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Abstract

The two-dimensional electron system (2DES) formed in a semiconductor
quantum well (QW) has been a major experimental system in condensed matter physics
for the last few decades. It plays an important role both in the investigation of the physics
of two-dimensional systems and in microelectronics and electro-optics applications.
Disorder in the QW structure and in the 2DES density distribution was found to have a
major effect on many transport and optical phecnomena, which are observed in this
system: the integer and fractional quantum Hall effects, the metal insulator transition,
anisotropy current distribution, resonant Rayleigh scattcring, electrons and excitons
localization, condensation of excitons and more.

In this work I performed local optical spectroscopy measurements of 2DES in a
QW in order to characterize its disorder and to understand its implications on its
macroscopic properties. I developed and built a low temperature scanning near-field
optical microscope. Using this microscope I measured the local photoluminescence (PL)
spectrum and analyzed the distribution of various parameters, such as peak energies, peak
intensities and line shapes. From these measurements I extract information on the local
electron density, well width, electrostatic potential and background doping, and to
understand the far-field PL spectrum.

Three disorder mechanisms are studied:

Inhomogeneity in the MBE growth process, which gives rise to fluctuations in the
thickness of various layers, and in particular — the QW width and spacer
thickness. We find surprising long-range correlations in the well-width
fluctuations and in the electron density distribution in the QW plane. The
electrons are arranged in stripes elongated parallel to the [110] crystallographic
direction and the well-width fluctuations create a cubic like structure. We
associate these correlations with the known mounds formation process during
MBE growth. We also find a strong correlation between the width fluctuations of
different wells grown one on top of the other.

The donors random distribution, which creates a fluctuating electrostatic potential
at the 2DES plane. This electrostatic potential localizes the electrons in the QW

plane. We find a new broadening mechanism of the exciton, where electron



density fluctuations give rise to a significant inhomogeneous broadening of the
exciton peak. On the other hand the negatively charged exciton peak is
homogenously broadened. We introduce a novel method to extract the electron
density from charged exciton line.

The GaAs background doping, which is a major electron scattering mechanism.
To identify the local position and binding energies of the background acceptors in
the QW we perform near-field PL measurements in a high magnetic field. The
acceptors are marked by a low-energy replica of the 2DES spectrum.
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Introduction
In the first two sections of the introduction (1.1-1.2) I’ll give a brief theoretical
and experimental description of the near-field microscope system. In the rest of the

introduction (1.3-1.5) I’'ll discuss a few issues related to the physics of disordered 2DES

and closely connected to my work.



1.1 Near-field microscopy

The scanning near-field optical microscope (SNOM) was invented in 1984 [1],
and since then it is used in many fields of physics where a sub-wavelength optical
resolution is required. It belongs to a wide family of scanning probe microscopes which
includes the scanning tunneling microscope (STM) [2], the atomic force microscope
(AFM) [3] and many others. In a SNOM the tip that scans the sample is a tapered optical
fiber which collects/transmits light through a sub-wavelength aperture.

In the next two subsections I'll give a brief theoretical review of the resolution

limit of classical optics and how it is overcome by near-field optics.

1141 Classical imaging

Let us begin with a brief description of the classical imaging theory and its resolution
limit. In Fig. 1 we consider a general imaging system, and we presume that it has an
entrance and an exit apertures. In the far field approximation it is assumed that the
passage of light between the entrance and exit planes can be described in terms of
geometric optics. Thus, the entrance and exit apertures are effectively the geometrical
projection of each other [4].

Object Entrance Exit Image
plane pupil pupil plane

Fig. 1: General model of an imaging system.

Let us first consider a line source, located at the object plane. The light intensity
of a line source at x=x, is described by: f(x)=45(x~x,). The angular spectrum of such a

source is:



fk)= fﬁ(x—xo)e"'dx =e' .

When this object is imaged with an imaging system, whose objective accepts an aperture
angle of 20, only spatial frequencies |kx| in the range [0,k =on sin(e)/c] are admitted
by the apparatus, where @ is the light frequency and n is the refractive index of the
medium between the object and the entrance pupil. The image that can be constructed, at
the image plane, is given by:

oo ‘T‘e"" gk = 2sin[ansin(9)(x - x, )/c] .

-‘-

xX—Xx,
Although the source is infinitely narrow, it is seen at the image plane as a light line with a

finite width, The first zero of the sinc function is at

= E A
* onsin(@) 2nsin(6)

When having two line sources, the resolution given by the Rayleigh criterion (the
minimum of one source is at the maximum of the second source) is:

Ar = -2—;1—5:1:'1_(3)- .

In the case of a point source and a circular aperture, the image will be an Airy
disc. The resolution, which is then given by the width of the Airy disc function, is [5]

0.611
Ax = .
g nsin(6)

To go beyond this resolution limit, the imaging device should be able to collect

higher spatial frequencies than &, =0’% . This is done by the SNOM.

11.2 Near-field optics

As I have shown above, it is commonly accepted that the resolution limit of an
imaging system is of the order of the light wavelength. This is true if the optical aperture
is positioned at least a few wavelengths from the object and the aperture size is larger
than the wavelength. These conditions are normally fulfilled in practice so they are

usually ignored.



It is easy to understand the origin of these conditions using an analysis based on
Fourier optics [6). Consider a monochromatic optical ficld, E(x,z), propagating in the z
direction, and its angular spectrum, E(k,,z). They relate as:

E(x,2)= fE(kI,: e dk, .

