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Abstract. We present a theoretical analysis of hot-electron magneto-miniband transport in a
lateral semiconductor superfattice. Qur approach is based on the recently developed balance-
equation theory extended to the Jateral superlattice in the presence of crossed magnetic and
electric fields. Realistic scatterings due to impurities, acoustic phonons and polar optic phonons
are taken into account in the study. Negative differential velocities appear at high electric field
for all the directions in the superlattice plane, but the linear mobility and the peak drift velocity
in the (10)-direction are higher than those in the {11}-direction. Special attention is paid to the
perpendicutar (Hall) conduction. The magnitude and the sign of the Hall resistivity in linear
and non-linear transport not only varies strongly with the catrier density but also varies with the
eiectron lemperature.

1. -Introduction

With the technological advances in semiconductor microfabrication, the lateral semicon-
ductor superlattice (LSSL), a quasi-two-dimensional electron system spatially modulated by
a two-dimensional periodic potential, has become a subject of iniense experimental and
theoretical investigations [1-5]. Most of the recent studies have concentrated on the low-
temperature properties of the LSsL prepared on a high-mobility two-dimensional electron gas
having weak or moderate modulation potential and with a lattice constant of a few hundred
nanometres, which exhibits transport properties directly due to the density of states and
other structures resulting from the interplay between the magnetic field and the modulation
potential. Nevertheless, systems with smaller lattice constant and larger modulation poten-
tial, proposed earlier [1], are also of great interest. Such a structure is 2 two-dimensional
version of the Esaki-Tsu superlattice [6], in which the band-conduction mechanism dom-
inates and impurity and phonon scatterings play an important role. Negative differential
velocity of Esaki-Tsu origin has recently been extensively studied both experimentally and
theoretically [7-12]. Under the influence of a strong electric field carriers become hot and
oscillations related to the structure of the density of states and the Landau quantization are
smeared. Such an LSSL is potentially a good candidate for use in the microwave oscillator
[10-11], since its miniband conduction may exhibit negative differential mobility in any
direction of the current flow in the plane and a perpendicular applied magnetic field offers
an additional means to tune the velocity—field behaviour.

The purpose of the present paper is 10 give a systematic investigation of hot-electron
magneto-miniband transport in the LSSL using the balance equation approach [12-14]
extended to the LSSL in the presence of crossed magnetic and electric fields.
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2, Model and balance equations

As a model of a strongly modulated £.SSL we consider a quasi-two-dimensional GaAs base
layer of thickness 4, in the z direction. There is a square two-dimensional (2D) superlattice
potential of lattice constant d applied in the x and y directions, resulting in 2D minibands in
the electron energy spectrum. In the limit of strong modulation potential these minibands
are essentially the tight-binding type. We consider only the lowest miniband and thus write
the electron energy in the form

en(k)) = &n + £(ky) + £(ky) (1)
with
etk) = (A/2)(1 — cos kd) (2)

where ky = (k,, k,) denotes the in-plane wavevector of the 2D superlattice, —/d < &, <
x/d, -n/d < k, € m/d, and 2A is the bandwidth of this 2D miniband. &, (n = 1,2, ...)
represent the quantized energy levels in the z direction due to the vertical confinement d,.

In the presence of an electric field in the x—y plane, B = (E,, Ey, 0), and a magnetic
field in the z direction, B = (0,0, B), the effective Hamiltonian related to the in-plane
movement of V interacting electrons in this LSSL can be written as

He="hj+ He @
j
with
hy = &(py) + e(py; — eBxj) — ex; By —eyj By ®

where ¢ is the electron charge, py;, py; and x; ,y; represent the momentum and position
operators of the jth electron, and H,. stands for the carrier—carrier interaction. We have
chosen the vector potential as A = (0, Bx, Q).

