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Anisotropy and periodicity in the density distribution of electrons in a quantum well
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We use low temperature near-field optical spectroscopy to image the electron density distribution in the
plane of a high mobility GaAs quantum well. We find that the electrons are not randomly distributed in the
plane, but rather form narrow stripes~width smaller than 150 nm! of higher electron density. The stripes are

oriented along the@11̄0# crystal direction, and are arranged in a quasi-periodic structure. We show that
elongated structural mounds, which are intrinsic to molecular beam epitaxy, are responsible for the creation of
this electron density texture.
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The two-dimensional electron system~2DES! that is
formed in a semiconductor quantum well~QW! is a major
platform for studying electron interactions in two dime
sions. The electrons in this structure are confined to a
layer, typically 10–20 nm wide, and are free to move only
the direction parallel to that layer. The significant advan
over the last two decades in growth of semiconductor het
structures by molecular beam epitaxy~MBE!, particularly of
the GaAs/AlxGa12xAs material system, has made a critic
contribution that facilitated these studies. In addition
achieving high purity and excellent crystalline quality, MB
allows tailoring of the potential and doping profile inside t
semiconductor with atomic layer precision. Using modu
tion doping the 2DES can be spatially separated from
ionized impurities, thus strongly enhancing the electr
mobility.1 Indeed, 2DES samples with high electron mob
ity, of 1062107 cm2/(V sec), are readily available toda
and serve for a variety of studies.

Irregularities in the crystal structure, however, are alwa
present and introduce a disorder potential even in these
quality samples. The disorder becomes particularly impor
and determines the system behavior when it gives rise
spatial fluctuations in the electron density. A particular e
ample is the behavior in high magnetic field, which is go
erned by the filling factorn, the ratio between the electro
and magnetic flux densities. Clearly, a spatially varying d
sity would translate into spatial fluctuations ofn and lead to
inhomogenous behavior. Nevertheless, despite their im
tance relatively little is known about the nature of these el
tron density fluctuations. It was therefore natural that w
the evolution of scanning-probe experimental technique
considerable effort was directed to resolving spatial inhom
geneities in the system properties.2–6 Near-field
spectroscopy7,8 studies have proven to be particularly use
in that context. The high spatial resolution that can be
tained, typically 100–200 nm, and the wealth of informati
contained in the optical spectrum made it a favorable te
nique for studying the local properties of semiconduc
QWs.

In this work we use near-field photoluminescence~PL!
spectroscopy to study spatial correlations in the distribut
of the electron density in a gated 2DES. Our ability to extr
the electron distribution from the PL spectrum derives fro
the fact that a photo-excited electron-hole pair binds to
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‘‘native’’ electron in the 2DES and creates a bound compl
known as a negatively charged exciton,X2.9,10 The X2 can
be easily identified in the PL spectrum as a peak which
pears;1 meV below the neutral exciton,X, peak~Fig. 1!,
and its intensity is directly proportional to the average el
tron density,ne . This proportionality is demonstrated in th
inset of Fig. 1, which shows the area under theX2 peak
~measured in the far field! as a function ofne . We have
recently shown that this proportionality between the intens
and the electron density holds also locally: regions with h
electron density give a largeX2 signal, and vice versa.3,11

This is demonstrated in Fig. 1, which shows two spec
measured at two nearby points in the sample. It is seen
the intensity of theX2 peak is significantly different betwee
the two locations while theX peak is nearly the same. Thu
integrating the area under theX2 peak at each point~shaded
area in Fig. 1! yields a value which is proportional to th
local electron density,I X2(x,y). Hence, by photo-exciting

FIG. 1. PL spectra measured at two points, 0.5mm apart. The
peaks of the neutral exciton~X! and the negatively charged excito
(X2) are marked in the figure. The solid line is a fit to the da
points ~circles!. The X is fitted by a Gaussian and theX2 by a
Lorentzian.11 The shaded area is the integrated intensity. It is s
that the change in theX2 intensity is much larger than that of theX.
Inset: The integratedX2 far-field intensity as a function of the
average electron densityne . Note the monotonic dependence ofX2

intensity onne .
©2002 The American Physical Society10-1



k
a

d,
ity

BRIEF REPORTS PHYSICAL REVIEW B66, 033310 ~2002!
FIG. 2. ~a! Two-dimensional image of theX2

integrated intensity,I X2(x,y), in an area of 11
311 mm2. The image is color-coded from dar
to bright, corresponding to intensity changes by

factor of four. The arrow indicates the@11̄0#
crystal orientation.~b! The two-dimensional au-
tocorrelation functionG(x,y) of I X2(x,y) for the
range28mm<x,y<8 mm. Clear periodic elec-
tron density stripes are seen in the figure.~c! Two
cuts through the origin ofG(x,y) along the

