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Hot-¢lectron transport properties of Al,Ga; _,As/GaAs quantum wires under high electric fields are
studied by means of the balance-equation approach using a model with multiple species of carriers.
Each transverse subband is assumed to have its own electron temperature, Fermi level, and mean drift
velocity differing from other nondegenerate subbands. The intersubband Coulomb interactions are
taken into account perturbatively for the first time together with acoustic and polar optic phonon
scatterings in the numerical calculation. Our calculation shows that although the electron temperatures,
Fermi levels, and drift velocities of different subbands differ markedly from each other, the overall
average drift velocity and the resultant nonlinear mobility are very close to those predicted by the
conventional model assuming single species of carriers in the multisubband quantum wire system.

1. Introduction

Multivalley or multisubband occupations of carriers are known to play an important
role in determining their high field transport behavior in bulk {1, 2] and low-dimensional
[3 to 8] semiconductors. Electrons in different valleys (subbands) are coupled via electron—
phonon, electron—impurity, and electron—electron (e—¢) Coulomb interactions. Unlike in
a bulk semiconductor, where carriers in different valleys have different effective masses and
thus are usually treated as different species of carriers, in a low-dimensional semiconductor
system, carriers dwelling in different subbands share a common effective mass and have
usually been treated as a single species of carriers. Recently Guillemot et al. [4] studied the
electron—longitudinal optical phonon coupling in quasi-two-dimensional quantum wells
under steady-state high-field transport conditions. Their calculation, which is based on the
balance-equation approach of high-field transport in a two-subband system, assumes a single
center-of-mass velocity and a common electron temperature but separate Fermi levels for
both subbands. Wang and Lei {7, 8] calculated high-field electron transport in quantum
wires assuming a single center-of-mass velocity, a unique electron temperature and a common
Fermi level for all the fifteen subbands. The feasibility of these assumptions needs to be
examined. In a low-dimensional (e.g. quantum wire) system, although intrasubband
Coulomb interaction is believed to be strong in comparison with impurity and phonon
scatterings to yield an electron temperature and a Fermi level in each subband, the
intersubband Coulomb scatterings, which involve small form factors, may not be strong
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enough to give a common electron temperature or a common Fermi level for different
subbands.

The purpose of this paper is to discuss the Coulomb intersubband scattering on the
electron transport in quantum wires using a model with multiple species of carriers. For
the sake of simplicity, cylindrical GaAs wires surrounded by AlGaAs are considered where
the transverse dimension can be described by one parameter, the radius of the wire which
is taken as 9 nm. For this system we can assume that electrons interact only with bulk
acoustic (Ac) phonons and longitudinal optical (LO) phonons and calculate the transport
properties without impurity scatterings. We consider the electron occupation of the ground
and the first excited subbands. Each subband is assumed to have its own electron
temperature, Fermi level, and average drift velocity. Our numerical results show that
although the electron temperatures, Fermi levels, and the drift velocities of the ground and
excited subbands differ markedly from each other, the overall average drift velocity and
the resultant nonlinear mobility are very close to those predicted by the conventional model
assuming single species of carriers for the multisubband quantum wire system.

2. Hamiltonian and Balance Equations
for Forces, Energies, and Particle Numbers

We consider a cylindrical quantum wire of radius ¢ and length L, and denote by N the
total number of electrons. The electron energy in the quantum wire can be expressed as

2
z

ea(k;) = &, + o (1)

where ¢, is the transverse two-dimensional (2D) energy of the n-th subband, k, the
longitudinal one-dimensional (1D) wave vector, and m the effective mass. To concentrate
on the effect of the intersubband Coulomb interaction we consider the electron occupation
of the lowest three subbands. The wave functions of these three transverse states are given by

X b .
9o = Coly (QO r,,), oy = £Ci4d, (Ql r>eil¢, 2)

where C, = (]/; 0y,)~! (n=10,+1) is the normalization factor, (r;,$) denotes the
transverse coordinate, x,| (>0) represents the first zero of the n-th order Bessel function,
ie. J,(x,) = Oand y, = J,.(x},). The corresponding eigenenergy is ¢, = xf,/(2mg?). It is
easy to see that the n = 1 subband is degenerate with the n = —1 one. In the following,
we label these two degenerate states as 1 and — 1, respectively, and the ground state as 0.

