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ABSTRACT 

 

Electron Transport in GaAs Quantum Dots under High Frequencies 

Bernard R. Matis 

Doctor of Philosophy 

Temple University, 2011 

Doctoral Advisory Committee Chair: Dr. Rongjia Tao  

 

 This thesis explores transport properties of lateral, gate defined quantum dots in 

GaAs/AlGaAs heterostructures.  The term “quantum dot” as defined in this thesis refers to 

small regions of charge carriers within a 2-dimensional electron gas (2DEG), established 

via electrically biased surface gates used to isolate the charge carriers from the rest of the 

2DEG, which are confined to lengths scales on the order of nanometers.  Several other 

forms of quantum dots exist in the research community, including colloidal and self-

assembled dots.  In this thesis, however, we consider only gate defined quantum dots and 

nanostructures. 

Recent advancements in the research areas of quantum dot (QD) and single 

electron transistors (SET) have opened up an exciting opportunity for the development of 

nanostructure devices. Of the various devices, our attention is drawn in particular to 

detectors, which can respond to a single photon over a broad frequency spectrum, namely, 

 ii



microwave to infrared (IR) frequencies.  Here, we report in chapter 5 transport 

measurements of parallel quantum dots, fabricated on a GaAs/AlGaAs 2-dimensional 

electron gas material, under the influence of external fields associated with 110GHz 

signals.  In this experiment, transport measurements are presented for coupled quantum 

dots in parallel in the strong-tunneling Coulomb blockade (CB) regime.  From this 

experiment we present experimental results and discuss the dependence on quantum dot 

size, fabrication techniques, as well as the limitations in developing a QD photon detector 

for microwave and IR frequencies, whose noise equivalent power (NEP) can be as 

sensitive as 10-22 W/Hz1/2.   

The charging energy EC of a quantum dot is the dominant term in the Hamiltonian 

and is inversely related to the self capacitance of the dot Cdot according to EC = e2/Cdot.  

The temperature of the charge carriers within the 2DEG must be kept below a certain 

value, namely KBT, so that the thermal energy of the electrons does not exceed the 

charging energy EC of the dot.  Keeping the temperature below the KBT limit prevents 

electrons from entering or leaving the dot at random, thereby allowing one to precisely 

control the number of electrons in the dot.  In order to raise the operating temperature T 

of the single photon detector we must also raise the charging energy EC, which is 

accomplished by decreasing Cdot.  Since Cdot is directly related to the dimensions of the 

quantum dot our focus was directed at decreasing the overall size of the quantum dots.  

For smaller gate defined quantum dots the inclusion of shallower 2DEG’s is necessary.   

However, the experiments that we carried out to determine the effect of 2DEG 

depth on lateral gate geometries, described in Chapter 6, indicate that leakage currents 

within a GaAs/AlGaAs heterostructure increased dramatically as the 2DEG depth became 
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shallower.  At this moment the leakage current in shallower 2DEG materials is one of the 

most significant technical challenges in achieving higher operating temperatures of the 

single photon detector.   
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CHAPTER 1 

 

INTRODUCTION 

 

Recent advancements in nanoscale fabrication, namely electron beam lithography, 

have made it possible to fabricate nanoscale devices so that one can study quantum 

effects in individual electronic devices.  On account of this, a new breath of research has 

been undertaken at the interface between atomic physics (single atom) and condensed 

matter physics (thousands of atoms) [4, 6, 13, 14, 19, 26, 30, 41].  This new research 

field, which probes and manipulates the quantum mechanical properties of a small 

collection of particles, has come to be known as mesoscopic physics.   

Today, a wide variety of research avenues are being explored within the 

mesoscopic community.  Such topics include the detection and manipulation of the spin 

state of a single electron confined within a semiconductor quantum dot for quantum 

information processing [26, 29, 36, 40, 43, 47] and the detection of single photons by 

measuring the interaction between external fields and the quantized energy levels of a 

quantum dot for spectroscopic purposes [1, 5, 7, 16, 25, 32].  Our interests for this thesis 

have been focused on researching the various properties of semiconductor quantum dots 

and their interaction with electromagnetic radiation for the development of a scalable 

single photon detector. 



 Single-photon detectors are now readily available for the near-infrared and visible 

wavelengths.  However, there is no commercially available single photon detector for 

wavelengths below mid-infrared.  A single-photon detector for the terahertz spectral 

region, which is loosely defined to be from 0.1 to 10 THz, would be advantageous for 

spectroscopic and imaging purposes; i.e. medical applications, data storage industries, 

automotive applications, astronomical photometry and advanced military technology 

would all potentially draw upon a commercially available terahertz single photon detector.  

In developing an applicative single photon detector we sought to not only make the 

detector scalable, but also to achieve an operating temperature that does not require a 

dilution refrigerator, (temperatures typical of semiconductor quantum dot research). 

 Recent work carried out by Komiyama and his group demonstrated that achieving 

single photon detection in the microwave range by measuring tunneling rates of coupled 

quantum dots as a function of an incident electromagnetic field was possible [5, 6].  In 

Komiyama’s work a quantum dot absorber, formed by the electrostatic depletion of a 

high-mobility 2-dimensional electron gas, was coupled to a second quantum dot that 

acted as a single electron transistor.  This work culminated in the detection of a single 

photon at a frequency of 0.5 THz.  The operating temperature of Komiyama’s devices, 

however, did not exceed 100 mK, requiring a dilution refrigerator.  Our research goals 

included taking the necessary steps forward in raising the operating temperature by 

utilizing smaller quantum dots and shallower 2DEG’s and the introduction of various 

diameters of the dots to control the frequency selection of the incoming photon, thereby 

extending the detectable frequency range, with higher frequencies being of particular 

concern for spectroscopic purposes.  
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 This thesis provides an overview of the theory behind electronic transport 

properties of nanostructure devices defined within a 2-dimensional electron gas material, 

which is found in Chapter 2.  In Chapter 3 I discuss in detail the unique fabrication 

process for pattering the 2DEG material for quantum dot research that was developed 

within our lab at NRL, and in Chapter 4 I give an overview of the measurement process 

and the different types of setups used in our group to measure the small currents (sub-

picoAmps) associated with quantum dot technology.  The last two chapters deal with the 

measurements carried out and the data taken for our quantum dot single photon detector, 

Chapter 5, and for our leakage current measurements, Chapter 6.     
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CHAPTER 2 

 

BASIC TRANSPORT IN GaAs/AlGaAs DEVICES 

 

2.1 Introduction 

 

Nanostructure devices patterned on a high-mobility GaAs/AlGaAs heterostructure 

material, including quantum point contacts and quantum dots, allow experimenters to 

probe, manipulate and control the various quantum mechanical properties of a system; of 

the various properties are spin, charging effects, and quantized transport.  In this chapter 

we introduce the GaAs/AlGaAs 2DEG heterostructures used for our experiments.  We 

report the basic theory governing various nanostructures, including the simplest of all 

patterned devices, the quantum point contact (QPC), and explain how a QPC can be used 

to make a slightly more complex device known as a quantum dot (QD).   
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2.2 GaAs/AlGaAs 2-dimensional electron gas heterostructures 

 

All of the nanostructure devices tested in this work were defined within a 

GaAs/Al0.3Ga0.7As 2-dimensional electron gas (2DEG) buried at various depths within 

the wafer (see the chapter on leakage currents for 2DEG depth dependence).  The 2DEG 

wafers were grown via a method known as molecular beam epitaxy (MBE).  MBE 

growth includes atomic layer precision during the deposition process leading to 

extraordinarily high control of the surface morphology and roughness.  Advanced control 

of the deposition process leads to cleaner, less strained surfaces and ultimately minimizes 

the amount of scattering sites that can affect the charge carriers within the 2DEG.  For the 

experiments described in thesis the 2DEG wafers were grown by Intelligent Epitaxy 

Technology, Inc. (IntelliEPI) located in Richardson, Texas. 

Figure 2.1 offers an example of a simple 2DEG structure, including the 

heterostructures vertical profile and the corresponding band diagram.  The physical order 

of the heterostructure begins with a bulk GaAs substrate upon which the separate GaAs 

and AlGaAs layers are deposited one atomic sheet at a time during the MBE growth.  

One layer of AlGaAs in particular contains a region of n-type dopants, either as a single 

layer (-doped) or homogeneously doped (modulation doping).  In our case the dopants 

are Si atoms, which are deposited within an AlGaAs layer and are separated away from 

the 2DEG by an undoped AlGaAs spacer layer (away from the 2DEG to minimize the 

effect of scattering from the dopants, ~10-100nm for a spacer layer); the various layer 

thickness can be modulated to vary the properties of the 2DEG.   
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At low temperature each Si atom produces a free electron as the electrons become 

thermally ionized [8, 42].  The offset in the conduction bands between GaAs and AlGaAs 

results in each free electron migrating toward the energetically favorable GaAs layer.  

The charge carriers still feel the electrostatic attractive forces from the ionized donor 

atoms, however, and ultimately become trapped at the interface between the GaAs layer 

and an undoped AlGaAs layer.  As the temperature decreases to ultra cold temperatures 

(<100mK) the thermal smearing of the vertical “z” profile of the 2DEG becomes less 

pronounced as the electrons occupy only the lowest energy levels up to the Fermi Energy, 

resulting in a very clean glass of electrons confined within a 2-dimensional plane.   

Because the lattice constants of GaAs and AlGaAs are only slightly offset (~7% 

mismatch) the heterointerface is essentially defect free.  On account of this and the 

separation of the 2DEG from the Si dopants, 2DEG’s with increasingly high electron 

mobilities, e ~ 105 – 107 cm2V/s, and long mean free paths,  ~ 1 – 1000 m’s, can be 

used to make quantum dot devices where the transport through the nanometer sized 

devices is both coherent and ballistic.   

Thus, with gate defined nanostructure devices patterned on a high-mobility 2DEG 

material an experimenter can manipulate the local electron densities within the 2DEG by 

varying the electrostatic potential landscape with the surface gates, which turns out to be 

the leading cause of scattering.  This 2-dimensional electron gas will be further confined 

in the lateral dimension via electrostatic gates. 
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Figure 2.1:  Vertical profile of a simple GaAs/AlGaAs 2DEG heterostructure (Left) 
and the corresponding band diagram (Right), from reference 3.  Included in the 
vertical profile are the patterned metallic surface gates (Au) that define the 
nanostructure devices and the ohmic contacts (NiAuGe), which when annealed 
penetrate through the top layers of the structure and make electrical contact to the 
2DEG. 
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2.2.1 The Quantum Hall Effect 

 

In 1879 a graduate student at Johns Hopkins University named Edwin Hall 

discovered what is now known as the Hall Effect.  Hall’s experiment included passing a 

known current, I, through a sheet of gold leaf and measuring two separate voltages.  The 

first voltage, V, is simply the voltage along the direction of the current.  Assuming the 

material is ohmic, the resistance, R, of the material is just the voltage measured divided 

by the current supplied.  The second voltage, VH, which is known as the Hall voltage is 

the voltage across the current path.  For Hall’s first measurement VH was zero (with no 

externally applied force field).   

