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Abstract

In the last decade there was a tremendous advance in the new research field of scanning
probe microscopy, and various kinds of scanning probe microscopes were developed.
One of these microscopes is the near-field optical microscope, which break the resolution
limits of conventional optical microscopy. In parailel a huge improvement in
semiconductors growth technigues stimulated the research area of low-dimensionality
systems. such as the two-dimensional electron gas. In this research work we combine
these two research fields and investigate optically the two dimensional electron gas, using

near-field optical microscopy.

The first two chapters of this work present the relevant scientific background to the two
dimensional electron gas and its optical spectroscopy. Chapter 3 reviews the theoretical

and experimental issues related to near field microscopy.

A considerable part of this research work was devoted to design, build and characterize a
fow temperature optical microscope. The development of the tip-sample interaction
sensing method and the characterization of the tip performance are described in chapter 4.
In chapter 5 we describe the mechanical structure of the microscope. In this chapter we
also describe the optical system and a noise source, which we discover during our
measurements. Also we describe in this chapter test measurements that were developed to

characterize our experimental system.

In chapter 6 we describe near field photoluminescence measurements of a gated
two-dimensional electron gas. We show that as the electron gas is depleted below a
certain density, the electrons become singly localized at potential minima induced by the
donor positive charge. We show how these electron density fluctuations can be used to
image the donors random distribution. In addition we have found local temporal
fluctuations in the potential landscape when illuminating the sample with high intensity.

These temporal fiuctuations are due to charge movements in the donors layer.
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1 The two dimensional electron gas

1.1 Realization

A two dimensional electron gas (2DEQG) is formed between two different band gap
material such as semiconductor and an insulator or two semiconductors. The most
commonly used 2DEG based device is Si-Si0; MOSFET (Metal Oxide Semiconductor
Field Effect Transistor) that was first realized and reported by Kahng and Atalla in 1960
[1]. This device consists of a p-doped Si substrate, a SiO; dielectric layer that is grown on
top of it. and a metal gate on top of the SiO, layer. By applying a positive voltage to the
gate relative to the substrate the Si bands bend down and a triangular quantum well is
formed between the SiO- and the Si conduction band (see Fig. 1a). Electrons from the Si
acceptors level flow into the well, creating a 2DEG in it. By varying the gate voltage the

electrons density in the well can be controlled {2].

In 1978 Dingle and collaborators [3] introduced a new type of 2DEG. formed by
molecular beam epitaxy (MBE) grown AlGaAs/GaAs heterostructure. A typical scheme

of the heterostructure is shown in Fig. 1b.
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Fig. 1. Energy band diagram of {a) Si MOSFET and (b) AlGaAs/GaAs based 2DEG



Since the GaAs conduction band edge lies lower in energy than the donor level in the
AlGaAs. electrons from the donors move to the GaAs region, leaving behind ionized
donors. The electric field that develops between the positive ionized donors and the
electrons in the GaAs bends the energy bands, and a triangular quantum well is formed at
the AlGaAs-GaAs interface. The electrons at the GaAs region occupy the energy lowest
level in this well creating a 2DEG. This process is stopped when the Fermi level is

continuous throughout the heterostructure.

1.2 2DEG Characteristic

This heterostructure based 2DEG has a unique property, which distinguishes it from other
2DEG structures. The doping is introduced only in the high band-gap material (AlGaAs)
and is separated from the 2DEG region by an undoped spacer layer. This type of doping

is called modulation doping.

Modulation doping has a strong impact on the electron mobility, p, in the 2DEG. In Si
MOSFET 2DEG the main scattering sources, which limit the mobility are crystal
discontinuity at the Si-5i0, interface and trapped impurities in the S10, layer. Theses
scattering sources limit the low temperature mobility to a few 10* em*/Vsec. In
modulation doped MBE grown AlGaAs/GaAs the interface between the two
semiconductors is atomically smooth and the lattice constant differs only by 0.3% 4],
thus interface scattering is strongly suppressed. The main source of scattering is the
positive ions at the doping layer, thus by increasing the spacer layer width the scattering
rate can be reduced substantially. Typical low temperature mobility is a few 10°

em’/Vsec, with the highest reported mobility being 14.4x10° em?*/Vsec [5)

The mobility translates into a mean free path {, according to ¢=(2mm)"" yh/e. Thus, for
typical Si-MOSFET parameters (density of 10" em? and mobility of 10* em/Vsec)
£=500A. In conirast, the mean free path in a high mobility AlGaAs/GaAs device

(1=10"em™/Vsec) exceeds 50 pm.
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1.3 Localization in 2DEG

1.3.1 Localization in disordered mediam

The concept of localization was first introduced by Anderson, {6] who showed that in a
disordered system electrons could be localized: the electron probability amplitude 1s

maximum at some localization center and vanishes far away from i,

Anderson's model contains mobile entities (electrons in our case), which are distributed at

random energies within a range of =W, Two nearest neighbors electrons at sites 7 and i+1
are connected via an overlap energy integral: V = J‘qﬁ;lTrﬁ,dF . where 7 is an interaction

between two neighboring electrons. The randomness of the system is manifested by the

e s . W .
electrons energy distribution W. Anderson shows that if the ratio 3 is above a critical
value, which has to be calculated numerically, than the electron's wave function is

localized.

W L . .
When — is smaller than this critical value. electrons states in the central region of the

I/
conduction band are extended. However. the disorder is manifested by localization of
electrons near the band edge. Energy £, which is called the mobility edge, differentiates
between the extended and the localized states [7]. The definition of the mobility edge is

that in the limit of zero temperature the conductivity. o, behaves as:

o >0 E<E |
o=0 E<E.|’

At finite temperatures the conductivity in the localized regime occurs by thermally
activated electrons. The activation can be to an energy above the mobility edge, or to

another localized sites (hopping). The conductivity in this regime depends on the

11



temperature as o o exp(—AE )7, where AE is the activation energy and the value of
I I kT 2y P

depends on the exact conduction process and the dimensionality. A massive experimental
effort provides a strong support for the theory of localization. A review of this subject can

be found in Mott and Davies book [8].

i.3.2 Scaling Theory of Localization

One of the most influencing papers on the present understanding of electron localization
was written by Abrahams ef ¢l and introduced the scaling theory of localization {9]. The
underlying idea was to predict the behavior of the conductance of a system as a function
of its size and dimension. A review on the scaling theory of localization was written by

Lee and Ramakrishnan [10] and by Imry {I11].

The conductivity of the system. o. is the conductance per unit volume. The conductance
(. is the measured quantity and it depends on the system size and on . However, it is

common to refer to the dimensionless conductance, g rather than the conductance itself

G

g=G/(*/h) (1)

Evaluating g as a function of the sample size, L, there are two asymptotic limits,
depending on the degree of disorder in the sample. If the scatterers concentration is small,
hence the mean free path / is large as compared to the Fermi wavelength A,=272k; the

electrons are subjected to a relatively smooth random potential. In these conditions the

2
ent

conductivity can be expressed as the Drude conductivity (o = ). Substituting the

m

, 2 L e
2DEG density n =k; / 27 and the relaxation time r = /vy = Im/hky one gets: o = Tk A
o

Since k[ does not depend on L. then for L much larger than /. g does not depend on L

and Ohm's low is recovered:



(LYo L7 = const >> 1 (2)

(for 2 dimensional case).

In the other asymptotic limit, states in the vicinity of the Fermi energy are localized, and
transport can occur by electron’s hopping from an occupied state to an unoccupied state
of nearly the same energy. The refevant length scale in this regime is the localization
length, &, which is a typical scale of the electron wave function extension. The probability
for such hopping between two states at a distance r from each other is proportional to
exp(-1/£). Thus, the conductance for a sample with size L much larger than £, decreases

as.

gLy mexp(—L/&) << 1 (3)

which is very different from the Ohmic behavior found in the other limit.

The two asymptotic behaviors of g can be obtained using a single scaling function, §,

defined as:

dilng) dg L

S k= VAR - 4
dlnl) dL g *)
3 behaves asymptotically as:
_2
e £ 5)
) {cons( +In(g g <<l

These behaviors are independent of L and of the details of the system.

An important consequence of this result is that § is always negative in two dimensions. If
the system is weakly disordered, with a large conductance, gq, at some length, Ly, then by
enlarging L the system flows along the scaling curve, such that g decreases until the

strong localization regime. where B~In(g), is reached. Thus, there are no truly extended



states in a fwo-dimensional system, and there always exists some localization length. It
should be noted that this statement is valid when interactions between the electrons are

neglected.

The localization length, & is defined as the length. where the scaling behavior of g

changes from Ohmic [Eq.(2)] to localized [Eq.(3)]. It is found that

¢ =Lexpk,/) (6)

where Ly is the phase coherence length. For typical values of a 2DEG in AlGaAs/GaAs:
n=10"" em™, p=4x10® em™/(V sec). one get k=~2m =7x10" em™, and (=kgiv/e= 2x107
em. Thus, the exponent in Eq. (6) is 140. If we take Ly ~/ we get a number which is much

larger than the size of the universe (~I] 5x10” light years).

~ - - -T2
The dependence of g on the temperature. T. could be obtained by using Ly~T P2 where p
is a positive exponent. Thus, in the weak localization regime g should decrease

logarithmically with T.

1.3.3 Experiments on 2DEG conductivity

Considerable experimental efforts were done to verify the scaling theory of localization.
The systems studied were Si-MOSFET, InOsy [12], Pd films [13] and a 2DEG in
AlGaAs/GaAs heterostructure [14]. These experiments distinguish between two distinct
regimes, characterized by a different conductivity versus temperature dependence. In the
high 2DEG density regime the conductivity decreases slowly as the temperature
decreases. Below a certain 2DEG density this behavior changes to a stronger dependence:
the conductivity decreases sharply as the sample temperature decreases. These two
distinct behaviors are commonly atiributed to a cross over from the weak localization
regime at a high density. to a strong localization regime at low density. An estimation of

the localization length in the two regimes is done in [14] and the continuity is verified.
Recent experiments on Si-MOSFET [15], on Si/SiGe [16] and on p-doped

14



GaAs/AlGaAs heterostructure [17] give however, different results: a metallic behavior,
where the conductance increases as the temperature is lowered, is seen at a relatively
high carrier density. These new resuits seem to contradict the scaling theory of
localization and are not completely undersiood. A possible explanation is that in these
materials the carrier-carrier interaction is relatively strong, thus neglecting these
interaction is no longer justified. Indeed it was argued [18} that when carrier-carrier
interaction is strong f(g) becomes positive as g goes to infimty, thus, a metal-insulator

(M-1) transition should exist in this type of samples.

