PHYSICAL REVIEW B

VOLUME 51, NUMBER 20

Electron-electron interactions, coupled plasmon-phonon modes, and mobility

in n-type GaAs

B.A. Sanborn

Semiconductor Electronics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

(Received 11 January 1995)

This paper investigates the mobility of electrons scattering from the coupled system of electrons
and longitudinal-optical (LO) phonons in n-type GaAs. The Boltzmann equation is solved exactly
for low electric fields by an iterative method, including electron-electron and electron—LO-phonon
scattering dynamically screened in the random-phase approximation (RPA). The LO-phonon self-
energy is treated in the plasmon-pole approximation. Scattering from ionized impurities screened
in static RPA is calculated with phase-shift cross sections and scattering from RPA screened defor-
mation potential and piezoelectric acoustic phonons is included in the elastic approximation. The
results show that dynamic screening and plasmon-phonon coupling significantly modify inelastic
scattering at low temperatures and densities. The effect on mobility is obscured by ionized im-
purity scattering in conventionally doped material, but should be important in modulation doped
structures. For uncompensated bulk n-type GaAs, the RPA phase-shift model for electron-impurity
scattering gives lower drift mobilities than the standard Thomas-Fermi or Born calculations, which
are high compared to experiment. Electron-electron scattering lowers the mobility further, giving
improved agreement with experiment, though discrepancies persist at high donor concentrations
(n > 10'® cm™3). When impurities are ignored, inelastic scattering from the coupled electron-
phonon system is the strongest scattering mechanism at 77 K for moderate doping. This result
differs from the standard model, neglecting mode coupling and electron-electron scattering, which
has the acoustic modes dominant in this regime.
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L. INTRODUCTION

Good quantitative agreement between previous calcu-
lations and experiment on low-field transport coefficients
of most high-purity polar semiconductors® suggests that
the basic electron interactions are well understood in
these materials. This is not the case for doped polar
semiconductors. A long-standing discrepancy between
theoretical and experimental mobility values for mod-
erately to heavily doped n-type GaAs has been noted
by many authors.2”!3 The fact that calculated mobil-
ities are consistently too high, especially for moderate
to heavy doping and low temperatures, has motivated
suggestions that compensation effects,” correlated impu-
rity distributions,®!® modifications of screening theory
for a multi-ion system,® or multiple scattering from ion-
ized impurities!® should be included to obtain accurate
results.

At the same time, it is known that electron-electron
interactions can strongly influence electron transport
in doped semiconductors, by screening matrix ele-
ments and renormalizing phonon energies, and through
electron-electron scattering. More accurate treatments of
electron-electron interactions frequently improve agree-
ment between theory and experiment. For example,
screening of ionized impurity potentials in the static
random-phase approximation (RPA) rather than the
commonly used linearized Thomas-Fermi approximation
(LTFA) has been shown'* to reduce theoretical electron
mobility in n* silicon by more than a factor of 2 at 77
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K. Including dynamically screened electron-electron scat-
tering gives a significant reduction in drift velocity of
hot electrons injected into n-type GaAs devices.!® Cal-
culations including the coupling between plasmons and
longitudinal-optical (LO) phonons give shorter electron
inelastic lifetimes'®1” and enhanced hot-electron energy
relaxation'®!® in n-type GaAs. Previous attempts to in-
clude electron-electron scattering in GaAs mobility stud-
ies have been limited to static Thomas-Fermi screening
of single-particle scattering.® So far, a treatment of in-
elastic scattering from the nonequilibrium coupled mode
system in combination with an accurate model of ionized
impurity scattering has not been attempted.

In Ref. 20, the inelastic collision term in the electron
Boltzmann equation was derived by making the Born ap-
proximation and the RPA for scattering from the coupled
electron-LO-phonon system in a doped polar semicon-
ductor. The result is the sum of an electron-electron colli-
sion term and an electron—LO-phonon collision term that
includes plasmon-phonon mode coupling. Both interac-
tions are dynamically screened by only the electronic part
of the total dielectric function for the electron-phonon
system. The present paper describes an iterative method
for exactly solving the low-field Boltzmann equation in-
cluding the dynamically screened inelastic collision terms
for arbitrary electron degeneracy and spherical energy
surfaces.

For steady-state transport, electron-plasmon scatter-
ing is correctly accounted for by dynamically screening
the electron-electron collision term.2? Electron-plasmon
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and electron-electron scattering events conserve total
electron momentum and energy in direct gap doped
semiconductors since umklapp processes are negligible in
these materials. Therefore, the purely electronic scat-
tering events cannot by themselves degrade an electrical
curent, if spherical energy surfaces are assumed, and they
merely rearrange the nonequilibrium electron momentum
distribution produced by an applied field, thereby chang-
ing the probabilities for other scattering processes.