The second measurement conducted by Hall was made as a function of a 

magnetic field that he applied perpendicular to the direction of the supplied current and 

the measured VH direction.  In this case, Hall reported a non-zero Hall voltage as the 

magnetic field gave rise to a force on the charge carriers in the direction perpendicular to 

the current.  As classical electrodynamics tells us, the application of a magnetic field 

supplies a force (Lorentz force) on the charged electrons, which then accumulate to one 

side of the sample (which side of the sample the electrons accumulate at is dependent 

upon the direction of the field).  Hall determined that the relationship between VH and B, 

and therefore RH and B, is strictly linear.  The famous experiment, including the 

determination of a non-zero value for VH, is what has come to be known as the Hall 

Effect. 
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(a) (b) 

 

 
 
 
Figure 2.2:  (a) shows a Hall bar geometry including the direction of the supplied 
current, I, the measured longitudinal voltage, V, and the measured Hall voltage VH.  
Measurement of VH as a function of I and B allows for the determination of the Hall 
resistance, RH, which has been shown to take on the value shown in (a), from 
reference 33.  Here, n represents the electron density per cm2 and e is the 
fundamental electronic charge.  The arrows represent the directional flow of the 
conventional current.  (b) portrays another example of a Hall effect setup including 
the orientation of the magnetic field, B, applied perpendicular to the supplied 
current, I.  This diagram depicts the direction of the electron flow, NOT the 
conventional current.       
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2.2.2 The Integral Quantum Hall Effect 

 

In 1980 a German physicist named Klaus von Klitzing discovered what has come 

to be known as the Integral Quantum Hall Effect (IQHE).  In this case, von Klitzing 

repeated Hall’s measurements of V and VH in the 2-dimensional system of a Si MOSFET 

transistor at a cryogenic temperature of ~1.5K.  In his measurements, instead of varying 

the magnetic field B von Klitzing varied an independent gate voltage Vg to determine the 

characteristic voltages VH and V as a function of the charge carrier density n, though the 

end result provides the same answer as if the B field was varied.  What von Klitzing 

discovered was an entirely different relationship between VH and B, and therefore RH 

and B, from the strictly linear relationship discovered by Hall.  The new relationship was 

not a result of sweeping an independent gate voltage, but rather a consequence of 

performing such a measurement on a 2-dimensional system at a temperature significantly 

below that of liquid helium (4.2K).  The data for the IQHE shows clear plateau behavior 

in the Hall resistance and extreme drops in the magnetoresistance as a function of char

carrier density (or magnetic field).  For his work, von Klitzing was awarded the Nobel 

Prize in

ge 

 1985. 

The formation of the plateaus in the IQHE can be explained by taking into 

account that even though the electron’s within the 2-dimensional system experience a 

Lorentz force that pushes them into circular orbits, quantum mechanically only certain 

orbits (or energy states) are allowed.  The energy levels of the circular orbits are 

quantized, just as in the discrete set of allowed energy levels in an atom.  These quantized 

energy states, or Landau levels, can be expressed by 
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Ei = (j – ½) h e B / (2  m) 

 

Here, j is an integer, h denotes Planck’s constant, e the fundamental electron charge, and 

m the electron mass.  Assuming a fixed electron density n for a 2-dimensional system, as 

the temperature is cooled all electrons occupy the lowest allowable energy state, or 

Landau level, filling it only partially.  As the field B is swept toward zero the capacity for 

each Landau level to hold each electron decreases according to  

 

d = e B / h 

 

Here, d represents the number of orbits that can be packed per Landau level into each cm2 

of the system.  At various points along the magnetic field all electrons fill up an exact 

number of Landau levels where all higher energy states remain empty.  The points along 

the magnetic field axis where this occurs is  

 

B = (n h / e) / j 

 

At these points along the magnetic field axis the magnetoresistance (resistance measured 

along the initial supplied current path) drops and the Hall resistance RH takes on a 

quantized value 

 

RH = B / (n e) = h / (j e2) 

 11



 

The first expression is just the classical Hall resistance taken from a calculation of the 

Hall coefficient while the second expression comes from substituting the values for B 

into the first expression.  From this equation it is possible to extract the charge carrier 

density of the material by examining the periodicity of the plateaus in an IQHE 

measurement.   

For our GaAs/AlGaAs materials Quantum Hall Effect (QHE) measurements were 

carried out in order to determine several important properties of the 2DEG, including 

charge carrier density n and mobility , which were then used to obtain for example the 

Fermi Energy EF, mean free path , and Fermi wavelength F.  Table 2.1 lists the various 

properties that were calculated for one of our shallower 2DEG’s (40nm into the wafer).  

The measurements were carried out on a patterned Hall bar material defined via a wet 

etch as depicted in Figure 2.3.  A drive current of 10 A (10 A was the minimum 

current setting available on the Physical Properties Measurement System (PPMS)) at a 

frequency of 30 Hz was supplied across along the length of the hallbar and a magnetic 

field B was applied along the direction perpendicular to both the current path and the 

measured VH direction.  A 9T superconducting magnet was used to generate the field, 

though for safety purposes the magnet was only ramped to 7T in each direction.  From 

the periodicity of the plateau features in Figures 2.4 and 2.5 the 2DEG charge carrier 

density n was estimated to be about 5.0 x 1011 particles/cm2 while the charge carrier 

mobility was estimated to be about 3.0 x 105 cm2V/s. 
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(a) 
 

 
 
(b) 
 
 

 
 
 

Figure 2.3:  (a) and (b) A standard Hall bar geometry defined by wet etching.  
The metallic electrodes and ohmic contacts are patterned via optical lithography.  
Hall measurements reported in this paper were taken on a 50 m wide Hall bar with 
a 700 m distance between longitudinal taps. 
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Figure 2.4:  Measured Hall resistance RH plotted as a function of orthogonal 
magnetic field B in Tesla.  For certain B values RH takes on quantized values, unlike 
the linear relationship measured by Edwin Hall in the classical Hall effect.  Plateaus 
in RH correspond to an extreme drop in magnetoresistance as seen in the Shubnikov 
de Haas oscillations in Figure 2.5.   
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Figure 2.5:  Measured longitudinal resistance Rxx plotted as a function of 
orthogonal magnetic field B in Oersted (one Oersted is equivalent to one Gauss in 
free space).  Clear Shubnikov de Hass oscillations are observed at temperatures up 
to 5K.  For certain B values Rxx drops suddenly to near zero values correspond
to each Landau level filled to its maximum capacity with all higher energy levels 

ing 

mpty. e
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2DEG Property       Symbol      Value  Units 

harge carrier density  n   5.0x1011 cm-2 

harge carrier mobility    x105 cm2/Vs 

ffective mass   m*   0.067  me = 9.1x10-28g 

pin degeneracy  gS        2 

alley degeneracy  gV        1 

ensity of states      (E) = gSgVm*/(h2/2) 2.8x1010 cm-2meV-1 

andau level spacing  1/(E)     3.57  eVm2 

ermi wave vector  kF = (4n/gSgV)1/2 1.8x106 cm-1 

ermi Energy   EF = (hkF/2) /2m*  17.88  meV 

ermi wavelength  F = 2/kF     35  nm 

ermi velocity   vF = (hkF/2)/m* 3.07x107 cm/s 

cattering time    = m* /e     11  ps 

ean free path   vF   3.5  m 

yclotr dius   rC = (hkF/2)/eB    26  nm/B1/2 
       

 

lated parameters are obtained via the zero-Kelvin approximation for a Fermi 
as. 
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Table 2.1:  Typical parameters of our 40 nm deep 2DEG formed in a GaAs/AlGaAs
heterostructure.  The units of B are in Tesla and the units for T are in Kelvin.  The 
calcu
g
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2.3 The Quantum Point Contact 

 

Of all the lithographically defined gated nanostructure devices ever made the 

simplest is without a doubt the Quantum Point Contact (QPC) [38, 39].  A Quantum 

Point Contact is defined as a short one-dimensional channel that is connected 

adiabatically to large source and drain reservoirs and that supports one or more wave 

modes.  Our gate-defined QPC’s were made by electron beam lithography where two 

small metallic electrodes are patterned nearly side by side with only a small gap between 

them (100nm – 1m in a typical QPC experiment).  When the device is cold and the 

electrodes energized so that the negative field strength is strong enough to fully deplete 

the local 2DEG underneath, the electrons within the 2DEG are forced through a narrow 

constriction having now been permitted to move in only a single direction.  The width of 

the channel can be controlled by adjusting the gate voltages and can be made small 

enough to be comparable to the Fermi wavelength of the electrons (~40nm).  As the 

quantum “rule of thumb” says:  when the wavelength of the electrons is on the order of or 

greater than the characteristic size of the system quantum effects are no longer negligible 

and must be taken into full consideration.  Here, since the Fermi wavelength is nearly 

identical to the width of the QPC’s narrow constriction quantum effects are observable. 

The quantized conductance through a QPC was first discovered in 1988 by van 

Wees and collaborators at Delft University in the Netherlands [9] and by Wharam and 

collaborators at Cambridge University in England [64].  Figure 2.6 shows examples of 

QPC’s while Figure 2.7 shows the quantization of the conductance through a QPC.   
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(a)      (b) 

 
 
 
 
 
Figure 2.6:  Two Scanning Electron Micrographs (SEM) of QPC’s used to restrict 
the electrons in the 2DEG to motion in one direction.  In (a) the gap is ~250nm wide, 
whereas in (b) the gap is ~300nm wide.  Note the slight bend at the edges of the 
electrodes in (a), which is due to the proximity effect, a result of secondary 
backscattering electrons in the electron beam lithography writer (see the electron 
beam lithography section in chapter 3 for more on the proximity effect). 
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If the negative voltages on the QPC electrodes are made sufficiently strong so that 

the first subband is above the Fermi level then the electrons can only tunnel across from 

one reservoir to the other and the QPC then acts as a tunnel barrier.  A good review of the 

theory regarding quantum point contacts can be found in [65].  The conductance is 

calculated starting with the simple Hamiltonian  

 

H = px
2/2m* + eV(x) + py

2/2m* 

 

Here, V(x) is the confining potential from the metallic gate electrodes in the lateral 

direction.  V(y), the potential in the longitudinal direction that describes the transition 

from the 2DEG reservoirs to the constriction, is not included.  V(x) takes on a parabolic 

form in the lateral direction 

 

V(x) = ½ m*o
2x2 

 

The solutions to the Schrodinger equation with this V(x) (harmonic oscillator potential 

landscape) are written in the Energy eigenvalue form 

 

En = (n-1/2)ħo + ħ2ky
2/2m*  

 

Here, n is an integer (n = 1, 2,...).  And according to [65] the conductance of the QPC can 

be calculated using Landauer-Buttiker formalism if the transmission probabilities are 

known, and is given by 
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Here the summation is over Tn(E), which represents the transmission probability of the 

nth subband.  Essentially, the summation is over all modes of the QPC and Tn(E) 

represents the transmission probability of each individual mode.  For small Vsd values 

this can be simplified by making the approximation Tn(E) = Tn(EF).  In the extreme limit 

of no backscattering from the QPC, Tn = N, where N is an integer (N = 0, 2, 4,…) for 

the case of no applied magnetic field, representing each fully occupied subband.  

Therefore, the conductance of a QPC can be written as 

 

 

 

The conductance G of a QPC is quantized in units of 2e2/h depending on the number of 

modes accessible in the device. 

 

 

 

 

 

 

 

 20



 

 

 

 

 
 
 
Figure 2.7:  The conductance G through a quantum point contact is quantized in 
units of e2/h, with the multiple of 2 arising from spin degeneracy, from reference 12.  
This quantization as a function of an independent gate voltage was first discovered 
in 1988 by van Wees and Wharam and their individual research groups.  
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2.4 Quantum Dots 

 

Placing two quantum point contacts side by side, in series between the source and 

drain reservoirs, allows an experimenter to confine electrons in all three spatial 

dimensions.  The confinement, and therefore complete isolation of the electrons from the 

reservoirs, is accomplished by setting the voltages on the gates so that each QPC passes 

less than one fully transmitting mode of conductance.  This collection of electrons, which 

are now confined in each direction and are fully isolated from the larger 2DEG reservoirs, 

is what is known as a Quantum Dot (QD).   

Quantum Dot’s are often referred to as zero-dimensional systems on account of 

the fact that the electronic motion is entirely restricted in each direction.  The lengths 

scales to which electrons can be confined has become smaller and smaller with the advent 

of new lithographic techniques, namely electron beam lithography.  Nowadays, electrons 

can be confined to lengths scales as small as ten’s of nanometers, with quantum dots 

being fabricated that contain even a single electron.  It turns out that when you confine 

electrons to length scales on the order of nanometers, at temperatures below 4.2K, the 

spacing between each quantum energy level becomes more pronounced (as temperature 

is decreased and thermal smearing is reduced) so that at the coldest of temperatures the 

transport properties of individual quantized energy levels can be probed and manipulated.  

