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Anisotropic roughness scattering at a heterostructure interface
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Anisotropic Hall mobilities of a two-dimensional electron gas are observed in modulation-doped
Al Gay As/GaAs heterostructures grown by molecular-beam epitaxy on a (001) GaAs substrate.
The mobility in the [110]direction is larger than that in the [110]direction. An anisotropic interface
roughness is proposed to account for the observed anisotropic Hall mobilities. The dependences
of the anisotropic mobilities on the electron concentration are explained well by the theoretical
calculation, which assumes the existence of interface islands longer in the [110] direction than in
the [110] direction. This assumption is consistent with previous reports on in situ measurement of
growing surfaces by scanning tunneling microscope and electron diffraction.

The dominant electron-scattering process in
modulation-doped structures at low temperatures is
thought to be ionized-impurity scattering. When the
ionized impurities are far from the conducting chan-
nel, there appears a new regime of scattering, where
interface-roughness scattering competes with ionized-
impurity scattering. Although the situation is quite
similar to a silicon metal-oxide-semiconductor structure
(Refs. 2—5), the properties of the "roughness" are quite
different. In the heterostructure, the height of the
roughness is the order of monolayers and the spatial
distribution of the roughness reflects the dynamics of
a growing surface. s For example, in scanning tunnel-
ing microscopy (STM) or reflection high-energy electron
diffraction observations on vicinal surfaces, the shape of
the steps is reported to depend on the misorientation
direction. rs Recently, quite high mobility samples (up
to 1000 m2/V s) with thick spacer layers ( ~ 800 A) have
been realized. ~~~ We expect that the anisotropy of the
surface structure is detectable in transport measurements
on such a high mobility sample.

This paper concentrates on a low-temperature trans-
port in modulation-doped heterostructures grown by
molecular-beam epitaxy (MBE), which has a quite high
mobility (p) which ranges from 500 to 1100 m2/Vs.
We have observed that the heterostructures exhibit
anisotropic low-temperature Hall mobilities. We exam-
ine the anisotropy of p, by postulating a model for the
epitaxially grown heterointerface, assuming the forma-
tion of anisotropic islands. The transport properties of

two-dimensional electrons at the interface are calculated
using Boltzmann's equations and are compared with the
experiments.

We have performed measurements of electron mobil-
ity in the [110] and [110] directions. The samples are
modulation-doped A1~Gaq ~As/GaAs heterostructures,
grown by MBE on a (001) GaAs substrate (nominally
no misorientations), with a 750-A spacer layer, as de-
scribed in Ref. 11. The electron concentration N, is
about 1.3 x 10~ m in the dark condition. We have
found a large anisotropy of p, at 1.5 K between the two
adjacent Hall bridges aligned in the [110] and [110] di-
rections, i.e. , pp~ot ) pIqro] as shown in Table I. The
mobilities are isotropic at 77 K and the electron con-
centrations of these pairs of Hall bridges, estimated by
Schubnikov —de Haas oscillations, are the same. The Hall
bridge has a 400-pm-wide current channel with voltage
probes separated by 1.5 mm.

This anisotropy is considered to stem from the
anisotropy of the interface roughness because (i) no
anisotropy of p, is observed when the ionized-impurity
scattering is dominant, i.e. , the electron concentration
is low or the impurities are closer to the channel, and

(ii) this anisotropy is very sensitive to the crystal growth
conditions such as the As partial pressure or the growth
temperature. The details of the growth condition depen-
dencies will be reported elsewhere.

Consider a two-dimensional system confined in the z
direction by a triangular potential. The scattering proba-
bility between the interface two-dimensional states k and

TABLE I. Hall mobilities of GaAs/Al Gaq As two-dimensional electron gas measured st 1.5
K on two closely adjacent samples from the same wafer in two different directions, [110] snd [110).
The electron concentrations are for the dark and fully illuminated conditions.