In the present work, the effect of electronic scattering
is accounted for by solving the Boltzmann equation for
the nonequilibrium electron distribution with electron-
electron, electron-phonon, and electron-impurity scatter-
ing treated simultaneously. An isotropic effective elec-
tron mass and parabolic energy bands are assumed. The
phonon distribution is approximated by its equilibrium
form and the plasmon-pole approximation?1:22 is used
in the LO phonon self-energy. Numerical results are
presented for electron drift mobility in uncompensated
n-type GaAs, including also electron scattering from
piezoelectric and deformation potential acoustic phonons
screened in the static RPA. The calculations for con-
ventionally doped material include phase-shift scattering
from ionized impurity potentials screened in the static
RPA. This method gives lower mobilities than LTFA or
Born calculations of electron-impurity scattering, in bet-
ter agreement with experiment. Results for n-type GaAs
with no impurities present show that electron-electron
scattering and mode coupling rather dramatically alter
inelastic scattering at 77 K, suggesting that these effects
are significant for modulation doped material at low tem-
perature.

This paper is organized as follows. Section II discusses
the screening functions appropriate for the various elec-
tron scattering mechanisms included in this study. Sec-
tion IIT describes the iterative method used to solve the
Boltzmann equation. Section IV presents the numerical
results with discussion emphasizing the differences ob-
tained by using RPA vs LTFA screening and by includ-
ing electron-electron scattering and plasmon-LO-phonon
coupling.

II. SCREENING
IN A MULTICOMPONENT SYSTEM

In Ref. 20, it was shown that the nonequilibrium char-
acter of screened electron interactions is essential to ob-
taining the correct form of the collision terms in the
Boltzmann equation, which contain nonequilibrium dis-
tribution functions for the system’s excitations. When
this is done, there remain dielectric functions that screen
the interaction matrix elements in the collision terms.
When the Boltzmann equation is linearized with respect
to electric field strength, only terms with equilibrium di-
electric functions screening the matrix elements in the
collision terms are nonvanishing. Therefore, consider the
equilibrium screening process. The interaction between
two test charges in a solid can be expressed as the bare
Coulomb interaction v, = 4me?/q? screened by the to-
tal dynamic dielectric function er(g,w) for the system,
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including contributions from both the conduction and
the lattice charges. The frequency dependence of the
screened interaction is determined by the energy differ-
ence between the scattering electron’s final and initial
states.

In the RPA, the electron-electron interaction is equiv-
alent to the test-charge-test-charge interaction. In the
same approximation, the total interaction v, /er(q,w) is
separable into a purely electron-electron interaction plus
an electron-phonon interaction including a phonon self-
energy term, each of these interactions being screened by
only the electronic part of er. The screened electron-
phonon interaction Vic.pn includes the interactions with
all relevant phonons. It can be determined?® by sub-
tracting from the total interaction the purely electronic
interaction v3° /e(q,w),

v, v
Viepn(gw) = 2 - 20 1)
Von

= (o + Ven) P (2)

where v3° = v,/€x, €(q,w) = 1 — vg°P(q,w) is the elec-
tronic RPA dielectric function, and P denotes the po-
larization of the noninteracting electron gas in this pa-
per. The bare electron-phonon interaction V,j, is the sum
over all phonon modes A of the product of the phonon
Green’s function D) and the interaction matrix element
M, squared Vo = 3, |Ma|?Da(g,w). This method
was used in Ref. 20 in order to determine the screened
electron-LO-phonon interaction V,.-Lo for the case when
only LO phonons are present (Vpn = V1,0).

When acoustic phonons are present as well, Vp, =
Vio + Vac and the total screened electron-phonon in-
teraction Vicpn can be separated into Vi.ro (as de-
termined before) plus the screened electron interactions
with acoustic phonons: Vie-ph = Vie-1.0 + Vic-ac. Solving
for V;e—acv

v (@) = Vio + Vac
sc-ac(q, 6[1 _ (U(C;O + VLo + Vac)P]
VLo
B 3
€[l — (vg® + Vo) P] @
Va.c

= (6 - VLOP - Vacp)(é - VLop) ) (4)

Since the acoustic-phonon frequencies are small for rele-
vant q values, V c-ac is evaluated in the static limit. Us-
ing Vio(g,w = 0) = vg(eg’ — €2!), which implies that
€ —VioP =1—vyP/ey, we have

€2V,
0Yac
(€0 — vgP)?[1 — €oVauc P/ (€0 — voP)]

V;c—ac = (5)

Thus €¢ appears in the acoustic mode screening function.
The acoustic-phonon self-energy €V, P/(€0 — v P) is ne-
glected in the present work.