Because of the quantum nature of these devices quantum dots are often referred to as 

“artificial atoms.” 

Figure 2.8 shows examples of several quantum dots fabricated over the course of 

this thesis work. 
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(a)         (b) 
 

      
 
 
(c) 
 

 
 
 
 
Figure 2.8:  (a) – (c) SEM images of coupled quantum dot geometries including a 
parallel configuration in (a) and a series configuration in (b) and (c). 
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 The quantum dot is formed within the potential minimum established by the 

surface gates.  Independent gate voltages separate from the QPC’s can be used to tune the 

size and shape of the dot as well as the depth of the potential minimum.  The QPC’s can 

be used individually to tune the potential barriers between the dot and the reservoirs, and 

hence control the tunneling rate from the leads and the dot.  The transport through a 

quantum dot can be divided into two categories, “open” and “closed,” depending upon 

the conductance of the QPC’s.  For strong coupling, G > e2/h, where each QPC passes 

one or more modes, the dot is considered “open.”  In an “open” dot electrons are 

classically allowed to travel through the dot from one reservoir to the other.  For weak 

coupling, G < e2/h, where each QPC is set to pass less than one fully transmitting mode, 

the dot is considered “closed.”  The work carried out over the course of this thesis has 

been aimed at the study of “closed” quantum dots and will thus be the focus of our 

attention for the rest of this chapter.   

 

2.4.1 “Closed” Quantum Dots and Coulomb Blockade 

 

Placing two quantum point contacts side by side, in series between the source and 

drain reservoirs, allows an experimenter to confine electrons in all three spatial 

dimensions.  The confinement, and therefore complete isolation of the electrons from the 

reservoirs, is accomplished by setting the voltages on the gates so that each QPC passes 

less than one fully transmitting mode of conductance.  This collection of electrons, which 

are now confined in each direction and are fully isolated from the larger 2DEG reservoirs, 

is what is known as a Quantum Dot (QD).   
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 In a “closed” quantum dot the conductance can be orders of magnitude less than 

one fully transmitting mode, such that G << e2/h.  The conductance depends on the 

voltages tuned on the surface gates defining the entrance and exit leads to the dot.  When 

the conductance is tuned to this regime, such that the electrons in the reservoirs must 

tunnel onto the dot, transport is dominated by the Coulomb blockade effect.  Coulomb 

blockade refers to the fact that conduction through the dot is prevented for most settings 

of the electrostatic gates simply because the available energy levels within the dot are not 

in alignment with the Fermi levels in the leads.  An electron is unable to tunnel onto the 

dot if the energy needed to add an additional electron, from N to N + 1 electrons, is above 

the Fermi Energy in the leads.  Additionally, an electron is unable to tunnel off of the dot 

if the energy carried by that electron is less than the Fermi Energy in the leads.   

 When the tunneling is energetically allowed, however, both onto and off of the 

dot, a large spike in the measured conductance is observed.  This spike is known as a 

Coulomb blockade peak. 
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Figure 2.9:  An SEM image showing how the conductance G is measured across a 
quantum dot device, from the source to drain reservoirs. 
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Figure 2.10:  (a) and (b) Coulomb blockade energy diagrams.  Five separate energy 
terms define the dot.  A small source-drain voltage (typically a few V’s, so as to not 
impart energy to the electrons greater than the thermal energy) is held across the 
dot, eVsd = S – D.  The charging energy EC is related to the self capacitance of the 
dot by the expression EC = e2/2C and is the dominant term in the Hamiltonian.  KBT 
represents the thermal energy of the charge carriers.   represents the quantum 
energy level spacing, which at temperature T has a finite thermal broadening .  In 
(c) as a gate voltage is swept the energy levels of the dot are raised and lowered, 
causing the quantum energy levels to move in and out of alignment with the 
chemical potentials of the two electron reservoirs, leading to large spikes in the 
conductance.     
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(a)            (b) 

  

 

Figure 2.11:  From [42] (a) A single quantum dot connected to the left and right 

leads via tunnel junctions HL
T and HR

T respectively.  The dot is only capacitively 

coupled to the gate electrode.  (b) Equivalent circuit for the dot shown in (a). 
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 To model a quantum dot based upon the geometry in Figure 11 that is weakly 

coupled to the leads the Hamiltonian can be expressed as 

 

H = HD + HL + HR + HL
T + HR

T 

 

where 

 

HL/R = k,  k
L/R c+

L/R,k,cL/R,k, 

 

This describes the free electrons in the left and right leads.  The electron reservoirs are 

assumed to be much larger than the dot and in thermal equilibrium with the surrounding 

cryostat.  The Hamiltonian for interacting electrons with spin s = +- ½ in the dot is 

 

D = l, (l – e)c+
l, cl, + l1,l2,l3,l4,1,2 Vl1l2l3l4 c+

l1,1 c+
l2,2 cl3,2 cl4,1  H

 

Here, the energies of the non-interacting electrons are l and Vl1l2l3l4 are the matrix 

elements of the Coulomb interaction.  In terms of the charging energy EC, which is the 

dominant term of the Hamiltonian, the above expression can be written as 

 

H = i i + ECN2 – JS(S+1) + SgB 

 

The charging energy, EC = e2/Cdot, is simply the additional Coulomb energy needed to 

add the N = 1’th electron to the dot (Cdot is the self-capacitance of the dot).  The energy 
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difference U can be investigated by measuring the change in gate voltage Vg that must 

be applied to an electrostatic gate in order to bring the N and N+1 electron ground state 

energies into degeneracy, thereby allowing transport and creating a Coulomb blockade 

peak.  A finite source-drain voltage Vsd, applied such that the supplied voltage across the 

device is less than KBT in order to prevent electron heating, can be used to probe the 

various energy levels of the device. 
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CHAPTER 3 

 

FABRICATION OF LATERAL QUANTUM DOT AND 

NANOSTRUCTURE DEVICES 

 

3.1 Introduction 

 

In this chapter we report the complete fabrication process of quantum dot and 

other nanostructure devices.  The processes for this work were developed and 

implemented in the class 100 cleanroom of the Nanoscience Institute at the Naval 

Research Laboratory in Washington, DC.  

All of the devices reported in this thesis were fabricated on a GaAs/AlGaAs 2-

dimensional electron gas (2DEG) semiconductor heterostructure material with a silicon 

(Si) doping grown in the [0, 0, 1] direction by Molecular Beam Epitaxy (MBE).  Both 

delta-doped and homogenously doped structures were considered.  All of our 2DEG 

materials were purchased from Intelligent Epitaxy Technology, Inc (IntelliEPI) in 

Richardson, Texas (see Appendix B for the wafer data sheets). 

A general overview of both optical and electron beam lithography is given 

followed by a comprehensive description of all of the fabrication steps involved.  We 
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show the results of the fabrication process and the gate designs of the quantum point 

contact, single quantum dot, and double quantum dot geometries tested in this work. 

The specific recipes for the fabrication process can be found in Appendix A of 

this thesis. 

 

3.2 Lithography 

 

Lithography is the process whereby a geometrical pattern is created on the surface 

of a substrate.  From the Greek “lithos” (stone) and “graphy” (writing) the word 

lithography literally means “writing on rocks.”  For the entire set of quantum dot devices 

presented in this thesis both optical lithography and electron beam lithography techniques 

were applied.   

For metallic patterns deposited on the GaAs/AlGaAs heterostructure with 

dimensions larger than a few microns optical lithography is typically used since it is a 

much faster process than e-beam lithography.  The fabrication process is broken down 

into a series of steps and for each step an optical photomask is required.   

The Nanoscience Institute at NRL offers its user’s access to the MEMS version of 

the software called L-Edit from Tanner Research, Inc.  The L-Edit program is a user-

friendly editor intended for micromachining design, printed circuit board layout, and 

other Computer Aided Design (CAD) work.  The CAD editor was used to design all of 

the optical lithography photomasks including mesa isolation (wet etching), ohmic contact, 

interlayer dielectrics, and the larger metallic bond pads for making electrical contact to 

the fine quantum dot gates.  Upon design completion, all mask files were then transferred 
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to the Heidelberg Laser Pattern Generator DWL – 66 workstation within the NSI 

cleanroom where the chromium/quartz masks were then printed. 

 For all metallic patterns with dimensions smaller than a micron electron beam 

lithography is used.  When pushed to the edge of functionality this state of the art method 

can define lateral gate electrodes with feature sizes as small as ten’s of nanometers; in 

some cases single nanometer resolution has already been achieved when used in 

conjunction with a cold developer (cold development reference).   

It is through the application of negative voltages to these incredibly fine gates that 

allows for the manipulation and control of the charge carriers within the 2DEG 

underneath.  For suitable gate geometries if the negative field strength is adequately large 

to create the necessary tunnel barriers and the 2DEG temperature sufficiently cold, 

complete isolation of a collection of electrons from nearby 2DEG reservoirs can be 

achieved resulting ultimately in the realization of a quantum dot. 

 All sub-micron gate geometries were first designed on a RAITH – 150 Ultra High 

Resolution Electron Beam Lithography and Metrology tool CAD editor (version 4.0), and 

were subsequently implemented in practice on the RAITH – 150 e-beam writer machine 

inside the NSI cleanroom.   

 

3.2.1 Optical lithography 

 

In the case of optical lithography a positive tone photosensitive resist was chosen.  

A photoresist is a liquid polymer solution that crystallizes when heated to temperatures 

above room temperature and is sensitive to light.  A positive photoresist is a type of resist 
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in which the portion exposed to light becomes soluble in a developer, the unexposed 

portion remaining insoluble. 

The photoresist is deposited via a spinner onto a prepared wafer surface with a 

total vertical height between 1 – 1.5 m.  We have used near-UV optical lithography 

mask aligners and have developed techniques for producing vertical resist profiles for 

wet-etching procedures and multiple techniques for generating pronounced undercut 

profiles to support a clean liftoff following metallization. 

During an optical exposure an MJB-3 Karl Suss mask aligner with a wavelength 

of 320 nm and a beam exposure power of 15 mW is used to transfer a 2-dimensional 

geometric pattern from a chromium/quartz mask to the underlying resist on the 

GaAs/AlGaAs heterostructure surface.  MicroChem’s Microposit CD-26 solution was 

selected as a developer as it is compatible with all of the photoresists used in this work as 

well as the GaAs 2DEG structures. 

 Over the course of the work presented in this thesis we experimented with various 

resist profiles.  Initially, we used a bi-layer resist stack consisting of an LOR 5A bottom 

layer and a Shipley S1805 top layer (the bottom layer is much thicker than the top as 

needed for a clean liftoff).  Though liftoff was excellent, we learned that in some cases 

the solvents used for liftoff in the LOR processes have been shown to degrade the 

electron mobility for some 2DEG wafers (JBM reference).  In some cases the reported 

degradation was small, only fractions of a percent change.  Nevertheless, no amount of 

degradation in mobility is desirable.   

My attempt at a solution was to switch to a recipe using only Shipley S1811 for 

which Acetone is used as a liftoff solvent.  Acetone is readily available and is safe for the 
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2DEG wafers.  Another possible solution was to use a multilayer Polymethyl 

methacrylate (PMMA) resist profile, patterned with e-beam lithography, in which 

Acetone is again used as a liftoff solvent, but when writing larger bond pads and mesa 

patterns this process requires a great deal of time on an already overbooked RAITH e-

beam writer.  