1.34 Potential fluctuations and the conductivity drep in 2DEG

A crossover from the weakly to the strongly localized regime could alse be observed
when the mobility is measured at a constant low temperature for different densities. This
kind of measurements were done on a 2DEG GaAs/AlGaAs system [19].[20]. The
mobility is a measure for the random potential and it does not depend directly on the
2DEG density. Indeed, a relatively small decrease in the mobility is observed as the
carrier concentration is decreased at a high carrier density. However, below a certain
density. which depends on the sample parameters, the mobility starts to decrease faster

and becomes strongly dependent on the 2DEG density.

This change in the mobility behavior of AlGaAs/GaAs 2DEG is explained as follows.
The donors at the doped layer are distributed randomly during the growth process. Hence
when ionized they induce a random potential at the 2DEG layer. A 2DEG with a high
density screens these potential fluctuations, and its properties are almost insensitive to
density changes. As the 2DEG density is lowered the screening becomes less effective,
and the potential fluctuations grow, limiting the 2DEG mobility. The reduction in the
electron mobility causes a further decrease of the screening ability of the 2DEG, and a
run-away process develops. Thus. at a critical density, a small change in the 2DEG

density is accompanied by a large change in the 2DEG mobility.

A quantitative estimation of the potential {luctuations at high and low 2DEG density was



done by Efros[21]. Following his derivation let us assume for simplicity that the donors
layer is infinitely narrow (& doping), and that the donors are randomly distributed and
uncorrelated in the plane. The average donor density is denoted by N and the local

deviation from N by N(r). [N(r) could be negative or positive].

(N()) =0 ,
(N(r,)lf\f(r2 )) = No(r, — 1) )

The ( ) symbol means averaging over many donor configurations. Let us first assume

that there is no screening. The random potential F() in the 2DEG layer that is created by
these fluctuations can be written in the form:

-

¢ NG T
4mes, \/(r —r ) 87

F(r)= (8)

where s is the spacer width. £ is the GaAs dielectric constant (g=13) and & is the

dielectric constant of the vacuum. Fy(r} can be expressed as an inverse Fourier transform:

e g

F(r)y= :)i? J.j‘dqu(q)—q— g™ N
- {t

Eq.(9) is an inverse Fourier transform of the transform of the convolution described in

(8). N(q) is a Fourier transform of N(r), thus (N(g)) =0 and therefore also (F,(r))=0.

In order to calculate <Ff(r )) we should calculate the Fourier transform of (7):

16



(Cla))C(a2)) = [d*rd?r NSy = 1) exp(=i(G/F; +GFy)) =

, (10)
= [N exp(—i(d, +8,)F) = =5 6(G, + ).
} (2r) -
Substituting (10) into (9) yields:
2 1 e 2w CXP(=s(g, +q, — -
(F,)‘(r)) = = yYN J‘d“q]d'qza(qi +q,) pC=s(dy +9,)) exp(—=ir{g, +q,))
(27)" 2, 94,
i et e 1 et L T, e
2 . SN 2agdy —— = —( "N b de
a==h {2r)” 258(,) -[ 1 g 2T Easn) qj ! q
(D

Qmin ~1/L is the lowest possible q in the sample (L being the sample size). For q>1/2s the

integrand becomes negligible. For 1/L<q<1/2s the numerator in the integrand is roughly

(F2) =1 Iln(—i%) (12)

constant. Hence:

et [N

where ¥ =
2eg, V27

For a typical value N=10"%cm™ IV is ~30meV, which is very large.

In order to account for screening of the fluctuation by the electrons of the 2DEG one
should replace the q in the denominator of (9) and (10) by g-+¢,, where ¢, is the inverse

screening length of the 2DEG{22],

2
¢ n

g, = (1 —exp(—~(W*aN/k,Tm )). (13)

2

2gg, i
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m is the effective mass and 4y is the Boltzmann constant. For eryogenic temperatures and
a typical density range (N>0""cm™) g, do not depend on N and is~(5 nm)"’ in GaAs. By

substituting q+q instead of g in (11) one obtains:

i : w =2y

(F) ===V [ ——

- ¢l 14
27{ 2‘9‘90 ¢ min (q + q.\-)- f ! ( )

Performing the integration yields:

I
(2 qx 5 ) .

Fr =W (15)

¢ss 1s typically ~10. thus in the presence of screening the potential fluctuations are

substantially smaller.

It can be seen from this calculation that both in (14) and (11), spatial frequencies that are
higher than ~1/2s are exponentially small. Therefore. the fastest spatial frequency of these
fluctuations is 1/2s. Moreover, the contribution of spatial frequencies below 1/2s is of the
same order of magnitude (this is the reason to the slow logarithmic divergence of small q

in (12)[21]).

These potential fluctuations were modeled numerically [23]. In that work screening by
the metal gate is also included. It was found that the typical wavelength of the fluctuation
is a few times larger then the spacer width, which agrees with the result that the potential
fluctuations originate from fluctuation in the donors density rather than from a single
donor. The amplitude of the potential fluctuations reduce from 18meV to 2.6meV as the
electron density increases, which shows that even at high electron density the fluctuation

are not completely screened.
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2 Optical properties of 2DEG

In this part the optical properties of the 2DEG will be reviewed. The structure that is
analyzed and measured has a smail difference as compared with the structure shown in
Fig. 1. An AlGaAs layer is grown prior to the GaAs layer such that a quantum well (QW)
is formed in the conduction and in the valance bands. The width of this well is typically
300A or less, and its main purpose is to prevent the photo-excited holes from diffusing

into the GaAs substrate. Schematic diagram of the structure with QW is shown in Fig. 2.

GaAs quantum well AlGaAs layer

Conduction band

Valence band

Photo-excited holes

Fig. 2: Energy band diagram of 2DEG in quanium well.
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2.1 Introduction

In a semiconductor an electron can be excited from the valance band to the conduction
band. leaving a hole in the valance band. This electron-hole pair can recombine
spontaneously (with no driving force), emitting a photon at a wavelength that corresponds
to the energy that is lost in the process. This spontaneous light emission process is called
luminescence. Different luminescence processes may be distinguished by the source of
excitation. Here a photoluminescence (PL) is discussed, were the excitation is done by
absorbing a photon. In a typical PL experiment the excitation light is at energy higher
then the energy gap. The photo-excited electrons and holes decay by non-radiative
processes to the lowest possible energy at each band, from which they recombine by

emitting a photon. Consequently, PL experiments emphasize the lowest energy transition.

The excited semiconductor has an excess population of electrons and holes. hence 1t can't
be regarded as in thermal equilibrium. However, since thermalization processes are faster
than the recombination time, it is assumed that the electrons in the conduction band and
the holes in the valance band are in thermal equilibrium among themselves and their

energy distribution is described by the Fermi function.

The PL of 2DEG changes substantially as the 2DEG density is varied. To illustrate this
we present in Fig. 3 a series of PL spectra. which are measured at different 2DEG
densities. Figure 3a shows the spectrum of a high density 2DEG. The spectrum is broad
and not symmetric: the low energy side is much more intense than the high energy side.
At smaller density the spectrum becomes narrower (Fig. 3b) and more symmetric. The
overall PL intensity of the two spectra is roughly conserved, however, in the low density
spectrum the intensity is divided over a smaller spectral range, thus. the emission per
energy interval is more intense (note the different scale in each figure). As the density
decreases further (Fig. 3c) the line shape becomes symmetric. This line evolves into a
sharp peak, (Fig. 3d) and then an additional peak appears at a higher energy (Fig. 3e).

When decreasing the density further the high energy peak becomes dominant, while the

intensity of the low energy peak decreases (Fig. 31).

20
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Fig. 3: The evolution of the PL spectrum from high density 2DEG {A) to depleted
2DEG (F). The measurements were collected on a gated 2DEG sample described at

chapter 7. The gate voltage range was between 0 to -1 Volts.

It was recently discovered [24] [25] that the high energy peak is due to recombination of
an exciton, which is a bound state of electron and a hole. The low energy peak was found
to originate from a negatively charged exciton (X'), a bound state of two electrons and a

hole. In the following two sections the evolution of the spectrum from high density to

excitons is explained.
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2.2.2 Momentum conservation

An important issue concerning the PL from a 2DEG is momentum conservation. The
density of the hole gas, which is created by the excitation light, is typically much smaller
then that of the density of the electron gas, which mainly consists of native electrons
supplied by the donors. This density difference corresponds to momenturn difference
between the highest energy electrons and holes. The momentum difference is estimated

as follows. The density of the photo-excited holes is:

n, =~{~’~'~(~1»£—)rx. (16)
hw,

I, is the excitation laser intensity, ¢ is the absorption coefficient, z is the width of the
absorbing layer, fiw, is the energy of the excitation photons, and 5 is the spontaneous
lifetime. Taking I.=1W/cm™ at a photon energy of ~1.96 eV (HeNe laser), azium", z=

200A (the QW width in the experiment) and 1, as 1071 sec, one gets m= 6 10° cm™. This

-2

density corresponds to &, =./2m, =6.1x10% cm™. For a 2DEG density of 10" cm
k=7.9x10° cm™. The momentum difference is therefore Apz?‘z(kj —J’ch)-—-S}HO’27 (kg

m)/sec.

The emitted photon (at ~810 nm) has a momentum of p=hk = }—; =8x10™ (kg m)/sec,

and thus recombination between the highest energy electrons and holes can not conserve
momentum. As is seen from Fig. 3a, the high energy part of the spectrum is indeed less
intense than the low part, however, there is steel a considerable amount of recombination

that seems to viclate momentum conservation.

This phenomenon may be interpreted as follows. Assuming that the holes are distributed
according to a Boltzman statistics. the observed width of the PL spectrum is Er

{1+m¢/my). where m, and my, are the electron and the hole masses. Figure 5 shows a fit to



the PL intensity Kg) using Boltzman distribution for the holes and a Fermi-Dirak

distribution for the electrons:

& 1
I ) et
e} e‘{p( kT ] eprgL_ — & )/ kHTJ +1 (47

. o m, )
=g, +&,+E, is the PL energy. and & conservation implies: g, = &, —. This model
; m

it

was suggested in [29]. and was tested for various temperatures. Good agreement between
the model and the experimental results was obtained. The free parameters in this model
are the mass ratio. the temperature and the Fermi energy. We used this model to fit the
data in Fig. 3. In fitting the data T=5K and a mass ratio of 10 were used. As 1t is seen,
there is a good agreement with the PL line shape By fixing these parameters, the Fermi
energy can be evaluated for the various PL line shapes of Fig. 3 and yield the different

densities (see Fig. 3).
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Fig. 5. A Experimental (solid) and theoretical (dashed) of 2DEG PL. B: 2DEG

density as function of gate voltage (solid) and linear fit (dashedy).