The electron-impurity interaction may also be viewed

as a test-charge—test-charge interaction. Since the scat-
tering process is assumed to be nearly elastic, the relevant
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screening function is er(g,w) evaluated at w = 0. In this
case, er should include the electronic and LO-phonon
parts plus a contribution from the piezoelectric phonon
interaction. The piezoelectric contribution is assumed to
be small and is neglected here so that the screening func-
tion for the electron-impurity interaction is €9 — v4 P, the
same as for the acoustic modes.

III. NUMERICAL METHOD

In order to solve the electron Boltzmann equation for
a weak electric field F, the nonequilibrium distribution
function f(k;) may be expanded around the equilibrium
solution f2 = {1 — exp[B(E; — p)]} ! to first order in F,

fki) = f2+ £ — )z, (6)

where z; is the cosine of the angle between F and k;
and ¢; = 9(k;) is a function that is linear in F, but is
otherwise unknown and to be determined by solving the
Boltzmann equation. Rode! devised and implemented an
iterative procedure for solving the Boltzmann equation to
determine f(k) to first order in F for the case of spherical
energy surfaces, including electron-phonon and electron-
impurity scattering only. Assuming the linear form of f
(6) and using the law of cosines in the electron Boltzmann
equation [Eq. (39) of Ref. 20] gives an integral equation
for the nonequilibrium electron distribution function?!

eF af inear
7_8‘14:& k= {fk}ioll

= Z goeip{ W (k, P)[1= £] + W (i, p) £}
—gk Z{W (k,p)[1—f7] + W (p,k) £},
(7)

where g = f2(1 — f2)¥x, Tkp is the cosine of the angle
between k and p, and W (k,p) is the total differential
scattering rate for electronic transitions from state |k) to
state |p) due to scattering from ionized impurities and
phonons.

In the present work, W (k, p) for the interaction with
LO phonons is modified to include the plasmon-phonon
coupling as described in Ref. 20. Approximating the
phonon distribution function by its equilibrium form
N°w) = (ef™ — 1)~! and using the plasmon-pole ap-
proximation on the phonon self-energy gives

LO — M2
W% (k — % _[N° +1
(P) = Shlegunp " “ee) 1
XIm[D+(q’wk»P) + D7 (q, wr,p)]s (8)
mwro (w? — &2)
I + — P
x[0(w 4+ wi) — 6w — wx)], (9)
where M? = vg(ez} — 5 ') Aw?y/2wro and the frequen—

cies Wp, wy, and w_ are given by
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Lbf, = wz[l — e Yq,0)]7 1, (10)

- 1/2
£ [(who - 32)% + 402w — who)] } o

The weight factors (w —@2)(w? —w?)~! in Im[D¥] give
the phonon strength in each of the hybrid wy modes, so
that the differential scattering rate WL© is the rate for
scattering from only the phonon component of the hybrid
modes. The screening function for the LO phonons is the
electronic part of the total dielectric function e(q,w) =
1 — v P(q,w).

Rode’s iterative method can be generalized to include
electron-electron scattering by adding the linearized ver-

sion of the electron-electron collision term {f}¢¢ [Eq.
(46) of Ref. 20] to the right-hand side of (7) before solv-
ing for v¢,. The Appendix shows how this is done by

again using the law of cosines and simplifying { f)e PR
Then, the nonequilibrium function v satisfies the inte-
gral equation

P(k) = |:Vinel[¢(k)] _ E_hli%g]

1 onf 1 1 -
x [Te_ i+ R= (g + T——Lo(k))} ,
(12)

with the terms defined in this section.

For elastic scattering processes, the identities k = p
and W(k,p) = W(p,k) apply in Eq. (7) so that the
elastic scattering rate has the form

el Q Z ka

Interactions with acoustic phonons are approximated as
elastic so that 'Te_ll is composed of the rates for acoustic
deformation potential, piezoelectric, and ionized impu-
rity scattering, 7' (k) = oA (k) + 7o (k) +7; (k). The
acoustic mode scattering rates are calculated as in Ref. 1
except the interactions are screened in the static RPA as

described in Sec. II,

el(k p) (13)

1 E2kgTm* [%* P (14)
op(k)  4mwh3cik3 a [1 —vqeP(q,0)/e0)?’
1 e?P2 kpTm* [2*

q

Toe(F) T v,P (g 0/l
where E; is the acoustic deformation potential, ¢; is
the spherically averaged elastic constant for longitudinal
modes, and P, is the piezoelectric coefficient.

