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Experimental techniques

This chapter presents the experimental techniques used in this thesis, emphasizing

fabrication recipes and electrical measurement techniques. First, a brief descrip-

tion is given of the material (semiconductor heterostructure of AlGaAs/GaAs)

used throughout this thesis. Then it is discussed the fabrication steps required

by a quantum dot. The chapter is continued by a description of the fabrication of

side contacts of Co to the 2DEG formed in AlGaAs/GaAs. The discussion is then

concentrated on the description of the electrical measurements (and cryogenic

techniques) used in this thesis.
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28 Chapter 3. Experimental techniques

3.1 GaAs/AlGaAs based 2DEG systems

Since 1970s, low dimensional systems (semiconductors structures where the con-

duction electrons are physically confined in one direction) gave a big boost to

electronics and fundamental research as well. The earliest device, the MOSFET

(Metal Oxide Semiconductor Field Effect Transistor), revolutionized the electron-

ics. Systems based on III-V materials (like AlGaAs/GaAs) added improved func-

tionality and record electron mobilities (also known as HEMT - High Electron

Mobility Transistors). For mesoscopic physics they are important since in an Si

MOSFET was discovered the Quantum Hall Effect and in AlGaAs/GaAs struc-

tures Fractional Quantum Hall Effect and the quantization of the conductance

were reported. AlGaAs/GaAs structures became since then favorite materials for

research in the field of Quantum Dots and Quantum Point Contacts.

The 2 Dimensional Electron Gas (2DEG) contained in an AlxGa1−xAs/GaAs

is obtained by careful band engineering of successive layers of GaAs and Al-

GaAs [1]. The deposition of these materials is usually done with an MBE machine

(Molecular Beam Epitaxy) [2]. The quality of interfaces of heterostructures grown

by MBE is pristine (given also that the materials used have similar lattice con-

stants). This quality of the interface allows the very high mobilities achieved in

these materials. An example of such a heterostructure is shown in figure 1, where

the cartoon depicts the layers defining the heterostructure. Usually a single crys-

tal of GaAs is used (with a typical thickness of half a milimeter). On top of these

are grown several layers of AlAs and GaAs alternatively, which reduce the stress

given by the substrate. Then follows a layer of several hundreds of microns of

GaAs. On top of this is grown then AlxGa1−xAs with typical values for x of 0.3.

After a few tens of nanometers, the AlGaAs is usually doped (with Si for electron

carriers), doping which will assure carriers at the interface of AlGaAs and GaAs.

The doping can be bulk (several nanometers of doped AlGaAs) or delta doped

(a single monolayer of Si). The structure is usually protected from the exposure

to air with a layer of GaAs. Figure 1 also shows the effect of electrostatic gates

(metal gates biased negatively with respect to the 2DEG) on the electron gas

below.

Figure 1 also shows the band diagram of a AlGaAs/GaAs heterostructure.

At the interface between the GaAs and the AlGaAs the conduction band has

a dip below the Fermi energy, and therefore, there is an electron accumulation.

Due to the confinement in the z-direction, the energy levels in this triangular

potential are quantized. Usually, only the first subband is below the Fermi energy

and all the electrons have this energy which gives the two dimensional nature of
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Figure 3.1: Typical heterostructure displaying electrons confinment (in white).

The middle cartoon shows the electric field produced by a negative voltage on

the top gates, leading to the depletion of electrons. The right cartoon is a the

corresponding band diagram.

electron transport. The electrostatics are more clearly shown in figure 2, where the

band structure and electron density are shown. The band structure is calculated

based on a self-consistent method (solving the Poisson and Schrodinger equations)

implemented by G. Snider in a program called 1D Poisson. The program gives an

accurate representation of the band diagram having as input only the material in

the layers, their doping and thickness. As one can see, the electrons charge density

peaks exactly at the interface between the AlGaAs and GaAs. The material

used is a heterostructure purchased from Sumitomo Electric Industries, Ltd. The

2DEG in this material is at 60 nm below the surface and has the mobility and

density at 4.2K µ = 8.6 × 105 cm2 V−1s−1 and ns = 2.4 × 1011 cm−2. These

values will result in an electron wavelength of around 50nm and mean free path

of 10 microns. The reason for such high mobilities in these heterostructures

based on AlGaAs/GaAs is the reduced scattering events of the electrons due to

the extremely high quality of the interface and also due to reduced electrostatic

scattering on the doping sites since there is a physical barrier of undoped AlGaAs.