 In the end I went with a single layer of S1811, and to improve the liftoff of 

evaporated metals the sample is soaked in chlorobenzene before the optical exposure and 

development steps.  The chlorobenzene chemically modifies the upper part of the S1811 

resist making it less soluble in the developer.  This procedure gives way to a pronounced 

undercut in the resist layer to facilitate liftoff.  The resolution for this method is several 

microns and over time, with a great deal of recipe ‘tweaking’, has become verifiably 

reproducible. 

 For lithography steps involving only a wet etch a single layer of Shipley S1811, 

without the need for a chlorobenzene soaking, has proven to be sufficient. 
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(a)      (b) 
 

  
 
 
 
Figure 3.1:  (a) and (b) SEM photographs depicting the undercut generated by 
soaking the S1811 photoresist in chlorobenzene before the optical exposure and 
development steps.  The vertical height of the resist is ~1.2 m.     
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          Metal Deposition   Wet Etching 

 
(a) 

  
(b) 

  
(c) 

  
(d) 

  
 

Figure 3.2:  Optical lithography process for lateral, gate defined quantum dot 
devices.  (a)  Expose a pattern in the resist layer.  (b)  Resist profile after 
development.  (c)  Metallization (left) or wet etching (right).  (d)  Post liftoff in 
Acetone:  remaining gate metal (left) or mesa (right).     
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3.2.2 Electron beam lithography 

 

 The primary advantage of electron beam lithography is that it surpasses the 

diffraction limit of light allowing for the creation of nanometer size features not 

achievable with the exposure of UV light as carried out in our optical lithography 

processes.  The practice involves scanning an accurately focused (20 nm diameter spot 

size) and energetic beam of electrons (typically set within the 10 kV to 100 kV range) 

across a resist covered surface.   

Similar to the optical lithography process, a positive tone resist was chosen that is 

in this case sensitive to a focused beam of electrons inside the RAITH e-beam writer.  

When the primary electrons are directed towards the sample via electro-magnetic optics 

the e-beam locally destroys the crystalline structure of the resist, what is referred to as 

bond scission.  With a positive resist only the area exposed to the electron beam will be 

removed by the developer.   

For our fabrication processes a multi-layer resist profile of PMMA was chosen 

that produced both the smallest feature sizes obtainable and offered the best results 

following liftoff.  First, a layer of 495K PMMA A2 (495K molecular weight; diluted in 

Anisole 2% by weight) is deposited via a spinner onto a prepared wafer surface, 

constituting the bottom layer of the bi-layer resist stack.  Then a layer of 950K PMMA 

A2 is spun on top of this at a speed four times as fast, depositing a layer roughly three 

times as thin as the bottom layer.  In general, lower molecular weights are more sensitive 

to the e-beam exposure and dissolve more rapidly in the developer, leaving a slight 

undercut.  The total thickness for the multi-layer resist stack was measured with an alpha-
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step profilometer to be approximately 200 nm, which is thick enough for easy liftoff and 

yet thin enough that the towers of resist between gates do not tend to fall over. 

 The developer used is a mixture of Isopropyl Alcohol (IPA) and methyl isobutyl 

ketone (MIBK) in a 3:1 IPA:MIBK ratio.  The correct beam dosage and development 

times are determined by writing a dose matrix on a sample chip (GaAs and not an 

expensive piece of 2DEG wafer).  Though the Raith system has given duplicative results 

over the course of several months junk chips are often written before writing on a good 

2DEG sample in order to determine the proper dosage (usually 1.0 – 1.2 times the entered 

value of 50 Coulombs/cm2).  It is good to note that it is often an easier practice to set the 

development time (60 seconds in our case) and vary the e-beam dosage to suit. 

 Other processes we have tried include an MAA EL6 (MAA EL6 is a mixture of 

PMMA and 17.5% methacrylic acid diluted in ethyl-L-lactate) copolymer resist bottom 

layer and a 950K PMMA A2 top layer, as well as a single layer PMMA profile.   

Liftoff for the MAA EL6 process is quite remarkable.  However, the tradeoff is a 

loss of reproducibility and controllability in the final device pattern.  The MAA EL6 

works well for larger patterns (> 0.5 m), but is not recommended for nanometer-sized 

features where the outcome cannot be guaranteed between successive runs, with the main 

problem being the shorting out between nearby gates. 
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(a)      (b) 
 

  
 
 
 
Figure 3.3:  Two separate quantum dot devices fabricated side by side on the same 
chip using the MAA EL6 copolymer resist as a bottom layer.  A small change in the 
e-beam dosage from (a) (0.04 between the two devices here) results in a large 
variance in the final outcome in (b).  In each case several of the gates have shorted 
together as we seen happen in many of these copolymer test runs.   
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 The single layer e-beam recipe that we have tried in the past included a 200 nm 

thick layer of 950 PMMA A4 developed in the 3:1 IPA:MIBK solution.  Without the 

presence of a multi-layer stack we relied upon the exposure of backscattered electrons in 

the Raith e-beam writer to create an undercut in the resist.  When primary electrons strike 

the substrate they return back through the resist as secondary electrons.  This additional 

exposure called ‘backscattering’ is considered to be the main limiting factor to the 

resolution limit in PMMA and is dependent upon the type of wafer being used; e.g. GaAs, 

Si, or diamond.  The backscattered elections occur due to inelastic collisions with the host 

substrate and generally create an undercut in the resist, which aids the liftoff process.  

These secondary electrons are also a factor in what is called the proximity effect where 

electrons can scatter across patterns into the already written or soon to be written adjacent 

features; the results of the proximity effect are easily seen in the slight “bending” at the 

edges of the QPC device in Figure 2.6. 

 In the end I stuck with the 495K PMMA A2 / 950K PMMA A2 bi-layer resist 

stack as liftoff in this case was the cleanest. 

 

3.3 Fabrication of lateral quantum dot and nanostructure devices 

 

 Here I describe in detail the fabrication methods used in our group.  Just like the 

wonderful world of science in general, our fabrication processes recurrently evolve over 

time as new ideas come about and the next state of the art technology becomes available 

and new processes become known.  
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The following describes the current methods employed to make our quantum dot 

devices as well as some of the methods that our group has used in the past.  I start with 

the simple cleaving and surface preparation of each GaAs/AlGaAs chip and continue 

through each optical lithography and e-beam lithography step all the way to the final 

processing and packaging of the device onto a chip carrier for wirebonding and testing.   

The smallest features of any of the quantum dot devices made so far have lateral 

dimensions of roughly 20 nm.  For this reason all fabrication steps are carried out within 

the Nanoscience Institutes class 100 cleanroom, which maintains less than 100 dust 

particles larger than 0.5 m for each cubic foot of air space, in addition to a strict 

temperature and humidity controlled environment (plus or minus one tenth each).  

 

3.3.1 Sample preparation 

 

 Each GaAs/AlGaAs 2DEG heterostructure wafer comes to us from IntelliEPI as a 

four inch diameter circular wafer.  It is necessary therefore to cleave a small sample from 

the parent wafer before processing in order for the final product to fit into a chip carrier.  

A handheld diamond scribe is used to make a small cut in the 2DEG side of the wafer 

(typically marked with an IntelliEPI serial number etched into the wafer).  GaAs readily 

breaks along its crystal axis so it is only necessary to make a very small scratch on the 

edge of the wafer.  Ultra pure nitrogen gas is available to remove any debris kicked up 

during the cleaving.   

Once the desired portion is scratched the entire wafer can be flipped over and the 

back pressed gently with cleanroom swabs or Q-tips until the sample fractures along the 
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desired edge.  Kimwipe’s can be used as a cushion for the sample so that the surface 

remains unscratched as the wafer is being broken. GaAs dust is hazardous so the cleaving 

procedure should be done in a well ventilated area, preferably under a fume hood.  

Typically, a 1 cm by 1 cm piece of 2DEG material is cleaved each time with twenty four 

quantum dot devices being patterned on each chip.  All good 2DEG materials are stored 

within a nitrogen dry box until they are needed. 

 The Nanoscience Institute has recently installed a high-precision laser cutter.  

Though I have yet to try this, the laser cutter would likely cleave the sample for you with 

far greater precision than a diamond scribe, with the beam of the laser being 20 m in 

width. 

 Once the sample has been cleaved it can then be taken into the cleanroom for 

fabrication.  Prior to each fabrication step a cleaning process is carried out in order to 

prepare the surface of the chip for either a metal deposition or a wet etch.  Cleaning the 

surface can help to reduce the number of stray particulates on the sample leading to an 

enhanced homogeneity of the resist film as well as strengthening the adhesion of the 

deposited metals to the GaAs cap layer.  

The cleaning process, commonly referred to as a three solvent clean, includes 

submerging the chip in separate baths of trichloroethylene (TCE), acetone, and methanol 

for five minutes each while in ultrasound.  TCE is a degreaser, while the acetone will 

remove any organic impurities, photoresists, and will also help to remove the leftover 

TCE on the chip, and the methanol helps to remove the acetone.  It is not necessary to dry 

the chip between baths, rather the sample should be removed from one liquid and 

immediately transferred to the next.  Fluoroware beakers are suggested over glass 
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containers to protect the sample from breaking.  Though the positive pressure within the 

cleanroom is considerable, the cleaning should still be done within a fume hood as TCE 

is carcinogenic.   

Upon removal from the methanol the sample should be blown dry with ultra pure 

nitrogen gas immediately and then left to bake on a hot plate set at 120 C for five minutes.  

Do NOT allow any liquids to dry on the chip as they will tend to carry solid impurities 

that can potentially ruin a chip.  Methanol left to dry on a chip can lead to a shorting 

between gates and even to ohmic contacts as well, introducing unwanted conducting 

paths.  

Another standard cleaning technique is to substitute a bath of IPA followed by a 

bath of de-ionized water (DI-H2O) for the methanol.  Water can remove all of the organic 

solvents and can be evaporated away by baking the sample on a hotplate.  The choice 

between the two methods is simply a matter of preference as both will do the trick. 

Also, note that aside from between the steps of a three solvent clean, anytime a 

sample is removed from a liquid solution it should be blown dry with ultra pure N2 gas 

immediately (CD-26 developer, chlorobenzene, methanol, DI-H2O, etc…). 

 

3.3.2 Mesa etching 

 

 Multiple devices are patterned on a single chip due to the fact that any single 

lithography process does not yield one hundred percent efficiency.  The first optical 

lithography step includes a wet etch that will define a mesa for each individual device on 

the chip thereby isolating all of the quantum dot devices from one another.  Additionally, 
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alignment markers will be patterned via the wet etch for alignment with the following 

lithography steps.  

 Following a three solvent clean and sample baking as described in the prior 

“Sample Preparation” section a layer of Shipley S1811 positive photoresist is spun onto 

the chip at a rate of 4500 rpm for 45 seconds.  The acceleration rate is kept small such 

that the sample spends a total of 30 seconds at the maximum rpm’s (also I have found 

that if the ramp up rate is too high then the resist wont coat the sample uniformly and will 

leave unwanted defects in the resist pattern).  No spin up spin down is used.  The vertical 

height is roughly 1.2 m, measured with an alpha-step profilometer, and is nearly 

uniform across the entire area that will be patterned (here I’m not considering the slight 

variation in height along the edges of the chip, which will not be of importance).  The 

sample is then baked at a 120 C for 2 minutes.  

 The exposure parameters for the MJB-3 Karl Suss mask aligner are 15 mW (NOT 

to be changed by the user) for 14 seconds.  The sample is then developed in Microposit’s 

CD-26 for 55 seconds followed by a DI-H2O rinse for 30 seconds.    

 A very important fact that has come to be known over time is that even after 

development there still exists an invisible layer of photoresist on the patterned surface, 

perhaps one or two nanometers tall at the most.  For device performance it is essential 

that this thin layer of resist be removed prior to any wet etch or metal deposition.  

Otherwise you run the risk of non-uniformity in the wet etch, loss of adhesion in the gate 

electrodes, and/or failing ohmic contacts.   