Since E(x,z) must satisfy the wave cquation, the spectral amplitudes are known to satisfy
the propagation relation :
E(k,,z) = E(k,,0)e™",

and since

K=k 4 k2 =(%)
we get

E(k,.z)= E(k,0)V"
where I assumed n=1.

If the field has spectral amplitudes, E(ky,2z), which are different from zero, for ko>o/c,
they will be evanescent, decreasing exponentially with increasing z. The low frequency
components (ks<o/c) do not damp out but propagate as plane waves, traveling at angles
O=sin"'(k\A/27). The high frequency components (k,>®/c) have significant contribution
only when z<<A, so in order to achieve a resolution better than A the aperture of the
optical system must be much closer than A to the measured object.

It is not enough to place the aperture close to the object. The imaging system
should also have the ability to convert those evanescent waves into propagating waves,
which will be seen far from the object. It follows from the theory of diffraction that a
small object, illuminated with a propagating wave, generates diffracted evanescent
waves. By applying the reciprocity theorem we find that a small object located in an
evanescent field converts part of this field into propagating waves [7,8]. Therefore, in
order to detect the evanescent waves, that contain information about the small details of
the object, one has to use a diffraction center of sub-wavelength size (the tip), and locate

it at a sub-wavelength distance from the surface to be explored.



1.2 Instrumentation

In this work I was interested in performing local spatial spectroscopy
measurements of the photoluminescence emitted from GaAs quantum wells, The relevant
spatial resolution of the processes in a quantum well is much smaller than the
photoluminescence wavelength (~800 nm). As I explained previously this excludes the
use of far-field imaging systems for such measurements, which have a spatial resolution
limit of the order of the light wavelength (see introduction).

The operation principle of our SNOM is very simple. By approaching a sub-
wavelength aperture (the fiber tip) to the close proximity of the sample, the evanescent
waves from a small area are collected by the tip and transformed into propagating ones.
By scanning the tip over the sample, an image with a sub-wavelength resolution is
obtained.

To be able to perform spectroscopic measurement of GaAs QWs with high spatial
resolution we developed and built a SNOM. The system we built has the following
specifications which are not available commercially in one system.

1. It works at low temperature (< 4.2 K).

2. Unlike most SNOM systems that work in illumination mode, (the fiber tip
illuminates and excites the sample) it operates in collection mode, where
the fiber tip collects the PL emitted from the sample. This mode provides
higher spatial resolution and low excitation of the sample.

3. Since the GaAs substrate is opaque the illumination and collection of the
light are done at the same side of the sample (in common SNOM:s they are
on opposite sides of the sample, since it simplifies the design).

4. It is compact enough (diameter ~ 33 mm) to be inserted into the bore of a
sﬁperconductor magnet.

5. It collects the PL with high efficiency. This is of importance since the
emitted signal from a single QW is very weak. For that we fabricated high
transmission efficiency tips by using the tube etching method and coating
by a thin film of metal.



6. The tip-sample distance regulation is based on a non-optical method, since
the Helium Dewar and the magnet are opaque to the laser light. We used a
method based on a quartz tuning fork.
The design and operation of our SNOM are described in paper # 1. Here I would

like to discuss in more details two important issues of all SNOM systems.

1.2.1 Tip-sample distance regulation

Common distance control methods are based on optical detection of shear force
acting on the tip. In such a detection method, the tip is usually vibrated in a direction
parallel to the sample surface at one of its mechanical resonances. As it approaches a
distance of a few tens of nanometers above the sample surface, the amplitude of the tip
vibration decreases. This damping of the vibration amplitude is due to the tip-sample
interaction. Optical detection of the tip vibration amplitude can be performed by
measuring the oscillations in the reflected intensity of a laser beam focused on the tip end
[9,10]. In our SNOM it is difficult to implement this method, because we are interested in
measurements at low temperatures, and in a magnetic field. One therefore has to use non-
optical distance regulation methods. Such methods have been proposed and
demonstrated. Some are based on attaching the tip to a piezoelectric tube and detecﬁng
the tip resonance amplitude in the piezoelectric signal [11,12]. Others detect the tip
resonance amplitude and phase directly by attaching it to a tuning fork [13,14].

In the present design, we take advantage of the mechanical resonance of a
piezoelectric tuning fork with a large quality factor [15]. As shown in Fig. 2, the optical
fiber with its aluminized tapered tip is glued along the side of one of the prongs of a
quarts crystal tuning fork. Such tuning forks are commercially available for operation at
32768 Hz. In order to excite the mechanical resonance of the fork, it is rigidly mounted
on a ceramic piezoelectric tube serving as a dither. The tuning fork and the tip are
vibrated parallel to the sample surface. On resonance, the bending amplitude of the
prongs is maximal. This bending of the prongs generates an oscillating piezoelectric
potential on the fork electrodes, which are proportional to the tip oscillation amplitude.
Hence, by measuring this voltage one gets a signal which is directly related to the prongs
bending,



Step
Motor

screw
Lock-In Amp

I Feedback

11—
[ ]

! ‘_‘\KRE.T

//sample/” Tuning fork

PET

Fig. 2: A diagram of the tip-sample distance regulation system.