3.2 Electron Beam Lithography

The main tool in fabricating the devices measured in this thesis is Electron Beam

Lithography [3]. Because its high precision and high flexibility, this method is the
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Figure 3.2: Band structure of one of the GaAs/AlGaAs heterostructures used in

our experiments. The density of electrons is also shown.

one prefered in solid state research labs, providing a very easy way of transfering

ever changing patterns onto the wafer. It is in essence irradiation of the wafer

coated with an organic resist (e-beam resist, and one of the most common and also

used in this thesis is PMMA or polymethylmethacrylate) with a beam of acceler-

ated electrons (at energies of 10 up to 100 KeV) in an controlled fasion, achieved

by electrostatic control with the help of a beam blanker. Our system was and

JEOL 840 SEM (Scanning Electron Microscope) equipped with a beam blanker

and motor control produced by Raith Gmbh. The hardware was controlled also

by an Raith software, Elphy Plus. At the later stage, the group purchased a high

end e-beam writer from Raith, E-line.

The PMMA is usually diluted in solution with typically chlorobenzene in con-

centration of several percents (4% in our case). This solution is spin coated on the

wafer at high speed (4000 rpm) and then is shortly baked (at 170 degrees Celcius

on a hot plate or in an oven). In this way the coatant is removed and only the

polymer remains on the surface. This samples are then exposed with the e-beam

with a dose of 300µC/cm2 electron beam. The high energy electrons distroy the

backbone of the the polymer, fragmenting it. This exposed polymer is very eas-

ily washed in a solution of MIBK (methylisobutylketone) and isopropanol (IPA)

with a ration of 1:3. The unexposed PMMA remains unaffected. The wafer is

processed further (as detailed in the following sections of this chapter). Two main

processes are used: lift-offs (deposition of metals or multiple layers all over the

samples and selective removed) and etches (the free windows created in PMMA

in contact with etchants remove material). In the end, the remaining PMMA is

washed out in acetone.
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3.3 Fabrication steps

The fabrication of the devices measured in this thesis involved several steps, that is

various processes done in the cleanroom. The devices are based on AlGaAs/GaAs

heterostructures and they all had electrostatic gates confining electrons in submi-

cron regions. A typical fabrication process is summarized below:

Figure 3.3: Typical device layout showing the mesa, ohmics contacts and the

contacts for the electrostatic gates.

1. Markers: Metallic crosses deposited on a clean wafer. These are helpful in

adjusting later steps of lithography, such that each layer is always on top of

each other.

2. Mesa: A region in the sample obtaion by etching the material, usually until

the 2DEG. This process prevents that the currents are flowing all over the

sample, but in very specified directions.

3. Ohmic contacts: Deposition of alloys of Au, Ge and Ni and their subsequent

annealing in elevated temperatures (around 400 degrees Celcius). These

metals diffuse into the semiconductor, contacting the 2DEG. The choice of

these materials assures linearity of the IV of the contacts.

4. Fine gates: The actual device under study. An intricate design of electrodes
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with very small sizes (hundreds of nanometers) which actually define the

device.

5. Large gates: The connections of the small gates to the bonding pads (con-

nection to the pins of the chip carrier).

In the following, it is disscused in detail the fabrication for each particular

step as well as its particular details. The precise flow and the exact conditions

are listed in the Appendix 2. In figure 4 are shown the processes involved in the

fabrication of major steps: the ohmics, mesa and gates (fine gates and small gates

uses the same fabrication scheme with the exception of the choice of resists and

thickness of the deposited metals).

Figure 3.4: The lithographic steps for each main processes used to fabricate our

devices: mesa, ohmics and electrostatic gates.

