heavy
doping effects can he important in Ga1 ~ln~P1 - 5As, alloys having small effec tive
masses such as shown in fi gu re 1 For GaAs , with m * = 0M67 m0, the conduction
band effective density of states is about 4 ~ ~0

i7 cm 3 at 300 K From the values in
figure 1. a number of I -65 x 10 17 cm ‘ for the density of states of a quaternary with
y = 0’7 is calculated As the temperature is decreased to 77 K . the conduction band
effective density of states is reduced to 5 x 10”’ cm ‘fo r GaAs and to 2- 1 x 10”’ cm
for the quaternary Thus one could expect degenerate statistics to he important in
determining the qua ernarv transport properties for presently achievable doping
levels

The Monte Carlo method has the additional feature that very detailed transport
and scattering factors can he included ~n t he calculations These factors include such
band structure effects as p-state mixing and band non-parabolicity (Fawcett et a!
1970) Also, the Monte Carlo method takes into account thermal stimulation at
temperatures above 300 K of carriers into higher-lying conduction band minima
(Rode 1975). If care is taken in assuring statistically accurate estimates in the Monte
Carlo method, t hen the technique should he accurate and very complete, and as
convenient as techniques based on classical transport analysis and the use of other ~

- 
-

numerical methods (Rode 1975).

4. Discussion
The use of the Monte Carlo method for calculating Hall mobility was first examined
by considering data for GaAs, since it was felt that values for all important transport
coefficients and material parameters were reasonably well known (Rode 1975,
Little john ci a! 1977b , Kratzer and Frey 1978). Figure 2 shows 1-laIl mobility as a
function of free-electron concentration for GaAs at 300 K for a compensation ratio
of I (that is, (N t 

+ N )/n = 1 , where N~ is the ionized donor density, N is the

r
~~~~~~~~ ~~~~~~~~~~~~~~~ I
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ionized acceptor density and n is t h e  t tec-electron density) Shown for comparison in
this figure is a range of experimental data , taken for conven ience from the last two
proceedings of this conference and the standard data from Sic (1969) Care was
taken to record onl y data reported as Hall m obility data Also shown are the results
of a ca lculation for l-Iall mobility based tin an i t e t a t i s - e integral method (Rode 1975)
There are sotne discrepancies hetweetu these two approaches, as can he seen in this
figure For low carrier eot ieentrations the discrepancies (about 13%) can he attri—
l uted to slighils- dut lerent values of bulk material parameters used in the two

‘ caleu lat ioti methods Fhe nialet mal paua nueter s used here in the Monte Carlo
calcu lation have been chosen based tin hol Ii Ituw —fi e ld mobility values and on
high—field transport propet t ics (I • itt le~ohn i t  a! I 977h, Knitzer and Frey 1978)
However , the Monte Carlo method w ull yield I lall mohilities at low carrier concen-
trations ( ~ _ lO i

~ cm ‘) well above 9000 cni \ s if slight adjustmetits in hulk
- parameters are made , and certa inly t he sensitivity of the Hall mobility in pure GaAs

to s light variations in material parameters is well recognized (Rode 1975). At high
- carr ier concentrations ( -  10”’ cm ‘1 the deviations between these two compu-
- tat ional methods are much more subtle, They are due to the way in which the ionized

impurity scattering rate is corrected for degeneracy in the Monte Carlo method, and
• - this will he .1 subject for a future paper. However , in spite of the differences, the

aut hors believe that the Monte Carlo method is an accurate technique for calculating
r Hall mobility which gives agreement with experimental data over a wide range of

carr ier concentrations,
Figure 3 shows experimental Hall m obility data against temperature for pure

• GaAs, along with the calculated temperature dependence of mobility based on both
the iterative integral and the Monte (‘ar lo method Here the Monte Carlo method
gives an excellent fit over the temperature ratuge 150—60() K, while Rode (1975) has
pointed out t hat the iterative integral lies about 10% above the experimental data in
t his range - While we li.ms c muti t done so iii t hums st tidy, it shou ld bn’ pointed out that the
Momite ( ‘,mr ltu imuet lut id s l u t lit’ n’x t n’mitlctl Itu temuu l ic m al um s ’s below It) K ((‘anal i ci a!
l 97S I  ,\lsti . tit het Ga As ,uu at c t m , t l  giow ii i t on, labo,aitiiics has been successfully

I
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- L ~~~~~ Figure 3. I tall uuioh i l it y against temperature.
- ‘~~ —— —  Monte (‘ar Ia calculations - - — — — and

I 0. ite rative iuitegral calculations and experi-
10 ~~ , 

~J menial data tram Rode (1975) .
10 1UL 1000

Iemper flurc 0’ 1

studied by the Monte Carlo method, and the general use of the method appears to be
- well justified ,

Shown in Figure 2 is a calculation of the Hall mobility against electron concen-
trat ion at 300 K for Gai). 2 7 lnuu -7 iP~,.4 As 

~, 
based on the Monte Carlo method and the

mater ial parameter interpolation procedure described previously (Littlejohn et a!
l977a) At t he present time . to t he authors ’ know ledge, the largest value of

- room—temperature Hall mobility for at ty quaternary is about 6000 cm 2 V with
an electron coticentrat ion of abou t 7 ~ lO~ etn (I louston ci a! 1978) Figure 4

• . shows a summ ary of typ ica l Hall tuohility against temperature f(ir the quaternary
(and t he I nP latt ice— muu atehed teit iary- ( ia u •~ I n1, uA s) taken in our laboratory and

-
. 
. reported mit t he literatut-e ( Houston i’t a! 1975 , Takeda ci a! 197(u ) In general , the

room—temperature Hall mohilities see m to lie in the range 301)0—4000 cm’ V

I I I T r i l l  , I I—

~ .,t~ 1 — - - Figure 4. Typical Hall mobility data against
/ A — F  Go lo P As• / 0 Ga In ~~ 

temperature for Ga t ,In.Pi ,As, The curves
A show dama from Houston er al (19781, Takeda

10 - 
~~~ et a! (lt)ThI, and from t his study.