It is important to apply a low drag force on the tip to prevent damage to it. The amplitude
of the drag force is given by:

MO

V30’

The tip amplitude, Ao, is determined from the electric signal of the fork, according to the

|F0|=F=

calibration of 27 pV/nm at room temperature, and about one tenth of it at 4.2 K. The

resonance quality factor, Q, is found from the resonance curve (Fig. 3). k is the static



compliance of one prong and is calculated from the fork geometrical dimensions. A
typical drag force, acting on the tip in our system, is a few tens of nN.

Typical curves describing the piezoelectric signal amplitude as a function of
frequency are shown in Fig. 3. The solid line is mecasured with a free fork at room
temperature, the dashed line is measured with a fork that a tip is attached to it, also at
room temperature, and the dotted line is the same as the dashed line, but at a low
temperature (4.2 K). The free fork amplitude is divided by 4, and the low temperature
amplitude is multiplied by 3 for viewing convenience. One can sce that there is a
significant reduction of the quality factor and shift of the resonance frequency after

attaching the tip to the tuning fork. When cooling the SNOM the resonance narrows and
shifts to higher frequency.
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Fig. 3: The Amplitude of the piczoclectric signal as a function of the driving frequency.
The dither piezoelectric tube is driven with a signal of 100 mV. The solid line is
measured with a free fork, the dashed line is measured with a fork which has a tip

attached to it at room temperature, and the dotted line is the same as the dashed line, but
at low temperature (4.2 K degrees).



When used for feedback, the fork is driven at resonance. The oscillating signal,
picked up between the two contacts of the tuning fork and measured using a lock-in
amplifier synchronized with the dither frequency, is monitored by the feedback system as
the tip approaches the sample. A reduction in the amplitude of that signal is measured
when the tip is within ~20 nm of the sample surface. This change in the signal is shown

in Fig. 4.
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Fig. 4 : Approach curve of the normalized signal amplitude as a function
of the tip-sample distance. The measurement has been made at a
temperature of 4.2 K.

Such piezoelectric signals can be used in conjunction with an electronic feedback loop
for keeping the tip at a constant distance from the sample surface (~ 5-20 nm). If this
signal is smaller/higher than a pre-determined set-point of the feedback system, then the
piezoelectric tube, to which the sample is attached, shrinks/stretches until the signal is
equal to the set-point, and the tip is brought to the correct distance from the sample.

10



The signal of the voltage applied to the piczoelectric tube can be used for surface
topography imaging, as demonstrated in Fig. 5. In this example the topography was
fabricated by etching of GaAs mesa lines. The depth of the etching is 300 nm, the width
of the lines is 6 um and the period is 10 pm. The structure was scanned, perpendicular to
the mesa lines (in the Y direction), in steps of 100 nm. The noise in the topography
measurement is manifested in the small roughness of the top of the mesa lines. We can
see that the etched areas exhibit significantly larger roughness compared with the non-

etched areas. This is a true effect, resulting from the inhomogeneity of the etching,

10 g Y[pm]

Fig. §: A scan of ctched mesa lines. The width of the lines is 6 pum and the period is 10 um. The

surface was scanned perpendicular to the lines direction (in the Y direction). The step size is 100 nm.

11



1.2.2 Tip fabrication
The fiber tip plays a major role in all SNOMs. The desired tip is one with a small

aperture and large transmission. Several tip preparation techniques have been reported in
the literature, including mechanical pulling [16-23], chemical etching [24-30], and a
combination of both of them. The method we decided to use is based on tube etching of
an optical fiber in hydrofluoric acid covered with an organic oil layer {31,32]. With this
method it is possible to obtain tips with a large cone angle, a smooth surface and an
aperture diameter of less than 100 nm.

This method is schematically demonstrated in Fig. 6. The HF solution diffuses
through the fiber jacket and etches the fiber. The flow direction creates a smooth cone
shape at the end of the fiber. The resulting tip shape depends on many parameters of the
etching process such as the acid temperature and concentration, length of fiber inserted

into the acid, and time of etching. We varied these parameters to obtain the tip desired for

our purpose.

P
(¥, )
3
=

=0 T=3 min

%% %4 9% 71 '
Y, N
Z 2 70 Z
A A A
A 57 20 A
Z %4 2 774
7 A G A
1 Wy A
7 17 A /
1 A :
47
A sl 2lr 1 Jacket

Core  Cladding

Fig. 6: Taken from reference 31. An optical fiber is dipped, with its acrylate jacket, in aqucous
hydrofluorydic acid covered by oil as a protective layer. The acid diffuses through the acrylate

and ctches the quarts fiber. After 35 min a sharp tip is formed.
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A scanning Electron Microscope (SEM) picture of a fiber tip, which was pulled
out from the etching acid, before the end of the process (after S0 min) is shown in Fig. 7
(a). One can see the formation of the cone as well as the narrow and long part, as
schematically shown in Fig. 6. By etching longer the narrow part is etched away and a
smooth cone is left (Fig. 7 (b) and (c)). The cone angle calculated from the figure is
~30°. We succeeded in getting cone angles up to 50°. Typically the aperture diameter
(the flat area at the end of the tip) obtained in this process is smaller than 50 nm. We are
interested in larger apertures to increase the light transmission of the tip. To reach this
goal we raise the level of the acid, after the etching process is done, by inserting a small
object into the etching solution. Thus, the end part of the tip is etched away and a flat
aperture with the desired diameter is obtained (see Fig. 7 (c)).

