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1.0 INTRODUCTION

During the past five years an ONR-sponsored research program has
been underway in the Electrical Engineering Department at North Carolina
State University which basically involves the use of the Monte Carlo
method to study high-field transport properties of semiconductor materials.
The emphasis has been directed toward the study of ternary and quaternary
III-V compounds in an attempt to identify specific materials with desirable
electronic properties for microwave and high-speed device applications.

A substantial effort has been devoted to developing a comprehensive
Monte Carlo computer program which can be used as a predictive tool in
the study of hot electron transport, as well as low field ohmic transport,
in a general class of semiconductor materials. We presently believe that
the capabilities which have been developed so far under ONR sponsorship
are second to none within the scientific community, and that the bulk
static transport properties of two general classes of quaternary III-V
semiconductors can be predicted using our computational methods. These
two classes of quaternary materials consist of compounds of the form
ifi iIICY_yD: and AiIIB;ILCiIIDV (or conversely AIIIBXCXDZ), which can
be specified to include any binary or ternary compound as a subset of

these general material forms.

The accuracy of the computational program depends on several factors.

One major factor is the way in which the quaternary material parameters g
are calculated. The technique depends on a knowledge of the binary

material parameters and either theoretical models or experimental data ]
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for the ternary material parameters. This information is coupled into

- ey e

a general interpolation procedure for calculating the quaternary material
parameters, from which the transport properties are obtained in the

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

W=t |

prediction that specific compositions of the quaternary compound
Gal_xlnxPl_yAsy lattice-matched to InP substrates possess transport

properties having distinct advantages over GaAs [1]) for device applications.

In the past three years considerable experimental work on this compound has
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shown the material to indeed be promising for many device applications,

although the principal applications have been for electrooptic devices. i il

o

However, the complete advantages due to the predicted superior trans-
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
refinement of the materials technology, and there are reasons to remain
.- optimistic that the predicted material advantages will be realized.

In the authors’ opinion the influence of alloy scattering still remains

T O B g

an unanswered question. However, recent results on Ga xAles and

1~

) Gal xInxAs suggest that our approach which uses the electron affinity
i <

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

.
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to be noted that these recent results have come about through careful

ot e

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

e —
. :

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

temperature (77K) Hall mobility, the effects of alloy scattering in

*

Gal_xAles can be separated from those due to ionized impurity scattering,

and are in good agreement with our previous models.
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In contrast to these results very little basic information has been
accumulated which elucidates experimentally the electron transport
properties of Gdl—xl“xpl-yAﬁy which will directly determine its usetulness
as a material for high-frequency, high=-sp~ed device applications. IFrom
our own laboratory work in the growth of the quaternary it appears that
many material problems remain to be solved betore the true nature of the
transport properties can be elucidated. For example, energy bandgap
measurements do support the interpolation procedure for determining
quaternary material energy bandgaps [4-6]. However, measurements of
effective mass by various techniques are contradictory. Some of the
measurements support the interpolation [6,7] while other experimental
data are contradictory to it [8,9]. In addition, Hall effect measurements
of the temperature dependence of the electron mobility [10,11] indicate
that alloy scattering is considerably more prominent than is predicted by even
the largest of the theoretical estimates. In addition, for the quaternary
compositions lattice-matched to InP it has been very difficult 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
data strongly suggest regions of non-stoichiometric or conducting-type
defects which affect the barrier region. Recent experiments in InP
grown by MBE [13,14] show the presence of conducting In precipitates
which affect the transport properties and the formation of Au-Schottky
barriers on InP in a manner which is similar to the measurements on

Ga In

P As [15]. The question of the behavior of impurities, the
1-x" x 1-y 'y

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

metric defects is emerging as a significant research problem in the
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III-V materials which will greatly affect the experimental and theoretical
interpretation of the transport properties. We are beginning to examine
ways to study such problems with the Monte Carlo method, for example by
initially including the Scitz dislocation scattering in the calculation [16].
The general purpose of the above discussion is to show that at the present
time there is not adequate evidence to either confirm or disprove the

basic interpolation procedure used for predicting ternary and quaternary
material parameters. In fact, as experimental information continues to

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

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 transport 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 {18]. Arother 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-

tions, and the influence of degenerate carrier statistics.




Fley g —

L
'

.

.

! '

-
.
|

R A A N

In addition, we have begun to examine electron transport in quasi-
two dimensional systems or superlattice structures. We believe that this
emerging area has important applications tor new device concepts and
structures, and that the basic electron transport properties can be
very conveniently studied by the Monte Carlo metnod. Indeed, some of
the important phenomena can only be studied by this technique. In
addition, the study of electron transport in these types of structures
requires a more complete knowledge of the sub-micron related phenomena
mentioned previously.

A major goal of this research program is to examine the Monte
Carlo method and its general applicability to the study of small device
physics and phenomena. It is strongly believed that of the possible
techniques to be appropriate for such studies the Monte Carlo method
will again, as in the past, prove to be the more complete and accurate
computational method to study transport and hot electron phenomena in the

next generation of electron devices.
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2.0 RESEARCH RESULTS

2.1 Review of Progress
This scetion contains a briel discussion of the work performed
during the past year. Some of this work represents the conclusion

of efforts begun more than a vear ago, and these are presented here for
completeness. Also, a discussion of recently initiated work is included.
During the past year we have attacked some problems which were felt as
barriers toward the development of the Monte Carlo method for the study
of small device effects. Included in this section is a list of
publications and presentations. Finally, the appendices include

manuscripts published during the year.

1) The work on central ['(000) valley negative resistance has been
completed and published recently 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
publication. This particular phenomena could be a useful effect for
devices. However, the materials growth techniques for the materials
probably are not adequately developed, since, for example, Gal—xInxpl—yAsy
is a material which is dominated to a large extent by central-valley

transport. The phenomena cannot be studied in the quaternary at this

time because of materials growth problems.
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2) We have examined carefully and critically the definitions of
estimators for the diffusivity at high electric fields in GaAs. The
reasons for this are due, first, to the very large disagreement between
the measured diffusivity tor electrons ir GaAs by the time-of-flight
technique (19] and theoretical Monte Carlo calculations [20]. This

basic disagreement has not been satisfactorily answered (e.g. see
references in Appendix 4.2). Secondly, it appears that as one goes to

the small device dimensions diftusion will become more and more important
as a possible physical limitation to device performance. Thus, we felt
that it 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 experiment 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 Appendix 4.2).

3) The theoretical 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 mechanism,
or some other form of scattering similar to alloy scattering is essentially
dominating the transport in the quaternary, and we are investigating other
mechanisms for their effects [13]. This work will continue since we have

an experimental program dealing with the growth and characterization of

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

using our theoretical models.
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4) We have also been examining the effective mass interpolation in the
Gal_xlnxPI_yAsy system, in an effort to explain the contradictions with
experimental effective mass values obtained by Shubnikov-de Hass oscilla-
tions (see Introduction). We are presently exploring the possibility that
a basic error has been made in extracting effective mass values from the
experimental data. Our initial results show that the correction required
to extract the band-edge effective mass from the mass measured at the
Fermi energy at 4.2 K is much larger than reported. Thus, the band-edge
corrected effective masses are much smaller than originally reported and
are much closer to the interpolated values than the experiments have
originally indicated. We have collaborated with Drs. J. B. Restorff and

Bland Houston at the Naval Surface Weapons Center on this problem, and

we plan to submit a publication in the near future.

5) The work begun almost two vears ago on the inclusion of the Pauli
Exclusion Principle in the Monte Carlo method is nearing completion,

and a paper is in the process of being completed and submitted for publi-
cation (see Appendix 4.4). The method is somewhat more general than
previous attempts, and has been used to calculate low-field drift mobility,
low-field Hall mobility, and high-field drift-velocity. We view this work
as the first step toward including 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




results have been obtained for GaAs. For a dc (bias) field Eo = 1 kV/cm

ot S o

and a 10 GHz ac field with peak amplitude 200 V/cm we find e 7133 in i
ac 4
good agreement with the value My = 7284 obtained from the standard (dc)
o
Monte Carlo program. For E = 7 kV/em (i.e., biased in the negative

S Ses e W

(8]

resistance region) we obtained the results in Table 1 below.

i ’
i | |
§ Table 1. Mobility vs frequency for n-GaAs (Ni = lOlbcm_j). %
1 £ ; ot 4
! L £ (CHz) lulten 1v.a) /u (deg) §

| ) :
b | 10 288 160° - A
50 267 147° -

100 202 85° :

These data are described reasonably well by a simple single pole model

ST,

with a corner (-3dB) frequency of 100 GHz.

We shall continue these studies and publish the results during the

coming year.

7) The investigation of transient (step field) response is continuing.
An "ensemble'" Monte Carlo program is used to compile carrier histories
(position, energy, etc.) from which the spatial distribution, k-space

distribution, and various instantaneous ensemble averages (velocity,

R e T T

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

‘ have been obtained for n-GaAs (Ni = 1016cm-3) for step fields E = 1, 4, 7, :

-

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

saturation regions, respectively, of the static velocity-field characteristic. i
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A paper describing these results is in preparation. In addition, we have

examined the influence of effective mass on velocity overshoot in

Gul_xlnxvl_yAsy and have published a paper on this work (Appendix 4.5).
The conclusions ol this paper demonstrate the real need to resolve the
question of the validity ot the interpolation procedure tor predicting

effective mass in the quaternary.

8) We have initiated a study of the phenomena of real-space electron
transfer, which is a concept originated by Hess and Streetman at the
University of Illinois [21]. The work performed here has been done in
collaboration with this research group and is proving to be a very
fruitful interaction. Real space electron transfer involves the use of
layered heterostructures of the type recently used to study modulation
doping in superlattice-type materials [22]. The structures employ a set
of alternating lattice-matched semiconductor layers with dissimilar
energy bandgaps and electron mobilities, as schematically depicted in

Figure 1 using GaAs and Ga xAleS' For an applied electric field parallel

=
to the interface, the electrons are initially primarily located in the

high mobility material. 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 negative 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

Office.
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9) Work on the two-dimensional modeling of FET devices is continuing.
A general two-dimensional device model has been developed, and during
the past year a considerable etfort has been expended in studying the use
of finite difference numerical algorithms to solve the semiconductor
transport equations. We are presently not satisfied with the results
achievable from this technique, primarily regarding computational
accuracy and convergence. A technique has now been developed which
combines the finite difference technique with finite element methods.
It appears that the finite element method is now evolving as the more
appropriate technique for the modeling of complicated device structures
[23]. Thus, during 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

solution for transport and terminal properties of sub-micron devices.