In Fig. 5b the densities. which are obtained from the fits, are shown as a function of the
gate voltage. As it is seen. there is a linear dependence at wide range of densities, as
expected from electrostatic considerations. Deviation from the expected linear behavior is
observed at low densities. At even lower gate voltages, the width of the PL peak is almost
constant (Fig. 3e).

Thus, the above model explained well the PL line shape at the high-density regime. At

lower densities it seems that this simple explanation fails.

223 The Fermi edge singularity.

The Fermi edge singularity is an enhancement of the optical transition



strength at energies approaching the Fermi level. This singularity was first observed in
the X-ray spectrum of metals and explained by Mahan [30,31]. It was first seen in
semiconductors in a InGaAs/InP doped QW [32]. The underlying physics of this
phenomenon is the following. The Fermi sea reacts to the appearance of a hole by
redistribution of the electrons around the Fermi energy, creating a high-density in the
vicinity of the hole. In the limit of an infinite hole mass, recombination can occur at any &
vector and in particular near & without violating & conservation. In reality, the etfect is
seen in (relatively) high roughness samples, where the holes are localized in a small
region. hence they are almost infinitely heavy. It was argued that this picture changes
gradually at low density to a bound state dressed with a collective excitation of the Fermi
sea [27]. It is commonly assumed that the sharp peak, which appears in the intermediate

density regime. represents such a state [34][37].

2.3 PL of a Low density electron gas

At a low density the single symmetric PL peak evolves into two excitonic peaks. One of
them is a direct continuation of the previous single peak, while the other emerges at an
energy. which is about 1meV higher. As the density is reduced further, the intensity of
the low energy peak decreases and the intensity of the high-energy peak increases. The
high-energy peak was found to be due to a recombination of a neutral exciton (X), a
bound complex of electron and hole. The low energy peak is found to be due to a
recombination of negatively charged exciton (X7), which is a bound complex of two

electrons and a hole [24]]25].

The appearance of excitons in the presence of an electron gas is related to the 2D nature
of the system. Unlike in three dimensions. where screening plays an important role in
reducing the electron-hole interaction, in two dimensions this effect is less important.
Excitonic interactions are strongly influenced by phase space filling {27] This is
demonstrated by the observation that in 2DEG the light and heavy hole excitons

disappear together. while in a two dimensional hole gas the heavy hole exciton disappears



first. It can be shown [27] that the critical density for exciton appearance is N, ~ l .
s}

where ¢ is the Bohr radius.

In the following a description of the X and X~ will be given, starting with the well

documented neutral exciton and continuing with the recently found charged exciton.

2.3.1 The neutral exciton

The exciton is formed due to the electric attraction between the positive hole and the

negative electron. Its size and binding energy are calculated by solving the Wannier

equation:
SR _
L o) - ).
2m,
, 1 1 1 . .
where m, is the reduced electron hole mass: — =—+—_ This equation becomes

m, om0y,
similar to the hydrogen atom equation by inserting the attractive Coulomb potential

instead of V(r). The Wannier equation is limited to the range where V(r) changes very

slowly compare to the lattice period. The solution should justify this assumption [22].

In 2D the energy levels of a hydrogen atom are quantized as:

1
E, =-E,~——=. n=0. L. .. (18)
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is the Rydberg energy. and



g, =356 (20)

e,

is the exciton Bohr radius. In GaAs it gives: ¢e=100A and Er=5meV. Thus the binding
energy of the first energy level is 4£;220meV. In reality, the exciton is not a true
two-dimensional object. because of the finite width of the QW, and the typical values for

the binding energy are 7-9meV [33].

2.3.2 Negatively charged exciton

The negatively charged exciton (X7) was found only recently in CdZnTe/CdTe [34] and
in AlGaAs/GaAs QW [24][251. It was predicted {35] as the semiconductor analog to H',
a negatively charged Hydrogen ion. The X~ is formed from two electrons and a hole,
when a photo-excited electron-hole pair binds to a native electron in the conduction band.
Hence, in order to observe the X it is necessary to have electrons in the conduction band.
The binding energy of an electron to an exciton was predicted in [35] to be 0.03 Eo
(where Ey is the Rydberg energy) in three dimensions. However, it was pointed out [36]
that in two dimensions the binding energy is increased by factor of ~10. The resuiting
binding energy E; in GaAs is ~ImeV. Measurements of the binding energy dependence
on the QW width and a general review on X~ can be found in [37]. The size of the X~ was

estimated [37] to be twice as large as the neutral exciton.

The recombination process of the X is described in Fig. 6. While one of the electrons in
X~ recombines with the hole, the other electron jumps back to the conduction band. In
order to conserve energy the resulting luminescence peak appears at energy which is Eyp

below the X peak.
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Fig. 6: Recombination process of negatively charged exciton

As mentioned before, a necessary condition for X~ to appear is an excess population of
electrons in the QW. These electrons supply the additional electron needed to form the
X", therefore X~ recombination is an indication for an electron that exist in the QW.
Indeed, as the gate voltage becomes more negative there are less electrons in the QW, and
thus the X intensity is reduced. However, in order for the electron-hole pair to bind to a
native electron it is also necessary that this electron will be the only electron in the
neighborhood of the excited pair. An additional electron near the hole with the same
probability amplitude as the other two electrons, will unbind the X~ complex. This
indicates that in order to form X~ the electrons wave function can't be extended, with an
equal probability along the QW plain, but rather consist of different wave functions, with
maximum probability amplitude at distinct locations. In another words, in order for the

X~ to form. the electrons should be localized.

An attempt to measure the correlation between the drop of the conductivity and the
appearance of the X peak was done in [24]. These measurements indeed found a strong
correlation. In this work we conduct a local PL measurement of the X~ intensity, using a
unique measurement technique that will be describe below. Strong fluctuations in the X
intensity are observed when measuring the PL at different locations along the sample.
This indicates that the X is indeed a local feature rather then an extended quantity. An

extensive discussion of the measurement results is done in Chapter 6.



3 Near Field Spectroscopy

3.1 Near Field Theory

3.1.1 Resolution limits of conventional optics

Let us begin with a brief description of the classical imaging theory and its resolution
limit. Consider a general imaging system. and presume that it has an entrance and an exit
aperture. 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 [38].

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) = §(x — x,) . The angular spectrum of such a source

18:

Fly= [6(x—xp)e™dx =™ )

—Cr

When this object is imaged with an imaging system, whose objective accepts an aperture

angle of 26, only spatial frequencies fc_\.l in the range [0, Koo = consin{8)/ c] are admitted

by the apparatus, where o 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:
. e 2 sin{am sin(@)(x - X, ) / c]
fixy = Jetedk = . (22)

s x_x{)

nus

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 functionis at



i A
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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:

A
= 2nsin(@)

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{39]:

N 0.614
Ay = —————
! nsin(@)y

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

spatial frequencies than i, = " .. This is done by using Near Field Scanning Optical

Microscope (NSOM)

3.1.2 Braking the Resolution Limit by Detecting Evanescent Waves: Near-Field

Approach

As we saw 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 fulfilled so often in practice that they are usually

ignored.

It is easy to understand the origin of these conditions using an analysis based on Fourier
optics [40]. Consider a monochromatic optical field, E(x,z), propagating in the z

direction, and its angular spectrum, E(k,z). They are related as:

Lad
8]



E(x,z)= [E(k, z)e™* dk, . (24)

Since E(x.z) must satisty the wave equation, the spectral amplitudes are known to satisfy

the propagation relation :

E(k,,z) = E(k,,0)e™ (25)

and since

k= /cf. + k_f” = ((%)2,

we get that

E(k,.z) = E(k 0y VF 5%, (26)

where | assumed n=1.

If the field has spectral amplitudes, E(ky.z). which are different from zero for k>w/c,
they will be evanescent, decreasing exponentially with increasing z. The low frequency
components (k.<w/c) do not damp out but propagate as plane waves, traveling at angles
6=sin (kyA/21). The high frequency components (ko>w/c) have significant contribution
only when z<<k. so to get resolution better than A the aperture of the optical system must

be much closer than A to the object.

It is not enough to place the aperture close to the object. The imaging system should have
also the ability to convert those evanescent waves inté 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 [41][42]. Therefore, in order to detect the

[ )
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evanescent waves, that contain information about the small details of the object, one has
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Fig. 7: Scheme of the near field detection method

to use a diffraction center of subwavelength size (the tip). and locate it at a

subwavelength distance from the surface to be explored.

To study the resolution limit let us consider the device presented in Fig. 7. The tip is of
width 2¢, and is placed at a distance € from the object plane. We are interested at the field
in a plane located at a distance z from the object. Let us denote the field at the object
plane as E;(x,z=0) and its angular spectrum as E(ky,z=0). After propagating a distance ¢,

the field that is incident on the tip aperture will have the spectrum:

E(k, z=8) =E (k.= 2.0)(3:(.{-1_:.-_3):,':,_. @7

The Fourier transform of the tip. centered at x=X, is

stk £} 4y
I lx ik,
k

x

E (k)=2 (28)



so just behind the tip the spectrum of the field will be:

@

Lo .
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As 1 showed before. at the far field, only components with k<w/c will be seen, so the

field at the image plane is given by:

n’ll/(.'
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and by substituting E».E, and E; we obtain:

wfc w o
Ey(x.2) =g | dike 5 R [ (k2 = 0)el R
(27‘_)— ~afc -
(31)
<2 sm((k‘\. _ A\)p) URUNES
ko =k,
We notice that, when the width of the tip in Fig. 7 becomes large (£ — ), we have:
_ ZSin((kx - k_'\.)t’) ,
lim . = 2x0(k, — k). (32)
1> ky =k, ) )
and Eq. (31) tends towards the far field result :
. 1 M/C Loy Ekr VoW
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To compare Eqgs. (32) and (33) let us consider a single spatial frequency source:
E (k. .z=0)=Eo(k, - K).

By substituting it into Eq. (33) we obtain:

L3
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This shows that in the far field limit ail the spatial frequencies that are greater than w/c

are lost. By similarly introducing this light source into Eq. (31) we obtain:

E e wje e sin((k_‘. —K)f) e
E?_ (.\-,2) - 0 5 ct(/\ ¥ b "‘ dkxe*"i'lxt_\ef(l\ &k} -w.‘.)z—,ei‘(/\r—f\)d\ . (34)
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It can be seen that Ex{x.z) is non zero. even for spatial frequencies K>w/c, so that these
spatial frequencies contribute to the image, and information on the subwavelength details
of the object are now received at the far field. Eq. (34) brings to light two characteristics

of subwavelength detection:

1) Smaller tip sizes allow higher spatial frequencies to be detected. This corresponds to
the fact that smaller tip sizes produce larger widths of the function sine[(k-K){).

