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Abstract

I report the measurement of electron temperature in a lateral GaAs
quantum dot, which was cooled using a dilution refrigerator. The
aim was to reduce the electron temperature in thetwo dimensional
electron gas(2DEG) of the GaAs quantum dot using Coulomb blockade
peak width in a temperature broadened regime as a thermometer. We
¯nd that a two stage low pass ¯lter mounted at the cold ¯nger of the
cryostat is able to reduce temperature considerably.
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1 INTRODUCTION

1 Introduction

Until recently, electronic devices did not require understanding of basic
quantum mechanical properties except for the electronic band structure of
a conductor or semiconductor. With the diminution of electronic devices
quantization of electron motion and charge became very important and de-
termine electronic transport. Mesoscopic systems like quantum dots give
insight into fundamental physical issues and are promisingdevices for im-
plementation of quantum computing.

1.1 Motivation

To measure quantum mechanical properties on quantum dots, it is essential
to cool down the device to a millikelvin regime to make sure the thermal
energy of the electrons is much lower than the energies of thefeatures we
would like to measure. Therefore we use a dilution refrigerator to achieve
desired temperature. Improvements of cooling techniques made it possible to
cool down a device to a few millikelvins. It is hard to lower the temperature
of the electrons in the two dimensional electron gas of our device because it
is hard to get a premium thermal conduction all the way from the mixing
chamber to the device. This also demands a very low noise on the system
in order not to heat up the dot. The aim is, to reduce temperature of these
electrons using ¯lters mounted on the cold ¯nger (¯g. 1).

Figure 1: Insert of the dilution refrigerator MCK50-100 TOF w ith the ¯lters
mounted on the cold ¯nger.
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2 POINT CONTACT AND QUANTUM DOT

2 Quantum Point Contact and Quantum Dot

2.1 Lateral GaAs/AlGaAs heterostructure devices

Growth techniques, such as molecular beam epitaxy, allow fabrication of
devices where the electrons are occupying only the quantum mechanical
ground state in the z-direction. Therefore electron motion is limited to the
x-y plane, forming a two dimensional electron gas(2DEG). Developments in
growth technology combined with electron-beam lithography made it pos-
sible to achieve very strong con¯nement in every direction insuch devices.
Quality of the heterointerface in GaAs/AlGaAs is very high d ue to very
similar lattice constants and sophisticated remote doping.

The 2DEG at the interface of GaAs/AlGaAs (¯g. 2) is forming the basis
of our devices. 2D electron density ofns ¼ 1015 m¡ 2, Fermi wavelength
of ¸ F = (2 ¼=ns)1=2 ¼ 80 nm and mobility of around ¹ ¼ 100 m2V ¡ 1s¡ 1

are typical values for wafers [5]. With electron beam lithography one can
place metallic gates of the size of some 10 nm's on the surfaceof the wafer.
When a negative voltage in the order of -1 V is applied to a gate,the 2DEG
below can be depleted and tunable structures can be formed. The mean free
path of electrons in a device of described mobility is of the order of 10 ¹ m
while structures of some nm can be formed. This means electrons move in
a ballistic regime.

2.2 Quantum Point Contact

Conductance through aquantum point contact (QPC), a very narrow region
formed in a 2DEG, is not linear as one would expect from a classical point
of view, but quantized and changes in steps of 2e2=h [7, 8]. A QPC can be
realized in a GaAs/AlGaAs heterostructure. A change of the gate voltage
changes the width of the constriction. Conduction can then be measured as
a function of gate voltage. QPC's are very sensitive to changes in the local
electronic potential and are often used as charge sensors. Quantum point
contacts are very interesting research objects themselvesbut they also form
the basic elements of more complex nanostructures like quantum dots.

2.3 Quantum Dot

One can build a small conducting island by separating a smallregion by two
QPC's from two electron reservoirs (Sourceand Drain ). The current-voltage
characteristic of such a quantum dot is highly nonlinear at millikelvin tem-
peratures. With gate electrodes one can tune the electronicpotential on
this quantum dot. By varying the voltage on this gate, conductance peaks
result while in the valleys between two peaks conductance issuppressed
(Coulomb-blockadesee ¯g. 4). The number of electrons is constant within
one Coulomb-blockade region. In the region of a conductance peak, the
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2.3 Quantum Dot 2 POINT CONTACT AND QUANTUM DOT

Figure 2: GaAs/AlGaAs heterostructure (left) and band diag ram (right).
The partially n-doped AlGaAs layer is grown on GaAs substrate forming
a two dimensional electron gas at the interface. The ohmic contacts make
electrical contact with the 2DEG (in our device made of PtAuGe).The gold
gates on the top de¯ne the structure of the device.

number of electrons on the dot can change, meaning that a single electron
can enter and leave the dot before another electron enters. Current is no
longer blocked. Therefore such devices are also calledsingle-electron tran-
sistors (SET). The energy that is necessary to add an electron to the dot is
Ec = e2

C§
with C§ = CG + CSD + CD . The capacitance of the dot is deter-

mined through geometrical properties and provide access tothe physics of
such a system.