2.2 Publications and Presentations in 1979
A. Publications During 1978

1. M. A. Littlejohn, R. A. Sadler, T. H. Glisson, and J. R. Hauser,
"Carrier Compensation and Alloy Scattering in Gal In P, As
Grown by Liquid-Phase Epitaxy", Inst. Phys. Conf. Ser¥ &5? Ag,
pp 239-247, January, 1979.

2. J. R. Hauser, T. H., Glisson, and M. A. Littlejohn, '"Negative
Resistance and Peak Velocity in The Central (000) Valley of III-V
Semiconductors", Solid State Electronics, vol. 22, pp. 487-493,
July, 1979.

3. M. A. Littlejohn, L. A. Arledge, T. H. Glisson, and J. R. Hauser,
"Influence of Central Valley Effective Mass and Alloy Scattering
on Transient Drift Velocity in Ga,_ _In Pl— As ", Electronics Letters,
vol. 15, pp. 586-588, September, }9§9.x -
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B. Presentations During 1979

1. M. A, Littlejohn, J. R. Hauser, and T. H. Glisson, "III~V Compound
Semiconductors For Future Electronic Devices'", Invited paper presented
at the Third Biennial University/Industry/Government Microelectronics
Symposium, Texas Tech University, Lubbock, Texas, May 21-23, 1979.

T f s R

{. Sponsored by NSF/IEEE.
! 0 2. T. H. Glisson, J. R. Hauser, and M. A. Littlejohn, "Monte Carlo i
i Simulations of Real Space Transfer', Paper presented at the MBE
" Workshop, University of 1llinois, Urbana, Illinois, September 20-21,
1979. Sponsored by ONR/ARO.
i, 3. T. H. Glisson, M. A. Littlejohn, and J. R. Hauser, '"Monte Carlo

Calculations of Transport in Quantum Well Structures", Paper presented i
.- at the Navy Workshop on Heterojunctions and Surfaces, Thousand Oaks,
California, November, 14-15, 1979. Sponsored by ONR.

' |
C. Paper Accepted For Publication ‘ ?
1. T. H. Glisson, R. A. Sadler, J. R. Hauser, and M. A. Littlejohn, ; %
"Circuit Effects in Time-of-Flight Diffusivity Measurements'", &
accepted for publication in Solid State Electronics. b i3
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NEGATIVE RESISTANCE AND PEAK VELOCITY IN
THE CENTRAL (000) VALLEY OF HI-V SEMICONDUCTORSt

J. R HAUSER, T. H. GuLISSON and M. A. LITTI EJONN
Electncal Engineening Department, N.C State University, Re'=igh, NC 27607, U S A

(Recewed 7 June 1978, in revised form 30 November 1978)

Abstract—The negative resistance i HH1-V matenials such as GaAs at large electric fields 1s generally recognized as
ansing from the transfer of electrons from the central (000) valley to higher lying minima in the conduction band
Monte Carlo transport studies show that the negative resistance effect is still present in 111-V materials when the
valley spacing 1s increased to large values (> 0.5¢V) and even present when the higher minima are eliminated
entirely from the calculations. This negative resistance arises from basic transport properties of the central valley.
Studies are presented of the basic negative resistance effect in the central valley of I11-V materials as well as

studies of Al, ,In,As (x -~ 075) and Ga, ,In,As (x

0.6) which are two specific materials where the negative

resistance effect 1s due predominantly to the central valley.

1. INTRODUCTION

The negative resistance effect as first reported by
Gunn([1,2] has been observed in several of the III-V
binary and ternary compounds that are direct bandgap
materials. The major factors determining the negative
resistance characteristic are now thought to be fairly well
understood, and a good summary has recently been given
by Ridley(3]. A brief summary of the conventional
understanding is useful in relationship to the present
work.

The negative resistance effect in GaAs has been
identified with a transfer of electrons at large electric
fields from the high mobility I" or central valley to higher
lying L or X minima having lower mobilities. The vali-
dity of this basic model has been verified by simple
analytical calculations[3-5) as well as by more detailed
Monte Carlo calculations[6-11]. The energy bands for a
general [1I-V semiconductor are shown in Fig. 1, where
Ae is the energy separation between the central valley
and the next lowest valley, which is assumed to be the L
valley. In some materials a three band model including
both the X and L minima is required to give good
agreement between theory and experimental results.

In the presence of a large electric field, central valley
electrons are heated by the field to large kinetic energies,
and as the average kinetic energy approaches the valley
separation, a large percentage of the electrons transfer to
the upper valley. This transfer is enhanced by the larger
effective mass of the upper valleys as compared with the
central valley. Ridley has used an energy balance ap-
proach to estimate the average energy of the electrons as
a function of electric field and equated this average
energy to the valley separation to estimate the threshold
electric field for a variety of transferred electron
materials(3].

Simple considerations of the transferred electron effect

tThis work was supported by a research grant from the Office
of Naval Research, Arlington, Virginia.
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Fig. 1. Energy band diagram for general [11-V direct bandgap
semiconductor.

lead to the conclusion that high peak velocities should
be achieved in materials with 1a) a large low field mobil-
ity and (b) a large energy separation between the central
valley and the higher lying minima. The binary semicon-
ductor GaAs has a relatively small valiey separation on
the order of 0.31 eV. The separation for InP is somewhat
larger at 0.60eV and InP is predicted to have a larger
peak velocity than GaAs although the field at which the
peak velocity occurs is also somewhat larger.

The largest valley separation in the binary III-V
materials is 1.11 eV in InAs. This large valley separation,
however, cannot be used in transferred electron devices
(TED's) because of the low breakdown voltage of InAs
due to the small bandgap of 0.36 eV. Thus, of the binary
I1I-V materials, InP is predicted to have the largest peak
velocity of the materials which are useful for TEDs.

The ternary and quaternary I11-V materials provide a
wider range of bandgaps and valley separations for
potentially higher peak velocities than can be achieved in
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the binary matenals  The quaternary Gu, o Py (As
lattice matched to InP substrates has recently been pre
dicted 1o have a peak veloaty Larger than that of either
GaAs or InP[12] The Large low held mobility needed for
high velocities requires low bandgap materials with small
effective masses However, too low o bandgap, as an
InAs, leads 1o low breakdown voltages  Thus a4 com
promise must be found between these two reguirements
From breakdown voltage and device considerations, the
bandgap of high veloaity materials for either TEDs o
FETS should probably be around eV or Luger

If a mimmum bandgap of around 1 eV s selected then
all the HI-V ternary and quaternary materials can be
searched to find which matenal has the largest valley
separation. This matenial turns out to be Al, In, As for
which the energy band diagram vs composition 18 shown
in Fig. 2. At a composition of v = 0.75 the energy gap is
about 0.91 eV while the I'-to-1 valley separation 1s about
1.12eV. Monte Carlo calculations for this composition
(to be discussed in the next section) lead to a low field
mobility of about 11,700 cm®/V sec and this coupled with
the large valley separation leads to an expected large
peak velocity before the onset of a negative resistance
effect.

Another ternary material which has a large valley
separation and also has a large bandgap is Ga, (In As
with x - 0.4-0.6. For example at x = 0.4 the bandgap 15
0.86eV and the valley separation is 0.72¢V. These
values are not quite as good as those for the Al o Ay
system but the technology for Ga. ,In, As is much more
highly developed. The quaternary Ga, (In, Py (As,
previously reported on [12] also has a favorable bandgap
and valley separation for large peak velocities.

Monte Carlo calculations on both the Al, In, As and
Ga, In.As systems have not shown as large a peak
velocity as initially expected. This has been found to be
due to fundamental physical limitations for the peak
velocity which occur within the central valley. For valley
separations larger than about 0.5 eV, the peak velocity
and the threshold field have been found to be determined
almost entirely by the properties of the central valley.
Materials with large valley separations will be referred to
in this work as central valley dominated materials since
such materials show a peak velocity and a negative
resistance determined mainly by the central valley. The
high field properties of such materials are discussed in
detail in the next section

2. CENTRAL VALLEY DOMINATED
MATERIALS

The calculated velocity-field curve for Aly x<Ino 7sAs is
shown in Fig. 3. The material parameters used in the

tThe possibility exists in the ternary materials of two LO
phonon modes, while in the present work a single 1O phonon
energy is used. This has been estimated from the LO phonon
energies of the binary materials and should be considered as
some average phonon energy. Detailed properties of the ternary
materials are not sufficiently known at present to justify the use
of two LO phonons. However, the use of a single 1.O phonon
should not detract from the main conclusions of this work
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Fig 2 Calculated energy gaps vs composttion for Al, ,In,As

calculations were obtained from the binary [II-V
parameters as discussed in previous publications[10-12]
and are given in Table 1.t Included in the calculations
are scattering processes due to acoustic phonons, polar
optical phonons, ionized impurities (10'*/cm® impurity
density), piezoelectric, alloy scattering processes, and
equivalent and nonequivalent intervalley processes. The
calculated peak velocity is about 2.7 x 10" cm/sec at a
field of about 4000 V/cm. This peak value is about 35%
higher than the calculated and measured values for GaAs
and this verifies 10 some extent the discussion of the
previous section as to the need for a large valiey separa-
tion to achieve large peak velocities. However, the peak
velocity is not as large as was expected.