@11̄0# ~dashed! and @110# ~solid! directions. In-
set: The central peak of the cut along@110# mea-
sured with tip diameters of 0.2mm ~solid! and
0.3 mm ~dotted!. The thin lines show the half
width at half maximum.~d! The angular autocor-
relation functionH(r ,u) of I X2(x,y). The func-
tion describes cuts throughG(x,y) at different
anglesu. Clear concentric contours are observe
describing the gradual change of the periodic
with u. The solid lines show the peaks ofH(r ,u)
for ideal periodic stripes, given byr n5nl/cosu,
with l51.3 mm.
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the 2DES with weak laser light and conducting a spatia
resolved measurement of the PL spectrum, we can image
electron distribution in the plane.

The local measurement of the PL spectrum is reali
using a homemade near-field scanning optical microsco12

~NSOM! operating at 4.2 K. The sample is illuminated un
formly by a single-mode fiber, and the emitted PL is c
lected through a tapered Al-coated optical fiber tip, which
brought into close proximity (,10 nm) of the sample sur
face. The tip collects the PL and guides it through an opt
fiber into a spectrometer, where it is dispersed onto a liqu
nitrogen-cooled charged-coupled-device~CCD! camera. The
overall spectral resolution is 80meV. The spatial resolution
is determined by the tip diameter. We have conducted m
surements with tips of various diameters, between 0.2–
mm. The two-dimensional images shown in this paper w
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measured with a 0.3mm tip, for which the higher collection
efficiency allowed shortening of the acquisition time.13

The experiment is conducted on a 20 nm GaAs QW
d-doped donor layer with a density of 2.531012 cm22 is
separated from the QW by a 50 nm Al0.36Ga0.64As spacer
layer. The distance between the QW and the sample sur
is 96 nm, and the total thickness of the MBE grown layers
1.55 mm. A 232 mm2 mesa was etched, and Ohmic co
tacts were alloyed to the 2DES layer. A 4.5 nm PdAu se
transparent gate was evaporated on top of the mesa. By
plying a voltage between the gate and the 2DES, we co
vary the electron density under illumination between
31010 and 2.531011 cm22. The electron mobility exhibits
anisotropy, being 33106cm2/(V sec) along the@11̄0# di-
rection and 23106 cm2/(V sec) in the orthogona
direction.14
n

-

-

FIG. 3. ~a! Typical AFM im-
age of the crystal surface of a
area of 11311 mm2. The vertical
range is 20 nm.~b! The variations
in cantilever amplitude which are
proportional to the topography de
rivative. ~c! Two cuts through the
origin of the topography autocor

relation function along the@11̄0#
~dashed! and @110# ~solid! direc-
tions.
0-2
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Figure 2~a! shows a two-dimensional image ofI X2(x,y),
which is proportional to the electron density, in an area
11311 mm2. The image shown here was measured at
electron density of 331010 cm22. In this low density re-
gime the fluctuations in the electron density are large co
pared to the average density, and hence, it is a conven
regime in which to measure them.3 Similar images have bee
measured at different gate voltages, in different regions
the same sample, and on different gated 2DES samples.
seen that the 2DES density is highly nonuniform and exhi
large random fluctuations, manifested as changes
I X2(x,y). The X intensity image~not shown!, on the other
hand, is very uniform and shows much smaller and m
gradual fluctuations. This behavior is consistent with the f
that the neutral exciton can diffuse in the plane, and it p
vides reassuring evidence for the significance of the obse
fluctuations.

To unveil possible order in this seemingly random im
age we have studied theX2 intensity autocorrelation
function G(x,y)5^I (x8,y8)I (x82x,y82y)&, where^ & de-
notes averaging over all measured points in the scanned
and I (x,y) is the difference betweenI X2(x,y) and its inten-
sity average over all points, i.e.,I (x,y)5I X2(x,y)
2^I X2(x,y)&. The correlation function averages out the ra
dom behavior and highlights the correlated part of the sig
The width of its central peak provides the correlation leng
namely, the typical cluster size, and periodic peaks inG(x,y)
indicate the existence of periodicity in the electron distrib
tion. The functionG(x,y) is shown in Fig. 2~b!, with bright
and dark colors signifying high and low correlation amp
tude, respectively. It is seen that there is a pronounced
isotropy inG(x,y): it is dominated by periodic stripes and i
central peak is elongated parallel to@11̄0#. To better under-
stand this behavior, we show in Fig. 2~c! two cuts through
the origin of G(x,y), one along@11̄0# ~dashed! and the
other perpendicular to it, along@110# ~solid!. We can see tha
both the short- and long-range correlations are different.
cut along the@110# direction exhibits a correlation length o
0.35mm ~half-width at half maximum!, and clear long-range
oscillations with a periodicity of;1.3 mm. The@11̄0# cut,
on the other hand, shows a significantly larger correlat
length, 0.6mm, and no significant long-range order. We ha
verified that this behavior is not an instrument artifact
both rastering at different angles and by rotating the sam
relative to the scan direction. Furthermore, no stripes w
observed in theX intensity image. The correlation lengt
along the@110# direction, 0.35mm, is only slightly larger
than the tip diameter, which is 0.3mm. In the inset of Fig.
2~c! we compare the central peak measured with tips hav
0.2 and 0.3mm diameters. The correlation length is seen
scale with the tip diameter, and it is 0.25mm with the
smaller tip. This allows us to determine the width of t
stripes, after deconvolving the tip diameter, to be sma
than 150 nm.