10 tOO ~OO
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wtt h electron eoncem ut ratmom us cii ( 2 — 4 )  s 10 ”’ ctu ‘
. Interesting i, enough. t he  highest

— mohi Itt ics a must lowest elect romi ~~i tiee mu t rat lotus cc insistent! y seem to t tecu r tue a r the
ternary boundaries for the quaic inaiv - t hat is ftii either relat tvc l v low As or P
compositions his is suggestive at t h e  mmufluen ce c it allay sca t te m iiug ( lit t le tolin i t  a!
1978)

lo inve s t i ga te  the ge tie m a I proNe t u c i t  cam r let sotuu tie tisa ii, imi a mid ~il ft y scat I e ri tug in
. - the quaternary (hi 1 , I m u , P, - As , the Motite ( ‘ado muuethtid was used to sI cids several

t ypical sanuples 1-ugitre 5 il lustrat es t h e  situation w hct i an attet nl’t w. is muuade to fit the

— -

dc (
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/ — Figure 5. Hall mobility against temperature
for (“ a u ,ln~, 7 P~, ~~~~ ,~ The dotted points
arc experi m ental data white curs-es A and B

I represent Monte C arlo calculations with tio
carr ier compensation and no alloy scattering,

— — ~~~ - - res pect isc lv
‘10 150 250

Tempernture (K)

data using either carrier compensation with no alloy scattering, or alloy scattering
with no carrier compensation. First , the alloy scattering potential (Littlejohn et a! •

1978) was varied while keeping the compensation ratio equal to I (he. N~ + W = n)
until agreement was obtained between the measured and calculated Hall mobility at
room temperature Then the temperature dependence of Hall mobility was cal-

• - culated, resulting in curve A of figure 5 which is in very poor agreement with the data.
Curve B results by remov ing alloy scattering from the calculation, First , the ionized
impurity density was varied until agreement was achieved with the measured Hall
mobility at room tem perature , w hile keeping the free-carrier density equal to its
measured room -temperature va lue Curve 13 is the resulting temperature variation of
Hall mobility with only carrier compensation present Again the agreement with
expe rimental values at other temperatures is very poor. and it was concluded that
neither alloy scattering nor carrier compensation could account for the measured
temperature dependence of Hall mobility.

— - - ~ ~~~~~ 
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Next , an attempt was made to timid a consistent set of values for both the alloy

I scattering potential and the ioniied itnpurity density which would together give a
good fit to the temperature dependence of Hall tnohility To do this two experimental
points were chosen , tine at 301) K. and one at about I 51) K A detailed p~itatn cler
study was made by arying the alloy scattering potential and ionii.ed impurity d~nsits
unt il a set of values for these two para m eters which agreed with the measured values
of both I-JaIl mohilmty atud electron ecu mucent ration at I hue two temperature extremes
Then the comuplete I IaIf t no bmfit y against Ieniperatcil C curse was calculated using
these s alues The results are sluowti iii fi gure 6 . The Motite (‘arlo estimates lie withim i

.1(1 - 7 T I

‘- -

I:

1~L. ‘. Figure 6. Experimental data and Monte
Carlo calculations of Hall mobility against
temperature for Ga,, ,In,, ,P,.4,,As0 ,~- showing titled material parameters N~, =
7 -7  ‘- tO ”’ cm N~ = 5 - 5s tO tS cm ‘ ,E A
1)-lb s’\ - conupensamion ratio 3-9 .

50 ThO 250 350
• Temperature (K)

- the broken curves (several estimates were made at each tem uperature) while the bars
indicate a S o  variation in the experimental data at the two temperature extremes It

L should he pointed out that the fits are facilitated by the fact that the electron
concentration does not vary significantly for these quaternary samples between

— 

~~• 100—300 K The compensation ratio of 3-9 is very close to a sample with a very
similar temperature dependence of mobility studied by Houston er a! (1978).

- The calculations are more sensitive to the ionized impurity density than they are to
t he alloy scattering potential Thus, it is not feasible to draw many conclusions front

L the actual value of the alloy scattering paratuieter shown in figure 6 The value is
larger than the proposed theoretical values for three different models (Little joht i eta!
1978) by as much as 2() (ci 100% There is another scattering mechanism which has

— the same temperature dependence ott mobility as alloy scattering , which is often
called space-charge scattering (Weisherg 1962), If this mechanism were also present
in these samples it would be difficult to detect from Hall measurements alone, hut
could effect the determination of the alloy scattering potential by the technique used

- -- - .
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here - l’hms added e tiect coil Id he t lie t i’ sc m Ii of pm ccmpi l atc~.c I ust erm mug. or c u t  hem I ypes cii
- second-phase defects

Ot her samples with stnuila r I fall itic ubi lity tem uperature dependenees has e been
‘ studied with sets similar results as gts-ett in fi gure 6 . Itt all east-s . the alloy sca iterit ug

potential required to fit the data was larger than flue theoretical vafue Also . tar a
given compensation ratio , a weaket tenuperalure depettdence of tiuobility is indica-
t ive of a larger effect due to allo~ sea ttct  ing. Ib is is not incons istettt with figure 5,
since there the room-temperature tuohility was used as the target value to he fitted b~
varying only a single paranueter~ eit her the eompettsation ratio or the alloy scattering
potentia l -

It is interesting to consider those samp les wit h a stronger tem iuperature depetudence
in t his temperature ratige . Figure 7 shciws the results for a (ia, ~~~ ,-~s sample .