The numerical values shown at various points along
the curve of Fig. 3 give the percentages of electrons in
the L plus X minima. At the peak of the velocity curve it
is seen that only 0.7% of the electrons have been trans-
ferred to the upper valleys. At 10* V/cm which is far into
the negative resistance region only 9.2% of the electrons
have been transferred to the upper valleys. These per-
centages which were obtained from the Monte Carlo
calculations are much too low to account for the peak
velocity and the negative resistance for this material. For
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Fig. 3. Calculated velocity-field curve for AlalngssAs. The
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I Fable 1 Al iIng o As material parameters used n the calculations
5
A, Bulk Mareriad Crer ;
- ¥
| Parancter Value Faramcter Value v
i i
Lattice Constant 159%10 "¢ LO Phonon encrygy 0.040% oV
3 o
a ensity $.27 gm/cm Sound velocity S0 0x 10 0
i El ' A ty iff. 1.32 oV ptical Dielectric 10, /86
: Constant
2
Piezoelvitric int t Tomb /m Static Dielectiric 13.4
Constant
1 :
; B Va et Mat 11 Parame ver /
Conduction Band Valley
. g
Param ter No0vo) X(100) Le1i) &
i ;
. 8
Acoust Deformat ion botential (eV) 6.73 9. 38 H.H3 5
' 2
Lifect M (m*/m ) ).028 Q.¢ Q.34 £
7 3
| Non Farahol ity (ev ) 1.06 0,204 0.814 ;
. Energy Pand Cap (ev) 0.909 2.13 2.02% .
(relative to valence hand) &
Optical Deformation Potential (eV/cm) 0 0 10" §
Optical Phonon Energy (eV) 0.0336 { b
. Intervalley Deformation Potential i
(evV/cm)
P - 8 8
From I(000) 0 6.25x10 5x10 &
! From X(100) b.l"xloe 6.?51108 51!08
From L(111) 5!108 5!108 leOB
4
Intervalley Phonon Energy (eV) |
\
From N000) 0 0.0253 0.0262 ¥
From x(100) 0.0253 0.0253 0.0309 ,
£
From L(111) 0.0262 0.0309 0.0254 :
1 3 u

=

Number of Equivalent Valleys

example, at 10* V/cm a transfer of all electrons back to
the central valley would increase the velocity by no more
than 10% and this s much too small an effect to eli-
minate the negative resistance. This leads to the con-
clusion that the peak velocity is being controlled by the
central valley in this material and i1s not due to electron
transfer to the upper valley.

The dominance of the central valley in determining the
peak velocity is shown in Fig. 4 which compares the
calculated velocity-field relationship of Fig. 3 with that
obtained by including only the central valley in the
Monte Carlo calculations. The two calculations give very
similar velocity-field relationships with the peak velocity
being unchanged by the elimination of scattering to the
upper valleys. A comparison of the two curves in Fig. 4
shows that transfers to the upper valleys increase the
magnitude of the negative resistance beyond the peak
but the upper valleys are not required for the existance
of the negative resistance. Upper valley transfers are
also seen to cause a larger drift velocity at very large
fields (at 10° V/cm for example).

A similar negative resistance effect has been predicted
to occur in the central valley of InSb at low temperatures
(77°K)[13]. However, it does not appear to have been

previously recognized that the negative resistance effect
of certain ternary materials can be dominated by the
central valley even at room temperature.

The dominance of the central valley is not limited to
just Al, .In,As but has also been seen in other ternary
materials such as Ga, ,In,As with x ~04-0.6. The
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Fig. 4. Comparison of velocity-field curves for Algasling cAs
using central valley only and using all valleys.
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veloaity field curve for this ternary with v 0.6.18 shown
in Fig. S This particular matenial has an energy gap of
065eV and a valley separation of 0% eV AS with
Al 2ddng 2sAs, the presence of the upper valleys has
essentially no effect on the peak velocity or threshold
field for negative resistance. The upper valleys agamn
increase the negative resistance effect and increase the
high field velocity

The two matenals discussed so far have large valley
separations, and this 18 the condition for the peak velo
oty and threshold field bemg determined by the central
valley. For lower valley separations, however, such as
the 031eV for GaAs the question anses as o how
important is the ntervalley transfer of c¢lectrons in
determining the peak veloaty  Calculations for GaAs
have shown that without the [ and X valleys present the
velocity would peak at about 2.5 < 107 cm/sec as opposed
to the value of about 2.0 x 10" cm/sec including the uppet
valleys. Thus the transfer of carriers to the upper valleys
reduces the peak velocity in GaAs by about 2047

The central valley dominated materials such as shown
in Fig. 4 are predicted by the Monte Carlo calculations to
have a large peak-to-valley ratio for the velocity-field
curve. The peak-to-valley ratio in Fig. 4 ranges from
about 4 to 7 for peak fields from 20 to 100kV. For GaAs
with a smaller valley spacing. the peak-to-valley ratio is
at most about 2.5 by both experimental measurement [ 14]
and theoretical calculations[15]. This large peak-to-valley
ratio for the central valley dominated semiconductors
may be especially useful in certain device apphcations.

The preceding discussion has demonstrated that when
the valley spacing becomes large the peak velocity and
threshold field are no longer determined by electron
transfer from the central valley to higher lying mimma.
The peak velocity is rather determined by the fun-
damental transport properties of the central valley In
order to understand these central valley limitations a
study has been made of the high field properties of model
semiconductors with only a central valley. These studies
are discussed in detail in the next section.

3. TRANSPORT IN CENTRAL VALLEY ONLY
This section considers a semiconductor in which the

spacing between the central valley [I'(000) valley] and
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Fig. 5. Velocity-field curves for Gag JIng4As

higher lying mimima (either X or [ valley) is so large that
only the central valley must be considered in the trans
port In all of the HI-V ternary and quaternary materuals
the spacing can never be made so large that it has no
effect on the transport process. However, as the
previous section illustrates, the spacing can be so large
that intervalley transfers have a negligible effect on the
peak velocity and threshold field for certain materials. A
study of transport in only the central valley can thus lead
to an understanding of the physical processes leading to
a peak velocity and negative resistance effect in these
matertals as well as provide an upper limit to the peak
velocity for other matenals. Since the Al 2slng 7<As
comes closest of all the ternary -V materials to being
domunated by the central valley, the parameters for the
calculations presented in this section using only the cen-
tral valley are selected as those of this matenal, and are
listed 1n Table |

The negative resistance and peak velocity in the central
valley have been found to be due to the fundamental
properties of the nonparabolic bands of the central valley
as first discussed by Persky and Bartelink(13]. The
negative resistance occurs when the nonparabolic bands
are considered with only the dominant scattering process
of polar optical scattering. This is seen in Fig. 6 which
compares the velocity-field curve for only polar optical
scattering with the corresponding curve including all
scattering processes. The general shape of the curves is
seen to be determined by polar optical scattering with the
other scattering processes simply reducing the velocity
by almost a constant factor at all field values. This
dominance of polar optical scattering is to be expected
since it is the major energy loss process.

The presence of a negative resistance in Monte Carlo
calculations when only polar optical scattering is con-
sidered is at first very surprising. This differs from pre-
vious studies where it has been shown that only polar
optical scattering leads 10 an energy runaway condition
at large electric fields[16-18]. As shown below the
difference between these earlier studies and the present
study arises from the description of the energy bands.
The studies referenced above considered parabolic
energy bands while the present work has considered a
non-parabolic band described by

Ikl
+ = Y€)= e(l + ae), (n

>

|

ra
3

where m* is the effective mass at € =0 and a is the first
order non-parabolicity factor[19]. With parabolic bands
one gets energy runaway and with non-parabolic bands
one does not.

The basic physics of high field transport can be des-
cribed analytically by energy and momentum balance
equations of [3]

m"ﬁ: E—"'—‘.3=0 Q2
“dt q Tm i
TN . I
a Ev . =0, 3
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where F is the electric field, m the energy dependent
effective mass, e, the thermal energy, 7., the momentum
relaxation time and r, the energy relaxation time. hese
can be combined and sofutions obtaned for £ and ¢ as
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If a model s available for 7, and 7, as functions of
energy, these equations express F and v as functions of
average electron energy. By solving these for vanous
values of energy. v as a function of E can be obtained
For polar optical scattering only and at large encrgies
(€ # hwo) the relaxation rates can be approximated as|3].

1 _@2m*) oo/ 1 1Y 1 dyle) o
r 8h (- )y(f) =" de Prlwe) + 1},

Tm €. €p

e—€r _q'2m*)"" (hwo)’ (1_ l) 1 dy
Te 8k’

€. €/ yl€e)de (6)

dyle)\ '
x|n[47<¢)(lm——d( ) ] )

where Rw, is the optical phonon energy and n(wo) is the
Bose-Einstein factor. More detailed and complete treat-
ments of the relaxation rates can be found in Refs. [20, 21].
However, the present simple expressions appear 10 contain
all the information needed to understand the central valley
negative resistance. The energy dependent effective mass
can also be approximated as

dyle) ’( € )
e 9 ALY IS5, 25
R L0 ( de ) yle)/ &)

In a parabolic band (y = ¢, (dy/de) = 1) both the rates of
momentum loss and energy loss decrease with energy.
This makes it impossible to achieve steady state above a
certain energy. For a non-parabolic band as described by
eqn (1), 7. ' approaches a constant at large energies
while (e - er)/r. increases slowly with energy as
In (2e/hax). In this type of energy band a steady state
solution can be found at any energy.

The analytical model as expressed by eqns (4)-(8) has
been solved for the parameters given in Table 1 and for
the energy band of eqn (1). The results for velocity as a
function of field are plotted as points in Fig. 6. Excellent
agreement is seen between the results of the analytical
model and the Monte Carlo calculations. This supports
the accuracy of the Monte Carlo results and demon-
strates that negative resistance is a feature of the central
valley when non-parabolic energy bands are considered.