Several methods have been tried for removing this residual junk, the first being a 

100% O2 plasma descum with the NSI AXIC Reactive Ion Etch (RIE) system.  This 
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method did work well in cleaning the surface.  The problem associated with this method, 

however, is the fact that the plasma within the chamber is directional and upon impacting 

the sample the energetic ions can leave defects in the wafer.  A 75W, 60 second cleaning 

severely damaged the sample essentially washing away the Quantum Hall plateaus in a 

Hall Effect measurement and degrading the mobility by at least an order of magnitude. 

 
 

 
 
 

Figure 3.4:  Shows the Hall voltage and “washed out” plateaus versus magnetic field 
for a sample exposed to a 75W, 60 second O2 plasma descum in the AXIC RIE 
system.  The drive current for the Hall measurement was 10 A.  One Oersted is 
equivalent to one Gauss in free space.    
 
 
 
 On account of this our group sought a cleaning method that would remove the 

leftover resist after development without introducing any sort of defects in the wafer and 

degrading the mobility.  Two methods are available that can do just that.   
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The first is a UV/Ozone cleaning with the NSI Jelight UV/Ozone cleaner (Model 

144AX), which has the ability to produce near-atomically clean surfaces in just a few 

minutes.  This process effectively removes an assortment of organic contaminants from 

surfaces including residues from wet cleaning processes or water residue as well as many 

various types of resists (both photo and e-beam).  The ozone is generated within the 

chamber by a low pressure Mercury vapor grid lamp with a power output of 28 mW per 

square centimeter at 254 nm (from a 6 mm distance).  No voltage is setup across the 

chamber and therefore the atoms are not directed at the chip, rather the sample is 

immersed in a cloud of ozone.  This leads to a gentle cleaning of the GaAs surface 

without a degradation in the 2DEG mobility.   I’ve measured between 1 and 2 Angstroms 

per second resist removal for our optical lithography and e-beam lithography recipes. 

 The second method we use for removing residual resist leftover after development, 

which has been the most widely tested in our group and has worked well for the stability 

and performance of our devices, is an O2 plasma descum carried out in a homemade 

system within Neil Green’s cleanroom/laboratory at NRL.  The system was built in the 

late 70’s (or possibly early 80’s) by Ed Palik and was originally called the “Palik 

System.”  Since the power supply was built by Tegal I suppose it could also be called a 

Tegal Plasma Etcher.  The RF power supply (13.56 MHz) came from an old barrel etcher 

and is now connected to the top plate of a parallel plate, or “planar” configuration.  Thus, 

there is no voltage across the chamber, the O2 ions are not directional, and the sample is 

immersed in a cloud of plasma.  This leads to a very gentle, very thorough cleaning of the 

GaAs surface.  Generally, the power is set at 10 W with a 10 second ramp to 0.9 Torr and 

for our mesa optical lithography step a 30 second cleaning at 0.9 Torr is sufficient.  
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 The wet etching process is guaranteed effective when all of the Si donors in the n-

doped AlGaAs layer, which provide the electrons that make up the 2DEG, are etched 

away.  In practice, however, we always etch to the depth of the 2DEG to be sure that 

transport only occurs in the regions of interest.  After development and a surface cleaning 

with an O2 plasma in Neil Green’s barrel etcher the vertical height of the photoresist 

should be measured in order to determine the etch depth before the resist is removed.  

The resist height is measured with a Tencor alpha-step profilometer in the NSI cleanroom.   

The chip is etched in a solution of DI-H20:H2O2:NH4OH mixed in a 200:1:1 ratio

(the H

 

 2O2 and NH4OH are added simultaneously to the DI-H2O and then mixed well).  A

typical etch rate is 2-3 nm/sec and the target depth is the depth of the 2DEG.  There is no 

reason for the etch rate to be 6 nm/sec or greater as this may lead to non-uniformity in the 

mesa patterns.  The etching process is stopped by rinsing the sample in DI-H2O for 30 

seconds.   

A good practice is to calculate an etch time for half the intended target depth, 

proceed with the wet etch using this time, measure the height up to that point, and then 

recalculate for the remaining distance needed to reach the 2DEG.  This will ensure that 

you do not go beyond the target depth when you first begin to etch. 

 The final vertical height can be measured again with the profilometer to ensure 

the proper etch depth is reached and again after liftoff so that the final mesa height can be 

recorded; you will need that number to set a target evaporation thickness for the gates 

that scale of the sides of the mesa and connect to the e-beam layer pads. 
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 The sample is baked on a hot plate at 120 C for 10 minutes and then soaked in 

Acetone to remove the photoresist.  Liftoff takes several minutes after which the sample 

should be rinsed with IPA, DI-H2O, and then blown dry with ultra-pure N2 gas. 

 A second wet etch technique that I have attempted in the past was to use an etch 

solution consisting of DI-H2O:H2SO4:H2O2 mixed in a 240:8:1 ratio.  Here the acid is

added to the water first so that the heat liberated by the reaction does not degrade the 

hydrogen peroxide.  Typical etch rates are ~ 3nm/sec.  The problem I had with this 

etching mixture was the fact that the sides of the mesa had a bottoming out effect, as seen 

on the right in Figure 3.6.  This effect increases the probability of a discontinuity in the 

metal deposited along the mesa edge and therefore required more metal to be put down 

for the bond pad layer.   

 

In the end I stuck with the first wet etch solution, on the left in Figure 3.6, as it 

generated a much sharper corner along the base of the mesa wall. 
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resist mesa

 
 
 
 
Figure 3.5:  High-angle SEM image of a segment of an etched mesa (~100nm) with a 
bi-layer resist stack (LOR 5A bottom layer and an S1805 top layer).  The resists 
were used for a later optical lithography process (inter-layer dielectric). 
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Figure 3.6:  Mesa profiles for the two separate etching solutions used in our group.       
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(a) 

 
(b) 

   
(c) 

    
(d) 

   
(e) 

   
 
Figure 3.7:  Fabrication steps for lateral, gate defined quantum dot devices.  The 
result of each individual fabrication step (left) and applied sequentially for a single 
device (right).  The alignment markers for each step are located in the four corners 
of the mask.  (a)  A blank GaAs/AlGaAs wafer.  (b)  Mesa structure (grey).  (c)  
Ni/Au/Ge ohmic contacts (black).  (d)  Ti/Au fine gate QD structures (black).  (e)  
Ti/Au large gate connecting pads for wirebonding and making electrical connection 
to the QD gates (black).     
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3.3.3 Ohmic contacts 

 

 A good ohmic contact is a source of charge carriers with a non-zero internal 

resistance Rc that obeys Ohm’s law for all current densities of interest.  The contact needs 

to work at the lowest temperatures reached in quantum dot experiments where thermionic 

currents are negligible, but tunnel currents are a possibility [10, 23, 24].   

Despite decades of electrical measurements in GaAs 2DEG experiments the 

method for making ohmic contacts is not always trivial and remains somewhat of a dark 

art.  The standard process includes depositing metals onto the surface and then annealing 

them into wafer in order to make electrical contact to the 2DEG.  Over the course of this 

work I made an incredible amount of devices and part of that work was spent testing the 

ways to make a good ohmic contact.  Additionally, we have used GaAs/AlGaAs 

heterostructures with varying 2DEG depths ranging from a shallow 40 nm to a deeper 

160 nm and in each case a separate ohmic recipe had to be determined. 

Following the three solvent clean and hot plate bake, a layer of S1811 is spun on 

at 4500 rpm’s for 45 seconds resulting in a resist height of ~ 1.2 m.  The sample is 

baked on a hotplate at 90 C for 20 minutes, soaked in chlorobenzene for 15 minutes, and 

then baked again at 90 C for 5 minutes.  The last hot plate bake will remove any leftover 

chlorobenzene solvents.  Also, be sure to blow dry the sample with N2 gas upon removal 

from the chlorobenzene bath.      

 The exposure parameters for the MJB-3 Karl Suss mask aligner are 15 mW (NOT 

to be changed by the user) for 50 seconds.  The sample is then developed in Microposit’s 

CD-26 for 55 seconds followed by a DI water rinse for 30 seconds. 
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 The sample is taken to Neil Green’s lab for an O2 plasma descum.  The power is 

set at 10 W with a 10 second ramp to 0.9 Torr and for our ohmic contact optical 

lithography step a 1 minute 30 second cleaning at 0.9 Torr is sufficient. 

 To increase the adhesion of the metal to the GaAs cap layer we carry out an oxide 

removal acid wet etch prior to any metal deposition [58].  The chip is etched in a solution 

DI-H2O:HCl mixed in a 10:1 ratio for 10 seconds (the acid is added to the water and then 

mixed well).  The hydrochloric acid will remove any GaAs oxide layer that has formed 

on the surface without damaging the GaAs layer underneath.  The sample should then be 

transferred to the evaporator as quickly as possible (don’t trip…5 to 10 minutes is fine 

though at times I’ve managed to get the chip into the evaporator and begin pumping 

down in under a minute!). 

 For all of our ohmic contact depositions I have used the NSI Edwards thermal 

evaporator since a source of germanium is hard to come by in the Temescal e-beam 

evaporator (it’s not impossible to get a source in the e-beam evaporator, but you have to 

wait at least two weeks, which is two weeks too long in my opinion).   

With the following recipes we have measured low resistance, working ohmic 

contacts at cryogenic temperatures. 
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Table 3.1:  Ohmic contact recipes for various 2DEG depths that have given low 
resistance (<100) at low temperature when annealed above the eutectic point. 
 

 
 
 The first Ni layer acts as a wetting layer and enhances the uniformity of the 

contacts; 5 nm is enough as this layer should not be incredibly thick otherwise you may 

prevent the other elements from penetrating into the wafer.  The 2:1 ratio of Au:Ge forms 

a eutectic mixture, which is the ratio of two substances with the lowest melting point (a 

2:1 ratio is essentially 88% Au and 12% Ge by weight with the melting point of this 

eutectic at ~ 380 C).   

I’ve found that trying to evaporate a eutectic mixture from a single evaporator 

boat is asking for trouble and so I evaporate the metals one at a time.  The wait times are 

important to keep things from getting too hot inside the evaporator.  The second Ni layer 

acts as a barrier for the top layers of metals.  
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 The sample is then submersed in Acetone for liftoff (ultrasound can be used to aid 

the liftoff if needed), which usually takes just a few minutes though I tend to give it a 

little longer (perhaps 1 hour).  Rinse with IPA, DI-H2O and blow dry. 

 In order to make electrical contact to the 2DEG the metals must be annealed into 

the wafer following liftoff.  This is done with the NSI’s very own AS-One 150 Rapid 

Thermal Annealer (RTA) from ANNEALSYS.  The RTA system has both pyrometer and 

thermocouple control of the fast digital PID temperature controller, with a ramp rate of 

up to 200 C per second.  I start with a ramp to 260 C at 10% power to drive off any 

moisture from the chip.  The pyrometer target is set at 510 C for 100 seconds for the 160 

nm deep 2DEG’s, and 450 C for 100 seconds for the 40, 43, and 90 nm deep 2DEG’s. 

 The resulting Rc resistances for each contact are on the order of tens of k’s at 

room temperature and decrease to a value on the order of a k at 4.2 K (for the 160 nm 

deep 2DEG).  The contact resistances are even lower, on the order of a k, for the 

shallower 2DEG’s.  The room temperature measurements are done with a contact probe 

station in the NSI cleanroom and then verified during the low temperature diagnostics. 

 All of our low temperature measurements for our ohmic contact development and 

2DEG mobility verification are carried out in a Physical Property Measurement System 

made by Quantum Design, which is housed in Mike Osofsky’s laboratory at NRL.  The 

system allows for a rapid sample installation and retrieval and can scan across the 

temperature range of 300 K – 1.9 K in just several hours.  The system is also equipped 

with a 9 T superconducting magnet and support system for carrying out our Hall Effect 

measurements.  The following figures show the temperature dependence of both working 

and poor contacts that were measured at zero field. 
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Figure 3.8:  Resistance versus temperature curves for (a) working ohmic contacts 
and (b) poor ohmic contacts.  Preferably, the contact resistance is as low as possible 
at low temperatures.  A sharp increase in resistance as the temperature is decreased 
is one way an ohmic contact can be ruled unworthy. 
 