Generaliy speaking the tip can see anything that is larger than itself.

2) Smaller tip-sample separations allow higher spatial frequencies to be detected. This

RS N I . .
WE-RDTE \which depends on the value of the spatial frequency

corresponds to the factor e
K. The greater the value of K. the faster the amplitude of that component decay in the z

direction.

3.2 Near-field spectroscopy experiments on semiconductors

3.2.1 Experimental configuration

As it is seen from the theoretical explanation, near-field (NF) experiments involve
scanning the sample with a small aperture tip while the tip is in close proximity (typically
~100A) to the sample surface. In reality the tip is made from an optical fiber that is

tapered at its end and coated by metal, leaving only a small aperture open. The tip



can serve as a local light source or as a collector to the light emitted by the sample. In
either case an additional far-field device should be introduced to the system. This device
serves as an excitation source, if the PL light is collected by the tip or as a light collector,

if the PL 1s excited through the tip.

One of the main difficulties in a semiconductor NF measurement is the low optical signal.
This is due to the low throughput of the tip and to the small sample area that the tip
interacts with. Also, compare to transmission or reflection measurements, the PL process
is relatively inefficient. Therefore the excitation and collection configuration should be

arranged such that the optical signal will be optimal.

Another non-trivial part in the experimental system is the mechanical part. The
mechanics of the system should provide the means to bring the tip from far away fto
almost contact with the sample surface and stabilize it during the scan. The fact that the
measurement takes place at cryogenic environment (T< 4.2K%), further complicats the
issue. The collected optical signal is dispersed by a spectrometer and detected by a high

efficiency. low noise detector.

In the following two sections, a brief review of important NF semiconductor
spectroscopy experiments done so far is presented. In the first section NF spectroscopy
measurements of quantum wells are described. In these experiments the difference in the
optical signal between separate locations arises from internal inhomogenuity of the
sample. In the second section. measurements done on patterned samples such as a
quantum wire are illustrated. In these experiment the main role of the NF measurement is

to isolate a single quantum confined lateral structure.

3.2.2 Narrow peaks and inhomogeneous broadening

One of the first experiments in semiconductor NF spectroscopy was done by Hess and his
collaborators [43]. Tn this work. the local photoluminescence (PL) of a narrow single
AlGaAs/GaAs quantum well was measured. The far-field luminescence shows a broad

emission line, which characterizes narrow quantum wells, The width of the line is



commonly attributed to an inhomogeneous broadening originating from well width
fluctuations [44]. The near-field luminescence shows a collection of sharp peaks, located
within the energy range of the far-field line. The width of these peaks is limited by the
resolution of the spectrometer that was 0.07 meV. The number and the spectral location
of these peaks change as the tip moves on the sample surface. The conclusion of the
authors was that at such samples the lunnnescence originates from many small local
emission sites that emit at different energies. These are created by fluctuations in the well
width and form effective quantum dots. The far-field spectrum is an integration of all

sites in the illuminated area. which yields the broad line.

The excitation method used was to illuminate the sample through the tip and collect the
QW PL emission by a small f-number lens. This operation method had a major drawback:

the resolution is decreased due to diffusion of the photo-exciied carriers. Hence, the

resolution is limited to/ DT ~ 1um. where D ~ 3 em® sec™ is the diffusion coefficient of

. -9 . . . .
holes in GaAs and T~ 107 sec is the recombination time.

The lack of spatial resolution didn't pose a significant limit on that measurement since the
density of the luminescence sites were such that they could be spectrally distinguished in
an area of 1pm”. The authors estimated the density to be 30-300 pm™. They found that
this density is independent of the well width. These peaks were seen also in a high spatial

resolution but diffraction limited measurement [45].

A near-field measurement, similar to that of Hess, was done on a ZnSe/CdSe quantum
well [46]. This measurement distinguishes between two types of NF behavior, depending
on the growth conditions. In one type of samples sharp peaks originating from zero
dimensional confinement appear as the tip approachés the sample. These peaks merge
into a broader line as the sample temperature is increased. due to a thermal activation of
excitons out of the quantum dot (this effect was directly seen in a high spatial resolution
PL measurement of a quantum wire [47]). In the second type of samples there was no
significant difference between the far and the near field luminescence. This is explained

by well width fluctuations that are on a smaller length scale then the exciton



diameter. These fluctuations weakly localize the excitons, but the density of states

remains two dimensional.

3.2.3 Spectroscopy of a single quantum confined device

Considerable efforts has been devoted to produce quantum wires (QWR) and quantum
dots. in which electrons are confined to one or zero dimension. These devices have

promising technological applications and are at forefront of basic scientific research.

Regular optical measurements of these devices integrate over an array of such devices. In
order to reveal the properties of a singie device (and to investigate the a uniformity of

quantum wire) a high resolution measurement should be performed.

The first attempt to scan a QWR was done by Grober et al. [48]. This measurement was
aiso the first cold temperature NSOM measurement. The sample contained an array of
AlGaAs/GaAs QWR. fabricated in the cleaved edge overgrowth technique [49]. The
illumination technique that was used was to excite the sampie through a lens that focuses
the light on the sample. The tip was located between the lens and the sample. It was
found that in this configuration the tip masks the area under it and the PL signal was
small. In order to perform the measurement the tip was lifted to 1000A above the sample,
which suppressed the spatial resolution. This measurement was not capable of measuring

a singie QWR.

Spectroscopy of a single QWR was done later {50]. The wire was produced using the
same method described in [49]. Both the excitation and collection were done through the
NSOM tip. This method, although providing a good spatial resolution, has a drawback: it
creates a high local density of photo-excited electrons and holes. (This is a very
non-destred situation in 2DEG measurements. Furthermore we have tested this method

and found that it generates additional noise, which wili be discussed later.)

Richter ef al measured a different type of QWR [51], fabricated by MBE growth on a
patterned 311A GaAs substrate [52]. In this  work, different sub-bands of the QWR



were resolved using PL excitation technique. The excitation was done using a far-field
source. In this method a relatively large area (~Imm?) of the sample is illuminated and
the PL is collected by the tip. hence the resolution is determined by the tip diameter. This
technique provides a uniform excitation of the sample and maintains a high spatial

resolution. Its disadvantage is the weak signal that can be collected.

The emission spectrum of quantum dots (QD) was also measured [53] using NF
technique. The QD fabrication process is described in [34]. A spatially resolved PL from
the QD and from the surrounding region was measured. The QD size was estimated by

scanning the area and detecting one of the QD recombination channels to be 300 nm.

Time and polarization resoived NF measurement was done on a patterned ZnSe/ZnCdSe
QW 1n a magnetic field [55]. The polarization of the PL was measured as the tip advances
towards the sample. It was found that the degree of polarization decreases sharply as the
tip enters the NF zone. The authors attribute this to the fact that an evanescent field does

not carry angular momentum.
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4 Near field technology

4.1 Introduction

The invention of the scanning tunneling microscope (STM) in 1982 [56] opened the way
for the development of various kinds of scanning probe microscopes (SPM). which the
most familiar of them is the atomic force microscope (AFM) [57]. These microscopes
sense the short range interaction between a probe (tip} and the sample. This interaction
gives rise to a signal. which can be a tunneling current in an STM and attracting force in
AFM. When the tip is scanned across the investigated sample at a closed proximity to its
surface, it maps the strength of this interaction. The resolution of these microscopes is
determine by the lateral scale over which the interaction occurs. This scale is determined

by the size of the tip and by its height above the sample.
All SPM's have some common key features, which enable the imaging:

1. The scanning 1s done using a piezoelectric based scanner that translates an electric
potential difference into a physical movement. The sensitivity of these type of scanners
ranges between 10 to 1000 A/V and depends on the size, geometry and the type of
piezoelectric material. The most common geometry, which is used. is a tube [58] coated
at its outer diameter by 4 electrodes parallel to the tube axis and one electrode at its inner
diameter. By applying a voltage difference to opposite electrodes, the tube bends and
gives rise to a lateral motion. Applying a voltage difference between the outer electrodes
to the inner one, the tube extracts or contracts. The power supply to the piezo-scanner

should have low noise and supply a voltage up to a few hundreds Volts.

2. In order to prevent the tip from crashing against the sample surface. a distance
regulation mechanism is utilized. It is done by detecting the tip-sample interaction, the
strength of which depends on the distance between them. The detected signal is

incorporate into a feedback loop such that the tip-sample distance is adjusted in order
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to keep this signal constant. In this way the tip scans the sample at a constant height, and

follows changes in the sample topography.

3. The scanning is conducted at tip-sample distance of 10-100A. Therefore prior to
the scan. the tip should approach the sample from a distance of a few hundreds microns to
the scanning distance. This mechanism is called coarse approach, and it enables to move

the tip over a long distance with very smali steps.

4. Since the tip-sample distance is very small, the scanning is very sensitive to a
mechanical noise. The source of this noise could be acoustic or a mechanical vibration of
the lab floor. To minimize this noise the microscope should be acoustically isolated and a
few stages of vibration isolation shouid be incorporated. In addition, the microscope
should be designed as rigid as possibie, such that the microscope vibrates as a unit

without relative motion of its separate components.

5. Since many of the interesting physical phenomena happen to occur at cryogenic
temperatures, many of the SPM's were designed for this temperature range. In these
microscopes thermal contraction should be taken into account. Also coarse manipulation
of the sample and coarse approach is done from outside the cryostat. The scanning range
i1 a low temperature SPM is smaller due to change in the piezoelectric constant with the

temperature [59].

In addition to these points that are common to all SPM, there are some unique features

that characterize NSOM. These points will be discussed below.

4.2 Tip performance and fabrication

The most important single component in an NSOM system 18 the tip that collects or emits
light close to the sample. and delivers it to the detection system. The tip determines the
resolution of the measurement and the intensity of the optical signal. Because of its

importance to the operation of the system a large effort is made to improve its
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performance and to reduce its diameter. In this work commercial tips manufactured by
Nanonics have been used. However, some effort was devoted to developing a capability

to produce tips using the etching method. This project is still under development.

A scanning electron microscope picture of an uncoated tip is shown at Fig. 8

Fig. §: SEM image of tip produced by the eiching technique. The tip is not coated with metal.

The first tips were fabricated from a glass micropipette [60] or from a quartz crystal rod
[61]. These tips were inefficient in transmitting light, as they reflected and absorbed most
of the optical signal. Because of absorption the tips tend to warm and were limited in the
optical power that can be coupled into them. Also the coupling of light into the tip was

ineffective and 1t was an additional source of loss.