Two basic questions can still be raised with respect to
the results reported here. First, the energy band is in
reality more complicated than the form expressed in eqn
(1). This equation approaches a linear E vs k relationship
at large energies while real bands have a region of
negative effective mass at large energies. In such an
energy band, the electron energy for a given ficld will be

Y

4,013-
1 -

DRIFT

A'ZDI"JS“
(000) VALLEY ONLY
> o0 SIMPLE ANALYTICAL MODEL
kol I 1 {15881 157 0§ i L1 tdyp-1e
102 10’ 104 0%
ELECTRIC FIELD ({V/cm)

vELOCIT
c
S . ..
. Th
{ D
/
v
ec

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

even less than that given by a band described by eqn (1).
Thus if energy runaway does not occur with a band
described by eqn (1), it will not occur in a band where
energy increases more slowly with k. Also the negative
effective mass region of a band can by itself lead to a
negative resistance at high fields. Thus a more accurate
description of the nonparabolic band should enhance the
negative resistance calculated in the present work.

A second question arises as to the neglect of p-state
mixing in the mode) for the relaxation rates of eqns (6)
and (7)[7). In order to compare the Monte Carlo and
analytical results, the Monte Carlo results reported in
Fig. 6 did not include p-state mixing in the calculations.
A comparison of the Monte Carlo results both including
and neglecting p-state mixing is shown in Fig. 7. As can
be seen there is little difference in the overall results. The
velocity including p-state mixing is just slightly larger
than that neglecting p-state mixing. Thus the existence of
the negative resistance region is not sensitive to the
exact model used for polar optical scattering.

A simple interpretation of the positive and negative
resistance regions can be obtained from the momentum
and energy balance equations. The energy balance equa-
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Fig. 7. Comparison of calculated velocity field curves including
and not including p-state mixing in the scattering rates.
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tnon can be wnitten in a shghtly different form from eqn
(3) when only polar optical scattering s considered.

AstP. - P.)
gkt £ " -_ V)

where e Awy. P s the probability of phonon ¢nms
swon, P, s the probability of phonon absorption, 7, 18 the
mean time between scattenmg and e - Ay, 1t should be
noted that 1, s not exactly the same as 7, used in egn
(3) At large encrgies

«

! ) tanh (v/2), (1o

p.-p (5
e +1
where v Aw, /Al
From the momentum and energy relaxation times, the
velocity can then be expressed as

_ATm
ms

o, tanh (hwo/2AT) | -
P e (12)
qro E

t (1)

where eqn (12) 1s only vahd at large energies. At low
fields and low particle energies where m% - m* and 7,
are constant, eqn (1) predicts a hnearly increasing
velocity with field. At large tields if 7, were constant egn
(12) predicts a decreasing velocity with increasing field
The Monte Carlo results and egn (7) actually show that
7o | increases with particle energy as In(e). and € in turn
increases as F7 at large fields These combine to make
ro ' mcrease as In(F) This s a weak dependence and
does not compensate for the £ ' dependence of egn
(12). Equation (11) 1s also satisfied at large fields because
m?% increases with energy and field.

Equations (11) and (12) can be used to provide an
upper limut on the velocty which can be achieved i a
semiconductor. By equating the limiting expressions of
eqns (11) and (12) and taking 7, = rot and solving for
qEr../m*, one obtains

:
o e = [ 2% tanh R/ 24T | (1)

Values of vy, for several binary and compound maten-
als are shown in Fig. 8. Also shown for several materials
are the peak velocity values that result from Monte Carlo
calculations including all bands and all scattering nro-
cesses. For the binary materials GaAs, InP and InAs the
Monte Carlo results give peak velocities that are about
82-909% of the values predicted by eqn (13). For the two
ternary and one quaternary materials shown, the Monte
Carlo resufts differ from egn (13) by large amounts. The

7. and 7o are only equal for special scattering processes such as
isotropic scattering. They are not exactly equal for polar optical
scattering. However, the limiting expression obtained in this
manner has been found to provide a good upper limit to the peak
velocity for a vanety of semiconductors

lower Monte Carlo result for the ternary and quaternary
matertals 1s due to the presence of alloy scattering in
these materials which 15 not present in the binary
matenals. If alloy scattering had not been included all of
the Monte Carlo results would have been around 80-90%
of the inmiting value given by eqn (13)

Monte Carlo results are not shown for InSb and GaSbh.
I'he band gap of InSh 1s oo jow for this matenal to be
used near the peak veloaty. For GaSh the presence of
the 1 minmma at only 009 ¢V above the | minima causes
the negative resistance effect not to occur in this
matenial. The data in Fig 8 indicates that there s a
general trend toward  larger peak  velocities as the
bandgap of the semiconductor decreases.

The fundamental roles of polar optical scattering and
band nonparabolicity in the central valley combine to
determine the peak velocity which can be achieved.
Figure 9 shows the velocity field curves for the central
valley only of Al ydng,<As with different o values,
where the theoretical value of

u:*(l'"-l-.):. (14)

€ mo

gives 1.0deV ' for AlyasdnessAs. This corresponds to
one of the curves in Fig. 9. Also shown are velocity field
curves for a values an order of magnitude smaller and an
order of magnitude larger than the theoretical value. For
values of a less than 0.104 the calculated values are
close to the 0.104 curve of Fig. 9. At the theoretical value
of a the nonparabolicity is seen to reduce the low field
mobility by about 37%, to reduce the peak velocity
shightly, and to increase the threshold field from around
3kV/em to around 4kV/cm. A very large nonparaboli-
city (a = 104eV '), which fortunately does not occur in
the I1I-V matenials, 1s seen to drastically reduce the low
field mobility and the peak velocity. The nonparabolicity
will be most important in materials with narrow
bandgaps and large valley spacings, since a is large for
such materials and the carriers become heated to large
energies before intervalley transfer occurs.
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4 SUMMARY AND CONCLUSIONS

The presently accepted theory of negative resistance
effects in IlI-V semiconductors attributes the effect to
the transfer of electrons from a high mobility central (I')
valley to lower mobility, higher lying energy valleys (L.
or X). The present work has shown that in materials with
a large valley spacing the negative resistance becomes
dominated by the central valley. Monte Carlo cal-
culations have shown that the presence of the upper
valleys is not required for a negative resistance effect but
that polar optical scattering acting in a nonparabolic
central valley alone gives rise to a peak velocity and
negative resistance effect. For matenials with valley
spacings of 0.5eV or larger the peak velocity and
threshold field has been found to be determined almost
entirely by the central valley negative resistance effect
Transfers to the upper valleys influence mainly the
magnitude of the negative resistance and the carrier
velocity near the valley minmum of the velocity field
curve.

Materials which have large valley spacings and are
domnated by the central valley have large peak-to-valley
velocity ratios as predicted by Monte Carlo calculations
T'he ternary matenals Al (In, As (v 075), Ga, ,In, As
(x  0.5) and the quaternary Ga, In,P, ,As, (x 0.75),
v 0.4) are typical of central valley-donminated materials.
The largest peak velocities which have so far been
calculated by the Monte Carlo technique have been
found n these naterials
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APPENDIX 3.2

Circult Effects in Time-of -Flight Diffusivity Measurements

T. H. Glisson, R. A. Sadler, J. R. Hauser, and M. A. Littlejohn
Department of Electrical Engineering
North Carolina State University, Raleigh, NC 27650 !
Abstract
A monte carlo procedure is used to examine certain effects that

interfere with the determination of the diffusivity D from current
rise and fall times in a time-of-flight experiment. It is found that
electron bombardment time, sample capacitance, contact resistance,
and oscilloscope rise time can cause considerable error in the measure-
ment of D, especially near the threshold electric field. It is shown
that a reasonable accounting for these effects can explain much of the
difference between experimentally-and theoretically~determined D-E

characteristics for GaAs.

This work was supported by the Office of Naval Research.
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Introduct fon

Extensive measurements of the transport properties of electrons in

GaAs were reported by Ruch and Kino in 1968 [1]. 1t has proved difficult
\

to bring monte-carlo calculations of the uiffusivity vcrsug field (D-E)
characteristic into agreement with the experimental D-E characteristic
in [1]) without sacrificing some agreement elsewhere, e.g., with velocity-
field (v-E) or mobility-temperature (u-T) measurements. This state of
affairs is illustrated in Fig. 1, where three calculated (monte-carlo)
D~E characteristics are superimposed on the experimental (RK) D-E
characteristic from [1]. Curve A, calculated by Abe, et al [2], is in
good agreement with the experimental data for E & 2kV/cm, but 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 calculated
v-E and u-T characteristics that are in good agreement with experimental
data, yet yields a D-E characteristic (curve L in Fig. 1) that is quite
different from that measured by Ruch and Kino. Curve PR in Fig. 1 was
calculated by Pozela and Reklaitis [4] using a model that is only slightly
different from the one described in [3]. The present authors have been
unable to reproduce this result, and cannot attribute the great differences
between curves L and PR to the slight difference between the models
described in [3] and [4].

The experimental (RK) characteristic itself is questionable in two
regards, First, it rises sharply in the ohmic region (0 < E < 2kV),

whereas D should be nearly independent of E there because of the Einstein

relation. Second, the RK characteristic appears (when extrapolated)

=3

=g




to approach =100 - 150 cm2/5 at large fields, whereas experimental data
indicate that D does not exceed 20 cmz/s at E = 50 kV/cm [5].

In Ruch and Kino's paper [1] the experimental D-E characteristic
was compared to one attributed to Butcher and Fawcett [6]* &nd 1t was
suggested that the considerable differences were due in part to "inter-
valley diffusion". However, it is hard 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 that some of the differences bétween the
experimental and calculated D-E characteristics might be due to seemingly
negligible circuit effects that interfere with the measurement scheme
described in [1]. These circuit effects include the sample capacitance,
contact resistance, imperfect matching, oscilloscope rise time, and the

like.