 
 
 

 
 
 
Figure 3.9:  SEM and optical images taken of an annealed, low resistance ohmic 
contact.  (a)  The cross-sectional SEM image, taken after a Focused Ion Beam (FIB) 
cut into the contact, shows the puncturing of the deposited metal into the host 
GaAs/AlGaAs wafer.  (b)  An optical micrograph of a contact measured to have less 
than a k of resistance at 4.2 K.  The dimensions of the contact are 200 m x 200 
m.  The smaller gold square is additional metal deposited during the last optical 
lithography step (large gate pads) to help in wirebonding.   
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3.3.4 Quantum dot gates 

 

 The next step in the fabrication process is to pattern the fine gates that make up 

the quantum dot devices, as well as another set of alignment markers.  This is done via 

electron-beam lithography.  For the most part the fine gates define the properties of the 

quantum dot including the general properties of the tunnel barriers (size and position), the 

shape of the dot, and even the amount of electrons the dot contains (single electron QD 

references). 

 As a rule of thumb the depletion length (the lateral depletion of the electrons 

around the gates) is roughly equal to the depth of the 2DEG.  The DeBroglie wavelength 

(essentially the Fermi wavelength when calculated using the zero-Kelvin approximation) 

is dependent upon the material being use and for our purposes is typically between 30 – 

50 nm.  If you wanted to design a quantum point contact that will have at least 5 

conductance plateaus and you are using a 100 nm deep 2DEG with a wavelength of 40 

nm, then you will have to space the gates at least 400 nm apart, 100 nm for each 

depletion length and 40 nm per plateau.   

 Following the three solvent clean and hot plate bake, a layer of 495K PMMA A2 

is spun on at a rate of 1000 rpm’s for 45 seconds, and then the sample is baked at 150 C 

for 2 minutes.  This is then repeated once more in order to get the bottom layer thick 

enough for easy liftoff.  Another layer of 950K PMMA A2 is then spun on at 4000 rpm’s 

for 45 seconds, and then the sample is baked at 150 C for 2 minutes. 
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 The desired pattern is written with the Raith-150 e-beam writer using an 

accelerating voltage of 25 kV and a 10 m aperture.  The gate pattern is written in the 

center of each mesa.   

 Following the e-beam write the chip is developed in a solution of 3:1 IPA:MIBK 

for 60 seconds.  Feel free to check the outcome and alignment under an optical 

microscope, just be sure that the yellow filters are in place and that the sample is not 

exposed to white light (a good practice for all lithography steps).  The sample is then 

baked at 95 C for 30 minutes to drive away any moisture; note that this baking does not 

present any adverse affects to the fine gate features.   

 The sample is taken to Neil Green’s lab for an O2 plasma descum.  The power is 

set at 10 W with the fastest ramp rate allowed to 0.9 Torr and for our e-beam lithography 

step a 13 second cleaning at 0.9 Torr is sufficient.  This amount of time will remove any 

resist residue left on the developed surface without degrading the small QD features. 

 This is followed by a 10 second 10:1 DI-H2O:HCl wet etch and then the sample is 

loaded into the Temescal e-beam evaporator as fast as possible.  For all of our 

nanostructure gates we usually deposit 10 nm Ti (wetting layer) at 1 Angstrom/second 

followed by 20 nm Au at 1 Angstrom/second.  The sample is then left in an Acetone bath 

overnight for liftoff.  A five second burst of ultrasound can be used to clear away any 

clingy metal without damaging the fine gates.  Upon removal from the Acetone, rinse 

with IPA, DI-H2O and then blow dry.   
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Figure 3.10:  SEM images taken of devices similar to those tested in our He3/He4 
dilution refrigerator.  (a)  A Quantum Point Contact device that has shown 
quantum behavior at temperatures as high as 4.2K.  (b) & (c)  A geometry used for 
our scalable single photon detector.  Here, the lower quantum dot is coupled to a 
dipole antenna fabricated to absorb THz frequencies, while the upper dot acts as a 
single electron transistor.  (d)  A double quantum dot geometry where the width of 
each dot is 1m. 
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3.3.5 Large gates 

 

 The large gate patterns, used for wirebonding, electrically connect the small 

quantum dot electrodes to the gold plated pads on the chip carrier.  The majority of the 

metals deposited in this fabrication step lie off the mesa, requiring a significant amount of 

metal to be deposited to ensure good electrical conductivity across the mesa edge. 

 Typically, this fabrication step is done immediately following the e-beam 

lithography step.  I do not carry out the typical three solvent clean, but rather remove the 

sample from the e-beam Acetone liftoff and submerge it in Methanol for five minutes.  I 

do not use ultrasound in order to prevent the fine QD gates from being damaged. 

After the sample is removed from the Methanol and blown dry, a layer of S1811 

is spun on at 4500 rpm’s for 45 seconds resulting in a resist height of ~ 1.2 m.  The 

sample is baked on a hotplate at 90 C for 20 minutes, soaked in chlorobenzene for 15 

minutes, and then baked again at 90 C for 5 minutes.  The last hot plate bake will remove 

any leftover chlorobenzene solvents.  Also, be sure to blow dry the sample with N2 gas 

upon removal from the chlorobenzene bath.      

 The exposure parameters for the MJB-3 Karl Suss mask aligner are 15 mW (NOT 

to be changed by the user) for 50 seconds.  The sample is then developed in Microposit’s 

CD-26 for 55 seconds followed by a DI water rinse for 30 seconds. 

 The sample is taken to Neil Green’s lab for an O2 plasma descum.  The power is 

set at 10 W with a 10 second ramp to 0.9 Torr and for our large gate patterns a 50 second 

cleaning at 0.9 Torr is sufficient. 
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 This is followed by a 10 second 10:1 DI-H2O:HCl wet etch and then the sample is 

loaded into the Temescal e-beam evaporator as fast as possible.  For all of our large gate 

patterns we usually deposit 25 nm Ti (wetting layer) at 1 Angstrom/second followed by 

250 nm Au at 3 Angstrom/second.  The sample is then left in an Acetone bath overnight 

for liftoff.  A five second burst of ultrasound can be used to clear away any clingy metal 

without damaging the fine gates.  Upon removal from the Acetone, rinse with IPA, DI-

H2O and then blow dry.   

 

3.3.6 Interlayer dielectric 

 

 A dielectric is a material that is electrically insulating and can be used to prevent 

conducting materials from coming into contact.  Early on in the fabrication and testing 

our group considered using a Si3N4 (Silicon Nitride) dielectric layer to block any leakage 

current from reaching the gate electrodes that scale the vertical wall of the mesa.  Si3N4 

was chosen as a dielectric because it was both compatible with the optical lithography 

resists being used and the cryogenic temperatures at which the devices are tested.  For 

several reasons, however, which will be discussed next, we have discontinued this 

practice. 

 When using the interlayer dielectric the large bond pads used for wirebonding had 

to be deposited on top of the Si3N4.  On account of this the difficulties in wirebonding 

were paramount.  The dielectric layer adhered fairly well to the GaAs cap layer of the 

material, however, the peel off of the dielectric from the GaAs when wirebonding made it 

difficult to test even a single device.   

 62



 Even more, the Si3N4 had to be deposited in the Innovative Sputterer deposition 

system in the NSI cleanroom, which contained the only source of the dielectric.  This 

method of depositing the material was harmful to our 2DEG wafers and generated 

considerable damage.  The effects were very similar to those seen in Figure X.X where 

the QHE plateaus are “washed out” and the carrier mobility is significantly degraded.   

 And even when we were able to test a device that contained an interlayer 

dielectric we found that leakage currents were still a problem (the fine metal gates were 

essentially melted away, the result of passing too much current through too little metal).  

This result supported our theory that the leakage currents associated with our shallow 

2DEG quantum dot devices occurred through the top of the wafer and not along the mesa 

edge. 

 

3.4 Final preparations for testing 

 

 Once the final lithography step is finished the device can be glued to a chip carrier.  

Additionally, if the chip has to be cleaved further in order to fit into the chip carrier a 

layer of Shipley S1811 photoresist can be spun on at 4500 rpm for 45 seconds and then 

baked at 70C for 2 minutes.  The photoresist will protect the fine gates from any debris 

kicked up during the cleaving, which can be done with the diamond scribe in the same 

manner as described in the 3.3.1 Sample Preparation section.  The resist can be removed 

with Acetone, followed by an IPA and DI-H2O rinse and blow dry. 

 I use GE varnish to glue the samples to a Au plated ceramic chip carrier.  The GE 

varnish leads to good thermal conductivity between the sample and chip carrier, but not 
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electrical conductivity.  When finished testing the sample can be removed from the chip 

carrier with Acetone. 

 Wirebonding is done in Bernard Phlips laboratory in the Space Sciences division 

at NRL with the help of Mary Johnson-Rambert, the greatest wirebonder in the world.  

The Phlips laboratory is equipped with its own miniature cleanroom that is dedicated 

solely to the semi-automatic wirebonder that has yet to blow up any one of my devices.  

We use an ultrasonic wedge bonder with (dimension) Al wire to connect the bond pads to 

the chip carrier.  An optical image of a bonded device glued in a chip carrier is shown in 

Figure 3.11 and an SEM image of a bonded device glued in a chip carrier is shown in 

Figure 4.5. 
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Figure 3.11:  Wirebonded quantum dot device and General Washington. 
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CHAPTER 4 

 

MEASUREMENT TECHNIQUES 

 

4.1 Introduction 

 

In this chapter we report the complete measurement process for testing the 

quantum dot and quantum point contact nanostructures fabricated for this work.  An 

introduction to the two-wire and four-wire electrical measurement schemes used in our 

experiments is given, followed by a description of the Oxford Instruments He3/He4 

dilution refrigerator cryostat used in our experiments and its internal wiring.  We mention 

the network analyzer and GHz signal source setup used in our single photon detector 

experiments and the data acquisition software with which we captured the data.   

All devices were tested within a quite module laboratory within the Nanoscience 

Institute at the Naval Research Laboratory in Washington, DC. 
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4.2 Measurement electronics 

 

 A typical quantum dot measurement often includes the detection of sub-pico Amp 

(10-12) levels of current (< 107 or about ten million electrons) [3, 14, 41, 42, 57].  Thus, it 

is necessary to include methods of detection aimed at eliminating any and all extraneous 

and undesirable signals and frequencies from the system [52, 53, 54].  A measurement 

includes the application of a source-drain voltage (or current source) over the device, or 

part of the device, and measuring the resulting current or voltage signal as a function of 

various parameters; such as the negative voltages applied to the depletion gates, 

temperature, electromagnetic fields, etc.    

For most measurements it is important to keep the current and voltage across a 

device relatively small on account of the required condition that the temperature of the 

device be kept sufficiently cold.  The voltage drop across a device, Vsd, should not 

exceed the temperature of the electrons, Te, within the 2DEG.  If Vsd is allowed to exceed 

Te then the electrons within the Fermi reservoirs may enter or leave the quantum dots at 

random and/or the higher energy charge states within the dots may become accessib

thus preventing transport to be measured either through a ground state or through 

neighboring quantum energy levels.  Therefore, it is necessary to limit the voltage dr

across a device such that eV

le, 

op 

onstant. sd < KBT, where KB is Boltzmann’s c

 

Vsd < .345mV for Te = 4K 

Vsd < 8.62V for Te = 100mK 
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In order to achieve the highest possible signal to noise ratios within our 

experimental setup PAR-124 all-analogue lock-in amplifiers were used as a voltage 

source (or current source when necessary) and were frequency and phased locked to the 

driving signal at a frequency of 87 Hz for our single photon detection measurements.  For 

all of our experiments we measure the conductance G of our device, G = 1 / R, where R 

is the device resistance measured as a function of a changing variable. 