13



Fig. 7: (a) A SEM image of a fiber tip after 50 min in the
etching liquid. (b) and (¢) SEM images of an etched fiber

tip at two different magnifications.
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After the etching we evaporate metal on the fiber to define the aperture for the
light at the end of the tip. We use a thin layer of Chromium (~5 nm) for improving the
adhesion and on top of it a layer of gold (~200 nm). A tip after the evaporation is seen in
Fig. 8.

’ T e T quytan, : .
J«i“ "-/ e 4 M- -~ . ke

DT =

Fig. 8: A fiber tip aftcr evaporation of gold.

Using this process we obtained tips with high transmission of the order of 10'2' ata
diameter of 200 nm. We also checked their damage power (the maximum intensity that
can be transmitted), and were able to get out of the tip 304}V without damaging the tip
coating.

One of the difficulties that still should be solved is fabricating tips that are
circularly symmetric. It seems that in this fabrication method the resulting tips have some
anisotropy due to inhomogeneous flow of the HF acid. This should be important when
performing polarized near-field measurements.

The design and operation of the SNOM are described in the following paper:

e G. Eytan, Y. Yayon, L. Bar-Joseph, and M. L. Rappaport, “A storage Dewar near-field

scanning optical microscope”, Ultramicroscopy, 83, 25 (2000).
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1.3 Two dimensional electron system in a quantum well

In the next three subsections I shall describe general aspects of a 2DES which are
important for the understanding of my work. First I shall outline the structure of a typical
sample I used: a gated 2DES in a QW. Then I introduce three disorder mechanisms which
I measured and characterized during my research. In the last part I give a brief
introduction to the behavior of 2DES in a perpendicular magnetic field which is helpful
for understanding the section dealing with the mapping of the background doping
(section 2.2).

131 Typical structure

The samples I used are QWs formed by GaAs/AlGaAs double heterostructures
(see Fig. 9) grown by the molecular beam epitaxy (MBE) technique. It is formed by
growing a layer of low band gap material (GaAs) embedded between two layers of high
band gap material (AlGaAs). The electrons in the QW come from a remote donors (Si
atoms) layer. High mobility 2DES is achieved by separating the donors layer from the
QW with a spacer layer of typical width of ~ 50-100 nm. On top of the sample we
evaporate a semitransparent gate (5 nm of PdAu) and create contacts to the gate and
2DES. By applying a voltage between the gate and the QW we control the 2DES average

density. All the measurements were done at a temperature of 4.2 K.

Fig. 9: A schematic drawing of a typical gated 2DES structure.

16



1.3.2 Disorder

When we use the term disorder we refer to any inhomogeneity in the sample
which affects its optical or electrical properties. In this work I discuss three main disorder
mechanisms ina QW:

e Inhomogeneity in the MBE growth process: A layer, grown by the MBE
technique, is not atomically flat and has some width fluctuations due to
imperfection of the growth process and to intrinsic growth instability of the
last grown monolayer in the presence of the so-called Ehrlich-Schwocbel
diffusion barriers [33,34]. These fluctuations contribute to two disorder
effects. The first is electron encrgy fluctuations. The quantization energy, E,
of the charge carriers in the well depends on the well width. For infinite
barriers well, the fluctuations in the energy, AE, are related to the well width
fluctuations by the relation: AE/E =-2AW /W where W and AW are the
well width and its fluctuations, respectively. For a well of 20 nm, a fluctuation

of one monolayer (0.28 nm) results in |AE|~0.2meV . The second disorder

effect is electron density fluctuations due to variations in the distance between
the QW and a constant potential layer (surface, gate, uniform donors layer). If
we think about the system as a parallel plate capacitor then width fluctuations
are manifested as variations in the distance between the two plates and hence
will create density fluctuations in the 2DES. These two effects will be
quantitatively analyzed in 1.5.1 and 1.5.2.

e Donors random distribution: The ionized donors are randomly distributed in
the plane and hence they create a random electrostatic potential in the 2DES

plane. If we denote the donors average two-dimensional density as n, and the

distance between the 2DES and the donors plane as s then the average charge
fluctuation of spatial wavelength R>s is e\’n‘,Rz . This will generate

potential fluctuations of the order ~ ¢* ‘/;E /e for R>s [35-37). The 2DES is

arranged in the plane in such a way that it screens these potential fluctuations.

17



e Background doping: In practice an intrinsic semiconductor is not ideally
pure and it contains some density of impurity atoms. In our MBE system a
typical density of the background impurities is ~10" -10"cm™ and they
behave as acceptors. They can capture and release an electron from the 2DES
and hence affect its optical and transport properties.

1.3.3 2DES in a perpendicular magnetic field

Although I won’t discuss in my thesis the work I have done that concemns the
physics of 2DES in a magnetic field, I will describe here only a few basic aspects of it
which will be helpful in chapter 2.2 in identifying the spatial position and binding energy
of the background acceptors.

When a magnetic field is applied perpendicular to a 2DES, the electron energy
spectrum is transformed into a discrete spectrum of Landau levels (LLs). It consists of
equally spaced energy levels, E,=(n+1/2)ha., where @, =eB/m is the cyclotron
frequency. Each of these levels splits into two with the energy difference between them
2eBA

P
where A is the area of the sample and the number of filled levels (filling factor) is

being the Zeeman energy, E, = gu,B. The degeneracy of each level is N, =

v= i—n, , where n, is the 2DES density.
2eB

The magnetic field has a clear and unique signature on the PL spectrum. In Fig.
10 a typical PL measurements in a varying magnetic ficld is presented. Each PL spectrum
(horizontal cut of the figure) consists of (approximately) equally spaced peaks which
correspond to the different LLs (each peak corresponds to the two spin levels which are
not resolved in this measurement). A certain LL is seen in the spectrum when it is
occupied and its intensity vanishes when it empties. Thus, the even v’s are seen as abrupt
disappearance of a certain LL from the spectrum. It can be seen that the LLs energy
depends linearly on the magnetic field and that the filling factor decreases with increasing

the magnetic field.