- -

Figure 7. Experitnental data and Monte
I Carlo calculations of Hall mobility against

- ‘.~.7. temperature for Ga,,47ln,u.5uAs showing
fitted material parameters. N0 = 1-5 s

- t t) ’~ cm I NA = I- Ox t O ”’cm 
1 

~~~~~~~~~~~ 0-4 c~ compensation ralto =4- 8 .
- 50 ISO 150

IempCr~ ture lId)

w hich is a ternar y in this quaternary systetu having a Hall mobility at room
• - temperature large r than 80(R) cm V (Morkoc 1978 , Takeda 1978) For this

- 
case, the temnpcrature dependence cuf Hall tuohility could be fit by the Monte Carlo
method, hut with an alloy scattering potential essentially the sante as that predicted

• - by the theoretical model. The influence of alloy scattering in this ternary is less
- important in determining the Hall mobility than it is in the quaternary This fact is

somewhat surprising based on previous results for the scattering potentials in both
ternary and quaternary alloys (Little john et a! 1978)
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5. Conclusions

Alloy scattering appears to play tn imuportati t role in the low—field transport
properties of Ga1 , Itt , P1 , As ,. I’hts cot iclusioti is based on the data and ealculatiot is
presented in this paper , as wel l as ott other published hlall-ettect data However , the
accurac of the calculatiomus is predicated tin I he nua me rmal param uueter interpolation
procedure . w hich is presetut lv required for any tratlspcirt calculations in thts quater—
nary . 1 listorica lts - the Monte ( ‘ari c u uiucthod has beccime tuuore usefu l in studyitig
transport properties iii comuu pciund se niic c um uduct c ims as accurate tutaterial parameters
become available. Flue d etcmtuuinat i c u mi at the basic material parameters should
he au i nuport a mi t part cii pri ugi 1 t i t  mtics wh ith at lem uu pt t cu cibtat mu h ig h —pur ity
(hi 1 , Imu , I> , , As , quatertiat v a l loys
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ON T E C A R L O  C A L C U L A T I O N  or H A L L  N O B I L I T Y  AND V E L O C I T Y - F I E L D
CHARACTERISTICS F OR H E A V I L Y - D O P E D  G A A S

C.K. Willia m s , T FI . ‘ li s s o n , ~L R .  9a use r , M . A  L i t t l ej o h a
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~ met hod of includirri the Ttauli Exclusion Principle in the Monte
Carlo procedure is presented. The procedure is then used to
calculate the Hall mobilit y and v e l o c i t y — f i e l d  c h a r a c t e r i s t i c s

• tor GaAs with impurity concentrations up to 1019 c m — 3 .

I n t r o d u c t i o n

The Monte ~
7 a rlo  t e ch n i ’~ue , f i r s t  descr ibed by K u r o s a w a :  1] and

t h e n  ;eneralized by ravcett et a1 2), has become a very important
tool in predict ing semiconductor material , characteristics. While
it has been used to analyze many different materials, it  is
usually restricted to nondegenerate cases. To remove this
restriction trout the usual Monte Carlo procedure electror,—
elec tron scattering and the Pauli Exclusi on Principle must be
included. Some a t t em p t s  t o  i n c l u d e  the  f o r m e r  h a v e  been r e p o rt e d
[3—b ) air! one to  i n c l u d e  the latter has been reported[ 7).

In this paper , one me thod of incorporating t h e  Pauli Exclusion -

‘rincip le in the rnonte carlo procedure is presented which is
• valid at low tiel’ls. The method presented here differs from t h a t

described by S. ~osi and C. •lacohoni [7) i n  that (1) an estimate
of the probability of occupancy is used instead of accumulating

• this information via a k—space mes h during the simulation antI (2)
ionized im pu rit y interaction is treated as a special case. This
nethod is used to calculate the low field Hall mobilit y of GaAs.
Ar extension of th is method is then used to deter~ ine the
velocity— tiel d characteristics of (aAs. Both calculations are
done  f o r  b o t h  n o n de g c n e rat e  a n d  d e g e n e r a t e  cases.

The M o n t e  c ar l o  m o d e l  used in t h is  work  is t h e  sam e  as t h a t  it
des c rib e~I e ls~~w h e r e  [8 ,~~ ] excep t t h e  present  model  i nc ludes  p—

1’ n P - a t e  m ix i n q .  B r i e f l y ,  i t  i n c o p o r a t e s  a t h r e e  v a l l e y  m de l  w i t h
nonpa ra bo licity , a n d  a c o u ’t i c  p h o n o n , op t i c a l p h o n o n , i o ni z ’1

— 1 —



I
i m p u r i t y ,  p o l a r  opt ica l, pi ezoelectric , and int ervalley
scatter ing processes. The rm a ’-er ia l  p a r a m e t e r s  used f o r  G a A s  a r e
the sam e a s tho se presen ted in [ 10 3 a n d  are  repea ted  in  rable  1
tor comp leteness.

C o r r e c t i o n s  to S c a t t e r i n g  Rates

• The Pauli ~‘xc lus ion Pr inciple must be consi d~~red in i o de l l i n g
d e q en e r a t e  s e m i - ~’o ndu c t o rs .  To i n c l u d e  the  P a ul i  E x c l u s i o n
P r in c i p le  i n  t h e  M o n t e  C a r l o  pr o c e d u r e  descr ibed  in  t h e  p r e v i o u s
section , we rn u lti p ly the scattering rate S~~(k ,k’) between two
w a v e — v e c t o r  s t a te s  k a n d  k ’  by  t h e  f a c t o r  ( 1 — f ( k ’ ) ) .  Here  f ( k ’ )
is t h e  p r o b a b i l i t y  t h e  f i n a l  s t a t e  k ’ is occupied so t h a t
( 1 — t  ( k ’ ) )  is t h e  p r o b ab  l i t y  t h e  s t a t e  is u n o c c u p i e d .  T h u s , t h e
t o t a l  s ca t t e r i n g  r a t e  f r o m  t h e  s t a t e  k due to t h e  n ’t h  process is

A (~ ) = fdi~’ S (~~,i~~) ( l - f (~~’ )) .  ( 1)
n n

For low f i e ld s , t h e  o c c u p a t i o n  p r o b a b i l i t y  d i s t r u b i t i o n  f ( k )
is nea r  eo u i l i b r i uin , so t h a t

f ( ~~)  f ( ~~ )  ( 2 )

wh e re  f~~ (k)  is the  e q u i l i b r i u m  occupa t ion  p r o b a b i l i t y
d istribution which is the Fermi— Dirac distribution

-* 1
f (k)~~ 

—
~~‘- . (3 )

In  t h e  w o r k  r e p o r t e d  h e r e , t h e  r e l a t i o n s h i p  b e t w e e n  t h e  e n e r g y  E
a~~d w a v e — v e c t o r  k i r .  t h e  i ’t h  v a l l e y  ( i 1 , 2 ,3) is t a k e n  to be C 2 )

= E(l+t-s
1
E) = y

1
(E) (L I )

w h e r e  m is the nortoarabolicity and m~ is t h e  e f f e c t i v e  mass .

To correct the scattering rates as in Eq. (1~ , only the Fermi
energy need be calculated. This is done by solving (numerically)
th~ equat ion : 11 1

3 E 
_ _ _  

dy (E)
n = 2 3  ~ M . ~~ 

2 
~
,. TOP i/y (E) 

~ E 
f (E)dE (5)

,rh i=]. Eci

w h e r e  ~~~ 
is t h e  n u m b e r  of  e q u i v a l e n t  m i n i m a  in  t he  i ’t h  v a l l e y

a n d  n is t h e  i e f l s i ty  of c o n du c t i o n  b a n d  e lec t rons .

— 2 

- - ~~~~~~~~~~
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i j u r e  1 sh o w s  t h e  scat  t e r i n q  r a t e  f o r  p o l a r  o p t i c a l e m iss i o n
w i th and without the correction f a c t o r  in  t h e  v a l l e y  f o r  an
i !rpJ rity conc entrat ion of 1019 cm— ’ an d a t e m p e r a t u r e  Df  303 K.
I n  g e n e r a l , t h e  c ’r r e c t io n  f a c t o r  e f f e c t i v e l y  p r o h i b i ts
s c a t t e r i n g  t h a t  w o u l d  r e su l t  in  a f i n a l  e n e r g y  less t h a n  t h e
F e r m i  e n e r i y .

r
The corr ection tact-or i~ i n c l ut h ? i  in  a l l  s c a t t e r i n g  r a P - e 3

ex c ep t  i o n i z e - i  i~”~~u r i t y .  ~n i o n i z e d  i m p u r i t y  c r e a t e s  a l o c a l i z ed
p er t  u r b a t  i o n  on t h e  e le c t r i c  f i e l d .  The w a v e — v e c t o r  k of an
p l — ’r t r o n i nt ~~u r ~n :ed b y t h i s  p e r t u r b i nq  f i e l d  in not  c h a n g ed
a b r u p t l y  ~ o k ’  b u t  is g r a d u a l l y  c h a n L j e d  ove r t h e  t i m e  th~ ca r r i er
is  i n f l u e n c e d  by t h e  p e r t u r b i n g  f i e l d .  TI -us , even t h o u g h  a n  )
ior.iz~~i i m p u r i t y  in t e r a c t i o n  i s  t r e a t e d  in  t h e  M o n t e  C a r l o
pro c~~d u r e  as an  i n s t a n t a n e o u s  s c a t t e r i ng  f r o m  w a v e — v e c t o r  k to
k ’ , t h ~ c o r r e c t i o n  f a c t o r  ( 1 — t ( k ’ ) )  seems i n a p p r o p r i a t e .

D e t e rm i n a t i o n  of Low Fie ld  Ha l l  r o b il it y

To c a l c u l a t e  t h e  F al l  m o b i l i t y  u s i n g  t he  M o n t e  Ca r l o
p r o c edu r e , i t  is n e c e s s a r y  to  i n c l u de  a m a g n e t i c  f i e l d .  For  t h i s
case  t h e  t i m e  d e r i v a t iv e  ~ f t h e  w a v e - ve c t o r  k is

( 6 )

w h~~re i is the electric field vector , B is the magnetic field
v e c t o r , a n d  v is t h e  c a r r i e r  v e l o c i t y .

h e r e  p -h e  e l e c t r i c  f i e l d  is t a k e n  t o  be in  t h e  d i r e ct i o n  a n i
t h ~ maonetic field in the ~~

‘ direction. Vith this configuration
the low fi eld flaIl trobility is shown in the appendix to be ;iver .
by

( 7 )
y z

w !-~~rc D~~, D~~, a n d  
~~ 

a te  t h e  d i f f u s i o n  c o e f f i c i e n t s  in t h e  ~, ~,
a n d  z d i r ’c€ i on s , respectively, and P i_ s t h e  m a g n i t u d e  of t h e
m a g n e t i c  f i e l d .  Since  ~‘ and fl are equivalent for low f i e l d s,
t h e  e s t i m a t e  of -

~ 
nay be~~improve

Z
d by usina

(8)

~ 