An analogue DL 1211 current preamp was used to convert the resultant current 

signal to a voltage signal to be measured as a function of an independent variable.  An 

Agilent Technologies E5270B Precision Measurement Mainframe was used to apply the 

milliVolt bias voltages to the gate electrodes.    

To create the quantum dots the electrons within the 2DEG are confined to lengths 

scales on the order of nanometers by gating the heterostructures with patterned metal 

deposited during the electron beam lithography step (described in the Fabrication chapter 

of this thesis).  A Schottky barrier is formed at the interface between the deposited metal 

and the GaAs cap layer [23] so that ideally no leakage current traverses across the gap 

between the metal and the 2DEG (more on the topic of leakage currents as a function of 

2DEG depth in chapter 6).  By varying the negative voltage on the gates, and therefore 

electric potential landscape, we can control both the size and shape of the devices.    
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Figure 4.1:  3D view of two quantum dots in series formed by eight depletion gates 
(light gold) on the surface of a GaAs/AlGaAs wafer.  The 2DEG, shown in purple, 
exists anywhere between 40 and 160 nm beneath the surface in our experiments, 
except in the regions where the electrons within the 2DEG are fully depleted when 
the negative bias voltages are applied to the fine gates.  Electrical contact is made 
with the 2DEG via ohmic contacts (darker gold) that penetrate through the upper 
regions of the wafer when annealed at temperatures above the eutectic point.   
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Figure 4.2:  Experimental setup configuration showing the connections between the 
electronic equipment and the gate and ohmic pads on a device.  A lock-in sources an 

AC signal (~ 0.1V) and a simple voltage divider circuit 105:1 is connected to an 
ohmic on the high side and is used to supply the V drop across the device.  An 

Agilent E5270B Mainframe supplies the gate voltages through a homemade 
breakout box.  Final data values can be read off of the Keithley Meters and 

oscilloscope.  The computer with which the data is captured is housed in a separate 
room and is connected to the equipment via an optical fiber cable. 
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4.3 Measurement set-ups 

 

 Two different set-ups can be used to measure the resistance, and thus conductance, 

of a device depending upon the average resistance.  It is important to remember that the 

voltage and current across the device must be kept below a certain value.  For samples 

demonstrating a large resistance it is best to apply a constant Source-Drain voltage, Vsd, 

chosen to meet the condition Vsd < KBT, and measure the resultant current.  Towards the 

opposite limit, for low resistance samples, a more reliable measurement comes from 

sourcing a constant current and measuring the voltage drop across the device.   

 

4.3.1 2- and 4-wire voltage bias measurements 

 

If the sample resistance is larger than 25 k, corresponding to a sample 

conductance G < e2/h, voltage bias measurements are typically used.  In this case a 

constant AC voltage source Vsd is applied across the sample and the resulting current is 

measured out of the device (2-wire) or the voltage drop V across the device is measured 

(4-wire).  The output of a lock-in amplifier is used as a voltage source, usually set at a 

value of ~ 0.1V, and is divided down to the desired voltage (~ 10’s V) with a simple 

voltage divider circuit.  The high voltage is connected to an ohmic in the source reservoir, 

while an ohmic in the drain reservoir is connected to an Ithaco DL1211 current pre-amp 

(2-wire).  The pre-amp then feeds back into the lock-in for a current measurement.  In 

order to determine the voltage drop across the device, V, a second lock-in can be 

frequency and phased-locked to the first (4-wire).  In each case the gate electrodes are 
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negatively biased with respect to the shield on the current preamp.  The circuit diagrams 

corresponding to these setups can be seen in Figure 4.3.   

 

4.3.2 4-wire current bias measurements 

 

Current bias measurements are more practically useful when the device resistance 

is on the order of 25 k or less, corresponding to a device conductance of G > e2/h.  A 

current bias measurement requires four ohmics, two in each reservoir (source and drain), 

while a second lock-in amplifier, frequency and phase locked to the first, measures the 

voltage drop V across the device, as seen in Figure 4.4b.  Also shown in Figure 4.4a is a 

measurement scheme where the gate electrodes that define a dot are biased not with 

respect to ground, but with respect to the electrons in the 2DEG that are within the drain 

reservoir (low side of Vsd).   The gates are biased through a 1 G resistor in order to 

prevent leakage.  The output of the lock-in is set at a value typically around 0.1V and a 1 

G resistor is used to convert the voltage signal to a current signal on the order of a few 

nanoAmps depending upon the output voltage at the lock-in.   
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(a) 

 
(b) 

 
 
 

Figure 4.3:  Circuit diagrams for a 2-wire and 4-wire voltage bias measurement 
setup.  (a)  A 2-wire measurement consists of a lock-in amplifier sourced AC voltage 
divided down to the desired Vsd ~ V’s.  An Ithaco DL1211 current preamp 
converts the signal from an ohmic in the drain reservoir into a voltage signal, which
is then fed back into the lock-in for measurement.  The quantum dot gates are 
biased with respect to ground in the circuit.  (b)  A 4-wire voltage bias measurement
includes a separate voltage sensing line connected to ohmics in the source and drain 
reservoirs.  This signal is fed into a second lock-in that is phase locked to the first to 
measure the voltage drop V across

 

 

 the device. 
 

 73



(a) 

 
(b) 

 
 
 
Figure 4.4:  Circuit diagrams for (a) a 2-wire voltage setup where the gates are 
biased with respect to a drain ohmic through a 1 G resistor to prevent leakage and 
(b) a 4-wire current bias measurement.  The lock-in sources an AC voltage which is 
converted into an AC current source with a 1 G resistor. 
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Figure 4.5:  High angle SEM photographs of a wirebonded (2-wire, AC voltage 
sourced measurement setup) double quantum dot device following milliKelvin 
measurements in our He3/He4 Oxford Instruments dilution refrigerator. 
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4.4 Cryostat setup 
 
 
 
 The measurements reported in this thesis were taken in an Oxford Instruments 

Kelvinox MX50 3He – 4He dilution refrigerator with a base operating temperature of 

25mK.  At the time of the measurements reported herein the fridge had no special 

filtering in place, except for a cold resistor bank attached to the sample holder on the 

mixing chamber base plate.  Wires connected to ohmics had inline resistors of 1 k while 

depletion gate wires had 200 k resistors.  The addition of the higher resistance wires has 

helped to avoid destruction of the delicate devices, protecting the fine quantum dot gates 

from any static discharge to the cryostat.  A general rule of thumb now used in our group 

is that the higher the inline resistance the more resilient the device. 

 Low temperature coaxial cable was separately heat sunk at various stages of the 

cryostat (4.2K, 1.8K, 800mK, 300mK and base temperature).  The heat sinking was done 

using sheets of thin paper and GE varnish.  Two cables were installed, one supporting the 

87 Hz driving signals for the VSD and current measurements, while the other was used as 

a dipole antenna to transfer the 110 GHz signals into the cryostat in order to illuminate 

the quantum dot detector.  An 8510C Network Analyzer from Agilent Technologies 

controlled our millimeter-wave unit to supply the GHz signals. 
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Figure 4.6: Working layout of the experiment including two separate rooms for 
shielding purposes.  An optical fiber cable is used to connect the “dirty” equipment 
in one room to the “clean” equipment in the other. 
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(a) 

 

 

 

 

 

 

 

 

 

(b)           (c) 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Inner workings of the dilution refrigerator showing both the 200 heat 
sunk wires for the depletion gates (installed by Oxford) and the micro-coax cable 
(blue) installed in our lab.  The sample holder (brown/orange) is attached to the 
base of the mixing chamber plate in (c). 
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4.5 LabView 

 

 Our group uses LabView version 7.1 to communicate with all of the instruments 

within our lab.  The LabView programs used for the data shown in this thesis were 

initially written by Dong Ho Wu and were later modified by Randy Hinton and myself to 

include several options for saving and storing the data after it was taken.  The specific 

code is not included here.  The main panel and block diagrams for the programs used to 

capture the data are shown in Appendix C at the end of this thesis. 
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CHAPTER 5 

 

SCALABLE SINGLE PHOTON DETECTOR FOR TERAHERTZ 

AND INFRARED APPLICATIONS 

 

5.1 Abstract 

 

We have developed a detector that can detect single photons at terahertz 

frequencies.  The detector is based on single and double quantum dot and single electron 

transistor technology, and the entire structure is scalable.  One can scale the detector of 

nearly the same structure to be used for selecting and capturing different frequencies.  

Our numerical calculation, which was performed along with our experimental efforts, 

indicates that the same detector structure can be used for millimeter-wave and far-

infrared frequencies.  

 

[This chapter is expanded from the article published in the International Journal of High 

Speed Electronics and Systems, 18 (4), 2008] 
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5.2 Introduction 

 

Recent advancements in the research areas of quantum dot (QD) and single 

electron transistors (SET) open up an exciting opportunity for the development of 

detectors that can respond to a single photon over a broad frequency spectrum, namely 

microwave to infrared (IR) frequencies [5, 6, 13, 30]. Until such detectors were 

developed single photon detection was possible by means of the photomultiplier tube and 

only for photons with wavelengths shorter than about 1.5 m.  For the detection of 

photons with wavelengths longer than IR conventionally a bolometer is typically used.  

The sensitivity of a state-of-the-art bolometer, in terms of noise equivalent power (NEP), 

is 10-19 W/Hz1/2, which requires 103 photons to yield a detectable signal when it is 

operated at temperatures below 100 mK.  A single photon detector, which is based on QD 

and SET structures, will be three orders of magnitude more sensitive than the state-of-

the-art bolometer as its NEP will be on the order of 10-22 W/Hz1/2, sensitive enough to 

detect a single photon at microwave and FIR frequencies.  We anticipate wide 

applications for these detectors including terahertz microscopy, high sensitivity terahertz 

imaging, and spectroscopy as well as covert communications. 

          For the microwave and FIR applications various detectors are already available. 

However, the typical sensitivity of such detectors, including electro-optic sensors, 

pyroelectric detectors, Golay cells, microbolometers, Schottky diodes, and transistor 

plasma wave detectors, is less than 10 W/Hz , which requires billions of photons to 

yield any detectable signal.  As the signal generators at terahertz and far-infrared 

frequencies are so weak that they can produce at best a few milliwatts over the frequency 

-12 1/2
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range from 100 GHz to 10 THz, and photons at those frequencies suffer a rapid 

attenuation while transmitted in the air (see Fig. 1), currently available detectors are not 

suitable for critical applications.  

          In this paper we report our experimental results for the development of a single 

photon detector that is based on quantum dot and single electron transistor technologies.  