Following the balance equation approach [12-14], we assume that the strong intercarrier
interaction promotes rapid thermalization of carriers in the reference frame in which the total
momentumn of the carriers vanishes. This enables us to characterize the transport state of
this many-carrier system by an in-plane average momentum per carrier, pg = (p;, py), and
an electron temperature 7.. The introduction of these two parameters, which are included
in the initial state, facilitates solving the Liouville equation to obtain the density matrix.
Acceleration- and energy-balance equations are derived by identifying the rate of change of
the drift velocity vy = (v,, vy, 0) t0 be the average of the operator zj[[H, ), H1/N, and
the rate of change of the electron energy (per carrier) k. to be the average of i(H, H.]/N,
yielding

dv,/dt = eE,/m} + (ery/m:)y + Ai 4 Apx {5)
dvy/dt = eEy/m} — (eBue/m})y + Aty + Apy (6)
dhe/di = el v +eEyvy, — W N

Here A;» and A, (@ = X, y) are the frictional accelerations due to impurities and due to
phonons in the o direction, and are given by

2
A= Y W@ Pl @18 (@D [0k + g0) = v(ka)]
m.nky.q

flEm(ky), Tl = flEn(Ry + qp). T

8[enthy + @) — Emlk
% 8lenhy + an) — enth)} el Enthp) — k) + ap]]”

&
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4 .
Ap =5 ; Mg, M1 la) Plg @) P [vlka + ga) — vlka)]
mn.ky.q,

FlEnGep), Tel — FlEntey + qp). Tel
lelq. Enlhy) — Enthy + ]|

[i(502) - n( Rt a0 o

and W is the energy-loss rate per carrier from the electron system to the phonon system

4 3
= X M@ NP n@F 8 PR [vke + g) — V)]

manky,g.

X B[En(kﬁ +qy) — em(ky) + QQ-'\]

f[ém(kll)v T.] - f[én(ku + Q||)a Tl
|elq. EnRy) — &Ry + g’

x [n(ﬂ—;-’i) - n(E_M(kH) - f::(k“ * q"))]- (1o

In deriving the above equations we have assumed that phonons are three-dimensional (3D)
bulk modes and that impurities are 3D randomly distributed. In the above expressions
E.(k)) = e,(k) — pqg) is the relative electron energy, v(k,) = Ba(k||)/3k.,, = Uy sink,d
lS the velocity function in the o direction with v, = Ad/2; u(q) and n; represent the
impurity potential and the impurity density, M (g, A) is the electron—phonon matrix element
for phonons of wavevector g in branch A, having frequency Qg,; a(x) = (expx — n-!
is the Bose function, €(q, @) is the dielectric function of the carriers in the random-phase
approximation; J, »{g;) is a form factor determined by the confined wavefunction in the z
direction and g(gy) is a form factor associated with the lowest 2D miniband wavefunction.

The drift velocities v, and v, and the ensemble averaged inverse effective mass 1/m}
and 1/m3, are given by

X 5[8,,(k|g +q)) — Enlly) + QQ‘-’-]

vy = u,?,ur(T;) sin pd (11
vy = una(T,) sin pyd 12
1/m} = (1/M*)a(T.) cos pxd (13)
1/m} = (1/M*)a(T) cos p,d ' (14)
with 1/M* = Ad?/2. The quantities a(T,) and y are defined by
a(Te) = — Zcos(kxd) f[sn(ku) ] (15)
nky . .
.= Na (T N T 2 Zcos(k d) cos(k,d) Fleatle)), T.]- (16)

In these equations

Flenthy), T.] = 1/ {expl(eatky) = n)/Te) +1} : (17)

is the Fermi distribution function, and the chemical potential p is determined by the
condition that the total number of carriers is equal to N:

N =23 flealhy), Te] (18)

n.ky
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3. Hall resistivity

Assume that the drift momenturn pg, thus the drift velocity v, is along the x direction:

Pa = (Px, 0,0), vg = (v4, 0, 0). The steady-state acceleration- and energy-balance equations
are reduced to

eE /m* + Aix + Ap, =0 (19)
eEy/m; — (eBva/m})y =0 (20)
eE.vy— W=0, 21}

The sheet current density (in the x direction) is given by
J_r = Nsevd. (22)

Defining the (non-linear) longitudinal sheet resistivity as p,. = E,/J.., we have from
equation (19)

Prong = Pex = —m5(Aix + Aps)/Ns€ua. (23)
On the other hand, the electric field along the y direction is determined by equation (20):

Ey = Buyy. (24)
This yields the transverse (Hall) resistivity

Puans = pyx = Ey[Jz = (y/Nse) B (25)
and the Hall coefficient

Ry = y/Nse = (y/N:d*)(d%/e). (26)

Note that the longitudinal resistivity pieng obviously depends on the current direction, due to
the anisotropic 2D energy band. Nevertheless, the expressions for the transverse resistivity
Prans and for the Hall coefficient Ry, equations (25) and (26), are universal, independent of
the direction of the current flow in the plane.