In the framework of balance-equation approach [9, 10], the Hamiltonian of the system
is written in the form

H=H.+H,+H,+H,, G)

where
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are the center-of-mass (CM) Hamiltonians, where v; and Z; are the CM drift velocity and
coordinate (in z:diregtion) of Asubband i (i=0,x1). E= EZis the applied electric field
along the wire. N, N, and N _, are the electron numbers of subbands 0, 1, and —1. In

the second quantization representation of the relative electron systems they are expressed
by (n =0, +1)

Nn = Z c:—zkzacnkza ’ (4)
kzao

Nog + N, + N_; = N. We assume, for the two degenerate subbands 1 and —1, that the
average velocities and electron numbers are equal, v,y = v_,4, and N; = N _,. The relative
electron Hamiltonian reads

He = Z 8n(kz) Clkzacnkza + Z Z Z Knn’, m’m(lqzl) C:kz+qzaCI'k'z*q;d’cm’k'za'cmkza .

nk.o nn'mm’ k:kzqz oo’
&)
o2
Ko, mwem(2]) = ﬁ jdr|; d"/u (Pf("u) <Pf'("'||) (Pm'("'n) <Pm("||) Ko (lg.| I"H -
negnl,
(6)

is the Coulomb interaction and x the low-frequency dielectric constant. Ky(x) is the
modified Bessel function of zeroth order.

H, =Y Q.blbs; ™
qi
is the Hamiltonian of bulk phonons; ¢ = (g, q.)-
Hep = Z Z Z M(}’l, n/’ q, }”) (bq}. + btq/l) cIkz+qzo'cn’kzcr (8)
nn' gi o

is the coupling between electrons and bulk phonons, the coupling matrix element is
M(n’ n,7 q, /1) = M(qr /1) an(qll)

with the 3D electron—phonon coupling matrix element M (g, 1), and the form factor is given by
1

1
an’(‘]“) =2 J' £d¢ ﬁ Jn(x[n|é) Jn'(x|n'[f) J|n-n'|(‘1“Qf)- 9)
0 hon

The intrasubband form factors F,, and F,, and intersubband form factors F, and F; _;
are illustrated in Fig. 1. The K, ., term in the electron-electron Coulomb interaction
describes the collision between an electron in subband m and an electron in subband m’,
which are scattered, respectively, into subband n and subband n'. Kgg g0, K11, 11, and
K |, _1-; are involved in pure intrasubband Coulomb scattering. These collisions
contribute to establishing an electron temperature within each subband. In our treatment,
we have assumed that each subband has its own temperature and hence we need not
calculate the explicit expressions of Koo gos K11,11, and K_,_; _;_,. Furthermore, the
two degenerate subbands 1 and —1 are assumed to share a common electron temperature
and there is no need for the explicit expressions of intersubband Coulomb scattering between
these two subbands. The collisions between electrons in the ground subband 0 and electrons
in the first excited subbands 1 and —1 are essential in our model. As a matter of fact there
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Fig. 1. Intrasubband (0—0 and 1--1)
and intersubband (0--1 and 1-(—1))
form factors as functions of normal-
ized transverse wave vector ¢, ¢
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are only two classes of nonzero coefficients in our model. The first class including
Ko1.10 = Ko—1. 10 = K10,01 = K_19,0-1 = v#(|g.]), describes collisions between two
electrons of different subbands but which are scattered within the same subband. This kind
of collisions tends to give a common temperature for the ground subband and the first
excited subbands. v = €?/(4neyxL,). The second class, including Ko, 1. K10, 100 Ko—1,0-1,
K_10. —100K1-1.00. K11, 00 Koo, 1-1,and Ky, _,, involves exchange of particles between
different subbands with conserving the number of electrons within each subband (K, ¢,
Ko 10 Ko-1,0-1,and K_yy _40) or with transferring two electrons from one subband to
the other (Ky_; 00> K_11. 00 Koo, 1-1, and Kg, —44). All these coefficients have the same
value and will be denoted by v#”(|q,|) in the following. In Fig. 2 "% and %" are plotted
as functions of |gq,| 0. Note that 2 is almost two orders of magnitude larger than %42
Hence the Coulomb interaction can be separated into three parts: the first is the
“intrasubband” part containing K, ,, (with n = 0, + 1), which contribute to an electron
temperature T,. in subband n. The second part includes terms K, . (with n, n', m,
m = +1), which is assumed to be efficient in rendering T, = T_,.. The last part, which
is made up of the remaining terms, will be denoted by H'. The relative electron Hamiltonian
can now be rewritten as H, = H,, + H,,, + H', in which

Hoe = Y. golk) chioCors + 2, 2. Koo, 00041 €b, k. +4.4€0. ks~ 4.0°C0, k20 Coknar »

kzo kzkzq. oo’