Sample number

A (ilium. 1.5 K)
A (dark 1.5 K)
B (ilium. 1.5 K)
B (dark 1.5 K)
B (ilium. 77 K)

n, (10"m-')

2.4
1.3
2.6
1.3
2.6

p]yyo] (m /V s)

668
437
997
547
20

p]110] (m /Vs)

1070
584
1110
577
20

Ppio] /P]iso]

1.60
1.34
1.11
1.05
1.0
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k' due to a fluctuation of the interface height d(p) is given
by the first Horn approximation, s s

@rough (

10—

xb(EI, —EI, ),

where Ng, ~~ is the fixed-charge concentration in the de-
pletion layer, r. is the dielectric constant, and e(q) is a
correction factor derived using random-phase approxima-
tion. b,~ is the Fourier transform of the relative fluctua-
tion A(p) [= d(p) —(d(p))] and we introduce the interface
correlation function G and its Fourier transform F,~s
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where 6 is the root mean square of b, (p) and A is the lat-
eral scale of the fluctuation. We described the roughen-
ing heterointerface as randomly distributed elliptical two-
dimensional nucleations (islands) or holes with monolayer
heights,

d(p) = "o) a g[R' —(& —2.")' —(1+s)(y —y')'l
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The correlation functions F(q) for various distribution
functions are shown in Fig. 1 for circular islands (e = 0).

(4)

where do is a monolayer height [2.83 A. for GaAs (001)], s
(& 0) is the eccentricity of the islands, r/ is +1 (islands) or
—1 (holes), and 8 is a step function. R; and (z;, y;) are
the radius and center of the ith island. For simplicity,
the eccentricity of the islands e is assumed to be uni-
form, independent of size. This assumption may be too
crude for a surface in equilibrium where the eccentric-
ity should be smaller for smaller islands, since the sur-
face energy is most important for small islands. However,
STM measurements on monolayer step fronts have shown
the existence of large anisotropy for small (( 100 A)
front undulations. 7 This suggests that the growth sur-
face is far from thermal equilibrium. In this model, 6 is
donlvr(R )g/gl + e, where nl is the area concentration
of the islands. h2/d2ocorresponds to a surface coverage
t „,if there is no overlapping of islands. We derive the
average ( . .)~ from the distribution of island radii g(R).
Although the actual shape of g(R) is not known yet, we
consider three possible functions,

FIG. 1. Fourier-transformed surface-height correlation
functions F for three distribution functions of islands radii,

g, gg, and g, in Eq. (5) with no anisotropy. Conventional
interface correlations models represented by Gaussian and ex-
ponential functions are also shorn.

Conventional models of the interface roughness assume
that G(a) is Gaussian, exp[ —(a/A)z], ~ s ~z ~s or expo-
nential, exp( —a/A). ~2 ~s In Eq. (5), g, (R) represents
a growth-interrupted (or thermal equilibrium) surface,
where very small islands disappear since their surface
energies are larger than the island formation energy, but
this does not correspond to the current experimental sit-
uation. The conventional interface roughness model, rep-
resented by an exponential G(a), is close to gg(R). g, (R),
which is closer to the conventional Gaussian model, shows
an extra oscillating structure due to sharp cutoff at R =
A. We tentatively select gg(R) for the island distribution
function in further calculations. If finite anisotropy is in-
troduced, G and F also become anisotropic, where G is
always larger and F is smaller in the direction parallel
to the semimajor axis of the ellipse (the x direction, by
definition, if e ) 0) as shown in Fig. 2. This anisotropy
of G can be understood by noting that the overlap of two
ellipses displaced in the x direction is larger than that in
the y direction, as shown in the inset of Fig. 2. Since
mobility is roughly proportional to the inverse of F(q),
the mobility is always larger in the z direction than in
the y direction.