18
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Fig. 10: Grayscale color-codcd map of a PL mcasurement in a magnetic field.

Bright colors represent high intensity.

1.4 Excitonic spectrum in the presence of a two-
dimensional electron system

The PL spectrum of a low density 2DES has been the subject of considerable
interest in recent years. It is observed that at a certain critical density, which depends on
sample parameters, but is typically between 10'°—10''cm™, the spectrum abruptly
changes from a broad line at high densities to two narrow peaks at low densities. A
number of spectroscopy experiments at zero and high magnetic fields have clearly shown
that the two peaks are associated with the neutral exciton (X) and negatively charged

exciton (X') [38-40]. The X is a bound state of a photoexcited electron-hole pair and the

19



X is formed by the binding of a photoexcited electron-hole pair to an electron from the
2DES.

14.1 Extracting the electron density from the PL spectrum

It has been realized already at the earliest observations of the X =X spectrum that
the strength of each of these PL lines is related to the background electron density: it was
observed that as the density is lowered the X intensity diminishes, and the spectrum
becomes dominated by the X line (see Fig. 11). It has also been noticed that the X and X
lineshapes are different: while the X lineshape fits well a Gaussian function, the X" one
fits more a Lorentzian function [41]. Nevertheless, there is no quantitative theory that
reliably relates the observed spectrum and the 2DES properties.

In this work I present a method to extract the electron density, n,, which is based

on the fact that the X~ peak has a Lorentzian lineshape. We show that we can associate

the numerator of the X~ Lorentzian lineshape to n,. The method is described in details

in the related papers. The determination of the electron density using optical spectrum has
been discussed in several other works. In comparing our work to others we wish to note

that the gated sample we used provided an independent measure for determining n,,

hence a check of the validity of our method can be performed. Our sample is basically a
two-plate capacitor with the gate and the 2DES layers serving as the plates (see Fig. 9),
hence, n, should vary linearly with the gate voltage. In Fig. 13 I present the calculated

n, from our model. It is seen that it fits the linear line very well even when the X peak is
negligible (n'c >3. 10'°cm'2). The obtained values are in good agreement with those
measured by transport methods and the slope fits well to the geometrical capacitance of
the sample.

20



-

— LOW N
= Midn
e High n,

~

et
@

Y
1

e
~
T

1

~

o
»

PL intensity (arb. units)
o o
W »

o
N
T

1 =T
1525 1526 1527 1528
Energy (meV)

1
1%22 1523 1524

Fig. 11: PL spcctra for three clectron densitics.

In References 41 and 42 the authors present a model for extracting n, from the

ratio between the X and X" intensities, /, and / . respectively, assuming:

_I_L=e(b',-p)/K,T
I .

X
where u=K ,,Tln(eE"/“" —l) is the chemical potential, K, is the Boltzman constant, T
is the temperature, E, =ﬂh2n‘,/m is the electron Fermi energy, and E, is the X~

binding energy (see Fig. 12). To test this model they performed an experiment in which

n, was varied by changing the illumination intensity. The experimental results and the fit

to that model are shown in Fig. 12. Unfortunately, the use of illumination to control the

density does not allow an independent determination of », .
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Fig. 12: Extracting n, after Ref. [41].

We have tested this model by applying it to our data (Fig. 13). It is seen in the
figure that the model of Ref. 41 gives a non-linear dependence of n, on V, . Furthermore,

the obtained values of the electron density are higher than those measured by transport
measurements and those known for the existence of the excitonic PL spectrum, which is

typically smaller than 5-10"cm™.
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Fig. 13: Extracting n, from the PL data by using our theory (+) and the

theory of Ref. 41 (0). The solid lincs are lincar best fit for both models.

14.2 Broadening of the exciton lineshape.

Most previous local PL measurements where done on narrow QWs, In these
systems the main broadening mechanism of the exciton line is well-width fluctuations
[43]. In Fig. 14 it is seen how the wide far-field PL spectrum divides into many narrow
peaks at different energies in the near-field spectrum. The narrow peaks are associated
with localized excitons and they appear at different energies due to variations in the local
well-width. We find that in high mobility 2DES samples with a wide QW this is not the
main broadening mechanism for the X line.

We show that there is a clear correlation between the 2DEG density fluctuations

and those of the X peak energies: regions with high (low) electron density give rise to a
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high (low) X peak energy. Hence, we conclude that the electron density fluctuations are
the dominant broadening mechanism that determines the inhomogeneous width of the X
peak. Thus, the far-field X width is a measure for the electron density fluctuations in the
sample. This is a new broadening mechanism of excitons, and its contribution to the

inhomogeneous X width in wide quantum wells is much larger than that of well-width

fluctuations.

Fig. 14: Near-field and far-field spectra of 2.3 nm QW after H. F. Hess et al [43).