Hi = Z Z eqlk,) CZkzncnkza

kze n==+1

+ Z z Z Knn’, m’m(!qzl) CZ, kz+qzacn’, kz —qza’cm’, k’za’cmkza' .

nn'mm’'=*1 k:kZq; oo’

H., along with electron—phonon interaction H.,, will be handled perturbatively against
H, = Hy, + Hy,, + H,. In the balance-equation theories [9]

1

@ozi

exp (—Ho./Tyo) exp (— H 4 ,./T).) exp (Hp/T) (10)
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with T being the lattice temperature. The density matrix g(t) should satisfy the Liouville
equation i dg(¢)/dt = [H, 4(t)] and the initial condition ¢(ty) = §,. The statistical averages
of the rate of change of the electron total momentum P, = Nymo,y (n = 0, £1), P, =

—i[P,, H], the rate of change of the electron energy, H, = —i[H,, H] in subband n, and
the rate of change of the particle number, N, = —i[N,, H] in a steady-transport state, lead
to the force, energy, and particle number balance equations,

1
— NoeE + Fo, + Fo, =0, (11)
N
2N
TleE+F1p+F_1p+F1c+F_1c=0, (12)
N
—FOeUOdE+ Wop + Wo. =0, (13)
2N
- Tleva + Wiy + Woyy + Wi + Woy, =0, (14)
N (Voa V10> Toer Tyes Hors Har) = 0. (15)
These five equations, together with the constraint
No +2N, =N (16)
and the relations
= 2 flealk) — /T (n=0,1) (17
kzo

(f(x) = 1/[exp {x) + 1]is the Fermi function) form a complete set of equations to determine
the steady-state values of vy4, 0,4, Toer Tie Hors Uip> No» and N, at given E, T, and N. The
expressions for F,, F,., Wo, W, (n = 0, £1),and 4" in (11) to (15) are given in the Appendix.

np>
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Table 1
Parameters used in the numerical calculations

Hop 10.8 X 129

Q, (meV) 354 E (eV) 7

mjm, 0.07 N, (m™%) 8.35x 10?*
vy (m/s) 53 x10° d (kg/m?) 53x10°

3. Numerical Results and Discussion

We have performed numerical calculations from (11) to (17) of the two-species-of-carriers
model (TSCM) for an Al Ga, _ ,As/GaAs quantum wire to obtain high-field steady-state
transport for electric fields up to 10° V/m at lattice temperature T = 100K. In the
calculation we have included all the intrasubband and intersubband scatterings due to LO
phonons with the Frohlich matrix element

IM(g, LO)]? = e ( ! 1>s2
7 2mo’L.eyq* \x, )

and those due to Ac phonons with the deformation potential matrix element

M@ AP = — =9
2mp?L, dog,

Here x, is the optical dielectric constant, €, the LO-phonon frequency, = the acoustic
phonon deformation potential, v, the longitudinal sound velocity, and d the mass density
of the crystal. The values of these parameters are given in Table 1.

1407

i\ 113 i
A -
8 128

: YRS
X X
§ 10

Fo 5 "'\_‘
] 0 0 106
L B
el Eim—— . os
0 2 4 6 y ol 0
E(10*Vm) ———

Fig. 3. Calculated Fermi level vs. electric field E. The solid and dash-dotted curves are, respectively,
tor and u, g predicted by TSCM. The dotted curve is the calculated result of up from SSCM. The inset

shows the fraction of electrons in subband 0 predicted by TSCM (solid curve) and by SSCM (dotted
curve)
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For comparison we have also performed numerical calculations for the same system
using the single-species-of-carriers model (SSCM), i.e. assuming a common center-of-mass
velocity vy, a single electron temperature T, and a unique Fermi level p. for all the electrons
in different subbands as in [7, 8].

In Fig. 3 we plot the calculated Fermi levels as functions of the applied electric field E.
In absence of the applied field E, por = uqr and they split off when E + 0. The inset of the
figure shows the fraction of electrons in the ground subband: n, = Ny/N. The solid and
dash-dotted curves are the results of TSCM and the dotted curves are results of SSCM.
The two models predict different Fermi levels and electron occupations.

In TSCM the electron temperatures of the ground subband (T;,.) and the upper ones
(T,.) differ markedly at high fields as shown in Fig. 4. The electrons in the upper subbands
are hotter than those in the ground one. The electron temperature T, predicted by SSCM
is very close to but slightly lower than T, This tallies with the electron occupations #n,
predicted by the two models as shown in Fig. 4.