Theory of Diffusivity Measurement

In the time-of-flight experiment, carriers are injected at the cathode
and drift under the applied field to the anode. Diffusion causes the
spatial distribution of carriers to spread during the drift. Ruch and Kino
assumed (see Appendix C of [1]) the spatial distribution of carriers to be
gaussian with mean x = vt and variance oi = 2Dt, where v and D are the
drift velocity and diffusivity, respectively. Thus the carriers reach
the anode at times near t/v, where £ is the sample thickness. At that
time o =&/2D2/v , and the current falls from 95% to 5% of its peak value

in a time given by L 3.28 cx/v. Thus the diffusivity can be obtained

e

*Actually, no D-E data are given 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.
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from a measurement of the 95%-57% current fall time through |
2 3
pw ) ‘
21.62 |
r
i where v is obtained from the sample thickness and transit time (the time
i at which the current has fallen to 50% of its peak value).
'S The more elaborate development given in Appendix C of [1] leads to
¥ (12—12)v3
¢ 21.68
- where ? is the 5%-957% current pulse rise time and v is obtained from the
s sample thickness and the elapsed time between the 50% rise and fall times. i

However, it is not clear that diffusion effects have anything at all to do
with the shape of the leading edge of the current pulse; the inclusion of
TR 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 state correctly that Eq. (2) compensates

exactly for circuit effects if the rates of current rise and fall and the
circuit impulse response are gaussian, but the assumption of a gaussian cir-
cuit impulse response is hard to justify. An exponential circuit impulse E

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

D.

Circuit Model and Results

g The experimental apparatus and set-up used by Ruch and Kino are

e described in [1], where rise (and fall) times of "as much as 0.2 ns"

-
AT o T . A T 421 2 W (5]

g- were attributed to sample and support capacitance, contact resistance,
and the like. The oscilloscope rise time was 0.06 ns, and the sample

-
)
e

| was bombarded by electrons (to inject carriers) for times on the order

of 0.1 ns. Theelectron-hole pairs were created within 3 um of the
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cathode. These effects and others (such as space charge) contribute to
TR and TF in Eq. (2), perhaps as much as or more than diffusion, 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 coqtribution of
a single 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(2-x )

— fule-t ) ~ ate-t - 6t )] (3)

1n(t) = At
n

(In Eq. (3), k is a dimensioned constant that accounts for charge density,
sample cross-sectional area, and electronic charge.) 1In the calculations
to be described here, X is randomly selected from the interval [0,3um]
(to account for penetration of the bombarding electrons), tn is randomly
selected from the interval [0,0.1 ns] (to account for the time for which
the sample is bombarded), and Atn is selected from the density

e ~(2-x_-vat )/ (4Dat )
f(l-xn,Atn) =il e n n n (‘.)

4nDAt3
n

which is the density of the time to absorption (Atn) for Brownian particles
released (at t=0) a distance 2-xn to the left of an absorbing boundary
(the anode) [7]. In the Ruch-Kino experiment and in the calculations here,
the sample thickness 2 = 0.03 cm.

Our procedure was as follows: (1) The field dependence of v and D
in Eq. (4) was obtained by a monte-carlo calculation from the model
described in [3]. This is equivalent to assuming that curve L in Fig. 1

is the "correct'" one that would be observed in the absence of interfering

effects; (2) For each field (1kV/cm < E < 12 kV/cm), one thousand values
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I 3 5
{ o each for Xt and Atn were selected as described above; (3): The i
i circuit response (simulated pulse) was constructed from i
1000 k(2-x )
> r(t) = 2: T [g(t—tn)-g(t—tn—Atn)] (5)
n=1 n .
- where
f 2\ -t/'rc ¢
g(t) = [1-e Ju(t) . (6)
3 is the step response of the circuit for time constant T (4): The 5%-95% !
i ‘ rise time TR 95%-5% fall time Tpo and 50%-50% pulse duration Tp (transit é
i .
: time) of the simulatedpulse r(t) were determined; and (5): The drift
velocity v was calculated as v = 2/1T and the diffusivity was then calculated é
< using Eq. (2).
: The calculation just described was performed for several values of the
k {
s circuit time constant T.- The best agreement between the simulated and

experimental D-E characteristic was obtained for A 0.25 ns. The results
are shown in Fig. 3. The dashed curve is the experimental 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 = lolacm-3. This impurity concentration is reasonably

consistent with the sample resistivities given in [1].

The observed D-E characteristic in Fig. 3 is in good qualitative { 2

& —

agreement with the experimental data, but is displaced toward higher

g
v
)
i
§

1. fields. This displacement is due to the fact that the model used leads h
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to a v-E characteristic that is displaced to the right relative to that

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

i
the calculations described above were repe~ted using the theéoretical v-E

in [1] is in much better agreement with that in [6] than that in [3], so
and D-E data attributed in [1] to Butcher and Fawcett [6]. The best fit
L |

circuit time constant was e 0.22 ns, and the results are .shown in

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

Fig. 4. The simulated D-E characteristic is closer to the experimental g
coincide. E
P

p Conclusions } 248

The circuit time constants By 0.25 ns and 0.22 ns used to obtain

the results just described are reasonably consistent with the estimates

} given in [1] (0.2 ns for sample & supports, 0.06 ns for the oscilloscope), p é
and lead to observed (measured) diffusivities that are greatly inflated

near their peak value. The term rﬁ 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

F { 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 considcred here. Thecalculated drift velocity was

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

process.
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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 = lolacm_3. Thus the "true"
diffusivity is 300 cm2/s, as was observed for a circuit timé constant

of zero. The simulateddiffusivity remains close to the actual (specified)
diffusivity for . < 0.05 ns, and rises sharply for 19 > 0.15 ns. At

P 0.25 ns, the simulateddiffusivity is about 900 cmz/s, and corresponds
to the peak value of the observed D in Fig. 3.

Equation (2) can give good results if the external circuit effects
are small compared to the effects of diffusion. In terms of the model
used here, this requires that the circuit time constant L be small
compared to the fall time e due to diffusion alone at all fields of
interest. The fall time e is on the order of 2ox(TT)/v = 242D2/v3 :

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

appears Eq. (2) is useable provided

L <<A{8Dl/v3 . (7)

For GaAs and E = 4kV/cm we find'ngllv3 ~ 0.1 ns. As expected, 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, circuit effects must
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 D.
These cuarves could then be used to correct the results obtained from

Eq. (2).
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Figure Captions

Diffusivity versus applied electric field for electrons in
GaAs. RK: experimental data from [{1]; A: Monte-carlo
calculation from [2]; PR: Monte-carlo calculation from (4];
L: Monte-carlo calculation by the present authors'!using the

model described in [3].

Circuit model used in the calculation of the simulated diffusivity.
(see text).

Simulated dif fusivity versus field when the "actual" (specified
in Eq. 4) D-E and X—E values are obtained from the model in [3]

(with N = 10 P 0.25 ns.

Siculateddiffusivity versus field when the "actual" D-E and
v~E are obtained from [1], attributed there to [6]. G 0.22 ns.

Simulated peak diffusivity versus circuit time constant. The
specified diffusivity (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,_,In P,_,As, grown by liquid-phase epitaxy

M A Littlejohn, R A Sadler, T H Glisson and J R Hauser
Electrical Engincering Department, North Carolina State Unmiversity, Raleigh, North Carolina,
USA

Abstract. Carnier mobilities achieved  experimentally in Ga, (In, Py JAs, alloys are
considerably less than those predicted by Monte Carlo transport calculations. In this paper, a
comparison between the temperature dependence of electron Hall mobility measured experi-
mentally on 1t er-grown samples and calculated from a Monte Carlo method s presented. The
experimental data s obtamed from samples which are n-type and are grown on semi-insulating
InP substrates. The theorcetical caleulations are based on a diffusion coetlicient estimator for
calculation of Hall mobility. An analysis of the data indicates that both affoy scattering and
carrier compensation are necessary to explain the observed temperature dependence of the
Hall mobility.

1. Introduction

The I1I-V quaternary alloy Ga, .In,P, ;As, has received considerable attention
recently 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
properties proposed for this material based on calculations using the Monte Carlo
method (Littlejohn er al 1977a) have not been fully realized (Morkoc et al 1978,
Houston et al 1978). In particular, the reported Hall mobilities have been consider-
ably lower than predicted, and room-temperature electron concentrations below
about 1x 10" cm * have been difficult to achieve. Much of the work has been done
using liquid-phase epitaxy (1pre). However, the electron concentrations are much
larger for the quaternary than those usually achieved for e growth of the binary
compounds GaAs and InP, even though 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 InP substrates and those calculated frora the Monte Carlo
method is presented. Based on this comparison, it is concluded that both carrier
compensation as well as alloy scattering are contributing to the low-field Hall
mobility and to its temperature dependence.

2. Experimental aspects

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

0305-2346/79/0045-0239%02.00 © 1979 The Institute of Physics
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munication). The as-grown layvers were undoped, and the substrate material was
semi-insulating Fe-doped InPaina (11 1B orientation. Typical layer thicknesses were
around 10 um. The Hall measurements were made in a variable-temperature
cryostat between 77 and 300 Ko A standard Van der Pauw sample geometry was
used, and contacts to the samples were made with an lo-Saalloy (Houston e af
1978).