Related papers:

e Y. Yayon, M. Rappaport, V. Umansky and I. Bar-Joseph, “Excitonic emission in
the presence of a two-dimensional electron gas: A microscopic view”, Phys. Rev. B
64, 081308 (2001).

e Y. Yayon, M. Rappaport, V. Umansky and 1. Bar-Joseph, “The microscopic origin
of the exciton-charged exciton spectrum”, Physica Status Solidi (A) 190, 607
(2002).
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1.5 Correlations in the electron distribution and well
width fluctuations in a quantum well

When dcaling with disorder, an important question to ask is weather there is an
underlying order. Are the fluctuations distributed randomly in the plane or are there any
spatial correlations? In this work we addressed this question by performing high
resolution spatial mapping of the QW properties and analyzing them.

One of the sources which might create long-range corrclations in the QW
properties is the well known phenomena of formation of mounds during the MBE

growth. These mounds have a typical lateral extension of ~1 um and height of ~10 nm

for typical samples [44-46] (see Fig. 15).
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(2)10 umx10 um AFM scan of a 200 nm homoepitaxy GaAs
surface after being anncaled 30 min at 555 “C. The rma roughness over this
area i3 3.5 nm. The mounds wre 10-15 nm high at their center points and
have an aspect ratio of ~3 with a typical size of 6.6 umX 1.3 um. They are
clongated along the [110] directlon. (b) 2.3 um*2.3 um acan of the inset
indicated in (a). The rms rovghness over this arca is 0.4 nm. The upper-half
of the image is primarily oo very large torrace. The cascading terraces on
the lower-half of the image have an average width of 120 nm which corre-
sponds to 2 slope of 0.1° (the nominal miscut). {c) A cross-sectional cut
along the [110] direction. The siopes of the sides are ~1° all along the
length of the mounds.

Fig. 15: After C. Orme et al. [45].

25



This mound formation process was recently reported even in the highest mobility
samples that exist today (4 ~3x10" cm*/V sec) [47,48). In Fig. 16 (taken from Ref. 47)
atomic force microscope (AFM) images of four high-mobility samples are presented. It is
seen that in all samples anisotropic mounds exist and they are always elongated along the
[110] crystallographic direction. The mounds height is up to 30 nm (more than 10
monolayers of GaAs).

Fig. 16: After Willett et al. [47]. Representative range of surface
morphologies of high-mobility heterostructures as mecasured
with atomic force microscopy. FEach field size s
204 x204m. The images on the right are surface
topography, and the images on the left show variations in
cantilever amplitude which are proportional to the topography
derivative. Total vertical ranges for the topographic images are
(2) 4 nm, (b) 10 nm, (c) 10 nm, (d) 30 nm.

26



For two-dimensional islands to turn into multilayercd mounds more adatoms must
land on top of them than hop off. Thus, the tendency to mound requires that the material
exhibit a step edge barrier which impedes the motion of an adatom downward of a terrace
(Fig. 17). Such a mechanism is provided by an intrinsic instability in the GaAs growth by
MBE. It inhibits downward movement of adatoms at surface edges [44] due to the so-
called Ehrlich-Schwocbel diffusion barriers at the cdge of the terraces [33,34).

O O O O O O O
e

RV S o S o VR

Fig. 17: Schematic visualization of the creation of traccs due to the Enrlich-

Schwoebel diffusion barriers.

The height of the mounds and their typical size increase with the number of layers
grown in such a way that the inclination angle remains almost constant and equal to ~ 1°.
As seen in Fig. 15 and Fig. 16 the mounds are usually in the form of ridges in the
crystallographic direction [110]. This anisotropy in the mounds shape is due to the
particular surface reconstruction of the last atomic layer that terminate the (001) surface.
The dangling bonds of these atoms form dimmers that are arranged in rows and are the
basic anisotropy which leads to the elongation of the mounds (see Fig. 18). The direction
of the dimmer rows alternates each grown monolayer but usually GaAs growth is done at

an As rich environment, where two monolayers are grown at once (a Ga monolayer and

an As one immediately after) and the [110] crystallographic direction is maintained.

27



(d)

—-)| '4—-0.42 nm —)l |¢-(;72 nm

Fig. 18: STM image (a) and a model (c) of the reconstructed GaAs
surface. After V. P. LaBella et al. [49].

This mound formation process produces variations in the width of any grown
layer (for example: the QW layer, the spacer, and the distance between the surface and
the QW). Let me demonstrate it by a simple model. In Fig. 19 (a) the growth of two
layers is schematically shown. As I discussed earlier, the inclination angle of the mounds
is kept constant during the growth, and the height and size of the mounds increase as
more layers are grown Notice the structural difference between the two layers: In layer 1
both interfaces consist of mounds which are separated one from the other, on the other
hand in the upper interface of layer 2 the mounds are already connected. In Fig. 19 (b) the
width of layer 1 (AL1) and layer 2 (AL2) are shown. The different behavior of the two
layers is clearly seen: layer 1 is wider at the mounds and narrower at the trenches while

layer 2 behaves in the opposite way. In our samples and also in Ref. [43], where the QW
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layer is grown after many layers (thickness of the order of 1 pm) and the mounds are
already merged, the behavior is similar to that of layer 2 in the figure. Thus, the well is
narrow at places where the surface is high and wide where it is low. This simple model
does not explain all the growth properties. According to this model the mounds height

decreases with the total layer growth, but experimentaly it is known that the behavior is
the opposite.