The current tip fabrication technology is largely based on a method published in 1991 by
Betzig er al. [621. In this method an optical fiber is used to deliver the light from a laser to
the sample in illumination mode, or from the sample to the detecting system, in collection

mode. The coupling of light to the fiber is  easy, and it transmits light with very high



efficiency (with negligible loss in the visible and in the near IR). At its end the fiber is
tapered until a small tip is formed at the end. The tapering area of the fiber is coated with
Al, leaving only the aperture open. This basic structure, of tapered tip at the end of an
optical fiber, is largely adopted by most of the NF community. The main effort since than

1s to try to improve the tip performance, meaning less attenuation at smaller diameters.

As it is described in Chapter 3. the evanescent light decays rapidly with the distance from
the sample surface. Therefor, in order to minimize the losses in the tip it should broaden
fast, such that the part were the light is evanescent will be as short as possible., For this
reason there is a tendency to maximize the tip cone angle. However, it was found that
there 15 no direct and simple relation between the cone angle and the attenuation. There is
an additional 1mportant factor that influences the tip performance, the ratio between the
core and the clad diameters at the tip. As the light penetrates into the tip, it propagates in
the glass area of the tip. clad and core. The modes that propagate in the clad become
leaky or are absorbed in the coating, thus it is important that the core to clad ratio is as

large as possible.

Two main methods are used for tip fabrication: etching and pulling. In the pulling method
[63] the fiber is heated and pulled. The heated area becomes thin until it brakes and a
sharp tip is formed. The pulling can be done in two steps and various parameters, such as
the heating rate and pulling velocity, influence the final shape of the tip. It is usually done
in a commercial pipette puler. The advantage of the pulling method is that it creates a
smooth surface that is easy to coat with metal. The disadvantage is that the tip cone angle
is small at small tip diameters and that the core to clad ratio is constant along the
tapering, hence at the tip end there is almost no core. The current performance of tips
manufactured by the pulling technique is an attenuation factor of 10" for a tip diameter

of 100 nm at a wavelength of 514 nm.

The etching is done by immersing the fiber into an acid such as HF [64,65,66]. The HF
surface is covered with some oil. As the etching progresses the length of the fiber, which

15 immersed. decreases and the fiber radius shrinks. The process terminates when the
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fiber 1s completely out of the HF. The advantage of this method is that the tip cone angle

is large and all the glass at the and of the fiber is of core material, thus light that

penetrates into the tip is coupled efficiency to the core. The disadvantage is that the tip

surface is rough and it is difficult to coat it with metal. The published tip performance for

the etching technique is attenuation factor of 10° for tip diameter of 70 nm at a

wavelength of 633 nm [67].

Table 1. shows typical parameters of a few commercial tips characterized by us using the

pulling method.

TIP DIAMETER CORE DIAMETER CORE TO CLAD ATTENUATION AT
(nm) CONE ANGLE (um) RATIO A=817 nm

490 24° 8 0.064 10*

380 30° 8 0.064 10*

550 31° 8 0.064 510°

270 34 8 0.064 200

200 22° 50 0.4 100

400 34° 50 0.4 50

Table 1: tip performance.




4.3  Tip-sample distance regulation method

As describe above, the tip to sample distance regulation is based on some interaction
between them. which scales with the tip height above the sample. The method, which is
used for distance regulation in NSOM, makes use of shear a force interaction between the
sample and the tip. The tip is vibrated parallel to the sample surface, and as it approaches
the surface the shear force interaction reduces the amplitude of the vibration. This
reduction of amplitude can be detected and serves to regulate the tip-sample distance. The
shear force (called also lateral force) scheme was first suggested for use in an AFM, [68]

and was adopted by the NSOM community.

Many techmques have been proposed for sensing the tip vibration, most of tham make
used of optical sensing. The early ones used the transmitted NSOM light, [69] or
illuminated the tip from the side with two beams. and detected the phase difference

between them [70].

A very popular optical sensing method, where a single beam is focused on the tip from
the side, perpendicularly to the vibration direction, was proposed in [71]. The resulting
diffraction pattern is detected by a position sensitive detector (PSD). The tip vibrations
modulate the signal intensity, giving rise to an oscillating electrical signal at the output of
the PSD, whose amplitude is proportional to the tip vibration amplitude. The major
drawback of this method is the addition of opticai excitation. which could interfere with
the measurement. For low temperature measurement, like the one in this work, there is an

additional difficulty of aligning this focused beam onto the tip [55].

4.3.1 Electrical sensing method
A few non-optical methods were proposed for sensing the tip-sample interaction. These

methods are based on detection of a piezoelectric signal generated by the tip vibration.

This signal can be measured on the piezo-tube itself {72, 73], or more efficiently on a

46



piezoelectric tuning fork, which is attached on one side to the piezo-tube and on the other

to the tip [74].

We have tested some of the optical and electrical sensing methods and chose the tuning
fork with a large quality factor method [75]. As shown in Fig. 9, the optical fiber, with its
aluminized tapered tip. is glued along the side of one of the prongs of a quartz crystal
tuning fork. Such tuning forks are commercially available for operation at a frequency of
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 piezo. The tuning fork and the tip are
vibrated parallel to the sample surface at the resonance frequency of the joint system (tip
and fork). The bending of the prongs generates an oscillating piezoelectric potential
proportional fo the tip oscillation amplitude. The prong holding the tip is a cantilever of

length L and rectangular cross-section wt. [t bends periodically along the X direction (see

Fig. 9)

Dither Cscillation

Fig. 9. Diagram of a crystal quartz tuning fork with a fiber tip glued along one of

its prongs. The dither vibrates the whole device.
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The parameters needed to determine the dynamics of the prong are its dimensions L=4
mm, w=0.4 mm, t=0.6 mm. its Young modulus E=7.87 x 10" N/m?, and its density 2650
kg/m’. The time dependence of the tip position can be described by an effective harmonic

oscillator equation of motion driven at a frequency w:

m¥ + mp + ke = Fe™. (35)

where m=0.2427(Ltw) is an effective mass, corresponding to about ' of the mass of one
of the prongs. F is the amplitude of the driving force, tuned by adjusting the voltage
applied on the dither piezo tube. k=Ewr/(4L°) is the static compliance of one prong. and

myx is a phenomenological viscous force, which is the sum of all drag forces acting on

the tip. The solution for the equation of motion [Eq. (353)] is:

r
X = 5 T ¢
mlw; — o + iyw)

The amplitude of this solution is given by the Lorenzian:

F
A= . (36)

4 172
s 24" 1.2
(ei = o) + 70l

where | assumed @ =~ @,. This assumption is justified because y << w,, so the

Lorenzian full width at half maximum. Aw = \/—?;y._ 1s small compared to ©;. and we are

interested only at frequencies near wy.

On resonance [ w=wy=(k/m) "=1.0] 501’(E/p)" "E/L'?] the tip amplitude, found from Eq. (36).

is:
F 3F0
A, = = = (37
nye, k

where the quality factor is defined as Q=w¢/Aw. A typical tip amplitude is less than 1 nm.
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so it doesn't damage the resolution, which is ~100 nm. The drag force experienced by the
24 2 P

fork, which is equal to the driving force, is given by:
F, = mp = myia)(,x({o = a)(,) = Fe'"™',

It is important to apply a low drag force on the tip to prevent damage to it. To calculate

the amplitude of the drag force we use Eq. (37) to get:

kA,
V30

|7 = F =

Aq is determined from the electric signal of the fork. according to the calibration of
27uV/nm at room temperature and about one tenth of it at 4 K. Q is found from the
resonance curve (Fig. 10). the resulting typical drag force, acting on the tip in our system,
is a few tens of nN. We reduce the drag force by reducing the driving force to a minimum

value, which still gives a measurable piezoelectric signal.

A typical resonance of the piezoelectric signal amplitude is shown in Fig. 10. The solid
line is measured with a free fork at a room temperature, the dashed line is measured with
a fork that a tip is attached to it at room temperature, and the dotted line is the same as the
dashed line but at a low temperature (4 K). The free fork amplitude is divided by 4, and
the low temperature amplitude is multiplied by 3 for viewing convenience. One can see
that there is a significant reduction of the quality factor after attaching the tip to one of
the prongs of the tuning fork. One can also see the change in amplitude and frequency of

the resonance when cooling the NSOM.
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Fig. 10: Resonance curves of the tuning fork. The dither piezoelectric tube is driven

with a signai of 100 mV. At 4K the modulation amplitude is reduced by a factor of ~10.

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 of the amplitude of that signal is measured as the tip

is within ~20 nm of the sample surface. This change in the signal is shown in Fig. 11
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Fig. 11: Approach curve of the normalized signal amplitude as a function of the

tip-sample distance. The measurement has been made at temperature of 4 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 the 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. This distance is determined

by the set point.

The signal of the piezoelectric tube can be used for surface topography imaging, as
demonstrated in Fig. 12. The structure was fabricated by etching of GaAs mesa lines. The
depth of the etching 1s 300 nm, the width of the lines 1s 6 pm and the period is 10 pm.
The structure was scanned, perpendicular to the mesa lines (in the Y direction), in steps

of 100 nm.
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Fig. 12: A scan of etched mesa lines. The width of the lines is 6 pm and the period is 10pm. The
surface was scanned perpendicular to the lines direction { in the Y direction }. The step size is 100

nim.



5 Description of the microscope structure

Three version of the microscope were developed during the work. The first one was used
for feasibility tests at room temperature. Shear force interaction, scan range, tip-sample
approach mechanism. as well as convenience of operation were studied. The second
microscope type, for cryogenic temperatures. was based on the first model. It was
designed to operate in a relatively small (17mm diameter) sample tube of an optical
cryostat. The tip-sample distance regulation was based on an optical technique. [71]
Although some PL measurement where conducted with this version of the microscope, it
has been found difficult to operate. Recent developments in tip-sample distance
regulation using a piezo tube or a quartz tuning fork (see above), made it possible to use a
non-optical sensing, and hence insert the microscope into a cryostat, which does not have
optical windows (excitation and collection are done with optical fibers). These new
techniques and the need to increase the scanned area and to operate in a more reliable
fashion had led us to design and build a new version of the microscope. The key features.

which characterize our microscope. are:

« [t operates in a storage Dewar with a 44mm bore 6 T solenoidal magnet.

o It has a very stable mechanical structure so scanning is conducted while the Dewar is

standing on the laboratory floor.

o The cool-down procedure is simple: there is a large (0.7 mm) Z range, which enables
positioning the tip at a safe distance from the sample at the beginning of the cooling

process.

e 1t has a 2 mm coarse X-Y movement of the sample relative to the tip, with ~1 pm

resolution.