3. Monte Carlo calculations

The calculations presented in this paper were obtained by the Monte Carlo method,
using a programme described previously (Lattlejohn et al 1977a). Of particular
importance s the method used to obtain the quaternary maternial parameters for
Ga, .In. P, ,As,. This is done by an interpolation procedure which is based on an
assumed knowledge of the constituent binary material parameters of, in this case.
GaAs, InAs, InP and GaP. While much needs to be done to validate further this
interpolation procedure, it has proved useful in calculating energy band gap and
lattice constant (Glisson et al 1978, Moon et al 1974) as well as electron effective
mass (Restorff er al 1978). In these cases it has led to good agreement with
experimental data. Figure 1 shows the results of a calculation for the I' valley electron

007

< ot

\ Figure 1. Effective mass ratio as a
function of As composition in
Gay (In Py As, latuce-matched
to InP Curve A uses binary
effective masses from Restortf et al
(1978). Curves B and C use values
o L from Littlejohn er al (1977a), with
003 two different reported values for

. ' . ' . ' f InP. O Restorfl eral (1978)
0 02 04 06 08 10

ve mas

005

$sprt

As composition

effective mass in Ga, . In,P; (As, as a function of As composition for layers
lattice-matched to InP. The three different curves represent calculations based on
different values of binary material parameters. However, for y = 0-5 the effective
mass does not strongly depend on the uncertainty in the InP effective mass (y = 0)
(Maloney and Frey 1977). While the more accepted value of effective mass for InP is
0:08 my, another value of 0:067 mg has been used in previous transport calculations
(Rode 1970) and is shown in figure 1 for completeness. Also, a very recent
measurement of effective mass in Gag.47Ing s3As has been reported as 0-041 my, and
the interpolation procedure illustrated in figure 1 has been questioned (Pearsall er al
1979). This measurement was made at near-helium temperatures from Shubnikov-
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de Haas oscillation amplitudes, in the same manner as the measurements of Restorff
etal (1978). At such low temperatures the conduction band density of states is well
below 10 em ', and one would expect degenerate statistics to be prevalent under
the measurement conditions. Thus, this measured effective mass could be larger than
the band-edge etffective mass shown in tigure | due to non-parabolic band effects. In
fact, on another more heavily doped Gag arIng 3As specimen, an effective mass of
0-074 m, was measured. This increase was attributed to non-parabolic band effects
(Pearsall er al 1979). In addition, one would expect a decerease in effective mass with
increasing temperature, which would tend to reduce the helium temperature value of
0-041 m, to a value possibly more consistent with the value of 0-033 m, shown in
figure 1 for Ga, 471ng <1 As. The experimental effective mass data and the calculated
values shown in figure 1 appear to be consistent at this point in time.

In general, the Monte Carlo method is difficult to apply with good statistical
accuracy at low fields and low temperatures. However, this problem can be overcome
to a large extent by using statistical estimators for the ditfusion coetlicient (Canali er
al 1975). 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 be important in Ga, ,In,P, ,As, alloys having small effective
masses such as shown in figure 1. For GaAs, with m* =0:067 m,, the conduction
band effective density of states is about 4 X 10'" cm* at 300 K. From the values in
figure 1, a number of 1-65x 10" 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" ecm ' for GaAsand to2:1x 10" cm ™
for the quaternary. Thus one could expect degenerate statistics to be important in
determining the quaternary transport properties for presently achievable doping
levels.

The Monte Carlo method has the additional feature that very detailed transport
and scattering factors can be included in the calculations. These factors include such
band structure effects as p-state mixing and band non-parabolicity (Fawcett et al
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, then the technique should be 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,
Littlejohn et al 1977b, Kratzer and Frey 1978). Figure 2 shows Hall mobility as a
function of free-electron concentration for GaAs at 300 K for a compensation ratio
of 1 (thatis, (N'+N )/n=1, where N" is the ionized donor density, N is the
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g . \ Figure 2. Hall mobility agamnst free-carner
= 5 concentration for a compensation ratio of 1
X > Monte Carlo calculations; — - -+ -

<t R iterative antegral calculations (Rode 1975),
data from Sze (1969), O other

. ¥ ) experimental data

10° 10 10"

Carner concentration (cm )

ionized acceptor density and n is the free-electron density). Shown for comparison in
this figure is a range of experimental data, taken for convenience from the last two
proceedings of this conference and the standard data from Sze (1969). Care was
taken to record only data reported as Hall mobility data. Also shown are the results
of a calculation for Hall mobility based on an iterative integral method (Rode 1975).
There are some discrepancies between these two approaches, as can be seen in this
figure. For low carrier concentrations the discrepancies (about 13%) can be attri-
buted to slightly different values of bulk material parameters used in the two
calculation methods. The material parameters used here in the Monte Carlo
calculation have been chosen based on both low-field mobility values and on
high-field transport properties (Littlcjohn er al 1977b, Kratzer and Frey 1978).
However, the Monte Carlo method will yield Hall mobilities at low carrier concen-
trations (< 10" ecm ) well above 9000em” V 's ' if slight adjustments in bulk
parameters are made, and certainly the sensitivity of the Hall mobility in pure GaAs
to slight variations in material parameiers is well recognized (Rode 1975). At high
carrier concentrations (>10'"cm ') the deviations between these two compu-
tational methods are much more subtle. They are due to the way in which the ionized
impurity scattering rate is corrected for degeneracy in the Monte Carlo method, and
this will be a subject for a future paper. However, in spite of the differences, the
authors believe that the Monte Carlo method is an accurate technique for calculating
Hall mobility which gives agreement with experimental data over a wide range of
carrier concentrations.

Figure 3 shows experimental Hall mobility data against temperature for pure
GaAs, along with the calculated temperature dependence of mobility based on both
the iterative integral and the Monte Carlo method. Here the Monte Carlo method
gives an excellent fit over the temperature range 150-600 K, while Rode (1975) has
pointed out that the iterative integral lies about 10% above the experimental data in
this range. While we have not done so in this study, it should be pointed out that the
Monte Carlo method can be extended to temperatures below 10 K (Canali er al
1975). Also, other GaAs materal grown in our laboratories has been successfully
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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-
tration at 300 K for Gag.»71n0.7:Po.4Asg.. based on the Monte Carlo method and the
material parameter interpolation procedure described previously (Littlejohn er al
1977a). At the present time, to the authors’ knowledge, the largest value of
room-temperature Hall mobility for any quaternary is about 6000 cm® V 's ' with
an electron concentration of about 7% 10" em ' (Houston er al 1978). Figure 4
shows a summary of typical Hall mobility against temperature for the quaternary
(and the InP lattice-matched ternary Gag 4rIng.s1As) taken in our laboratory and
reported in the literature (Houston et al 1975, Takeda et al 1976). In general, the
room-temperature Hall mobilitics scem to lie in the range 3000-4000cm® V ' !
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with electron concentrations of (2-4) < 10" em ', Interestingly enough, the highest
re mobilities and lowest clectron concentrations consistently seem to occur near the
ternary boundaries for the quaternary, that is, for cither refatively low As or P
compositions. This is suggestive of the influence of alloy scattering (Littlejohn er al
1978).
To investigate the general problem of carrier compensation and alloy scattering in
the quaternary Ga, In, P, (As,. the Monte Carlo method was used to study several
typical samples. Figure Sillustrates the situation when an attempt was made to fit the
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3 o / ~ Figure §. Hall mobility against temperaturé
for Gag.alng 7Py 46 Asg ss. The dotted points
are experimental data while curves A and B B
represent Monte Carlo calculations with no 3
carrier compensation and no alloy scattering,
BT TSRO (RS ET TR respectively. =1
S0 150 250 350 |
Temperature (K) "E
; i
data using either carrier compensation with no alloy scattering, or alloy scattering §
with no carrier compensation. First, the alloy scattering potential (Littlejohn et al

1978) was varied while keeping the compensation ratio equal to 1(i.e. N+ N =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 removing alloy scattering from the calculation. First, the ionized
impurity density was varied until agreement was achieved with the measured Hall
mobility at room temperature, while keeping the free-carrier density equal to its
measured room-temperature value. Curve Bis the resulting temperature variation of !
*- Hall mobility with only carrier compensation present. Again the agreement with ;
experimental values at other temperatures is very poor, and it was concluded that i
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 find a consistent set of values for both the alloy
scattering potential and the ionized impurity density which would together give a
good fit to the temperature dependence of Hall mobitity. To do this two experimental
points were chosen, one at 300 K, and one at about 150 K. A detailed parameter
study was made by varying the alloy scattering potential and ionized impurity density
until a set of values for these two parameters which agreed with the measured values
of both Hall mobility and electron concentration at the two temperature extremes.
Then the complete Hall mobility against temperature curve was calculated using
these values. The results are shown in figure 6. The Monte Carlo estimates lie within
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o \\\l 1 Figure 6. Experimental data and Monte
Carlo calculations of Hall mobility against
L temperature  for  Gagy.alng 7Py s6ASo <4
1 showing fitted material parameters. Np =
7-7x10' em NA=55%x10""em Y Ex=
1 % Mpcasiics sl 2 " 0-76 ¢V; compensation ratio = 3-9.
50 150 250 350

Temperoture (K)

the broken curves (several estimates were made at cach temperature) while the bars
indicate a 5% variation in the experimental data at the two temperature extremes. It
should be pointed out that the fits are facilitated by the fact that the electron
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 et al (1978).

The calculations are more sensitive to the ionized impurity density than they are to
the alloy scattering potential. Thus, it is not feasible to draw many conclusions from
the actual value of the alloy scattering parameter shown in figure 6. The value is
larger than the proposed theorctical values for three different models (Littlejohn et al
1978) by as much as 20 to 100%. There is another scattering mechanism which has
the same temperature dependence on mobility as alloy scattering, which is often
called space-charge scattering (Weisberg 1962). If this mechanism were also present
in these samples it would be difficult to detect from Hall measurements alone, but
could effect the determination of the alloy scattering potential by the technique used
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here. This added ctiect could be the result of precipitates, clustering, or other types of
second-phase defects,

Other samples with similar Hall mobility temperature dependences have been
studied with very similar results as given in figure 6. In all cases, the alloy scattering
potential required to fit the data was larger than the theoretical value. Also, for a
given compensation ratio, a weaker temperature dependence of mobility is indica-
tive of a larger effect due to alloy scattering. This is not inconsistent with figure S,
since there the room-temperature mobility was used as the target value to be fitted by
varying only a single parameter; either the compensation ratio or the alloy scattering
potential.