The electron-impurity scattering rate 1/75° is calcu-
lated with the phase shifts 6,(k) determined by numer-
ically solving the radial Schrédinger equation with an
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impurity potential screened with the static RPA total
dielectric function er(g,0).!* The results presented be-
low include a comparison with the Born approximation
178,

_P;T“ Nllz_; (I +1)sin®[6;(k) — di+1(k)], (16)

1 _ 4mim 2k d 1
o) = A, e P o)

(17)
where N; is the ionized impurity concentration.

The LTFA is made by wusing the temperature-
dependent Thomas-Fermi dielectric function eprpa = 1+
g4p/q%, where gip = 4me? /e(On/Op) and p is the chemi-
cal potential. The dielectric constant € is €4, for electron-
electron or electron—-LO-phonon scattering, while € = ¢g
for the screened impurity and the acoustic-phonon po-
tentials. Using the LTFA in Eq. (17) gives the familiar
Brooks-Herring formula.

The inverse lifetimes 7.} (k) and 7.3 (k) describe the
rate at which the nonequilibrium populatlon of state |k)
decays due to inelastic scattering with the equilibrium
population of the other states. For electron-electron col-

lisions,

_ _ 8e'fy
Tee(k) = =z hk/ dpp(1 — fp)[N®(wkp) +1]
§ /k+11 dg Im([P(g, wk,p)] ' (18)
|k—p| @ e(q, wrp)l?
J
B ‘4e4f18 o o k+p dq _
Ve-e[¥] = W/o dp(l_fp)/l—Pl e (g, wi,p)]
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For scattering with the LO-phonon component of the hy-
brid modes,

k+ky
oo (k Z A{-/k kx| dallgws) [No(w)‘) 1 f’(:;]

X@(Ek — th)

A-J(k+k; qu(q,wx)[ﬁVoﬁux)*‘ffj]}’ (19)

k—kY |

where
ki‘t = k% £2m*wy/k,

2 (3 ~2)

e2wr,om* 1 1
I(g,wx) = (6 m
+ —

o (- %) e

Since the mobility is measured on a system with all of
the electrons out of equilibrium, the linear integral equa-
tion (12) also contains the functional vine[¥] describing
the rate of change of the equilibrium occupation of the
state |k) due to inelastic scattering with the nonequi-
librium population of the other states. This term is
composed of electron-electron and electron-LO-phonon
parts Vinel = Ve-e + VLo- The contribution from electron-
electron scattering is

2

X {%(k2 +p% = ¢*) [N (wkp) + 1Im[P(q, wi p)]

+277:;21;2 (k* — p* + ¢%) [z—/ dss fO(1— %) — +/|;+l dsvs fO (1 — f‘?)} } , (20)

z~|

where 2zt = (k2

hybrid modes is

p? + ¢?)/2q and s*

k+k; [kz

= 4/s2 £ (k% — p?). The contribution from the LO-phonon strength in the

dql(g,wx)g(ky)

vro[¥] = ,\E:;t/\{‘/

[e—kx|

k+k3 k? +
+/ qu(q,wA)g(kf)[
|k—k3 |

Plasmon-phonon coupling may be neglected by setting
w4 equal to wro and w_ equal to @, in Egs. (19) and

(21).

IV. RESULTS AND DISCUSSION

The numerical results for the drift mobility were ob-
tained by solving the iterative equation (12) with (6) for

2kk;

kT 2 _ 2
+ (z;fk); T) (NOwn) + £2) ©(Br — Funs)
K" =0 N0 () 41— f;?]} - (21)

[
the linearized nonequilibrium electron distribution in or-
der to determine the average velocity per unit electric
field. The effective electron mass value m* = 0.07m,
was used throughout the calculations. The other mate-
rial parameters used were taken from Ref. 25. Results
for uncompensated n-type GaAs are presented for con-
ventionally doped material (Figs. 1-4) and for a doped
system with no impurities present, an idealized model of
modulation doped material (Figs. 5-7).
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A. RPA vs LTFA screening