3.3.1 Markers

The first step is deposition of markers. The process chart is similar to the one

depicted in figure 4 c). Markers are usually crosses, of various sizes (for large
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patterns 50 microns long and 5 wide and for small patterns 1 micron long and

200nm wide). We used 950K PMMA with a thickness of 100nm. Using electrons

with high energies (30 keV) results in high density of secondary electrons which

irradiate again the resist close to the surface of the wafer, therefore creating the

undercut pattern seen in figure 4 c) [5]. This feature helps the lift-off of the

deposited metals maintaining in the same time extremely high accuracy in the

resulting markers (this feature being of utmost importance since the position of

futre layers are based on these markers). We use Au as metal, with a thickness

of 20nm (with an adhession layer of Ti of 5nm, used to make the Au stick to the

surface). Au has the advantage when used as marker, to have high visibility, even

under hundreds of nanometer of resist.

3.3.2 Mesa

After the markers are deposited, the next step involves the fabrication of a mesa

(Hall bar geometry essentially). The process flow is shown in figure 4 b). After

exposure to the e-beam, the sample is etched. We used wet etching (immersion of

the sample in a bath of acids) even though dry etching (bombardment with ions

of the surface) is also a common way of etching. Wet etching has the advantage

of being quick, cheap and easy to use. The etchant of GaAs is composed of

mixture of sulfuric acid, hydrongen peroxide and DI water. The sulfuric acid alone

cannot etch GaAs and therefore it is used hydrongen peroxide which oxidizes the

surface and this layer is removed by the acid. We used a composition of 1:1:50

H2SO4 : H2O2 : H2O which gives an etching rate of about 100nm/min. We have

removed all the material down to the 2DEG to prevent any parazitic conduction

paths. After the etching procedure, the sample is rinsed in DI water and then the

PMMA is removed with the standard acetone washing.

Figure 3.5: SEM pictures of our devices from small (hundreds of nanometers) to

big (milimeters). The plot on the left is a fabricated Quantum Dot, with typical

gates width of 100nm and gaps of 50 nm.
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3.3.3 Ohmic Contacts

An ohmic contact is a semiconductor metal contact with a linear IV characteristic.

Since the semiconductor in our case is the 2DEG located below the surface (at a

distance of about 100nm) annealing has to be included into the process flow in

order to diffuse the metals into the heterostructure. Also, of great importance

is the choice of the metals. Usually, semiconductor metal contacts involve the

appearance of a Schottky barrier (an non-linear contact). To achieve low ohmic

contacts (which require highly doped regions at the interface) Au-Ge-Ni is usually

used for GaAs. Au and Ge are deposited in their eutectic mixture of 88:12 wt%

providing a low melting point of around 360 degrees. The diffusion of Ge is highly

increased by Ni [4]. In order to alloy them, annealing is required. We used a tube

oven, with N2 flow for 5 minutes. Contact resistances of several kilo Ohms at

room temperature usually assure high quality ohmic contacts (low resistance of

several tens of Ohms at low temperatures).

3.3.4 Fine Gates

The fabrication process of fine gates is similar to the one used for markers. The

lift-off procedure is done more carefully, typically in heated acetone and the sample

is left in the beaker over night. Ultrasonic removal of the metal is used only as a

last resort, even though we didn’t observe big damages when we used sonication.

As an exemple of fine gates lithograpy, one can see the first SEM picture in figure

5, where a design of two Quantum Dots is shown. The lines are of 100nm and the

spacings are below 50nm. The desingn is reproducible and robust.

3.3.5 Large Gates

For the fabrication of the large gates, we have used two resists in order to accen-

tuate the undercut effect seen in figure 4 c). The first one PMMM 80K is a low

molecular weight, which will be easily damaged by the e-beam (with a thickness

of about 500nm). On top, we have used PMMA 950K, high molecular weight,

which will keep a sharp profile for the exposed pattern. In order to attenuate the

ultrasonic bonding, we used 200nm Au (on top of 5nm Ti for adhession). With

the above mentioned resists, we have no problems during lift-off procedure.