[tis interesting to consider those samples with a stronger temperature dependence
in this temperature range. Figure 7 shows the results for a Gag 4;71ng s3As sample,
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L ! Figure 7. Experimental data and Monte
| Carlo calculations of Hall mobility against
temperature  for Gag 471ng.s3As  showing
8+ fited material parameters. Np=1:5x
10"em Y, Na=10x10"cm Y, E.=
R niidcniilonediamnpaptod R sl e 0-4 eV: compensation ratio = 4-8.
50 150 250 350

Temperature (K)

which is a ternary in this quaternary system having a Hall mobility at room
temperature larger than 8000 cm™ V 's ' (Morkoc 1978, Takeda 1978). For this
case, the temperature dependence of Hall mobility could be fit by the Monte Carlo
method, but with an alloy scattering potential essentially the same 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 (Littlejohn er al 1978).
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§. Conclusions

Alloy scattering appears to play an important role in the low-field transport
properties of Ga, In,P, | As,. This conclusion is based on the data and calculations
presented in this paper, as well as on other published Hall-effect data. However, the
accuracy of the calculations is predicated on the material parameter interpolation
procedure, which is presently required for any transport calculations in this quater-
nary. Historically, the Monte Carlo method has become more useful in studying
transport propertics in compound semiconductors as accurate material parameters
become available. The determination of the basic material parameters should
be an important part of programmes which attempt o obtain  high-purity
Ga, . In, P, (As, quaternary alloys.
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NONTE CARLO CALCOLATION OF HALL MOBILITY AED VELOCITY-FIELD
CHARACTERISTICS FOR HEAVILY-DOPED GAAS

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

North Carolina State University
Flectrical Ergineering Department
Raleigh, North Carolina 27650

October &, 1979

A m2thod of including the Mauli Exclusion Principle in the Monte
Carlo procedure 1is presernted. The procedure 1is then used to
cilzculate the Hall mobility and velocity-field characteristics
for GaAs with impurity concentrations up to 1019 cm-—3.

Introduction

The Monte Carlo technique, first described by Kurosawa 1] and
then generalized by Fawcett et al[2], has become a very important
tool in predictirg semiconductor material characteristics. While
it has been used to analyze many different materials, it is
usually restricted to nondegenerate cases. To remove this
restriction from the usual Monte Carlo procedure =2lectron-
electron scattering and the Pauli Exclusion Principle must be
included. Some attempts to include the former have been repoacted
[3-6] and one to include the latter has been reported[7].

In this paper, one method of incorporating the Pauli Exclusion
"rinciple in the Monte Tarlo procedure is presented which is
valid at low fields. The method presented here differs from that
described by S. PRosi and C. Jacoboni[7] in that (1) an estimate
of the probability of occupancy is used insteal of accumulating
this information via a k-space mesh during the simulation and (2)
ionized impurity interaction is treated as a special case. This
method is used to calculate the 1low field Hall mobility of GaAs.
Arn  extension of this method 1is then used to deterzxine the
valocity-tield characteristics of GaAls. Both calculations are
done for both nondegenerate and degenerate cases.

The Monte Carlo model used in this work is the same as that
described elsawhere [8,9] except the present model includes p-
state mixing. Briefly, it incoporates a three valley md>del with
nonparabolicity, anrnd acoustic phonon, optical phonon, ionizcd
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impuraty, polar optical, piezoelectric, and intervalley
scattering processes. The material parameters used for GaAs are
the same as those presented in [10] and are repeated in Table 1
tor completeness. 3

P - -

Corrections to Scattering Rates

The Pauli Exclusion Principle must be consid2red in modelling

deg2nerate semiconductors. To include the Pauli Exclusion
°rinciple in the Monte Carlo procedure described in the previous
section, we multiply the scattering rate S (k,k') betveen two

wave-vector states k and k' by the factor (1-f (k')). Here f (k*)
1s the probability the final state k' 1is occupied so that
(1-f(k')) is the probability the state is unoccupied. Thus, the
total scattering rate from the state k due to the n'th process is

=

A (K) = fdk' s _(K,k")(1-f(k")). (n |
n n

For low fields, the occupation probability distrubition £ (k)
is near eguilibrium, so that

£(k) = £_(k) (2)
whare £ (k) is the equilibrium occupation probability :

distribution which is the Fermi-Dirac distribution

1L

= ; (3)
L+e (E(K)-Ep) /KT

£ (k) =
(o]

In the work reported here, the relationship between the energy E
and wave-vector k in the i'th valley (i=1,2,3) is taken to be [ 2]

- - (4)
= E(1+uiE) = Yi(E)

wvh2re a is the nonovarabolicity and m* is the effective mass.

To correct the scattering rates as in Eq. (1), only the Fermi
energy need be calculated. This is done by solving (num=2rically)
th2 equation [11] i

E dy, (E)
32, TOPi/——Yi(E) __;?_
E

ci

- fo(E)dE (5)

8
I M m;
=1

= h %

where M.y is the numbar of equivalent minima in the i'th valley
and n is the jensity of conduction band electrons.
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figure 1 shows the scattering rate for polar optical emission
with and without the correction factor in the valley for an
imparity concentration of 10!'® cm-3 and a temperature 2f 300 K.
In general, the correction factor effectively prohibits
scatterings that would result 1in a final cnergy less than the
Fermi enerqgy.

The correction tactor 1s included in all scattering rates
except 1oni1zei impurity. An 1onized 1mpurity creates a localized
pecturbation on the electric field. The wave-vector k of an
elactron influenced by this perturbing field is not changed
abruptly to k' but 1s gradually changed over the time the carrier
1s influenced by the perturbing field. Thkus, even though an
iori1zed 1mpuraity interaction 1is treated in the Monte Carlo
procedure as an instantaneous scattering from wave-vector k to
k', the correction factor (1-f(k')) seems inappropriate.

Deteraination of Lowv Pield Hall PEobility
To <calculate the Fall nmrobility wusing the Monte Carlo

procedure, it is necessary to include a magnetic field. Por this
case the time derivative >f the wave-vector k is

B_T(=E=ﬂ" - - 6
s b h(c+va) (6)

whare ¢ 1S the electric field vectsr, B is the magnetic field
vector, and v is the carrier velocity.

flere the electric field is taken to be in the 2 direction and
the magnetic field in the & direction. Pith this configuration
the 1low field Hall robility is shown in the appendix to be jiven

by

D D
1 X X /%

= - — = - SRR (. 7

WUETER Va3 AN
y z

vher§ Dys Dy, and D, are the diffusion coefficients in the ?, ?,

and z diractions, respectively, and B is the magnitude of the

ragnetic field. Since M and D are equivalent for low fields,

the estimate of iy may be}improvéﬁ by using

'Ex—-l (8)

D
yz

=
I
= |

where
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D = l-(D + D) (9)
y z

yz 2

Using 2gs. (8) and (9) 1in the Monte Carlo prograa with a
magnetic field, the Hall mobility versus impurity concentration
was calculated for GaAs with corrections to the scattering rates
as described earlier (no correction to the rate for ionized
impurity scattering). Figure 2 shows a sinple flow chart of the
program used., The calculation was also carried out for two other
cases: (n no correction to the scattering rates, and (2)
correction to all the scattering rates (including 1ionized
inpurity). The results are given in Pig. 3. Also shown 15 the
experimental data obtained by Sze[12]. Good ajreement with Sze's
experimental data 1s obtained by using the correction t> all the
scattering rates except ionized impurity, while the other two
cases give rather poor agreement, supporting the special
treatment of the ionized impurity interactior.

Calculation of Velocity-Pield Characteristics

The method used abocve to account for the Pauli Exclusion
Principle in the calculation of low field Hall mobility must be
modified for th2 calculation of velocity-field characteristics
tor degenerate semiconductors. The method adopted here 1is to
assume th2 probability of occupancy in the i'th valley (i=1,2,3)
is

f (E) = i (10)
i (E-EL ) /KT,

1+e

Thus a quasi Fermi level %, and quasi electron temperature Ty
are associated with the <carriers in the i'th valley. The
correction to the scattering rates in the i'th valley 1is then
based on the probability of occupancy given in Eq. (10).

Incorporating these nevw fecatures in the Monte Carlo procedure
rejuires an iterative solution for the carrier temperatures and
the Fermi erergies. Initial values are determined by assuming
that (1) th2 carrier temperatures are all egqual to the lattice
temperature and (2) the Fermi energies are all equal. Then, E4.
(5) can be solved for the Fermi energy. Using thes2 initial
vilues, thke scattering rates are corrected and the carrier is
tracked for some specified number of interactions. The deasity
of carriers n; and the average energy Z. in each valley are then
calculated. Then s

E
i dy, (E)
/3 3/2 TOPi Y3
T o T " - vy (B) g £, (E)E (i
i

el




E
1
1
[

o 3in .
75 ml,lu Erory dy (E)
= Y & C . ~/ . = - N .
hi 273 = ‘f Ev yl(h) dE ll(l,) dE (12)
n h i E
ci
are used to obtain new estimates of the quasi-electron
temperatures and the quasi-Fermi energies. The new carrier

temperatures and Fermi energies are then used to obtain nev
correction tactors (1-f (k)) and nev scattering rates and the
process is repeated. This process of correcting scattering
rates, tracking the carrier, and calculating new estimates of
carrier temperatures and Fermi enerygies 1s continued until a
sclt-consistent solution is rcached, i.e., until successive
1terations give little change in Epy and Ty - Fiqgure 4. shovs a
tlov chart tor the 1iterative procedure for a single valley.

Using the method outlined above in the Monte Carlo procedure,
the velocity-fiell characteristics of Gals were calculated for
1mpurity concentrations of 10te, 108, and 10'° cmp-3. The
results are given in Fig. 5. For comparison the velocity-field
characterastics for GaAs calculated from the Monte Carlo
procedure without including the Pauli Exclusion Principle are
showne. For the nondegenerate case, 1impurity concentration of
10'¢ cm—3, ¢the tvo curves are 1in good agreement, while for the
twvo Jdegenerate cases the difference becomes more pronounced.
This result 1s expected since the Pauli Fxclusion Principle is
important only for the degencrate cases.
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Appendix ]

coetticients can be obtained trom the current density equation

An expression tor the Hall mobility in terms of the diffusion
tor low tields '

? > » ‘
. = +
fn qunl + ql’)nVn Jnx(u"B) (A1)
Let
= -
B' = u B (A2)
H
and
-+ -+ 1 Dn
‘*m e +o-By
€ € n n (A3)

in terms of which Fg. (A1) can be vritten
o= quat + 3
5 9y ne o . (AY4)

The solution to Rg. (A4) 1is of the form

J o=t + B +c, & (A5)
where C;, C) and Cj3 are to be determined. Substitution of Eq.
(AS) into the riaght side of Eq. (A4) yields
¥ iz 12y v (Rle? T R
Jn - (qunn C3B )e' + (.3(8 Ehbt: Clc xB'. (A6) 5!