-

~~~~~~~~~~~~~~~~~~~~ -~~~~
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I
I) = (D + D )  (9 )

U s i n g  !
~ iS. (3)  a n d  (9 )  i n  t h r  M o n t c  C a r l o  p r o g r a i  w i t h

4 ma ~in e t ic t i el~~, t he  H - a l l  m o b i l i t y  v e r s u s  i m p u r i t y  c o n c e n t r a t i o n
was  c a l c u l a t e d  f o r  G a A s  w i t h  c o r r e c t i o n;  t o  t h e  s c a t t e r i n g  r a t e s
as d e s c r i b e d  ~a r l i e r  (ri o correction to the rate for i o n i z e d
i m p u r i t y  s c a t t e ri n g ) . F i g u r e  2 show s a s i m p le f l o w  c h a r t  of t h e
p r o g r a m  used . The c a l c u l a t i o n  was  a lso  c a r r i e d  o u t  f o r  t w o  o t h e r
ca ses :  ( 1 )  no c o r r e c t i o n  to t h e  sc at l e r i ng  r a t e s , a n d  ( 2 )
c o r r e c t i o n  t o  a l l  t h e  ~;c~i t t e r i n g  r a t~~s ( i n c l u d i n g  i o n i z ed
i r p u r i t y ) .  T h -  r e s u l t s  a re  g i v e n  i n  F i g .  1. A l s o  s h o w n  is t h e
ex~~e r i m e n t a l  d a t a  o b t a i n e d  by Sz e [ 12 ) .  r.ood a g r e e m e n t  w i t h  Sze ’s

-- e x p e r i m - n t a l  d a t a  is o b t a i n e d  by u s i n g  t h e  c o r r e c t i o n  t a l l  t h e
s c a t t e r i n g  rates except ionized impurity, while the other two
cases give rather poor aqreement , supporting the special
tr eatm ent of th e ionized inpurity interactior ..