Ln
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5.1 Microscope overview

The NSOM is operated inside a single-walled. exchange gas-cooled cryostat with 36 mm
ID which fits inside the storage Dewar. The body of the microscope was made extremely
rigid by machining it out of solid stainless steel. This and the low horizontal resonance
frequency (~6 Hz) of the body (mass ~1 kg) on its long stainless steel support tube
provides isolation from horizontal room vibrations. The tip-sample distance regulation is

shear force detection using a commercial 33 kHz tuning fork. [75]

Inertial sliders (also called stick-slip sliders) [76.77] and inchworm-type positioners are
commonly used for coarse X. Y. and Z motion in scanning microscopes. Their advantage
over mechanical positioners is that they are completely electrically activated so that the
problem of converting mechanical motion of a control rod along the Z-axis of a cryostat
to precise X-Y motion is avoided. However, the careful balance between impulse and
friction required by inertial scanners, and the exact tolerances essential to inchworm-type
devices, are parameters that change with temperature. We have chosen to use classical
mechanical means. whose implementation is more straightforward, reliable and simple to

operate. There is no need for nanometer X-Y translation when the scan size is ~10 pn.

Except for dithering, the only motion by the tip is coarse Z. Tip-sample distance control
and scanning are done by the sample piezo. Coarse X-Y motion is done by translating the

sample piezo.

5.2  Microscope construction

The cryogenic end of the microscope is shown in Fig. 13. It is of modular design
consisting of a top flange and four sub-assemblies that are easily separable for changing
the tip or sample. The body is machined from type 303 stainless steel. Assembly | contain
the X-Y table (la), which holds the 2" long by 1/4" diameter sample piezo (Ib). Onto the

top of this piezo is cemented a 4-contact G-10 socket, into which the sample holder is



plugged. The table is essentially square, with two adjacent sides having a 2:1 slope [78].

Fig. 13: A schematic drewing of the NSOM.
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The table rests on a stainless steel thrust bearing. The eight 3/32" stainless steel balls in
The table is pulled against the thrust bearing by a spring that is attached to the center of
the table, passes through the center of the bearing, and is attached to the base. The point
of attachment to the base is more than | mm off center so that the horizontal compenent
of the tension keeps the sloping sides of the table firmly pressed against the balls in the X

and Y drives (see Assembly II) over its entire =1 mm range about the center.

Assembly II is the drive unit for the X-Y table. Its function is to convert the rotary motion
of the X and Y 3/16"-100 hex adjustment screws (Ila), spaced 90” apart and driven by
rods from outside the cryostat, to linear motion in the X and Y directions. They do this by
pushing on linear ball slides (ITb). Two modifications were made to the slides. The end
caps on the top ends were replaced with extensions (Ilc) so that the adjustment screws
would not hit the base. The end caps on the bottom end were replaced with aluminum
blocks (IId). Into the block on the X-axis were epoxied two WC balls separated by
several millimeters parallel to the Y-axis. The block on the Y-axis has a single ball. The
three-point contact between the balls and the sloping sides of the table determine the
orientation of the table. The sloping sides of the table also keep the slides (IIb) firmly
pressed against the drive screws (1la). MoS; dry lubricant is rubbed onto ali moving parts

to decrease friction and prevent galling.

Assembly IIT contains the tip (Illa) and the coarse Z-motion stage. The tip is glued to the
tuning fork (not shown) which itself is glued to a 4-segment 2mm O.D. x10mm piezo
(II1b). The bracket (IITc) holding the piezo is screwed to the carriage of a ball slide (I11d)
which is pushed by an offset adjustment screw (Ille) against a retwrn spring (IIIf). The
offset adjustment compensates for variations in the distance in which tips extend past the
tuning fork. A lever (IIIf) pivots on two WC bails and provides a reduction of 6.5:1 for

the coarse-Z drive screw {see Assembly IV).

Assembly IV is the Z drive. The coarse-Z drive screw (IVa) is a 3/16"-100 hex
adjustment screw. The top flange (V) is soldered to the thin-wall stainless steel support

tube. Not shown in Fig. 13 is a small plate in a recess on the side of Assembly [1I that can
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be tilted in the manner of a standard mirror mount. The fiber for side illumination (see
below) is cemented inside a capillary tube which is soldered to this plate and which is
hent so that the fiber is aimed at the tip. The X and Y drive screws are turned by hand.
Their 254 pm pitch and the 2:1 slope on the X-Y table moves the table 127 pm/rev.
Outside the cryostat, a 6:1 reduction gear and 100-turn counter give a resolution of better
than 0.2 pum over the £]1 mm range. The resolution is adequate to allow overlap between
scanned areas since the horizontai range of the sample piezo at 4.2 K is 11 pm (at 130 V).
The 254 um pitch coarse-Z drive screw is rotated from outside the cryostat by a standard
optical laboratory stepper motor with 1000 steps/rev. Thus. the theoretical Z resolution,
taking into account the 6.5:1 reduction provided by lever IIIf, is 39 nm/step. The Z range

of the sample piezo at 4.2 K is {.5um (for 130 V).

All homemade parts of the microscope were made from non-magnetic material. However,
non-magnetic commercial components did not always exist. In particular, the thrust
washer in the X-Y table. the balls and rails of the bali-slides. and the ball of the hex
adjustment screws are made from hardened 400-series stainless steel. which is magnetic.
Even the WC balls are magnetic. These ferromagnetic materials limit the use of the

microscope to <4 T.

5.3 Optical system description

The excitation source for the PL measurements was either a Ti-sapphire or a He-Ne laser.
The collected PL was measured by a 0.5m spectrometer and detected by a
thermoelectrically cooled. back-illuminated CCD detector with matrix of 1100x330
pixels, 24ux24p pixel size. The gain of the CCD is 4. namely. four incoming photons
give one count. The system spectral resolution determined by the spectrometer and the
pixel width of the CCD is 0.08 nm (each exposure covers a spectral range of 41.8 nm in
the relevant spectral regime of 810 nm). The data were taken using a tip with a diameter
of ~250 nm and transmission at §17 nm of 0.005. The diameter was measured with a

scanning  electron  microscope.  The transmission factor was measured both by



coupling light to the fiber and measuring the output power through the tip, and by
illuminating the tip and measuring the light intensity from the other end of the fiber. Both

methods gave roughly the same result.

An essential point in the operation of the microscope is related to the way the
photo-excitation and the PL collection were performed. Operation in the so-called
illumination mode, where the sample is photo-excited through the tip and the PL 1s
collected by a broad lens, is not appropriate [43]. The resolution in this mode is limited
by diffusion of the photo-excited carriers (typically ~lum in GaAs samples). The
alternative method of operation is the "collection-mode" where the tip is used to collect
the emitted PL. In applying this method there are two possible means of excitation. One
popular technique is to use the tip itself for excitation.[50] This is a simple and straight
forward technique, but it creates background optical noise which will be discussed below.
The second technique is to use a separate single-mode fiber oriented such that the light is
nearly parallel to the surface. This form of excitation may create some shadowing of the
illumination by the tip. but gives uniform excitation and a background-free PL signal. In
this work we have used the collection mode throughout our measurements. In the
following we describe some test measurements that characterize the system performance

in this operation mode.

5.3.1 NF signal as a function of tip height

An indication of a NF measurement is the increase in the collected signal as the tip
approaches the near field zone (another indication is the loss of polarization at this zone
[79]). In Fig. 14 the PL intensity versus the tip-sample separation is shown. The PL is
taken at collection mode. while the excitation is done by a separate single-mode fiber. It
is seen that the PL intensity increases continuously as the tip approaches the sample.
However at the last micron, the signal rises by a factor of ~2. This factor is tip dependent:
the smallest the tip, the larger is the increase, a factor of ~6 is reported in [60] for tip

diameter of 100nm. The rise is a clear indication of entering the near-field zone.
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Fig. 14: PL intensity vs. tip height above the sample

5.3.2 Resolution measurements

In order to check the spatial resolution of the optical system and to compare the optical
and shear-force signals, a special sample has been prepared, consisting of seven GaAs
quantum wells, 10 nm each, separated by 20 nm AlGaAs barriers. 30 nm thick Pd/Au
strips with 1,5 wm width and 3.5 pm pitch were evaporated on top of the sample surface.
The measurement is done using the tip illumination mode, with 0.6 mW at a wavelength
of 730 nm coupled to the fiber, the integration time is 1 sec. The tip is scanned over the

sample, collecting the PL emission from the quantum wells.
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Fig. 15: Integrated PL (solid) and shear-force (dashed) of a test sample

Fig. 15 shows the total counts under the PL peak (solid) and the topography of the sample
(dashed) versus the tip position. The resolution, which is defined as the distance between
the points at which the intensity rises from 0% to 90% of its maximum, is 250 nm. This

is in a good agreement with the SEM measurements of the tip aperture diameter.

it 1s important to realize a significant factor determining the spatial resolution when
measuring a signal from a QW buried below the surface. The PL is emitted at a
wavelength around A from a layer which is ~100nm below the surface. PL emission
carrying spatial frequencies smaller than m\A, where »n is the refraction index, can
propagate in the medium to the surface. There they can be detected by the tip, which has
to be in the near-field region of the sample surface. PL emission carrying higher spatial
frequencies decays almost completely over the distance to the sample surface [40] In

GaAs (7 =3.5) and for A~815nm this spatial frequency cut-off is 230 nm™. Thus there is
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not much to gain by using tip with diameter smaller than 250nm.

5.3.3 Optical noise using tip illumination mode

We have studied the noise that is created excitation through the tip. We have found that
this noise has two sources: PL emission of the fiber core (doped with GeO; in our fibers)
and spontaneous Raman scattering. When illuminating the fiber with the He-Ne laser

(632.8 nm), the noise is dominated by the PL emission.
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Fig. 16; PL noise at two 300K and 77K.

Fig. 16 shows spectra of the background noise at fiber temperatures of 300 and 77K.
These spectra were taken while illuminating the fiber by HeNe laser. The power coupled
into the fiber was 0.6 mW, the integration time 10 sec, and the fiber length 4.5 m. When

the fiber is cooled down to 77K, the noise increases by ~1.5. It has been found that the
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noise intensity scales linearly with excitation intensity and with the fiber length. At a

typical wavelength of 815 nm, the PL noise is ~300 counts/(mW m sec).

2000 . , , . . , ; . ;
737 nm

1860 —
1640
1400 —
1200 ~
1000

800

400 -

Raman Intensity {counts)

200+

| S SR TR (VNN VO ST TVUL FV NS T S T S A S

0 -

i I ¥ i
790 809G 810 829 830 840

Wavelength (nm)

Fig. 17: Intensity of Raman scattering noise at fwo ilflumination wavelength.