In the case of a parabolic band (free electron) the Hall coefficient is given by a well
known expression

Ry = 1/Nge )]

which is the same in linear (weak-electric field) and non-linear (strong-electric field)
transport [15], as long as the electron density remains unchanged.

The effect of the energy-band non-parabolicity is fully contained in the coefficient y.
Depending on the degree of non-parabolicity of the energy band, both the magnitude and
the sign of the coefficient ¥ may change on changing the electron density ¥;. To see the
meaning of this ¥—N, variation we consider the energy band given by equations (1) and
(2) with fixed 3-direction energy level (a typical 2D tight-binding band) at zero temperature.
The maximum two electrons per unit cell can be contained in this band, i.e. the density of
electrons that fills up the whole band is N,d> = 2. In the vicinity of the band bottom, i.e.

Nyd® < 1, the zero-temperature Fermi level e (the band bottom is chosen as the energy
zero) is

er/ A (;/2)Nod? (28)

and the coefficient

1. (29)
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The Hall coefficient Ry ~ 1/N.e. This is a natural result: near the bottom the band is
essentially parabolic and is occupied by electrons of density N,. On the other hand, in the
vicinity of the band top, i.e. 1 — N;d?/2 « 1, the zero-temperature Fermi level is given by

er/A 2 —m(1— Nd?/2) (30)
and

y = (Nd?/2)(1 — Nd?/2) ™. @1
The Hall coefficient is

Ru=7y/Nse=—1/Nle (32)

with the effective density
N¥ = (2/d* = N,). ' (33)

This is equivalent to a case of parabolic band occupied by carriers having charge —e
and density N given by equation (33). This N is just the number density of the states
unoccupied by electrons in the 2D band.

The expression for the Hall coefficient, equation {26), could be interpreted as that of
effective carriers, having an effective density of N;/y and carrying charge of sgn(y)e.

The calculated ¥ as a function of electron density, N,d?, is plotted in figure 1, together
with 3 /Nsd?. The transition from the electron-type conduction to the hole-type condnction
appears naturally. Carriers are electron like when the electron occupation is less than
half filled (N,d? < 1), and are hole like when the electron occupation exceeds half filled
(Nsdz_ > 1). ‘The effective carrier number density diverges at both sides of the haif-filled
electron occupation (Ngd? = 1).
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Figure 1. Zero-temperature coefficient y (equa-  Figure 2. Temperature dependence of the coefficient
tion (16)) and 3/ N:d® (see equation (26)) are shown as  in a 2D tight-binding system with Nyd? = 0.95.
fonctions of the band occupation Ny for a 20 tight-

binding syster.

To see the temperature dependence of the Hall resistivity we show in figure 2 the
calculated ¥ against A/ T, for Nyd? = 0.95. This weak temperature dependence of y
indicates that in a2 non-parabolic band, the strong electric field may slightly show up in the
- Hall resistivity through its effect on the electron temperature, but the effect is generally
quite small. :
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Figure 3. Drift velocity versus electric field for {10)  Figure 4. Drift velocity versus electric field for {10}
and (11) directions in a lateral superiattice of A = and (11} directions in a lateral superlattice of & =
300 K, d = 10 nm, N, = 20x10" em?, d;= 10 nm, S00K,d =357 nm, Ny =2.0x 10" em?, d; = 10 nm,
and low-temperature x direction linear mobility {0) =  and low-temperature x direction linear mability u(Q) =
1.0 m?* ¥=! 5s~L in the absence of magnetic field & 1.0 m® V~! 571, in the absence of magnetic field at
lattice temperature T = 30K, lattice temperature T = 300 K.