The LTFA is an approximation to the static RPA di-
electric function that does not account for the polariza-
tion of the screening electrons by the colliding electron,
but is equivalent in the limit of small momentum trans-
fer, q. Figures 1 and 2 show the carrier concentration
dependence of electron mobility in uncompensated n-
type GaAs at 300 and 77 K, calculated with statically
screened electron-phonon and electron-impurity interac-
tions. Scattering from LO phonons as well as the acous-
tic piezoelectric and deformation potential modes was
included, but electron-electron scattering and plasmon-
phonon coupling were neglected. Each figure shows cal-
culations made by using either the phase-shift (16) or the
Born (17) electron-impurity scattering rate and either the
temperature-dependent static RPA or the LTFA dielec-
tric function in Egs. (14)—(17). The standard LTFA Born
(Brooks-Herring) calculation with unscreened phonons is
also shown. Compared to the case of n-type Si,’* a rel-
atively small correction to mobility in n-type GaAs is
obtained by using RPA screening rather than LTFA. Ex-
cept for the unscreened phonon case at 300 K, the combi-
nation of RPA screening of impurities and phonons with
the phase-shift electon-impurity scattering rate gives the
lowest mobilities, while the LTFA Born calculations give
values that are higher by at most 16% at 300 K and
41% at 77 K. A cancellation of errors made by using the
LTFA Born electron-impurity interaction and unscreened
electron-phonon interactions at 300 K makes this result
similar in magnitude to the RPA Born curve. Dynamic
RPA screening of LO phonons changes the mobility very
little from the static RPA case when electron-impurity
scattering is included.

7.0
6.0 F ™\
R 300 K
2 N
“g 5.0 | AN
O
nO
Z 40 |
=
o
=
3.0 |
290" 10" 10" 10"
Carrier Concentration (cm'a)
FIG. 1. Comparison of RPA vs LTFA screening and

phase-shift vs Born electron-impurity cross sections at 300
K for n-type GaAs. Static screening of LO, piezoelectric,
and acoustic deformation potential phonons as well as ion-
ized impurities is included. The RPA phase-shift drift mo-
bility (solid curve) is shown with mobilities in the following
approximations: RPA Born (dotted curve), LTFA phase-shift
(long-dashed curve), LTFA Born (short-dashed curve), and
LTFA Born with unscreened phonons (chain-dashed curve).
Electron-electron scattering and plasmon-phonon mode cou-
pling has been neglected.
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3.0 : e
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FIG. 2. Comparison of RPA vs LTFA screening and

phase-shift vs Born electron-impurity cross sections at 77 K
for n-type GaAs. Calculated mobilities are represented as in
Fig. 1.

B. Electron-electron scattering

The effect of electron-electron scattering on mobility
in doped semiconductors is limited by three factors. (i)
The screened interaction between two electrons is con-
siderably weaker than the Coulomb interaction. (ii)
When umklapp electronic scattering processes are negli-
gible and energy surfaces are close to spherical, electron-
electon scattering conserves total electron momentum
and produces only an indirect effect on other scatter-
ing processes by redistributing the electron momenta.
(iii) The Pauli principle restricts the fraction of elec-
trons that can participate in energy-conserving electron-
electron scattering processes to a number that vanishes
in the degenerate limit. Nevertheless, electron-electron
scattering was shown?® to have an important effect on
transport in doped semiconductors away from the de-
generate limit. Chattopadhyay® studied its effect on mo-
bility in n-type GaAs by using a variational solution of
the Boltzmann equation including electron-electron scat-
tering statically screened in LTFA with ¢y. He found
that, for n = 10'® cm ™3, electron-electron scattering re-
duces the mobility by about 10% at 80 K. The reduc-
tion increases to 20% when e, rather than g is used in
the LTFA screened electron-electron interaction, as dis-
cussed in Ref. 20. Figures 3 and 4 show the drift mobil-
ity calculated by iteratively solving the Boltzmann equa-
tion at 300 and 77 K, including electron-electron scat-
tering in addition to the electron-impurity and electron-
phonon mechanisms already discussed. The Pauli prin-
ciple restriction is clearly seen from the vanishing of the
electron-electron contribution at higher concentrations.
Also shown in Figs. 3 and 4 are experimental data%%27
for the Hall mobility of n-type GaAs. No attempt has
been made in the calculations to include the Hall factor
relating the drift to Hall mobilities. The Hall factor is
generally larger than unity so that the Hall mobility is
larger than the drift mobility, but its magnitude depends
on doping density and temperature, approaching unity in
the degenerate limit. Despite the reduced mobility values
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FIG. 3. Effect of electron-electron scattering on elec-
tron drift mobility in n-type GaAs at 300 K. The dotted
and dashed curves are the RPA phase-shift calculation ne-
glecting and including, respectively, statically screened elec-
tron-electron scattering. The solid curve includes dynamically
screened electron-electron and electron-LO-phonon scatter-
ing with mode coupling. Experimental Hall mobilities are
indicated by O (Ref. [9]) and O (Ref. 27).

compared to previous calculations (see, e.g., Refs. 1, 2, 4,
and 7), a disagreement between theory and experiment
persists for carrier concentrations above n = 10'® cm™3
at both temperatures considered.