As the fiber is illuminated at longer wavelengths, spontaneous Raman scattering
dominates the noise. Fig. 17 shows the Raman background noise spectrum at illurnination
wavelengths of 730nm and 737nm. The illumination power is 0.3 mW, the integration
time 10 sec and the fiber length 3m. It seen that the noise spectrum is shifted from the
exciting laser by a fixed spacing: as the laser wavelength is changed from 730 to 737am
the noise spectrum shifts by exactly 7nm. This is the expected behavior of Raman
scattering. The Raman noise also scales linearly with the fiber length and with the
illumination intensity, but does not depend on the fiber temperature. At 815 nm the
Raman noise is ~70 counts/(mW m sec). We have found that the Raman noise is

unpolarized, in contrast with the noise reported in Ref [50]. The noise source in



[50] is different, and probably related to the metal coating of their tip.

The spontaneous Raman intensity, /i, is related to the laser intensity, /;, by [80]

nDaw, -
b 2‘]!' R (38)
cw,

RS

where #2 1s the 1ndex of refraction of the fiber, D is the Raman coefficient, ¢ is the speed
of light, I, and [/, are the Raman and the laser angular frequencies, and z is the fiber
fength. D was calculated from Eq. ((38) and found to be independent of /; and z. We

found D = 107 sec”’. which is in good agreement with a previous measurement {81].

‘. . . - . . 2
When exciting via a far field source, with a power density of 100mW/cm”, the measured
PL signal level for a 20 nm width GaAs single quantum well was ~40 counts/sec at the
exciton peak maximum. The integrated signal under the exciton peak is 600 counts/sec.

In this excitation mode the noise is dominated by photon shot noise.



6 Near Field measurements of a Gated 2DEG

It was shown in Chapter 3, that the X complex is formed from a photo-excited electron
hole pair and a native electron. Therefore, X~ recombination is an indication for the
presence of an electron at the 2DEG layer. In this research work we utilized this property
of the X~ together with the high spatial resolution of the low temperature NSOM to image

the electrons distribution in the 2DEG plain.

6.1 Sample structure

The sample measured in this work consists of a 20 nm GaAs quantum well followed by
37.5 nm Alg37Gag e3As spacer layer and a 10 nm layer Aly37Gapg3As doped with silicon
at concentration of 3.5x10"™em™. The structure is capped by a 20 nm undoped
Alg37GapesAs and 10 nm GaAs. A 2x2 mm” mesa was etched, and ohmic contacts were
alloyed into the 2DEG layer. A 4 nm Pd/Au semi-transparent gate was evaporated on top.
The continuity and uniformity of the gate was verified by SEM imaging. The 2DEG
concentration was 4}{10“0111'2, and the mobility 1.3x10%m*/V sec, both measured at 4.2
K. Upon excitation with the laser the electron density is reduced by an amount that
depends on the laser intensity. Consequently. the gate voltage needed to deplete the

sample is intensity dependent.

6.2 Near field imaging of electron distribution using the X line

In Fig. 18 a series of PL spectra of a gated 2DEG is shown. These spectra ware taken
with the tip at the NF zone at different gate voltages. By comparing these spectra to the
far-field spectra shown in Fig. 3. it is evident that there is no dramatic difference between
the local PL and the large area far-field emission of the 2DEG. In both figures we see
clearly the evolution from a broad spectrum, of free electrons, to an excitonic spectrum,

characterized by two peaks. The high and low energy peaks are due to a
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recombination of a neutral (X)) and negatively charged (X), respectively.
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Fig. 18: Near -Field PL evolution of a gated 2DEG

This work is mainly concentrated in the gate voltage regime where the spectrum becomes
excitonic. The underlying idea is to scan the sample with the NSOM tip and collect the
local PL emission at a constant gate voltage, Since the X7 is a local object representing a
localized electron, a change in the local X~ PL intensity should be observed as the tip

move from regions with high electrons concentration to lower one.

6.2.1 Non-uniformity of the local spectra

Fig. 19 shows four near-field spectra measured at different locations at the same gate

voltage, V=-0.135 Volts.
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electrons are non-uniformly distributed.
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At this gate voltage the specirum is excitonic: the high and low energy peaks are the X
and X, respectively. It can be seen from the figure that the near-field spectrum is
different from one location to another: while the height of the X peak is almost similar in
the four spectra, the height of the X peak varies substantially. Since the X is an

indicator for the presence of electrons, these variations in its intensity show that the

This behavior of the X and the X peaks is verified by measuring the sample PL with the



NSOM tip along 11 pm long line, with 100 nm steps between subsequent measurements.

The results are shown in Fig. 20.
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Fig. 20: Integrated intensity of the X and X~ peaks along an 11 pum line scan.

To construct the figure from the measurement. the intensity under the X and X~ peaks of
each local PL spectrum were integrated. The integrated intensity is shown as a function of
the tip position. The inset of Fig. 20 shows the integrated areas of the X and X peaks on

a typical spectrum that was taken in this scan.

It 1s evident that there are large fluctuations in the X intensity. These fluctuations occur
throughout the scanned region and on any length scale. (see below) down to the

resolution limit. The X peak exhibits much smaller fluctuations. It should be
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emphasized that these fluctuations are stable over time: repeating the measurement over

and over again reproduces the line scan.

As the X is a negatively charged object it can be localized by the random electrostatic
potential caused by the non-uniform distribution of the donors. The amplitude of these
electrical potential fluctuations can be as high as ~10-20 meV, as calculated in Chapter 2.
The neutral exciton on the other hand, is electrically neutral and therefore it is only
weakly influenced by the electric field, and has a relatively high diffusion length. This

explains the small variation in the X intensity relative to the X",

To further prove the local nature of the X intensity fluctuations we performed repetitive
measurements of the PL spectrum, first with the tip at the NF region (~10nm above the
sample surface), and than with the tip at a height of 1pum above the sample. The
intensities of the X and the X~ peaks were integrated as in Fig. 20. The result is shown at
Fig. 21. It is seen that at a height of Tum, the fast spatial frequencies disappear. Only

spatial frequencies smaller than a {few micron)'l survive. This is also seen in the X line.
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Fig. 21: Intensity of the X™ and X peaks along 7pm scan. The solid and dashed

curves are measured at a tip height of 10 nm and 1um.

Thus. the far-field spectrum in the gate voltage regime where the spectrum is excitonic is
an integration of many local spectra that are different from each other. The far-field
intensity of the X and X" in the spectrum reflects the average electron density at the area,

from which the PL is collected.

69



1.2 5
1.0:
0.8—.
0.6-:

0.4-

Intensity (arb. u.)

0.2

0.0

"02 T | v 1 ¥ T v |
1.5620 1.522 1.524 1.526 1.528
Energy (eV)

Fig. 22. Solid curve: A sum of 121 spectra collected by scanning an area of 1x1

pmZ. Dashed curve: Far-field spectrum taken ~1 um above that area.

Fig. 22 demonstrates this statement. It is constructed by the following procedure: First a
square of 1x1 um’ is scanned and the PL spectra from all the points are summed up (Fig.
22 solid line). Then the tip is withdrawn to a distance of 1 um from the sample and the
PL is measured above the center of this square (Fig. 22 dashed line). It can be seen that

the two curves nearly coincide.
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6.2.2 PL intensity fluctuations as a function of gate voltage

Fig. 23 shows the evolution of the integrated X~ PL intensity along Iipm scan as a

function of gate voltage.
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Fig. 23: Integrated intensity of the X~ peak along 11um line at different gate Voitages.

At small negative gate voltages, the intensity along the line is relatively smooth. As the
gate voltage becomes more negative the X7 intensity exhibits large spatial fluctuations. It
can be seen that these fluctuation evolve adiabatically with the gate voltage: as the gate

voltage becomes more negative local maxima become higher and local minima- lower

71



- - . . ‘o
Vg =-0.155 ( }
\ j*
’ \ \ = 0.5
—~ 1 o , 5
v A /\ v [ J =
2 AU g .
< : 4 } t = t % ’
2 o= 10
~ U
Ry Vg =-0.135 ; =
g )
8 /\/\ ]\ ~ *3 0.5
E 1A /J\j\/\/‘\_ \JV\ /\/\_/ o
O \ - o
= N oo
. + g ¥ + t t 'a‘
& |vg=01085 = -
B g X
: Z
Pes . 6.5
‘E' \M’\‘"'\f\f \\,'f /\ / \‘f\“\f \\,ﬂ./ //\‘\F\‘/W\JJ A 1 X
0.0 s M
0 9 4 5 8 10 12 1521 1524  1.527
Tip location (pm) Energy (eV)

Fig. 24, left: X integrated intensity along 11um scan at three gate voitages.

Right: average spectrum of these lines.

Figure 25 shows three line-scans, each taken at a different gate voltage: Vg=0.105 V,
-0.135 V and -0.155 V. (Fig. 24 is measured at a higher intensity than Fig. 23, hence the
gate voltage are different). These voltages correspond to different relative intensities of
the X and X~ peaks in the 2DEG spectrum. The average spectrum along each line-scan is
presented at the right side of Fig. 24. It can be seen that at Vg=0.105V the spectrum is
dominated by the X . at Vg=-0.135V the X and X~ peaks are nearly equal, and at
Vg=-0.155 the spectrum is dominated by the X peak. The line scans are normalize by
dividing the value at each point along the line by the average value of that curve.
Comparing these line scans, one can clearly see that the relative fluctuation amplitude
increases with the gate voltage. In the lower curve, where the gate voltage is positive, the

ratio between the maximum and the minimum is .4, while in the upper curve
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this ratio is more than three. The positions of the maxima and minima, however, are

almost fixed in space, and are almost unatfected by the gate voltage.

6.2.3 Fourier analysis of the fluctuations

Frequency components of a line scan can be calculated by fast Fourier transform (FF T).
This procedure is limited by the number of data point along the scan and the scan length
(111 points along 11pum). An additional factor that poses a limit on the FFT is the finite
diameter of the tip, which sets a high frequency cut-off. In the following we present the

wavelengths of the FFT in units of pm.

An FFT for the three lines that are presented in Fig. 24, is shown in Fig. 25. It is evident
that as the 2DEG is depleted (more negative gate voltage) the intensity of the entire
Fourier components (long and short) increases (note the different scale). This change in
amplitude will be further discussed in the next section. However, it is also seen that the
relative intensity of the short wavelength components decreases compare to the longer
ones. The most noticeable peak at the dense 2DEG (Vg=0.105) is at 3.3 pm, and is
shifted to 5.5 pm at the dilute 2DEG (Vg=-0.135 and Vg=-0.155). This behavior is a
result of the fact that long wavelength components are the most easiest to screeu, hence,
as the 2DEG is depleted the long wavelength components, which were screened by the

dense 2DEG. becomes more pronounced.