) (b) AL2
d 3r 4
2+ 4
. ALl
X

Fig. 19: (a) Schematic of the mounds formation. (b) Layers 1 and 2 width fluctuations.

Let me describe two main mechanisms where this growth process may influence
the 2DES properties:
1.5.1 Well width fluctuations

As I showed before, the process of mounds formation during the MBE growth
creates well width fluctuations. Let us see how it affects the properties of the charge
carriers in a QW.
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The quantization energy, E, , of the charge carriers in a QW depends on the well
width, L. For infinite well this relation is given by:
. _kn'm’
" 2ml}’

where m is the charge carrier mass and n=1.2,... .

For finite well, E, are given by the solution of the following equations:

k, tan(k,,. -;1) =k, for even states

ky cotan(k,,. é—) =-k, for odd states

where &, =‘/3h’;—’(g+ v,), k,= ‘/— %'11-8 and V, is the well depth. In Fig. 20 AE(AL)

for the exciton (E is taken as the sum of the electron and hole energies) is plotted for
L =20 nm for two cases: infinite well and finite barrier of Aluminum concentration of
0.37. It is seen that the amplitude of the energy fluctuations increases as the well width
becomes narrower. Using this function we can associate measured exciton energy

fluctuations with well width fluctuations as described in the related papers.

20
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18 ~—==_{nfinite well
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€
£ 124
E 1
2
w
<

10 12 18 20

14 16
Well width (nm)
Fig. 20: AE/AL(L) for finite and infinite quantum well.
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1.5.2 Electrostatic potential fluctuations

When the distance between two charged layers fluctuates, potential fluctuations
are created at both layers. For example if the distance between the 2DES layer and the
surface changes then potential fluctuations are created in the QW which produce

fluctuations in the electron distribution.

Ny Ny Ne
- + -
- + -
- + -
Y, z T :
9 - % z _I
- + - -
L A J
Y Y
L, L,

Fig. 21: A diagram of a gated 2DES structure.

Let me demonstrate it by a simple model. Assume a gated 2DES structure (see
Fig. 21) with a gate voltage, V,, applied between the gate and the QW. Between these
two layers there is a donors layers of density, n, . It is positioned at a distance of L, and

L, from the surface and the QW, respectively. It can be easily shown, from electrostatic
considerations, that the difference in electron density between the QW and the gate is
given by:

28Vs' + (L - 2L2) n,,
eL L

n—n,=

where ¢ is the material dielectric constant and L =L, + L, is the total distance between
the surface and the QW. Let us assume a simple case where L remains constant but the

spacer width (L, ) fluctuates. Then we derive from the above equation:
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An, = —é—lﬂ-n,, ,
L

where from charge conservation I assumed An, =-An, . Let us take typical values of

L =100 nm, n, =10 cm™, and AL, =0.28 nm (one monolayer of GaAs). We get that a
small fluctuation in the spacer width leads to a significant electron density change in the

QW of An, =2.8:10° cm™.

We performed simultaneous local measurements of the surface topography, well
width, and electron density. We found that the electron density distribution and well
width fluctuations are strongly affected by the mounds formation and that there is a

surprising order in the distribution of these quantities.

Related papers:

e Y. Yayon, M. Rappaport, V. Umansky and 1. Bar-Joseph, “Anisotropy and
periodicity in the density distribution of electrons in a quantum well”, Phys. Rev. B
66, 033310 (2002).

e Y. Yayon, A. Esser, M. Rappaport, V. Umansky, H. Shtrikman and 1. Bar-Joseph,
“Near-field spectroscopy of well-width and electron density fluctuations in
GaAs/AlGaAs quantum well”, Proceeding of ICPS26, Edinburgh, Scotland (2002).

e Y. Yayon, A. Esser, M. Rappaport, V. Umansky, H. Shtrikman and I. Bar-Joseph,
“Long-range spatial correlations in the exciton energy distribution in GaAs/AlGaAs
quantum-well”, Phys. Rev. Lett. 89, 157402 (2002).
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2 Main results

2.1 Published papers

The main part of my work is published in the following papers:

G. Eytan, Y. Yayon, L. Bar-Joseph, and M. L. Rappaport, “A storage Dewar
near-ficld scanning optical microscope”, Ultramicroscopy, 83, 25 (2000).

Y. Yayon, M. Rappaport, V. Umansky and I. Bar-Joseph, “Excitonic emission
in the presence of a two-dimensional electron gas: A microscopic view”,
Phys. Rev. B 64, 081308 (2001).

Y. Yayon, M. Rappaport, V. Umansky and I. Bar-Joscph, “The microscopic
origin of the exciton-charged exciton spectrum”, Physica Status Solidi (A)
190, 607 (2002).

Y. Yayon, M. Rappaport, V. Umansky and I. Bar-Joseph, “Anisotropy and
periodicity in the density distribution of electrons in a quantum well”, Phys.
Rev. B 66, 033310 (2002). ‘

Y. Yayon, A. Esser, M. Rappaport, V. Umansky, H. Shtrikman and 1. Bar-
Joseph, “Near-field spectroscopy of well-width and electron density
fluctuations in GaAs/AlGaAs quantum well”, Proceceding of ICPS26,
Edinburgh, Scotland (2002).

Y. Yayon, A. Esser, M. Rappaport, V. Umansky, H. Shtrikman and I. Bar-
Joseph, “Long-range spatial correlations in the exciton energy distribution in

GaAs/AlGaAs quantum-well”, Phys. Rev. Lett. 89, 157402 (2002).