C. Coupled plasmon-phonon modes

The uncoupled plasmon temperature Aw,/kp varies as
nl/2; for n-type GaAs, it ranges from 50 K to 1594 K
for electron concentrations of 10'6~10'® cm 3. The plas-
mon temperature crosses the LO-phonon temperature of
419 K at ~ 7 x 107 cm™3. In this concentration re-
gion, the electronic and the lattice excitations hybridize
to form the normal modes of mixed electron-phonon char-

3.0 e

77 K

20 [\ ©

Mobility (10°cm’/Vs)

107 10° 10
Carrier Concentration (cm™)

FIG. 4. Effect of electron-electron scattering on electron
drift mobility in n-type GaAs at 77 K. Calculated mobilities

are represented as in Fig. 3. Experimental Hall mobilities are
indicated by O (Ref. 9) and A (Ref. 12).
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acter. The other energy relevant to electron mobility is
the Fermi energy Er, which varies as n?/3. For n-type
GaAs, Er/kp ranges from 29 K to 2930 K for n = 106
10'® cm™2 and crosses the LO-phonon temperature at
~ 6 x 107 cm~3.

In the plasmon-pole model, the phonon spectral func-
tion —7~'Im[D(g,w)] has two §-function peaks [see Eq.
(9)] with frequencies w4 and w_ given by (11). As dis-
cussed in Ref. 20, mobilities at low densities and temper-
atures are expected to be reduced when plasmon-LO-
phonon coupling is included, because of increased low-
energy electron-phonon scattering due to the w_ mode.
Figure 5 shows that this is in fact the case. The mobilities
in this figure were calculated by neglecting all scattering
mechanisms except electron-LO-phonon scattering. For
a wide range of densities at 77 K, the LO-phonon lim-
ited mobility including mode coupling and dynamic RPA
screening (solid curve) is significantly lower than the mo-
bilites calculated by neglecting these effects. The dip
observed below n = 108 cm~32 in all the Fig. 5 mobility
curves is related to Ef crossing the LO-phonon emission
threshold. An interesting though minor effect appears in
Fig. 3, where the mobility including mode coupling is
actually higher at low doping levels and 300 K than the
mobility neglecting the coupling, when electron-impurity
is included.

Since mobility is limited primarily by scattering from
ionized impurities at low temperatures in conventionally
doped GaAs, the mode-coupling effect is obscured in this
case. Nevertheless, it could be important for mobility in
modulation doped structures where the effects of impu-
rity scattering are greatly reduced because of the large
separation between dopants and carriers. Figure 6 plots
the electron drift mobility as a function of concentration
at 77 K when electron-impurity scattering is neglected.
The figure shows that scattering from the acoustic (piezo-
electric and deformation potential) modes is stronger

10.0 S— : _
2
(] P
S g
z
2
[}
E .
«\ '/,/’
N -
290 107 10" 10"
Electron concentration (cm's)
FIG. 5. Effects of screening and mode coupling on

LO-phonon limited electron mobility in n-type GaAs at 77
K. The dynamically screened coupled mode mobility calcu-
lation (solid curve) is compared to mobilities determined by
scattering from uncoupled LO phonons screened with LTFA
(long-dashed curve), static RPA (short-dashed curve), dy-
namic RPA (dotted curve), and unscreened (chain-dashed
curve). All other scattering mechanisms are neglected.
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FIG. 6. Comparison of mobilities limited by inelastic and
acoustic-phonon scattering in n-type GaAs at 77 K. The
mobility including dynamically screened electron-electron
and electron-LO-phonon scattering including mode cou-
pling (long-dash-short-dashed curve) is compared to the
same calculation except neglecting electron-electron scatter-
ing (dashed curve) and to the mobility including only scat-
tering from acoustic (piezoelectric and deformation potential)
phonons screened with static RPA (dotted curve). The solid
curve shows the calculated mobility including all of the mech-
anisms. Electron-impurity scattering is not included.

than scattering from LO phonons when electron-electron
scattering is neglected, even if mode coupling is included.
However, in the moderate doping regime, inelastic scat-
tering is stronger than scattering from acoustic phonons
when both electron-electron scattering and mode cou-
pling are included. This result is notable especially be-
cause the value used in the calculation for the acoustic

50 —— , — : '

10"7ecm®

Mobility (10°cm?/Vs)

0.0 - ‘ : :
50.0 70.0 90.0 1100 1300 1500

Temperature (K)

FIG. 7. Temperature dependence of mobility in n-type
GaAs for n = 10'7 cm™3. The mobility including dynamically
screened electron-electron and electron-LO-phonon scatter-
ing including mode coupling (solid curve) is compared to the
results with static RPA screening of electron-electron scat-
tering (dotted curve), electron-electron scattering neglected
(dashed curve), and static RPA screening of LO phonons
without mode coupling (long-dash—short-dashed curve). Elec-
tron scattering from acoustic phonons screened in static RPA
is included and electron-impurity scattering is neglected in all
cases.
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deformational potential £; = 12 eV is higher than some
others that appear in the literature. Figure 7 plots the
temperature dependence of the mobility from 50 to 150
K for n = 10'7 cm~3 when electron-impurity scatter-
ing is neglected. The figure shows that electron-electron
scattering and mode-coupling effects should be signifi-
cant even at the lower temperatures in situations where
impurity effects are minimal.