The thermal broadening of coulomb-peaks (see chapter 2.3.2)enables us
to measure electron temperature.

2.3.1 Charge tunneling

To observe tunneling of single charge carriers into and out of a quantum dot,
the thermal energy kbT must be smaller than the change in the Coulomb
energy on the dot, which is given in terms of capacitanceCdot of the dot
Ec = e2

Cdot
[5]. The ¯rst condition to see single tunnel events is

e2

Cdot
À kbT: (1)

The second condition is, a high tunnel barrier. This assuresthat the elec-
trons are well located either in the source or drain reservoirs, or on the dot
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2.3 Quantum Dot 2 POINT CONTACT AND QUANTUM DOT

[5]. Therefore the tunnel conductanceGt must be much smaller than the
conductance quantum e2

h :

Gt ¿
e2

h
: (2)

This can easily be done with tunable QPC's. The ¯rst criterion (1) can be
achieved by making the dot small and cooling the device. A small device
has a small capacitance C since the capacitance of a disc is C =8 " r "0 r.

Let's assume a simple example of a quantum dot where temperature
is zero. Charge tunneling can occur if states on the dot are available
which are lying between the electrochemical potential of the source and
drain. This energy window can be tuned by applying a source-drain volt-
age Vsd = ( ¹ s ¡ ¹ d)/e. The electrochemical potential of the dot ¹ dot can be
tuned by a gate electrode (¯g. 3).

Figure 3: a) Schematic picture of a quantum dot that couples capacitively
to the plunger gate and by tunnel junction to the source and drain reser-
voirs. b) By applying a source-drain bias Vdc one can tune the di®erence in
electrochemical potential of source and drain and with the voltage on the
plunger gate the potential of the dot.

2.3.2 Temperature Broadening of Coulomb Peaks

For real situations temperature is non-zero. This leads to a Fermi distri-
bution of the electrons in the 2DEG resulting in a thermal smearing of the
resonances of the dot (¯g. 4). Conductance peaks at a given potential
correlate with the density of states of electrons in the 2DEG. In this way
conductance g trough a device depends on the energy distribution f(E) [3]:

g = ¡
Z

f 0(E )g(E)dE (3)
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2.3 Quantum Dot 2 POINT CONTACT AND QUANTUM DOT

We can distinguish three temperature regimes [5]:

² e2

C ¿ kB T where conductance is the sum of the conductance of the
two tunnel barriers 1

G1
= 1

G1
+ 1

G2
.

² ¢ E ¿ kB T ¿ e2

c the classical Coulomb blockade where many levels
are excited by thermal °uctuations and all the peaks have the same
height which is half the value of the one above (¢E is the energy
spacing).

G
G1

=
e®g¢ Vg=kB T

2sinh
³
e®g¢ Vg=kB T

´ ¼
1
2

cosh¡ 2
³ e®g¢ Vg

2:5kB T

´
(4)

² kB T ¿ ¢ E ¿ e2

c the quantum Coulomb blockade where the tunneling
happens only trough a single level. The line shape in this regime can
be calculated with the following formula derived by Beenakker using
the constant-interaction model [1, 4]:

G =
e2

h
¡ r ¡ l

¡ r + ¡ l

1
4kB T

cosh¡ 2
³ e®g¢ Vg

2kB T

´
(5)

The temperature broadening of the quantum Coulomb blockadecan be
described in this way if the barrier conductances are small (G1;2 ¿ e2

h ).
This veri¯es, that the broadening of the peaks due to the coupling to the
reservoirsh¡ is much smaller than the thermal broadening. That means that
tunneling processes of higher order are suppressed. For themeasurement of
electron temperature we do a ¯t to the measured data and have todetermine
the lever arm ®g. The full width at half maximum (FWHM) has a linear
temperature dependence [2] which is shown in ¯g. 4. There, onecan see the
transition between the classical and quantum coulomb blockade which have
di®erent slopes, 4.35 kB for the classical regime and 3.5 kB for the quantum
regime.
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2.3 Quantum Dot 2 POINT CONTACT AND QUANTUM DOT

Figure 4: Left: Conductance peaks for di®erent temperatures. (From Meir,
Wingreen and Lee [6].)Right: In the upper panel the inverse of the maximal
di®erential conductance is printed, in the lower panel FWHM as a function
of temperature. Two slopes are visible, FWHM = 4.35 kB T for the classical
regime and FWHM = 3.5 k B T for the quantum regime. (From E. B. Foxman
et al. [2].)
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3 MEASUREMENTS

3 Measurements

3.1 Setup

To perform the measurements, we must be able to detect very small currents
and therefore have very low noise levels in the system. The cartoon (¯g.
5) shows the setup for the measurement. Lock-in technique enables us to
achieve a very good sensitivity for detecting small currents. Like this we can
measure small changes in the di®erential conductance of the dot. We apply
a small AC-voltage to the device, such that the resulting current neither
damage the dot nor heat up the device because cooling power inmillikelvin
regime is low. To detect changes in conductance we have to detect very
small changes of current.