C a l c u l a t i o n  of V e l o c i t y — F i e l d  Cha racter is t ics

The  m e t h o d  used a b o v e  t o  a c c o u n t  fo r  the  P a u l i  Ex c l u s i o n
P r i n c i p l e  in  t h e  ca lc ul a ’- i or i  of l o w  f i e l d  H a l l  m o b i l i t y  mu s t  be
m o d i f i e d  ~ or t h - ~ c a l c u l a t i o n  of v e l o c i t y — f i e l d  c h a r a c t e r i s t i c s
f o r  d e g e n e r a t e  s e m i c o n d u c t o r s .  T h e  m e t h o d  a d o p t e d  h e r e  is to
a s s u m e  t h ~ p r o b ab i l i t y  of o c c up a n c y  in  t he  i ’t h  v a l le y  ( i= 1 , 2 , 3)
is

f 1(E)  = ( E — E . . ) / k T  . 
( 10 )

1-i ei

T h u s  a q u a s i  F e r m i  l e v e l  a n d  q u a s i  e l e c t r o n  t e m p e r a t u r e  Tei
a r e  a s s o c i a t e d  w i t h  t h e  c a r r i e r s  in t h e  i ’t h  v a l l e y .  The
~ - ,r r e c t i on  to  t h e  s c at t e r i ni  r a t e s  in t h e  i ’t h  v a l ley  is t h e n
based  on ~ he p r o b a b i l i t y  of o c c u p a n c y  g i v e n  in Eq. (10) .

I n c o r p o r a t i n g  t i :ese  new f e a t u r e s  in t h e  ~o n t e  Car lo  p r o c edu r e
reguires an i t~~r a t i v e  s o l u t i o n  f o r  t h e  ca r r i e r  t e m p e r a t u r e s  a n d
t h e  F e r m i  e r .er g i e s.  I n i t i a l  v a l u es  are  d e t e r m i n e d  by a s s u m i n g
t h a t  ( 1 )  t h ?  carr ier t e r r p e r a t u r e s  are  al l  e q u a l  to t h e  l a t t i c e
t - e~~i er a t u r e  a n d  ( 2 )  the Fermi energies are all equal. Then , E~~.
(5) can he so lved  fo r  t h e  F e rm i  e n e r g y .  Us ing  t hese  i n i t i a l
v a l u es , t h e  s c a t t e r i n g  r a t e s  a r e  c o r r e c t e d  and  t he  car r i e r  is
tracked for some specified number of interactions. The density
of c a r r i e r s  n 1 a n d  t h e  a v e r a g e  en e r g y  in  each v a l l e y  a re  t h e n
calculated . Then 1

E 
_ _TOP1 ____ dy (E)

n . = ~~
-

~~—-— M m ~
3, 2  

~ ~~ (E) ~ f  (E)dE (11)
1 c u 1  

E . 
I dE I

ci

— 1 4 —
U.

C
_ _ _ _ _

- -—
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—U,

I I
and - .

- M rn * 
1 TOP I d (F;)

J — 

n h 3 ~ 
t~ ( I-:) dE (12)

r ar e  used t o  obt  a m  n ew e~~t ima te f; of t h e  q u a s i — e l e c t - i  on
t e m~x ’r a t  u res  a n d  t h e  q u a s i — F e r m i  enei-qirs . The  n ew  c a i n  er
t e r n  p er at  u r t ~s an d  F e r m i  e ner g i e s  ar e  t hen used to  ob t i  i n  new

- 
c o r rec t  ion t a c t  ors  ( 1 — f  ( k ) )  and new s c a t t e r i n g  r a t e s  a n d  t h e
procr ~;s i i ep e i  ted.  T h is  process of con ect i ng s~ a t ten nq
r a t e : ; , ti - i r k i n g  t h e  car l-teL , an d  c a l c u la t i n g  n e w  t ;t i ~~a te s  of —