2.2 Unpublished results

2.21

Spatial distribution of impurities in a quantum well

In the following paragraph I'll describe part of my work which was not published

in the form of a paper.
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All intrinsic GaAs samples are not ideally pure and they always contain some
density of impurities which can behave as acceptors or donors. In our samples this
background doping is mainly acceptors and has a typical density of ~10" —10"cm™. A
massive theoretical [S0-53] and experimental [54-57] work was done in the past two
decades to characterize the properties of these impurities.

In this work I present a method for simultanecously measuring the local
distribution and the binding energy of acceptors in a QW. We measured the PL spectrum
from an ungated sample at a magnetic field applied perpendicular to the 2DES layer. The
spectrum exhibits peaks, which correspond to the different Landau levels. We found that

at some spatial points there is a duplication of the 2DES spectrum at a lower energy (see

Fig. 22).

-
T
i

e
(3]
T

)3

o

Counts (Arb. Units)

o
0
T
i

1 1
1500 1510 1520 1530
Energy (meV)

Fig. 22: Two PL spcctra at different points of the sample which arc 0.5 um apart.
Note the additional low energy peaks at the top spectrum. '

The fact that the spectrum is duplicated and shifted to lower energies allows us to
identify it as a recombination of an electron from the 2DES with a hole bound to a native
acceptor in the quantum well. The red shift of the spectrum is the binding energy of the
hole to the acceptor. Thus, we have a method to map the acceptors binding energy and

spatial location.
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Fig. 23: Histogram of the acccptor encrgics.

To find the local binding energy of the acceptors we need to calculate at each
point the red shift in energy of the duplicated spectrum from the main spectrum. This is
done by calculating the difference in the energy center of mass of the two spectra. In Fig.
23 the energy center of mass of the acceptor spectrum (low energy duplication of the
spectrum) is presented as a histogram. The free-hole spectrum is centered around ~1523
meV, thus the acceptor binding energies are distributed between 11 and 16 meV. The
binding energy of a hole to an acceptor in bulk GaAs is constant (~30 meV) [56] and is
higher than that obtained in our measurement. The smaller binding energies and their
wide distribution can be explained if we assume that the acceptors are located close to the
quantum well edge. Theoretical calculations of such acceptors show a spread of binding
energies in a range similar to our observation [55].

In Fig. 24 we present a grayscale color map of the integrated intensity of the low
energy part of the spectrum, which reflects the acceptor spatial distribution. The
acceptors two-dimensional density that we measure is ~10° cm™, which is in a good

agreement with typical values for the background doping in MBE grown GaAs wafers.
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Fig. 24: Acceptor distribution. Bright points represent high density.
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3 Summary

In this work I studied the disorder of a 2DES in a GaAs QW using near-field
optical spectroscopy.

3.1 Instrumentation

We designed and built a SNOM for operation within a storage Dewar at a
temperature of 4.2 K. It was designed for studies of opaque samples and operates in the
collection mode. Its rigidity allows high resolution and long scans with no additional
vibration isolation. Its compact design allows it to be inserted into a superconductor
magnet and we have tested it in a high magnetic field of up to 9 T. I used the tube etching
method to fabricate optical fiber tips with high resolution (100-300 nm) and high

transmission (> 107").

3.2 Excitonic spectrum in the presence of a two-
dimensional electron system

I performed near- and far- field photoluminescence (PL) measurements of a gated
two-dimensional electron system (2DES) for understanding the microscopic origin of the
different lineshapes of the neutral (X) and negatively charged exciton (X). I found a new
broadening mechanism of the X line: local density fluctuations give rise to spatial
fluctuations of the local X peak energy, and hence to inhomogeneous broadening of the
far-field X line. On the other hand, I found that the X" is homogeneously broadened, and
the numerator of its Lorentzian lineshape is linearly proportional to the electron density
in the QW. I present a novel method to determine the electron density from the PL

spectrum.

3.3 Correlations in the electron distribution and well
width fluctuations in a quantum well

The variations in the well-width and in the electron density in the plane of a QW

are measured by near-field spectroscopy. I exploit the local PL spectrum to construct
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two-dimensional images of the electron density and well width fluctuations. By analyzing
the correlation function of these images I find that there is profound long-range order in
the electron distribution and well width fluctuations. We found that the electrons in the

QW are arranged in stripes of elongated parallel to the {1 10] crystallographic direction.

The width of the stripes is smaller than 150 nm and their period is of the order of ~ | um.
We have shown that the well width fluctuations form a periodic structure which
resembles a cubic lattice with a period larger than 1 pm. Strong long range correlations
appearing laterally, in the plane of the QW, as well as vertically, between QWs grown
one on top of the other. I show that these fluctuations are correlated with the commonly

found mound structure on the surface.

3.4 Spatial distribution of impurities in a quantum well

I performed near-ficld PL measurements of a 2DES in a perpendicular magnetic
field. At some specific locations in the sample the known spectrum of a 2DES in a
magnetic field is duplicated at a lower energy. This low energy spectrum is identified as a
recombination of a free electron from the QW with a hole bound to an acceptor. We use
the low-energy spectrum to obtain the binding energy and location of the acceptors in a

QW. We found that the acceptor binding energies are distributed between 11 and 16 meV

and their density is ~10* cm™,
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