V. CONCLUSIONS

The mobility calculations presented in this paper show
that a more accurate treatment of electron interactions in
n-type GaAs yields results that differ from simple mod-
els, especially at moderate doping levels in convention-
ally doped material and for low densities and temper-
atures in modulation-doped material. For conventional
n-type GaAs, RPA screening of phonons and impurities
combined with phase-shift electron-impurity scattering
rates give lower drift mobilities than LTFA screening or
Born calculations. A convergent iterative method has
been developed for solving the Boltzmann equation in-
cluding electron-electron scattering. Including this scat-
tering mechanism further reduces the mobility except at
high doping levels, so that the full calculation gives better
agreement with experimental Hall mobilities than previ-
ous results. In order to say definitively that the long-
standing discrepancy between theory and experiment is
resolved in the middle concentration regime, the Hall
mobility should be calculated with the present model,
including the influence of nonequilibrium phonons. At
the highest concentrations, the theoretical mobility for
uncompensated n-type GaAs is larger than experimental
values.

The effects of dynamic screening, mode coupling, and
electron-electron scattering are not very important for
mobility in conventionally doped GaAs where scatter-
ing from ionized impurities dominates. However, the
calculations neglecting impurities suggest that these ef-
fects could significantly affect mobilities in modulation-
doped structures. Comparison with experiment would
require a more realistic treatment including the effects of
confinement on phonon spectra and electronic structure,
nonequilibrium phonons, as well as the effects of impu-

‘rities, alloy disorder, and interface roughness. Also, the

effect of Landau damping of the hybrid modes, which
is neglected in the plasmon-pole model for the phonon
self-energy, should be investigated. Good candidates for
study would be Al,Ga;_,As, since the Frohlich coupling
increases with z,28 or the more strongly polar materials
CdTe, ZnSe, or ZnTe. Finally, the fact that inelastic scat-
tering is stronger compared to acoustic-phonon scatter-
ing than the standard model predicts for doped material
at low temperature suggests that the inelastic compo-
nent could influence determinations of the deformation
potential constant from mobility studies and motivates a
reevaluation of E; in n-type GaAs at low temperatures.
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APPENDIX: ITERATIVE METHOD
FOR ELECTRON-ELECTRON SCATTERING

Rode’s method! is generalized by inserting the lin-
earized form of f (6) into the electron-electron collision
term [Eq. (46) of Ref. 20] and using the identity

§(E1 + E; — Es — E,)
X [ — A —-f) - - )1 —-)f3f] =0,
(A1)

giving the linearized collision term

- 1
{f(k)}ooh = 3 > |Ms,1|*8(Ey + E; — Es — Eq)

2,3,4

x&(ky + ky — ks — kg)
xfrf3(1—f3)(1— f3)

X (211 + Tath2 — T3tz — Tathy].

Tk
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This symmetric form allows a simple application of the
law of cosines to eliminate z; for 7 = 2—4 in favor of zy;,
the cosine of the angle between k; and k;,

{F (k)Y = o5 D [Maal?8(Bx + Bz — Ba — Ea)

2,3,4
X(s(kl —|—k2 — k3 — k4)
xfrf3(1—f3)(1 = f3)

X[th1 + z1292 — T13Y3 — T14ha].  (A2)

Now use the § function for momentum conservation to
sum over k4 and introduce the variable q = k; — k3 =
ks — ko. The k; integration of the ; and %3 terms
can be done analytically. Making the variable changes
ki - k,ky - s;ks > p=k—q, and ky — s+ q, we
have

OO = 5o 37 IMicp (1 = b IV (i) + UImlP(q, w,) FE(1 = 1)

1
toz D My *re Yo {6(Br — Ep + hwe,arq) FRF)(1 = F3)(1 = £1q)

s,P

~8(Ey — Ep — hws,s—g) fRf)_ (1= F)(1 = £}, (A3)
where s was changed to s — q in the last term and
m* 1+ exp[-B(ET — p)]
I =
m(P(g,0)] = 5o In | o (A4)

with E£ = (E, + hw)?/4E,.