The shortest component at all spectra that is steel pronounced is at 0.9pun, which is ~3
times the tip diameter. Below this cut-off wavelength the amplitude decreases abruptly.
This abrupt jump in the amplitude is due to the tip diameter that averages out spatial
components smaller than 3 tip diameters. It should be noticed, however, that Fourier

components exist at all possible wavelengths down to the FFT resolution.
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6.2.4 Fiuctuation amplitude

Fig. 26 summarizes the dependence of the fluctuation amplitude on gate voltage (note
that this measurement is taken at a weaker illumination intensity then the measurements
of Fig. 23 and Fig. 24, hence the gate voltages are more negative). The graph describes
the dependence of the normalized standard deviation of the X~ fluctuations amplitude on
gate voltages. The two spectra are the typical spectfa at the gate voltage points that are
denoted by the arrows. It can be clearly seen that the fluctuations amplitude is constant
aver a large range of gate voltages and starts to increase at the voltage. at which the
spectrum becomes excitonic, This correlation between the appearance of the excitonic

spectrum and the rise of the fluctuations amplitude is very significant.
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The excitons appearance is an indication for a change in the screening properties of the
2DEG: 1t becomes ineffective in screening the electron-hole interaction. It follows that
the 2DEG is also ineffective in screening the random potential induced by the ionized
donors in the doped AlGaAs layer, and the fluctuations in this potential grow. These
donors are randomly distributed, with an average distance between them of a few nm.
They give rise to a random electrostatic potential in the 2DEG plane, with the smallest
spatial period being the spacer width (37.5 nm in our sample).[21] The high spatial
frequencies of the observed fluctuations and the fixed positions of the minima and

maxima are consistent with this explanation.

It is evident from Fig. 26 that fluctuations in the PL intensity are observed throughout the
gate voltage range. At the range where the PL is 2DEG-like, namely - non-excitonic and
shifted to lower energies. the electrons are delocalized. The weak fluctuations in this

range are independent of the gate voltage, and are due to localization of the photo-excited
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holes in the donors potential. The observed increase in the fluctuations amplitude as the

spectrum becomes excitonic /s if the onset of the electrons localization.

Since the spatial resolution of the measurement is ~250 nm, it is impossible to collect
light from a single localization site, which has a typical size of 40 nm, the spacer width.
Thus, at each tip location the tip collects light from several sites. The changes in the X*
intensity from one tip location to another originate from a non-uniform occupation of

these localization sites.

6.2.5 Modeling the localized system

To model the localized system let us assume a simplified model, where the potential
fluctuation consists of a periodic potential in the plane, in which the electrons are
randomly distributed. In such a model the tip samples a sub-region, in which there are N
sites with a probability p to be occupied by electrons. Fig. 27 describes such a model with

p=0.3. The circle in the middle describes the tip with diameter of 5 localization sites. thus

Fig. 27: Schematic diagram of the simplified model describes in the text.
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The average number of electrons occupying the area under the tip is n, = pN, and the
corresponding standard deviation is &, =+/pN(1 - p). The average PL intensity of the
X~ line that is measured by the tip can be written as [,= om,, where o IS a
proportionality factor. Hence, the maximum intensity, f,.can be written as: Jyu= oN.
The standard deviation, ¢ in the X intensity is proportional with the same proportionality

factor to ;. Thus o can be expresed in terms of measureble quantities /,y, Jywy, and o

i)

2

a3 _ o . (o3
= R —
U.” I(Il' (1 — f{l\' )
a IIIIE)X
2
5
o =

By substituting o, ¥ can be calculated to be:

j\[ — [ £1H HHIX "

I I «[ (1"”1{“-/[umx)
o o’ '

Since I,, and o depend on the gate voltage, the consistency of this model can be checked
by calculating &V for each gate voltage. Fig. 28 shows N for the measurement in Fig. 26. It
can be seen that indeed a relatively small scatter around an average value of N=30 is
obtained. Since the tip diameter is 250 nm this implies an average fluctuation size of 40

nm. This is in a very good agreement with the expected size, the spacer width (37.5 nm).
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Fig. 28: Number of sites under the tip as a function of the gate Voltage.

Fig. 29 shows the distribution of the X intensities along a scanned area of 11x11pm™.
The dashed curve describes a Gaussian fit to this distribution (the inset shows typical
spectra of the measurement). The nice fit is an indication to the randomness of the
measurement. This randommness, is consistent with our model and is due to the random

nature of the donors distribution during the growth process.

It is important to note that a gate voltage range, where the spectrum is excitonic at one
area and 2DEG-like in another area, has not been found. Such a spectrum might represent
an isolated puddle of free electrons. This fact indicates that there are no large clusters of

free electrons, and the localization is of single electrons.
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Fig. 29. Solid curve: Intensity distribution of the X~ peak. Dashed curve: Gaussian

fit to this distribution. Inset: Integrated spectra of the scanned area.

6.2.6 Imaging the donors density

Since the position of the minimum and maximum in the X~ PL intensity, is neatly
independent of the gate voltage, imaging of the donors distribution can be done. The
underlying idea is that the localizing potential is due to fluctuation in the donors density,

N, It was shown in [21] that the number of localized electrons in a given area is
proportional to the square root of the local donor density 4/~, . Thus, the fluctuations in
the X~ intensity mirror the fluctuations in the donors density. By fixing the gate voltage at
a convenient value and scanning the sample, we obtain a two dimensional map of the X°
intensity. which directly related to the donors distribution. Fig. 30 shows such a map for a

- 2
region of 6x6 pun”.
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Fig. 30: 6x6 um? image of X™ energy distribution.

6.2.7 Fluctuation in the dense 2DEG phase

The donors density fluctuations are expected to influence the 2DEG also in its denser
phase. The induced potential fluctuation were calculated in Chapter 2 in the presence of
screening by the 2DEG electrons. It was shown that the screening reduces substantially
these fluctuations. However, a mean fluctuation value of ~1mev should be felt by the
2DEG. These potential fluctuations should give rise to density fluctuations, and hence
one may naively expect to observe local variation in the PL line-width: the PL line-width
should be broad at a high density region and narrow at a low density region. These

variations in line-width are not observed. There are several possible mechanisms,
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which can explain this absence of line-width variations. Further investigations with better

spatial and spectral resolution are needed to better understand this issue.

Integrated Intensity (Arb.Units.)

2

>0 Y (um)

Fig. 31: Surface map of PL intensity from a dense 2DEG.

On the other hand, the intensity of the PL in this regime does fluctuate. These fluctuations
are due to local fluctnation in the density of the photo-excited holes that are also
influenced by potential landscape. Image of the intensity of the PL peak at the dense
2DEG phase is shown in Fig. 31. The Fermi energy of the 2DEG during the scan were

estimated to be ~2-3meV.

6.2.8 Temporal intensity fluctuations
In addition to spatial fluctuations of the X~ and X intensities, it is found that there are
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also temporal intensity fluctuations. This phenomenon occurs while exciting the sample

with a high enough power (above 50mWicm®).
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Fig. 32: Three spectra taken at the same tip position at excitation intensity of 60mW/cmZ.

Fig. 32 shows three spectra taken at the same tip position at high excitation level of 60
mW/em?. It is evident from the figure that in contrast to the spatial fluctuations, where the
changes are much more pronounced in the X~ intensity, the temporal fluctuations are

mainly observed in the X intensity.
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Fig. 33: Integrated intensity of the X~ and X during 1 hour.

Fig. 33 shows the integrated intensities of the X and X peaks during 1 hour measurement
(480 points). It is seen from the figure that the fluctuations at the two peaks are at
anti-phase. An I'FT of these traces shows that slow frequencies are more pronounced than

the higher ones (this is also seen from the figure).
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Fig. 34: Relative standard deviation of the X and X integrated intensity as a

function of the tip height.

Fig. 34 shows the relative intensity fluctuations as a function of tip height above the
sample. The relative standard deviation is calculated by dividing the absolute standard
deviation by the average intensity. It is seen that the temporal fluctuations decay as the tip
is withdrawn from the sample. However, even at a height of ~30um the fluctuations in

the X intensity is steel observed.
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Fig. 35 shows the relative standard deviation of the temporal intensity fluctuations of the
X and X peaks as a function of illumination intensity. The dotted line represents the limit
of the statistical shot noise, which is the square root of the average. It is seen that at low
illumination density the statistical noise becomes the dominant noise source at the X~
line, however, temporal fluctuation m the X intensity persist to the lowest measured

illumination intensity.

These temporal fluctuations are probably due to charge movement in the donors layer.
Electrons that are activated to the donors layer can move there and change the lateral
potential at the 2DEG layer. These changes affect the local population of the X and X™.
Since the neutral exciton has higher oscillator strength then the X7, it reacts stronger to
these changes. These charge migrations occur on large areas with low time scales. This
explained the anti-phase behavior of the two excitons since they are both competing on

the same number of photo-excited holes.
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7 Summary

A low temperature near-field system for PL measurements was developed. The
measurements were conducted in a Helium storage Dewar in stable temperature
environment of ~4K. The duration of the measurements can be as long as 1 month
without heating the microscope. The microscope mechanics enable coarse Z movement
of ~1 mm. and coarse X-Y movements of 1 mm. The scan range is 11x11 pmz. A tuning
fork piezo crystal detects the shear force signal during the scan. This signal is fed back to
the scanning piezo to maintain a constant height during the scan, hence a surface map of
the sample is obtained simultaneously with the optical signal. The operation and stability

of the microscope were tested by scanning lines that were formed on a GaAs substrate.

Near-Field PL measurements were conducted at collection mode operation, the
illumination was done with a separate single mode fiber. This mode ensures high
resolution and uniform excitation of the sample. The spatial resolution of the microscope
was checked, it was found that it is determined by the tip diameter. The typical collected

PL signal levels were a few hundreds photons/sec.

Photoluminescence measuremenis of a gated 2DEG were done at various electron
densities with a resolution of 250 nm. It was found that at the dense 2DEG limit the width
of the PL peak was spatially uniform. Small changes in the intensity were attributed to
inhomogeneous distribution of the photo-excited holes. This non-uniform distribution is

due to lateral potential fluctuation induced by the remote ionized donors.

As the electron gas depleted below some critical density of a few 10" ¢m™ the spectrum
becomes excitonic. In this density regime it was found that the X~ peak intensity changes
across the sample. These intensity fluctuation increases as the 2DEG depleted. The
location of the minima and maxima of the fluctuations were found to be fixed and
independent of the gate voltage. The intensity of the X peak, was found to be relatively

uniform. We explained the intensity changes of the X~ peak by single electron
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localization in the lateral potential fluctuations induced by the remote ionized donors. A
simple model, based on statistical occupation of these potential fluctuations, was
developed to explain our results. The fluctuation of the X7 can also be used to image the

donors distribution.

Temporal fluctuations of the X and X intensities were found at high excitation intensity.
These fluctuations are due to charge movement in the donors layer that chang locally the

lateral potential.
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