c ar r i ~~r t e m p e i a t u r e s  a n d  F e r m i  energie : ;  is c o n t i n u e d  u n t i l  a
selt—co n-; i stent solution is r e ac h e d , i.e., u n t i l  s u c ce ss i ve
t t e r i t i  ons g i v e  l i t  t i e  c han g e  i n  EFI a n d  ‘

~~~~~ - F i g ur e  14. shows  a
t l o~ c h a r t  f o r  t h e  i t e r a t i v e  p r oc e du r e  fo r  a s i n g le  v a l l e y .

U s i n g  t h e  m~~t hod o u t - l i  i e d  a b o v e  in t h e  M o n t e  C a r l o  p r o c e d u r e ,
t h e  v e l o c i t y — f i e l d  c h a r a c t e r is t i c s  of r. aT~s were  ca l c u l a ted  f o r
i~~pu r it y con c e n t r a t i o n s  of 10 16 , 10~~~, and 10~~ cm ’. The
r e su l t s  ar e  q i v e n  in  F i g .  5. For c o m par i s o n  the  v e l o c i t y — f i e ld
c ha r a c t e r is t i c s  f o r  G aA s  c a l c u l a te d  f r o m  t h e  r o n t e  C ar l o
pr r e d u r e  v i t t ~ou t  i n c l u i i n q  t h e  P a u l i  Exclusion Principle are
;h w f l .  For t h e  n o n d e g r !r I e r i t  r i se , i m p u r i t y  c o n cen t r a t  ion of
10 ‘~~ cm— ’, • h e two curves are i n  good .igiet~m ent , w h i l e  f o r  t h e
t w o  l eg e ner a t e  r i s es  t h e  d i f f e re n c e  becomes more  p r on o u n c e d .
T h i s  r e s u l t  is  expected since t h e  P a u l i  F x c lu s i o n  P r i n c i p l e  is
i ri p o r t a n t  o n l y  t o n  t h e  d e q e n e r a t u  cases.

L..

I; — I, —

C LI
_ _ _ _ _ _ _  _ _ _  
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r a pp e n d i x

A n  ex p r ~~ssi on I or t h e  ~I a l l  m o b i l i t y  i n  t e r m s  of t h e  i i  f f u s i o n
coet I icient s can  be o h t aj  ned f r o m  t h e  c ur  r u n t  d e n s i t y  e q u a t i o n
fo r  low t i e l ls

U

S — + q D V n + J x (ii~1
!) ( A l )

‘ Let

—
~ ( A 2 )

and
D

-~ -
~ I n

c i 
= i + — — V n  (A3)

in terms of w h i c h  Fq. ( A l )  can be w r i t t e n

I 
J = q u n ~

’ + • (A14)

The solution to Ea. (A14) is of the form

= C1c ’ + C2 B ’ + C 3 c ’xB ’ (A S )

wh ere C 1, C 2, and C 3 are to be determ ined . Substitution of Eq.
(AS) into the right side of Eq. (AL 4) yields

2 —
~

= (qu n—C
3
B ’ )

~~
‘ + C

3
(B ’ c ’) + C

1c
’xB ’ . ( P 6 )

“qu ~~ting coefficient s between Eqs. (AS) and  ( A 6 )  g ives

qu n
C1 (P.7 )

l+B ’

qu n
n 

~~,C2 
= .~ (B •c ) (A R )

Th u s, Eq. (A6) bec )mes

+ “~~ + u 1~
2 L~~(~~~ Vn)JB + p 11

(~ 4-~ 
.
~T
avn) x~ } (A l)

w h e r e

_ _  - 

- - 

-
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I
-