The formation of electron density stripes is further e
phasized by making cuts inG(x,y) at different angles,u.
This is formally defined as the angular autocorrelation fu
tion H(r ,u)5^I (x8,y8)I (x82r cosu,y82r sinu) &. The re-
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sults are shown in Fig. 2~d!, with the horizontal scale beingr
and the vertical scale beingu. Clear concentric contours ar
observed, describing a gradual change of the periodicity w
u. It is easy to see that this behavior indeed correspond

periodic electron density stripes along the@11̄0# direction.
Clearly, the oscillation period of such a stripe pattern wou
vary with u asl/cosu, wherel is the period of the stripes

The fact that the electron density stripes coincide w
crystalline orientation and the relatively large periodici
points to an underlying crystalline structure as the source
this behavior. To examine this possibility we perform
atomic force microscopy~AFM! measurements of the crysta
surface on different pieces of the same wafer. Figure 3~a!
shows a typical topography image and Fig. 3~b! shows the
variations in cantilever amplitude, which are proportional
the topography derivative. It is seen that narrow ridg
which are oriented along the@11̄0# direction, cover the
sample surface. The formation of these ridges is well stud
and understood. Their origin is an intrinsic growth instabili
which inhibits downward movement of adatoms at surfa
step edges, and leads to the buildup of mounds.15 The heights
of these mounds and their typical size increase with the n
ber of layers grown,16 and their anisotropy is due to th
particular surface reconstruction of the As atoms that ter
nate the~001! surface.17 The dangling bonds of these atom
form dimers that are arranged in rows along the@11̄0# di-
rection, and since the growth rate along the dimer rows
larger than in the orthogonal direction, the mounds beco
elongated along@11̄0#. Clearly, these mounds modulate th
distances of the ionized donors layer and the crystal sur
relative to the 2DES plane, and thereby cause variation
the electrostatic potential in that plane. Considering
structure as a parallel plate capacitor~gate and 2DES! with a
positively charged layer~the donors! in between, it is
straightforward to show that varying the distances of th
layers in our sample by a monolayer would be translated
density change of;109 cm22 in the 2DES.

The relation between the density distribution and the cr
tal topography is best demonstrated by comparing the a
correlation functions of the density distribution and that
the topography image. Figure 3~c! shows two cuts of the
topography autocorrelation function along@11̄0# ~dashed!
and@110# ~solid!. The similarity between Figs. 2~c! and 3~c!
is evident. We notice, however, that the periodicity in t
topography image is considerably larger than that of the e
tron density stripes. This larger period was found in all AF
measurements of different areas of the same wafer. The
ference between the surface mounds and the electron de
periods is not surprising. The coarsening process that oc
during the growth, in which small mounds join to form larg
ones, results in an increase of the period towards the surf
Hence, the distance between the 2DES and the surface w
be modulated with a period, which is roughly the avera
between the mounds period at the surface and at the 2D

It should be emphasized that other disorder potent
might also affect the electron distribution. Fluctuations in t
QW width cause the electron confinement energy in the w
to vary from one point to another and hence introduce
0-3
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tential fluctuations. These fluctuations can be imaged as
in our experiment by determining theX peak energy at eac
point.2,4 We have found that the well width fluctuations, d
spite being sensitive to the mounds,18 show no correlation
with the charge fluctuations. The QW width fluctuations,
well as the fluctuations in the donor density, are the proba
source of the random density pattern, which is evident in F
2~a! but averages out in the correlation function.

It is interesting to consider our results in the context of
recent debate on the origin of transport anisotropy in h
Landau levels.19–21 Our observation of charge stripes pr
vides direct support for the suggestion that the transport
isotropy is due to the underlying crystalline structure.20 Fi-
nally, we wish to note that the elongated mounds are
et
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intrinsic property of MBE growth and are found even in th
highest mobility samples.20,21 Hence, the electron densit
stripes formation is a fundamental property of 2DES s
tems, and should play a particularly important role at lo
electron densities, where the electrons form a network
quasi-one-dimensional wires.
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