The drift velocities vy4 and v, 4 calculated from TSCM are plotted in Fig. 5 as functions
of the applied electric field. The overall averaged drift velocity

_ Novga + 2Nyvy4

0 — N (18)

and the nonlinear mobility

_ Dy
== 19
A== (19)

predicted by TSCM, and the drift velocity vy and nonlinear mobility y obtained in SSCM,
are also shown in the figure. It can be seen from the figure that although the drift veloc-
ity v,4 of the upper subbands is markedly higher than that of the ground subband, vy, in
TSCM, the overall average drift velocity 7; and nonlinear mobility g predicted by TSCM
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Fig. 5. Steady-state drift velocities vgq
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are very close to v, and p obtained in SSCM. This justifies that the much more simplified
SSCM calculation yields essentially correct results for the overall drift velocity and nonlinear
mobility in a realistic quantum wire system.
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Appendix

We give below the full expressions of the quantities appeared in the balance equations
(11 to 15). The forces and the energy loss rates induced by LO and Ac phonons are
given by

FOp = 2 Z |M(03 05 q, /1)|2 qu2(07 05 q qu + (Uo)
qi

Q A Qq 4]
L)) 2 a

fop=—4n Y IMO,1,¢. ) klf Cor/ Tod) = fCricer g/ Tio]

k.qA

Q
X {[” <_T£> —n <é;kz - f1z;+q,>:| O(Eik,+q. — Eox, + 2g2)
Oe ie
Q
+ [” <;/1> —h <51;,;+qz - é;kz>:| 0(E ik, +q, — Eox. — qu)} > (A2)
le Oec




Intersubband Coulomb Scattering Effect in a Quantum Wire 537

Flp + F—lp = 2 Z z IM n m q, ’1)| qZHZ(mv n’ QZ’ qu + wl)

=*1 g

( >— < ‘”TI‘”‘)] + 21y, (A3)

WOP = 2 z IM(O’ O’ q7 }“)|2 qunl(ov 0’ qzs qu + wO)
qi

Q Qg+
ERCE [
Oe

Wop = —4n 3, IM(O0, 1, ¢, DI eolks) [f (Cona/ Tod) — S iy /Tic))

kzqA

Q
X {l:n <qu> —n <iﬂ’k= _ %):I 8(Eir.+q. — Eox. + 242
Oe ie
Q
+ [:n <7€£> — n<é“’;+qz — %)} S(Elkz+qz - E()kz - qu)} y (AS)
le Oe

VVIP + W ip = 2 Z Z |M(n7 m, 4, /1)|2 Qq/lH2(m’ n, 4,, qu + (1)1)

n,m==x1 g

X l:n <%) —n (Q&ﬂ):l + 2wy, (A6)
T Tlc

Wlth W, = Undq27 nky — n(k ) Hnp and Enkz = 8n(kz) -+ kzvnd (I’l = 09 1) HZ(n> n’, q2z (U) iS
the imaginary part of the e—e correlation function IT(n, 1/, g, w). In the absence of dynamic
screening, it takes the form

2y fenlks) — flewlk; + q2))

. (A7)
oo+ e k) + ek, +q,) + i0

o(n, ', q,, ) =

The expressions for f;, and w,, can be obtained from (A2) and (AS), respectively by
exchanging all the indices 0 « 1.

The force experienced by the center of mass and the energy-loss rate of electrons in
subband 0 due to intersubband Coulomb interaction, are

dw w w—
Fo. = 214 (1g.))1* v’q. J [n<*>~n<——°1>:|
0 §| (lg:DI" v*q . T.. T

— 0

X HZ(Ov 0’ gz (D) Hz(l’ 1’ q,, W — wol)a (Ag)
d .
Woe = 2T 1 (g0 o2 J do, [n <ﬂ> o <‘“_ﬂﬂ
4z T T()e Tle
x 11,(0,0, 9, ») [1,(1,1,4,, ® — wyy), (A9)

in which wy, = Wy ~ ®; = q,(voq — v14)- The forces and the energy-loss rate of electrons
in subbands1 and —1 due to intersubband Coulomb interaction F,, + F_;, and
W,. + W_,, can be obtained from (A8) and (A9), respectively, by exchanging all the indices
0 1.
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Finally, the rate of change of the electron number of the ground subband reads

N (Voa> V10> Toes Ties Hors HaF)
= —8n 3, IM(0, 1,4, D [f Co/ Toe) = [ Craus o/ Tio

k-q4

Q
() oG- e
Oe le
Q
R e A
le Oe
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