After the processing is finished, the sample is cut with a diamond cutter and

glued with a resin onto a chip carrier. Bonding wires are ultrasonically attached

to the bonding pads. Images with the sample, starting from the nanometer sizes

up to milimeter sizes are shown in figure 5.
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3.3.6 FM / 2DEG devices - fabrication

The devices used for spin injection from a Co electrode into a 2DEG have a

similar fabrication procedure as the Quantum Dot ones. There is though an

important difference: the fine gates, which in the Quantum Dot devices are used

to electrostatically define the device, are used in are electrons sources or sinks.

More precisely, we have exploited the formation of Schottky barrier between the

metal and the 2DEG, which should have beneficial effects on spin injection. Our

electrodes have a side contact to the 2DEG (in order to avoid extra scattering in

the complicated potential of the heterostructure in the z-direction). Therefore, we

embedded our electrodes using wet etching, since there is a cheap, fast and reliable

way of producing these junctions. The difference with Quantum Dot devices is

that the Co/2DEG devices have the fine gates as the last step, and using the same

e-beam pattern, we etch first and then deposit the Co electrode.

Figure 3.6: Cross-section through a Co electrode embedded into the 2DEG.

Schematic cross section, SEM picture of the electrodes and wall roughness af-

ter etching.

A cartoon of this last step process flow is shown in figure 6. On a predefined

mesa (of width 5 microns - to avoid extra resistance given by too small mesas),

the pattern is formed by e-beam lithography. We used PMMA 950K, in order

to achieve well defined patterns and also, to have small undercut (during etching

in the case of large undercut, the liquid will go under and the etched pattern is

very rough). For this fine wet etching, sulfuric acid based solution is not good,

since the wall will have a large angle and also, the profile will be quite rough.

We have found that a solution of H3PO4 combined with peroxide and DI water

gives the best results, being a softer and gentlier approach then the one based on

sulfuric acid. We used H3PO4 : H2O2 : H2O 1:1:50 which gives a etching speed of
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60nm/min. A typical profile is also shown in figure 6. The figure also the resulted

embedded Co electrodes. After deposition of Co, a thin layer of Au (5nm) was

also deposited in order to prevent as much as possible the oxidation of cobalt.

3.4 Basic electrical characterization

The devices fabricated and measured in this thesis were design for electrical mea-

surements only. We used however, several techniques as well as different regimes of

temperature (Quantum Dots and Quantum Point Contacts measurements were

performed at low temperatures, below 4.2K where the Co/2DEG devices were

measured also at room temperature). The choice of measurement conditions is

given after one analyses the problem at hand. For exemple, in the case of Quan-

tum Dots and Quantum Point Contacts, the energies between levels or of relevant

significance, are in the range of milivolts or lower. Therefore, low temperatures

are required, lower than 4.2K. For this purpose we anchored the sample on the

cold finger of an dillution refrigerator (3He/4He) equiped with an superconduct-

ing magnet (with a field range up to 8 Tesla). Due to the fact that high resistances

are expected, an appropriate measurement method is the so called voltage bias,

that is a voltage is applied to the sample and the flowing current is measured.

Due to the fact that the applied voltage should be smaller than the temperature

(at 100mK the themal energy is around 8µeV ), the resulting currents are small as

well. The method used throughout this thesis involves measurements with lock-

ins. The applied signal has a sinusoidal shape, at low frequencies (up to 20Hz)

and the detected signal is phased-locked with the applied signal. In this way

unwanted noises, or pick-up signals are well filtered out, allowing measurements

of very small voltages. In the case of Co/2DEG devices and also for spin related

measurements, the method was to apply a constant current and measure the re-

sulting voltage. This method also used lock-in techniques. The advantage of this

approach, for resistances up to 1MΩ is that the voltages are easily measured (at

1nA and 13kΩ this will give a voltage drop of 13µV).

The electronics involved was home build and contained a voltage controlled

current source (with current range from 1nA up to 1mA) and an voltage amplifier

(based on a JFET opamp with an input impedance of 1012Ωs, which assures

that even resistance as high as 1GΩ can be measured (for applied signals with

relatively low frequencies and long time constants of the lock-in). Additionaly, we

also build a voltage controlled voltage source (with voltage range from 1V up to

10mV) and a current meter, capable of measuring tens of femtoamps. The used

lock-ins were Stanford Research 830 DSP.
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