Lateral growth is known to be faster in the [110] di-
rection in the current MBE growth conditions, which
was confirmed by in situ STM observations7 or reflec-
tion high-energy electron diffraction. s Therefore, we can
assume that the island's radius is longer in the [110]di-
rection than in the [110] direction, which is consistent
with the anisotropy of the mobility.

Transport properties are calculated using a linearized
form of Boltzmann's equation with ionized-impurity scat-
tering also taken into account:
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FIG. 2. Fourier-transformed surface-height correlation
function F for circular (e = 0) and elliptical islands (t. =
3, 15), in the semimajor axis direction (P = 0) and in the
semiminor axis direction (P = n./2). gq(R) is used for the
distribution of the island radii. F(0) =

2 /v'1+ e. The inset
shows the correlation (overlap) of the islands displaced by the
same amount in the two directions.

FIG. 3. Electron concentration vs the mobilities limited
by roughness scattering in the two directions. The correlation
length is 200 A and the coverage, C„=b, /do, is 0.1.

d8 A„(8)sin 8. (13)
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where fp is a Fermi distribution function. These reduce
to two integral equations:

Figure 3 shows the calculated dependence of the
anisotropic mobilities on electron concentration, deter-
mined by roughness scattering. The overall mobility is
inversely proportional to a surface coverage C„.The ra-

cos8 = dv P*(8) —~*(v)14(8 V)

sin8 = 4 P w(8) —~.(v)]Q(8 v) (g)

where
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Here 6I and p are the angles of vectors k and k' rel-
ative to the 2: axis, q, is the screening wave number
{rn*e /2vrh rc), k~ is the Fermi wave number, and rn" is
the effective mass. These equations are solved by Fourier
analysis to give mobilities in the two directions:
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FIG. 4. Correlation length vs the mobilities limited by
roughness scattering in the two directions. Electron concen-
tration is 3.0 x 10 m and the coverage is 0.1.



46 ANISOTROPIC ROUGHNESS SCA l IERING AT A. . . 15 561

tio of the anisotropy (y~ /p») decreases with decreas-
ing electron concentration. The ratio also decreases with
decreasing correlation length, as shown in Fig. 4. This
is because E(k —k') is highly isotropic if ~k —k

~

A
(& 2k@A) « 1. When 2k~A && 1, the mobilities of an
anisotropic surface are larger than those of an isotropic
surface for fixed C„.Since I'

& /i/1+e in this pa-
rameter range, as shown in Fig. 2, the mobility is pro-
portional to i/1+~. The mobilities reach a minimum
yrhen the correlation length is close to the Fermi wave-
length ( 400 A.).

The mobilities limited by roughness scatterings and
ionized-impurity scatterings are shown in Fig. 5 with
the experimental results. We used the background
charge concentration, 1 x 10is m s, determined from ex-
periments on the samples with thinner spacers, where
ionized-impurity scattering is dominant and the mobility
is completely isotropic. The experimental results fit the
calculation quite well when the eccentricity of the islands
is assumed to be about 0.5—4 and A ~ 200 A. .

In conclusion, we have found the anisotropic electron
mobility by low-temperature Hall measurements in a
high-mobility modulation-doped A1~Gai ~As/GaAs het-
erostructure. The mobility anisotropy was explained by
constructing an anisotropic interface roughness model as
an ensemble of elliptic islands. In this model, the in-
terface correlation function is close to exponential. The
eccentricity and lateral scale of the islands are estimated
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by comparing the Boltzmann-type solution and the ex-
perimental results, and the concluded direction of the
elliptic major axis is consistent with previously reported
surface in situ measurements.

2.0

N, {10 m }
FIG. 5. Two sets of calculated mobilities limited by

roughness scattering and ionized-impurity scattering, vs the
electron concentration, and two experimental results, for sam-
ple A: yogis~ (filled circle), ppis~ (open circle), and for sample
B: phial (filled triangle), p~iis~ (open triangle). The back-
ground uniform ion concentration is 1 x 10 m
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