~~~~~

-

~~~~~ 
( A R )

1+ (u R)

For t h e  case where the magnetic field is in the direction
a n d  t h e  e l e c tr i c  f i e l d  is in  t h e  ~ d i r e c t i o n

V n B ~~~~—~~ B , ( A 9 )a x

-

~ 

[ ~xi~ = — cB~~, ( A l O )

Vnx~~~~ B~~~~ 9 — B ~~--~~~ , ( A l l )

and Eq. ( A l )  becomes

J = qD + 
qD

____ + ~~ B

— 

qu n (u~ B) ~ 
+ £ (~~l 2 )

l+uH 
B l+UH 

B

qD~ a n  -
+ 2 2  (

~9~~ 
uH

B
a~),

) z
l+u BN o d , a s s u m i n g  t h e  ger~~r at i or .  a n d  r e c omb i n a t i o n  r a tes  a r e  e~~ual ,

t h e  c o n t i n u i ty  en u a t i on  f o r  e l e c t r on s  is

an  i -
~

= 
_ V (P 1 3 )

Su b s tj t u t i n q  E g. ( A 1 . )  ~~~~ ?~~~_ ( A 1 3 )  y i e l d s

2 2
--fl v -“ + v  - -~~+ D  ~—~~+ D  ~—~~+ D  ~~~~~~~~ ( A 1 4)t .  at Z~~Z V~~~~ V X a 2 

~
‘ av 2 Z

3x
2

w h e r e

u
r

2~~~~’ 
(A 1 4

l+l
~
I H B

— u e (u  B)
n H

“ 2  ( A 1 6 )
“ 
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- 1  
D = J )

I X fl 
(A l l )

• D
D = D =
Y Z l+p11

2B
2

I (A1 8)

r F i n a l l y ,  c o m b i n in g  Eqs. ( A l l )  a n d  ( A 18 )  y i e lds

ID  ‘

U H B/ Dy
1 BI Dz

1 ( A 1 9 )

* w h i c h  is t h e  des i r ed  r e sul t .

1.
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Table 1. (‘~aAs rateria l parame ters used in calculations.

“u lk  m a t e r i a l  p a r a m e t e r s

J Parameter V a l u e

Lattice constant 5 .b ’42X1 0— ° cm
Density 5.36 g/cm 3
Electron affinity 14.07 eV
Piezoelectric constant 0.16 C/rn2
to phonon energy 0.03536 eV
S o u n d  v e loc i t y  S. 7 L 4 X 10 ~ c3/sec
Op t i c a l  d i e l e c t r i c  c o n s t a n t  10.92
S t a t i c  d i e l e c t r i c  c o n st a n t  12.90

T V a l l e y — d e p e n d e n t  m a t e r i a l  p a r a m e t e r s
C o n d u c t i o n — b a n d  v a l l e y

P a r a m e t e r  r (000 X ( 10 0 )  L ( 1 1 1 )

A c o u s t i c  de f .  pot .  (eV) 7.0 9.27 9.2
E f f e c t ive mass  (m /m ) 0 .063 0. 58 0 . 2 2 2
N o n p a r a b o l i c i t y  ( e V — 1)  0 .6 10  0 .20 14 3.461 —

Fn~ rgy band gap (eV) 1.Ij3~ 1.961 1.769
( r e l a t i v e  to va 1r ~nce b a n d )

Op t i ca l  de f .  p o t .  ~eV/ cm )  0 0 3 X l O e
Optical phonon e n e r g y  (eV) ... ... 0 .0343
T nt e rv a l le y  d ef .  pot .  (eV/ cm)

from f’(000~ 0 1X 1O ’ 1X 1 0 9
from X( 100) 1X 10 9 7Z100 5X10~
f r o m  1( 11 1)  1X 1 O’  5x 1 0 6  lxlo’

!ntervalley phonon energy (cv )
f r o m  r (000 )  0 0.0299 0.0278
from X (100) 0..0299 0.0299 0.0293
from L(111) 0.0278 0.0293 0.0290

?‘o. eguivalent valleys 1 3 4

— 1 0 —
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I Fig. 1. Scattering rate for polar optical emission with and without the

t correction factor .

I Fig. 2. Flow chart of program to calculate Hall mobility.

J Fig. 3. Hall mobility versus carrier concentration for GaAs at 300°K.
The curves are described in the text .

Fig. 4. Flow chart of iterative program for one valley . See text for

I explanation of the iterative procedure.

Fig. 5. Dr i f t  velocity versu~ 6elec~~ ic f i eld ~or GaAs with carrier
concentrat ions of 10 , 10 , and 101 cm 3.
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I
INFLUENCE OF CENTRAL VALLEY EFFECTIVE MASS AND

ALLOY SCATTERING ON TRANSIENT DRIFT VELOCITY IN Ga In P As *l— x x l—y y

M . A. Littlejohn , L. A. Arledge , T. H. Glisso n , and J . R. Hauser
Elec tr ical Engineer ing Depar tmen t
North Carolina State University

Raleigh , NC 27650

ABSTRACT

The instantaneous ensemble—averaged and time-averaged velocity of

electrons are presented for  Ga 27 In 73P 4As 6, and the results ar ty

compa red to those for  GaAs . The results  indicate that both the e f fec t ive

mass in the 7 conduction band and alloy scattering are very critical in

determining the t rans ient  (or ve loc i ty—overshoot )  character is t ic  as well

as the static velocity—field characteristic for this quaternary material .

*Thj s work was supported by the Off ice  of Naval Research , Arlington ,
Virginia, U.S.A.
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in a previous publication [1] the static (time—averaged ) velocit y—

j  tield characteristic of the  Ga
1 in As q u at e r n a r y  a l lo y  was

presented. This cnaracteristic was calculated using a m on t e  c a r l o

1 simulation of the electron transport. The quaternary material properties

- used in the simulation were obtained by an interpolation procedure

based on experimental and theoretical material parameters for the binary

constituents of the quaternary. This interpolation procedure for a

given material parameter results in a continuous , smoothly—vary ing

function in the (x,y) compositional p lane , which red uces to the correc t

compositional dependence along the ternary boundaries and to the binary

values at the corners of the compositional plane .

There have been very few experimental investigations of th~ bas ic

mater ial properties ot Ga in P As , and thus very few means fo r
l—x x l—y y - 

-
c o n f i r m a t i o n  of the above—mentioned interpolation procedure. Energy

band gap measuremen ts by photoluminescence [2—4) do support the interpo-

lation procedure. However , the drift velocity is affected only very

slightly by the val ue of the band gap. Recently , several techni ques

have bee n used to measure the band edge e f fec t ive  mass [ 5 — 7 ] ,  and this

parameter f u n damentally a f f e c t s  the transport properties of any semi-

conductor . Some of these measurements do support the interpolation

technique [5,6]. However , other experimental data , combined with - -

theoretical calculations, [7] indicate that the effective mass has

substantially less “bowing” than is predicted by the interpolation - -

• formula [8] for quaternary compositions which are lattice—matched to InP .

S.
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Ver y r ec e n t !  v— p r e s en t e d  d at a  I or b ot h  L iCe t ron mobIlity [9 J and d c c  t ron

c i t  ee t lye mass  (10] further s u p por t  t h i s  con t e n t  I o n .

The pu rpose  o t t h i s  pa per i to exam inc the  int l uenee ’ of c e n t r a l  ( I )

val 1ev t ’t l e c t  ly e  mass on t h e  c a t  e- ut at tons of both the t lint-—averaged stat i-

d i l l  t ye lot i t  v ver sus elect t i e  I I t - I d  i n t e n s i t y ,  anti t h e  ensemble—averaged

t ~ s le nt  vt- i oc I t  v (y e  1 oc it v over siioo t ) c h i r i c ter  I st it’  I or Ga In P Asl — x  x 1—v V

A I so , t he impo i -L a n c e  ot  ,ii I s v  sc.i t t cr1 ng will be’ fur t h e  i us i ts  I di’ red (1] .

The ca i c u l at  ions .t r e  p r e sen t  i’d t s r  one compos it ion (x~ 0. 73 , v 0  . b) w h i c h

is lattice—matched to lnP and has a r o o m — t e m p e r a t u r e  band gap 0 0.96 t’V ,

s ince  t h i s  part icular  c o m p o s i t i o n  has be’~ n suggested as being suitable

t s r  m i c r o w a v e  dev i c e  ~tpp i i c a t i on s  I i ) .

[ran s  t e n t  v e l o c i ty  ca l  c ul  a t  ions  have not been repo r ted [or the’

q u a ter n a r v , and the  concep t  oi v e l o c i ty  overshoot  could become very

impot - t a n t  tsr devices wit it subm I c ron  ac t !  Vt ’ d imensions . it will be

shown in t h s p ape r  tita t t he’ l’—va 11 cy ci I cut lye mass Is 0 t bas ic