The voltage on the gates of the dot and the DC-voltage over the source
and drain are controlled with the digital-to-analog converter (DAC). To
measure di®erential conductance, we apply an AC-voltage withthe lock-in
ampli¯er. The current trough the dot is preampli¯ed with a curr ent ampli¯er
(Ithaco instrument) and sent back to the lock-in. The signal of the lock in is
read out with a digital multimeter (DMM) and processed with a computer
using the data analysis software IGOR pro.

Figure 5: Cartoon of the measurement setup.

3.2 Filters

As already mentioned, we have placed ¯lters on the cold ¯nger toincrease
the interaction between the electrons and the cold lattice and thus improve
cooling power on the conducting electrons. The ¯lters are on four circuit
boards with eight channels each. The ¯lters are all equal and are composed
of two low pass ¯lters of ¯rst order (¯g. 6).
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3.3 Device 3 MEASUREMENTS

Figure 6: Circuit design of the ¯lter (one channel).

When we did the ¯rst cool-down, the resistance of the 2DEG was much
too high, a phenomenon we did not see with the 4 K measurement using
the dip-stick. Our suspicion was that the resistors of the ¯lters cause this
decrease in conductance. This was con¯rmed when we found out that the
resistors contain a resistive layer of RuO2. This is the same resistor material
used as a thermometer for millikelvin temperature in our dilution refriger-
ator, meaning that the resistance is strongly temperature dependent in the
millikelvin regime. This implies that we have a ¯lter with a st rongly tem-
perature dependent cut-o® frequency and resistance. To solve this problem,
we bonded some of the spare channels of our fridge with Au wires. With this
setup we are able to measure the resistance of the whole setupand subtract
this value from our measurements to get the resistance of ourdevice.

3.3 Device

The device is written with e-beam lithography. The 2DEG is 110nm below
the surface and has a mobility of ¹ = 2 :78 ¢105 cm2V ¡ 1s¡ 1. The AlGa
cap on the top is 10 nm thick, the Al0:3Ga0:7As layer is 100 nm thick and
partially doped with Si with a concentration of 4 ¢1012 cm¡ 2. The 2DEG
concentration is ns = 2 :8 ¢1011 cm¡ 2. The ohmics are made of PtAuGe.

Figure 7: SEM picture of a quantum dot with the same design like our
device.

With the ¯rst measurement of this dot we want to see if the ohmics and
gates are working. Resistance of the ohmics at 4 K are around 500 ­ and
for the gates more than 1 G­. All ohmics and gates are working. Now we
can start the measurements with the dot in the MCK fridge which can reach
a base-temperature of about 20 mK.
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4 RESULTS

4 Results

After the ¯rst quantum dot blew up because of a broken switch of the setup,
we were able to do measurements using the second device. After cooling
down the device and hooking up the gates and the ohmics, we started to
form a dot and the measurements began. The channels of the DACwhere
distributed to the di®erent gates like shown in ¯gure 8.

Figure 8: Appellation of the device structures.

4.1 Wall-Wall Measurements

For the wall-wall measurement, there is no dc current appliedto the dot.
We just apply a voltage on the gates to form a dot. Then the di®erential
conductance is measured as a function of the voltages on the left and right
wall. This is a measurement of two QPC's in series (betweenc0 and c1 and
between c0 and c5) with a conducting island in the middle. This results
in conduction steps of multiples of e2

h as a function of c1 and c5 forming
quadrangular regions of the same conductance. Certainly the physics of such
a device is not as simple and other structures show up in the measurement.
The wave function of a electron on the dot is very sensible to the ¯ne tuning
of all the gates and other local changes of the electronic potential. This
measurement is used to ¯nd the regime of the dot where the tunnel barriers
are very opaque that the electrons are well located either inor outside the
dot (¯g. 9). This enables us to measure charge tunneling with afew electron
quantum dot.

4.2 Determination of the Electron Temperature

First we need to ¯nd the lever arm ®g= Cg
Cdot

to know how much the energy
of the dot is shifted when the plunger voltage is changed. To ¯nd ®g we
need to know the energy splitting for a certain applied bias voltage. From
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Figure 9: a) Wall-wall measurement. b) Zoom-in of a) showing a region
with very low conductances and high tunnel-resistance.
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4.2 Determination of the Electron Temperature 4 RESULTS

the measurement of ¯g. 10 a) we get a split of 8.1 mV at -360¹ V applied
voltage (-400¹ V minus o®set of -40¹ V) giving a lever arm of 0.044. In the
quantum regime where conduction is provided through one single energy
level of the dot, the FWHM of the Coulomb peak is linear in temperature:
FWHM = 3.5 k bT. When we do a ¯t of the Coulomb peak in ¯g. 10 b) we
get a FWHM of 0.5965 mV ¢0.044 = 0.026246 mV. This corresponds to an
electron temperature of T ¼ 88 mK.

The temperature in the last cool-down without the ¯lters has been more
than 200 mK. So the ¯lters are a big improvement and are helpingus to
reach lower electron temperatures.

Figure 10: a) Measurement of plunger p234 as function of biasvoltage Vdc.
The energy splitting at a certain bias voltage gives the lever arm ®g. b)
Temperature broadened conductance peak (red) and a ¯t (blue)to the data
with a FWHM of 0.597 mV.
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