4. Negative differential mobility

Balance equations (5)~(7) determine the steady-state and time-dependent transport in an
LSSL under the influence of a uniform electric field in any direction in the x—y plane
and a uniform magnetic field in the z direction. The steady-state non-linear longitudinal
conductions have been calculated for the applied electric field along (10} and {11} directions
in two different lateral GaAs-base superlattices at lattice temperature T = 300 K without a
magnetic field (B = 0). In this we have included impurity, acoustic-phonon (through the
deformation potential and piezoelectric couplings with electrons) and polar-optic-phonon
(through the Fréhlich coupling with electrons) scatterings in the calculation, The vertical
extension d, is assumed to be 10 nm for both systems, and thus taking the lowest z direction
subband is good enough for the present calculation. The calculated drift velocities vy and
the electron temperature T, as functions of the electric field E applied along the {10} and
{11} directions are shown in figures 3 and 4 respectively for an LSSL of d = 10 nm, A =
300 K and for an LSSL of d = 5.7 nm, A = 90 K. We assume that the carrier sheet density
N; =2.0x 10" cm™2, the z extension d, = 10 nm, and the low-temperature linear mobility
along the x direction x£(0) = 1.0 m? V~! s~1, Negative differential mobilities appear in both
directions. We find that although low-electric-field (linear) mobilities are the same for both
directions, the non-linear drift velocity in the (10) direction is higher than that in the {11)
direction for a given strength of the electric field for both samples in this carrier density.
This is at variance with the earlier Monte Carlo calculation [13.

5. Non-linear magneto-transport

The application of a magnetic field in the z direction has a significant influence on the
non-linear drift velocity as a function of the electric field. To see this we show in figure 5
the drift velocity vy versus the electric field E applied along the x direction at lattice
temperature T = 300 K for an LSSL having A = 300 K, d = 10 nm, N, = 2.0 x 10!! cm?,
d: = 10 nm, and Jow-temperature linear mobility 1(0) = 1.0 m?* V~! 57!, without and with a
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Figure 5. Drift velocity vq is plotied as a function of the
electric field £ applied in the x direction in the presence
of magnetic fields of strengths B = 0,5, 10, 15 and
20 T, for a lateral superiattice of A = 300 K, d =
10 am, Ny = 2.0 x 10" em?, d; = 10 om, and low-
ternperatue linear mobility (Y =10 m? v-1st at
lattice temperature T = 300 K.

Ny=2x10" m?
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Figure 7. The x component of the drift velocity v,
is plotted as a function of the electric field £ applied
in the x direction in the presence of mapnetic fields
having strengths 8 = 0,5.10,15 and 20 T, for a
fatera! superfattice of A = 300 K, d = 10 nm, N =
2.0% 10" cm?, d; = 10 nm, and tow-temperature linear
mobility 2¢(0) = 1.0m?* V-! s~ at lattice temperature
T =300K.
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E/E.

Figure 6. Normalized drift velocity wafv, versus
normalized electric field E/E, for the same set of data
as shown in figure 5.
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_Figure 8. Electron temperature T; is shown as a

function of the electric field £ applied in the x direction
in the presence of magnetic fields having stengths
B = 0,5,10,15 and 20 ‘T, for a lateral superfattice
of A =300K, d = 10 nm, Ny = 2.0 x 10" cm?, 4;
= 10 nm, and low-temperature linear mobility ;(0) =
1.0 m® V~1 51 o lattice temperature T = 300 K,

magnetic field of strength 8 = 0, 5, 10, 15, and 20 T in the z direction. The magnetic field
significantly affects the drift velocity behaviour at low and medium strengths of the electric
field: it increases the peak drift velocity v and shifts the threshold electric field E; towards
higher strength. At very high electric field the influence of the magnetic field diminishes.
Therefore the LSSL exhibits a steeper negative differential velocity in the presence of a
magnetic field. This enhancement of the negative differential mobility is more clearly seen
in figure 6, where the drift velocity normalized by its peak value v, is plotted as a function
of the electric field normalized by the threshold field E. for the same set of data as shown
in figure 5. Note that in the presence of a magnetic field (B # 0) the drift velocity deviates
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from the electric field direction (x direction). If we plot the x direction drift velocity v, as
a function of the electric field E, we have the results shown in figure 7. The application of

a magnetic field always reduces the electron temperature at given applied electric field, as
is shown in figure 8.

6. Summary

We have investigated the linear and non-linear magneto-miniband transport in LSSL of strong
modulation potential. The system is modelled by a z-direction confined two-dimensional
tight-binding structure. Our study is based on the balance-equation theory for miniband
transport extended to an L3SSL in the presence of crossed magnetic and electric fields. The
LSSL exhibits negative differential mobility comparable to that in an Esaki-Tsu superlattice
in all directions of the electric fields in the plane. A magnetic field applied perpendicular to

the plane reduces the electron temperature and offers a way to tune the drift-velocity-field
behaviour.
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