impor tance  i n  d e t e r m in i n g  ho n a t  u re  ot the ’ ve loc i ty—ov er shoo t c har ac t e r i s t  ics

oi Ga In P As . Out ’ pt im ar v  reason is that tit i s quaternarv Is a mater Ia I
l— x x 1— v  v -

w h i c h , to  ,i large’ extent • i s  d o min a t  e’d by se-a t  t e r i ng in the  centra l  va l ley

due to the  pr . ’tI i u ted largi’ i— l~ in terval Icy energy separation (11 1

The static velocit y—field calculations have been described previousl y

I i ] .  In the transient ana lys is proced ure , elec t rons are randomly  selected

f r o m  a M~~~: i-”~ v e l o c i t y  d i s t r i b u t i o n  w i t h  T 300°K. The electric

field intensity is independent of pos i t ion .  Each e lectron undergoes

a.

~
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scattering as it would in a single—elec t ron monte carlo procedure.

Du ring the d r i f t , the insta ntaneous ve loc i ty  and position of the e lec t ron

are recorded at specif ic  times over a t ime interval generally

long enough to allow the pa r t i c l e  to reach a stead y—sta te  ve loci ty .  This

procedure is then repeated N times (N 5000), and the instantaneous ensemble—

averaged velocity and dis tance along the f ield d i rec t ion are calculated as

a f unction of the t ime . The data presented here wil l  be in the form of

velocity versus distance since this gives a more qualitative assessment

of the persistence of velocity overshoot in terms of physical device

dimensions .

Figure 1 shows the static velocity—field characteristic for

Ga 27 In 73 P 4As 6 for  two values of P—valley e f fec t ive  mass , along wi th

a curve for  GaAs . The carrier densi ty  is 1x1017cm 3 . The e f fec t ive

mass of 0 .036 m for the qua ternar y is obtained from the interpolation

procedure [1,8], while the value of 0.05 m
0 

is chosen based on the mor e

recently—measured values [7 , 10]. The calculation includes alloy scattering

f or the quaternary and assumes a random alloy with  no sublattice ordering

[1,121. The increased l’—valley effective mass decreases the d r i f t

mobil i ty of the quaternary from 7000 cm 2 /volt  sec to 4900 cin 2 /volt sec ,

which is very close to the GaAs value . The peak velocity is still  larger

than for GaAs at  this doping level , a l tho ugh the threshold field is also

larger . The peak—to—valley rat io , with  the valley velocity taken at

20 ky / cm , is nearly the same for  GaAs and the quaternary with tn *(I’) 10.05

Also shown in Figure 1 is the velocity—field characteristic for the

- i quaternary with  m *(F) 0.05 m0 without alloy scattering . Alloy scattering

is more detrimental to the static velocity— field curve for this value of

IL —---- - ‘ —--
~
—-- 
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e f f e c t i v e  mass tha n for the value of 0.036 m [1].  Some of the recent

r exper imental transport proper ty  data does indicate  that  a scat ter ing

mechanism having a temperature dependence of mobility the sante as alloy

scat ter ing is greatly a f f e c t i n g  the electron dynamics. The problem of

alloy scattering in the quaternary material remains as a major barrier

a. to the realization of many of the potentially useful material properties.

Figure 2 shows the velocity versus distance characteristic for  the

quaternary both with and without alloy scattering fo r e f f e c t ive mass

values of 0.036 m and 0.05 m and a constant field of E 10  kV/cm .

Shown for compari:on is a curve for  GaAs, which is in very good agree—

ment with results  calculated by other authors [13—15]. Figur e 3 shows

similar calculations for a field of 25 kV/cm. There are several poin ts - 
-

to be made. For an e f f ec t ive  mass of 0.036 m the velocity—overshoot is
0

ver y dramatic , and even including the e f fec ts  of alloy scattering it

persists over distances of greater than approximately 0.35 iim. For an

effective mass of 0.05 m
0 

the velocity overshoot is much reduced and for

small distances ( ‘0 .3 itm) the instantaneous velocity for GaAs is greater

than that for the quaternary with alloy scattering. It should be pointed

out that due to the shift  of the threshold field in the quaternary with

m* (P )  = 0.05 m to about 8 kV/cm , one would expect a very small amount of

velocity overshoot for fields only slightly above the threshold field

[13—15], as is the case in Figure 2. The e f fec t  of alloy scattering on

- -  

the velocity overshoot for tn*(r) 0.05 m is considerably larger than

tha t for m*(P) 0.036 m • It can be seen that both alloy scattering0

and central valley effective mass are predic ted to have a significant

j ,  effec t on the velocity overshoot characteristic for this quaternary alloy,

______________________ -
—--‘- ~~~~~~~~~~~~~~~~~ -~~ -  — ---—  - - -—-- - -
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5

and th e actual  va lues  of parameters  used In the simu la t ion will de termin e

whethe r or not Ga In P As is f ar  superior to GaAs or is onl yl—x x l—y ya
comparable to GaAs .

Recen tl y,  it has become apparen t tha t new phys ical concepts could

be involved in the electron dynamics in sub—micron device structures [16].
I
‘p Also , it is obvi ous tha t  for  real devices , such as in the channel region

of a micron—geometry MESFET, the electric field intensity is not constant

and varies drastically with position in the channel . The spatial variation

of electric field will play a significant role in the influence of

electron dynamics on device performance. Thus , calculations such as those

presented here and elsewhere [13—16 1 can onl y be taken as the f irs t step

in assessing the magnitude of the velocity—overshoo t e f f e c t .  By compa ring

two mate rials in the manner presented here , one can assess the relative

• performance of the quaternary in comparison to GaAs. Based upon the work

presented here there still appear to be reasons for  being optimistic about

the pot ential of Ga In P As as a microwave material . However , asl—x x l—y y

these results demonstrate any definite conclusions must await further

experimental evaluation of the exact material parameters of the quaternary.

‘
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List of Figu res

Figure 1. Sta t ic  d r i f t  velocity  versus e lectr ic  f ie ld  in tensi ty  fo r
T=30 0K and N D=lxl& ? cm”3 . The nota t ion  is:

A ,B ,B ’ — Ga 27 In 73P 4As 6 C— GaAs

A — m*(I’) = 0.036 in with alloy scattering

B — m* (r)  = 0.05 m with alloy scattering

B ’ — m*(F) = 0.05 m without alloy scattering

Figure 2. Transien t drif t veloc ity versus distance for  an e lec t r ic
field of 10 kV/cm with T 300K and N =lxl&-7cm”3 . The

Dnotation is:

A,A ’,B ,B ’ — Ga 27 In 73P 4As 6 C— GaAs

• •  A — tn* (I ’)  = 0.036 m with alloy scattering
0 

—

A ’— m*(r)  = 0.036 in wi thout  alloy scattering

B — m*(P) = 0.05 m with alloy scattering 
-

‘

• 0

B’— m*(I’ ) 0.05 m without alloy scattering

Figure 3. Transient drift velocity versus distance for an electric
field of 25 ky/cm with T 300K and N

D~
lxl&

~
7cnf 3. The notation

is identical to that of Figure 2.

El
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