The symmetry of the problem is best used by choosing bipolar coordinates?* with the z axis along q and the zz
plane containing k. The p integration variables can be chosen to include the momentum transfer g,

oo k+p
/d3p=27r/ dpp dq%,
Y |k—p|

the factor of 27 coming from integration of the azimuthal angle around k. The s integration has the form [d3s =
Jdo [ dxsg [ dss?, where ¢ is the angle between the (k,—p) and (—s,k4) plane. The ¢ integral is simply done by

again applying the law of cosines,

27
/ dpTpy = 2M Toq Thg -
0

Then, using the energy § functions to do the x4 integrals, the linearized electron-electron collision integral reduces to

_ 0 oo k+p
(10035 = i [ app =5 [ oot
-p

X {q(’/’k - zkaI’P)[NO (wk,p) + 1Im[P(q, wk,p)]

gt [z_fﬁldwsf?(l—f&)—f/l dswsf:’-(l—ff)”,

|z

(A5) .

zt|

where 2% = (k% — p? & ¢2)/2q and s* = /52 £ (k2 — p2?). Adding (A5) to the right-hand side of (7) and solving for

Y1, gives Eq. (12).



14 264

! D.L. Rode, in Semiconductors and Semimetals, edited by
R.K. Willardson and A.C. Beer (Academic, New York,
1975), Vol. 10, Chap. 1.

2 J.R. Lowney and H.S. Bennett, J. Appl. Phys. 69, 7102
(1991).

3 J.R. Meyer and F.J. Bartoli, Phys. Rev. B 36, 5989 (1987).

*D. Lancefield, A.R. Adams, and M.A. Fisher, J. Appl.
Phys. 62, 2342 (1987).

® T.F. Kuech, B.S. Meyerson, and E. Veuhoff, Appl. Phys.
Lett. 44, 986 (1984).

¢ M. Feng, V.K. Eu, T. Zielinski, and J.M. Whelan, J. Elec-
tron. Mater. 11, 663 (1982).

" W. Walukiewicz, L. Lagowski, L. Jastrzebski, M. Lichten-
steiger, and H.C. Gatos, J. Appl. Phys. 50, 899 (1979); W.
Walukiewicz, J. Lagowski, and H.C. Gatos, ibid. 53, 769
(1982).

8 D. Chattopadhyay, J. Appl. Phys. 53, 3330 (1982).

° G.B. Stringfellow, J. Appl. Phys. 50, 4178 (1979).

'©1.Y. Yanchev, B.G. Arnaudov, and S.K. Evtimova, J. Phys.
C 12, L765 (1979).

' H. Poth, H. Bruch, M. Heyen, and P. Balk, J. Appl. Phys.
49, 285 (1978).

2D.L. Rode and S. Knight, Phys. Rev. B 3, 2534 (1971);
D.L. Rode, ibid. 2, 1012 (1970).

13 E.J. Moore, Phys. Rev. 160, 618 (1967).

14 B.A. Sanborn, P.B. Allen, and G.D. Mahan, Phys. Rev B

B. A. SANBORN 31

46, 15123 (1992).

'* P. Lugli and D.K. Ferry, Physica 129B, 532 (1985).

1 M.E. Kim, A. Das, and S.D. Senturia, Phys. Rev. B 18,
6890 (1978).

'"R. Jalabert and S. Das Sarma, Phys. Rev. B 41, 3651
(1990).

'8 S. Das Sarma, J.K. Jain, and R. Jalabert, Phys. Rev. B
41, 3561 (1990).

¥ X.L. Lei and M.W. Wu, Phys. Rev. B 47, 13338 (1993).

20 B.A. Sanborn, preceding paper, Phys. Rev. B 51, 14 247
(1995).

21 A.W. Overhauser, Phys. Rev. B 3, 1888 (1971); B.L
Lundqvist, Phys. Kondens. Mater. 6, 193 (1967); 6, 206
(1967).

*2 8. Das Sarma, J.K. Jain, and R. Jalabert, Phys. Rev. B
37, 4560 (1988); 37, 6290 (1988).

2% G.D. Mahan, Many Particle Physics (Plenum, New York,
1990), Sec. 6.3.

24 M. Combescot and R. Combescot, Phys. Rev. B 385, 7986
(1987).

25 B.R. Nag, Electron Transport in Compound Semiconduc-
tors (Springer-Verlag, Berlin, 1980), p. 372.

26 J. Appel, Phys. Rev. 125, 1815 (1962); 122, 1760 (1961).

27Y.-M. Houng and T.S. Low, J. Cryst. Growth 77, 272
(1986).

28 8. Adachi, J. Appl. Phys. 58, R1 (1985).