Fquating coefficients between Fqs. (AS5) and (A6) gives

e —

qu ‘
C, = =C (A7)
1 4p? >
qu_n
n > -+
C, = (Blegt) < AS
2 jepr? b3

Thus, Eq. (A6) becomes

D D

> >

D
1 'n 2 +1 n ¥ + 1 'n -+
= : ===V + (= — V + += —
J qu n{c + o “n Vn My [Be(e ke n)]B uH(c = unvn)xB}

A (A7)
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1+(u"B)
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For the case where the magnetic
and the electric field is in the %2 direction

r d
L Vn-B=5;B,
- 2 =
: exB = - ¢BY,
&
in . an -
¢ anB—Bazy Bayz,
-
| and Eq. (A7) becomes
qD
= dn A n n
J =.qD —= % + éL— u )y
n noax 145 2B2 dy H 3
qu_ n(u B) . qu.n s
..-—~———————— +—___ 2z
2,2 ey 29 ¢
+
1+uH i uH B
% 2‘33 b 33 2
No#, assuming the goré&atlon and

the continuity equation for electrons is

field is in the

recorbination rates are ejual,

(AB)

N - r
x direction

(A9)

(A10)

(A1)

(A12)

an _ L . . ®
s w | g (R13)
Substitutina Fg. (A12) ilaio Fy. (A13) yields
2 2 2
In an in d n 9 n d n
— =y —4+vyv — 4+ D + D + D (R14)
at 298 yay axz y ay2 z 3x2
where
Yn
v = (A15)
z 2.2 7
{ l-ﬂ.uH B
-un£(uHB)
vV = — (A16)
y 14y 232
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Pinally, combining Eqs. (A17) and (A18) yields
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which 1s the desired result.
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Table 1. GaAs material paramcters used in calculations.

Rfulk material parameters

l Parameter Value

Lattice constant 5.642X10-¢ cm
Density 5.36 g/cm3
Electron affinity 4.07 ev
Piezoelectric constant 0.16 C/m2

LO phonon energy 0.03536 eV
Sound velocity 5.24X10S ca/sec
Optical dielectric constant 10.92

Static dielectric constant 12.90

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

: : Valley-dependent material parameters
: Conduction-band valley

Parameter r(000) X (100) L(111)
.‘ Acoustic def. pot. (eV) 7.0 9.27 9.2
Effective mass (m /m ) 0.063 0.58 0.222
Nonparabolicity (eV—1) 0.610 0.204 J.U61
Fnargy band gap (eV) 1.439 1.961 1.769
(relative to valence band)
Optical def. pot. {(eV/cm) 0 0 3x10e
: Optical phonon energy (eV) SO cee 0.0343
! Intervalley def. pot. (eV/cm)
from M(000) 0 1xX10° 1X109°
from X(100) 1X10° 7x108e 5x108e
from L(111) 1X10°9 5x108e 1X10°
Intervalley phonon energy (cV)
from M(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 2 4
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APPENDIX 3.5 64

INFLUENCE OF CENTRAL VALLEY EFFECTIVE MASS AND

ALLOY SCATTERING ON TRANSIENT DRIFT VELOCITY IN Gal_xlnxP1 yAsy*
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ABSTRACT

The instantaneous ensemble-averaged and time-averaged velocity of

electrons are presented for Ga 27In 73P 4As 6° and the results are
compared to those for GaAs. The results indicate that both the effective
mass in the T conduction band and alloy scattering are very critical in

determining the transient (or velocity-overshoot) characteristic as well
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as the static velocity-field characteristic for this quaternary material.

*This work was supported by the Office of Naval Research, Arlington,
E Virginia, U.S.A.
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In a previous publication [1] the static (time-averaged) velocity-

field characteristic of the Ga In P As quaternary alloy was
=% xil=y Ty

presented. This characteristic was calculated using a monte carlo

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-varying
function in the (x,y) compositional plane, which reduces to the correct

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 the basic

material properties of Ga xlnxP Asy, and thus very few means for

= 1=y

confirmation of the above-mentioned interpolation procedure. Energy
band gap measurements by photoluminescence [2-4] do support the interpo-
lation procedure. However, the drift velocity is affected only very
slightly by the value of the band gap. Recently, several techniques
have been used to measure the band edge effective mass [5-7], and this

parameter fundamentally affects 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.




Very recently-presented data for both electron mobility [9] and electron
effective mass [10] fturther support this contention.

The purpose of this paper is to examine the influence of central (I')
valley effective mass on the calculations of both the time-averaged static
dritt velocity versus electric tield intensity, and the ensemble-averaged
tisusient velocity (velocity overshoot) characteristic for Ga In P As .

l-x x l=-y vy
Also, the importance ot alloy scattering will be further considered [1].
The calculations are presented for one composition (x=0.73, y=0.6) which
is lattice-matched to InP and has a room-temperature band gap of 0.96 eV,
since this particular composition has been suggested as being suitable
for microwave device applications [1].

Transient velocity calculations have not been reported for the
quaternary, and the concept of velocity overshoot could become very
important tor devices with submicron active dimensions. 1t will be
shown in this paper that the '-valley eftective mass is of basic
importance in determining the nature of the velocity-overshoot characteristics
of Gul_xlnxrl_yAsy. One primary reason is that this quaternary is a material
which, to a large extent, is dominated by scattering in the central valley
due to the predicted large I'-L intervalley energy separation [11].

The static velocity-field calculations have been described previously
(1]. 1In the transient analysis procedure, electrons are randomly selected

from a Mavuclilisn velocity distribution with T=300°K. The electric

field intensity is independent of position. Each electron undergoes
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scattering as it would in a single-electron monte carlo procedure.

During the drift, the instantaneous velocity and position of the electron
are recorded at specific times over a time interval generally
: long enough to allow the particle to reach a steady-state velocity. This

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

averaged velocity and distance along the field direction are calculated as
a function of the time. The data presented here will 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

.
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dimensions.

Figure 1 shows the static velocity-field characteristic for
3 Ga 27In 73P 4As 6 for two values of I'-valley effective mass, along with
3

a curve for GaAs. The carrier density is lx1017cm- . The effective :

mass of 0.036 m for the quaternary is obtained from the interpolation

procedure [1,8], while the value of 0.05 m is chosen based on the more
recently-measured values [7,10]. The calculation includes alloy scattering
for the quaternary and assumes a random alloy with no sublattice ordering
[1,12]. The increased Tl-valley effective mass decreases the drift

mobility of the quaternary from 7000 cmzlvolt sec to 4900 cm2/volt sec,
which is very close to the GaAs value. The peak velocity is still larger
than for GaAs at this doping level, although the threshold field is also
larger. The peak-to-valley ratio, with the valley velocity taken at

20 kV/cm, is nearly the same for GaAs and the quaternary with m*(I)=0,05 L
Also shown in Figure 1 is the velocity-field characteristic for the

quaternary with m*(r)=0.05 LR without alloy scattering. Alloy scattering

. AT R (IR, T R T P T A T A O TP T e SN T T R ¥

. is more detrimental to the static velocity-field curve for this value of
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3
‘ effective mass than for the value of 0.036 m [1]. Some of the recent
experimental transport property data does indicate that a scattering
&
mechanism having a temperature dependence of mobility the same as alloy

3 scattering is greatly affecting the electron dynamics. The problem of

alloy scattering in the quaternary material remains as a major barrier
» 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 for effective mass

i values of 0.036 o and 0.05 o and a constant field of E=10 kV/cm.

—...»,A_.._..n.n-.\.
P ORI PRI £ W R

3 Shown for comparison is a curve for GaAs, which is in very good agree-

ment with results calculated by other authors [13-15]. Figure 3 shows

similar calculations for a field of 25 kV/cm. There are several points

to be made. For an effective mass of 0.036 m the velocity-overshoot is

very dramatic, and even including the effects of alloy scattering it

s et

1 persists over distances of greater than approximately 0.35 um. For an

effective mass of 0.05 m the velocity overshoot is much reduced and for
small distances (<0.3 pum) 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*(I) = 0.05 o 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 effect of alloy scattering on

the velocity overshoot for m*(l') = 0.05 o is considerably larger than
that for m*(r) = 0.036 m . It can be seen that both alloy scattering
and central valley effective mass are predicted to have a significant

& effect on the velocity overshoot characteristic for this quaternary alloy,
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5
and the actual values of parameters used in the simulation will determinc

whether or not Ga ) Asy is far superior to GaAs or is only

l-xInx 1-y
comparable to GaAs.

Recently, it has become apparent that new physical concepts could
be involved in the electron dynamics in sub-micron device structures [16].
Also, it is obvious that 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] can only be taken as the first step
in assessing the magnitude of the velocity-overshoot effect. By comparing
two materials 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 potential of Gal-xInxPI—yAsy as a microwave material. However, as

these results demonstrate any definite conclusions must await further

experimental evaluation of the exact material parameters of the quaternary.
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Figure 1.

Figure 2.

Figure 3.

List of Figures

Static drift velocity versus electric field intensity for
T=300K and N =1x10}7cm™3. The notation {is:

A,B,B' - Ga.271n.73P.4As.6 C- GaAs
A - m*(TI') = 0.036 m with alloy scattering
B - m*(I) = 0.05 m with alloy scattering
B'- m*(l) = 0.05 m without alloy scattering

Transient drift velocity versus distance for an electric
field of 10 kV/cm with T=300K and ND=lx1017cm“3. The
notation is:

A,A',B,B' - Ga 27In 73P QAS 6 C- GaAs
A - m*(T) = 0.036 W with alloy scattering
A'- m*(T) = 0.036 m without alloy scattering
B - m*(l') = 0.05 m with alloy scattering
B'- m*(I') = 0.05 m without alloy scattering

Transient drift velocity versus distance for an electric
field of 25 kV/cm with T=300K and N_=1x1017cm=3. The notation
is identical to that of Figure 2.
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