Preliminary characterizations indicate that our detector is sensitive enough that it can 

detect a few photons at 110 GHz.  Although the photon detection experiments were 

carried out around 100 mK we think that our detector may possibly be able to detect a few 

photons at temperatures much higher than 100 mK since we have seen characteristic 

quantized conductive steps through the SET at temperatures above 4.2 K. Of course we 

should consider thermal noise that restricts the maximum operating temperature of our 

detector.  To minimize the blackbody noise that increases with temperature (Fig. 2), the 

detector should be cooled.  
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Fig. 5.1: Attenuation of photons at different frequencies (wavelengths). (Data taken 
by the MIT Lincoln Lab.)  The attenuation curve partly reflects the frequency 
dependence of blackbody radiation, which is shown in Fig. 2.  
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Fig. 5.2: The blackbody radiation as a function of frequency at different 
temperatures. 
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5.3 Earlier single photon detectors 

 

          In 2000 Komiyama's group demonstrated an operational single photon detector 

made of a single quantum dot placed in a magnetic field by exploiting the charge transfer 

between the lower Landau Level and the upper Landau level.  Subsequently, in 2002, the 

same group demonstrated a single photon detector made of weakly coupled double 

quantum dots [13]. By employing the double dot structure they separate the photon 

absorption energy band and the energy band for the single electron transistor.  The 

lithographically defined size of their quantum dots fell in the range from ~ 1 m to 500 

nm.  The charging energy (Ec = e2/2C) of the SET is inversely proportional to the 

effective capacitance of the SET, and the effective capacitance is proportional to the size 

of the SET.  In this scheme single-electron and hole-charging energies must be large 

compared to the thermal background energy KBT.  As they used relatively large quantum 

dots the operating temperature of their device was at or below 100 mK.  Also, the 

operating frequency was fixed at 500 GHz for their double quantum dot detector.  In our 

experiments we adopt their device structure to demonstrate a tunable single photon 

detector at an elevated temperature by employing smaller quantum dots. 
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5.4 2DEG materials 

 

 For the design of our quantum dot detector we have performed numerical 

calculations.  The calculations indicate that our detector should be fabricated on a shallow 

2 dimensional electron gas (2DEG) substrate in order to achieve the operating 

temperature above 4 K [1].  As shown in Fig. 3 the depth of the 2DEG that we have used 

for the detector is about 40 nm.  This is much shallower in comparison with the 

Komiyama group's 2DEG, which was buried approximately 100 nm beneath the un-

doped GaAs cap layer.      

The high-mobility GaAs/Al0.24Ga0.76As heterostructure crystal was grown by 

molecular beam epitaxy in the [001] direction.  The heterostructure layers were deposited 

on an n-type GaAs substrate, in order from the substrate, a 5000Å thick GaAs buffer 

layer, a non-inverted heterostructure (500 Å thick GaAs/ 140Å thick Al0.24Ga0.76As), a -

doped barrier layer (250 Å thick Al0.24Ga0.76As), and a -doped GaAs cap layer (10 Å 

thick).  The silicon n-type dopants (level 6x1018/cm3) provide the excess charge carriers 

(target value was 6x1011/cm2 at room temperature), which constitute a 2 dimensional 

electron gas (2DEG) at the hetero-interface 400 Å below the wafer surface and 140 Å 

from the dopant atoms. 
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Fig. 5.3. The 2DEG structure we have used for our double-dot detector.  For this 
work the 2DEG depth was a shallow 40nm beneath the surface of the wafer.  Here, x 

= 0.24. 
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The 2DEG itself was characterized by measuring the Hall properties of micron-

size Hall bars, which were fabricated on the 2DEG material.  A standard Hall bar 

geometry, which is shown in Figure 4, is defined by wet etching and the metallic 

electrodes and ohmic contacts are patterned via optical lithography.  Hall measurements 

reported in this paper were taken on a 50 m wide Hall bar with a 700 m distance 

between longitudinal taps.  Electrical contact is made with the 2DEG by lithographically 

patterned Ni-Au-Ge Ohmic contacts, which when annealed at temperatures above 400 

degrees Celsius provide for low resistive transport into and out of the 2DEG at cryogenic 

temperatures.   

Two different Hall bars were fabricated, with and without an overlaying Si3N4 

(silicon nitride) dielectric layer, which was tested to shield the 2DEG along the mesa 

edge from unwanted field effects caused by voltage biased leads.  For the characterization 

of ohmic contacts we use a standard Van der Pauw experimental configuration.  As 

shown in Figure 5, the resistivity decreased with temperature monotonically indicating 

the correct Ohmic contact behavior.  

 

 

 

 

 

 

 

 

 88



 

 

 

 

 
 
 (a) (b) 
 
 
 
 
 
 
 
 
 

 

Figure 5.4: (a) Optical micrograph of a micron-size Hall bar fabricated on the 
2DEG material, and (b) the schematic diagram of the Hall bar and its 
characterization.  Note a magnetic field B that is perpendicular to the Hall bar is 
applied during the characterization, and a 10 A current was used. 
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Figure 5.5: Temperature dependence of the resistivity of the Ohmic contact on the 
2DEG 
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In a 2DEG material the magnetic field dependence of the Hall resistance at low 

temperatures is quantized to Rxy = h/ne2 where h is the Planck constant, n is an integer, 

and e is the fundamental electron charge.  Also, the longitudinal resistance Rxx measured 

as a function of magnetic field exhibits the characteristic Shubnikov-de Haas oscillations.  

Indeed when the Hall resistance was measured at 1.7 K we found a clearly quantized Rxy 

resistance and the Shubnikov-de Haas oscillations from Rxx(H), as shown in Figure 6. 

 As our heterostructure material showed the typical 2DEG behavior, we fabricated 

quantum-point-contact (QPC) devices to see further 2DEG behavior in another nano-

device form.  Moreover, we did this to test our device fabrication technique.  The gap on 

the QPC was set at 250 nm, shown in Figure 7.  We tested the device at 4.2 K using AC 

lock-in techniques and found that the device did indeed exhibit quantized resistance 

behavior on account of the quantized transverse electron momentum through the QPC. 
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Fig. 5.6: (a) The magnetic field dependence of the Hall resistance Rxy measured at 
T=1.7 K. Note the quantized Hall resistance. (b) The Shubnikov-de Haas oscillations 
in the longitudinal resistance Rxx. 
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Figure 5.7: An example of quantum point contact fabricated at NRL, and the 
quantized resistance obtained from the QPC device. 
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5.5 Structure of a double quantum dot detector 

 

Our single photon detector consists of double quantum dots in a parallel geometry 

that is defined by metallic electrodes deposited on the wafer’s surface.  Figure 8(a) shows 

the gate electrodes and the Ohmic contacts with the quantum dots located at the center of 

the white frame.  Figure 8 (b) shows another SEM picture of the double quantum dots, 

which is a magnified view of the center part of Figure 8(a).  The lower quantum dot 

(QD1) acts as a photon absorber and the upper quantum dot (QD2) functions as a single 

electron transistor.  

The gate electrodes were defined via e-beam lithography after which we 

deposited a 50 Å thick Cr layer (acts as a wetting layer) on the surface of a GaAs/AlGaAs 

heterostructure and then a 150 Å thick Au layer on top of the Cr layer.  The diameters of 

QD1 and QD2 (defined by the surrounding electrodes) are roughly 250 nm with the 

diameter of the SET dot (QD2) slightly smaller than that of the absorber dot (QD1). 

When a negative bias voltage is applied to the electrodes the negatively charged 

gates repel electrons in the 2DEG.  If the negative field strength is strong enough all 

electrons beneath the electrodes will be fully depleted and electrons confined inside the 

circular disks will be isolated from the rest of the electrons in the 2DEG.  These isolated 

electrons in the disk form the quantum dot.  The size of the isolated electron puddle (i.e. 

quantum dot) is dependent upon the strength of the negative bias voltage:  the stronger 

the bias voltage the smaller the quantum dot.  As the capacitance and the electrochemical 

potential of the quantum dot are closely related to the number of isolated electrons, one 

can control the capacitance and the electrochemical potential by adjusting the gate 
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voltage.  The plunger gate G1 shown in Figure 8 provides experimental control of the 

SET dot's self capacitance (C1) and electrochemical potential (1), and the pair of gates 

labeled G2 control the absorber dot's self capacitance (C2) and electrochemical potential 

(2).  The electrodes labeled G12 control the potential barrier that couples the SET dot 

and the absorber dot.      
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Figure 5.8: (a) Overall SEM view of NRL double quantum dot detector.  (b) SEM 
picture of the electrode defined double quantum dots. 
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5.6 Experiments 

 

For a small number of electrons in the quantum dot it is possible to calculate 

many-electron wave-functions and energy states. The many-body spectrum at zero 

magnetic field is then governed by the quantum confinement energy Eq and the Coulomb 

energy (or the charging energy) Ec.  For the simplest case of two parabolically confined 

electrons these parameters may be expressed in terms of lo, which is related to a 

characteristic frequency 0 determined by the electrostatic environment, as  

 

lo = ( ħ / m * 0 ) 
1/2 

 

The confinement length of the harmonic oscillator can be expressed as  

 

Eq = ħ2 / ( m * lo
2 ) 

 

and the charging energy as  

 

Ec = e2 / 2 * C  e2 / ( 4 lo) 

 

The characteristic frequency 0 is related to the frequency of the photon absorbed 

by the quantum dot.  Therefore, the operating frequency of the quantum dot detector can 

be tuned by adjusting the electrostatically defined quantum dot size.  When a photon is 

absorbed by the absorber dot the energy level of the absorber is shifted resulting in a pair 
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of excited electrons and holes.  The excited charge can tunnel to an electron reservoir 

(outside of the quantum dots).  As the absorber (QD1) and the SET (QD2) are weakly 

coupled by the voltage on gates G12, the excited energy level of the absorber alters the 

energy levels of the SET.  If an energy level of the SET aligns within the energy levels of 

the source and the drain, electrons begin to flow through the SET.  These excited energy 

levels of the absorber and the SET are in what are referred to as meta-stable states, which 

survive typically on the order of or less than a few milli-seconds.  This decay is due to the 

fact that a finite probability exists that an electron from one of the large 2DEG reservoirs 

will “hop” onto the absorber dot.  This results in a change in the energy of the absorber 

dot, which can affect the energy level matching between the SET dot and source and 

drain, since the two dots are electrostatically coupled.   

Since the electron mobility is very high and the electron density is very large in 

the 2DEG, a significantly large number of electrons can flow through the SET within a 

relatively short amount of time.  A typical current measurement system can detect a pico-

ampere without much difficulty.  Hence, if the number of electrons flowing through the 

SET is on the order of 107, one can see clearly discernible signals in the measured output.  

This operating principle is somewhat analogous to the photomultiplier tube as a single 

photon triggers a measureable electron flow in the detector. 

 

5.6.1 Experimental setup 

 

For the characterization of our device we first tested the conductance of the SET 

while coupled to the absorber.  All quantum dot electrodes were held at the same bias 
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potential using an Agilent E5270B precision measurement mainframe.  To minimize the 

electronic noise interference we used an optical bus for all electronic equipment control, 

including optical fiber cables to connect the “noisy” equipment to the experiment, Figure 

9 (a).  The device was mounted in a dilution refrigerator and the subsequent output 

current was measured using AC lock-in techniques while sweeping the gate voltage at 

T=4.5 K.  In this setup the current flowing through the SET must tunnel through two 

quantum junctions.  Hence the conductance characteristics can be noticeably different 

from those of a single quantum point contact, as shown in Figure 9 (b). 
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Figure 5.9: (a) The schematic diagram of our experimental setup for the SET 
characterization. (b) The quantized resistance obtained from the SET. 
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5.6.2 Photon detection experiments 

 

For the photon detection experiment we used a similar double dot detector that 

was fabricated in a different batch.  The measurement setup was nearly identical to the 

set-up shown in Figure 9 except for a millimeter-wave input port.  For this demonstration 

we employed an HP 85105 millimeter-wave controller and an HP W85104A test-set 

module, which were attached to HP8510C Vector Network Analyzer.  As shown in 

Figure 10, the millimeter-wave signal was sent through micro-coaxial cable (Lakeshore 

Type C cable). To modulate the signal we split the micro-coaxial cable and made two sets 

of dipole antennae, which face each other across an optical beam chopper (Stanford 

Research SR540) set to produce 1 - 2 Hz modulation.  However, at the low modulation 

frequency, the chopper's blade did not rotate smoothly resulting in irregular modulation 

so much that the modulation interval was highly irregular.  Also, we note that the 

millimeter-wave signal was highly attenuated through the micro-coaxial cables as well as 

through the dipole-antenna to dipole-antenna coupling.  We estimate the attenuation rate 

was much more than 5dB per foot for the micro-coaxial cable and the coupling efficiency 

through the dipole-antenna coupling less than 10%.  Since the initial mm-wave input 

from the W85104A was approximately 50 W, and the transmission efficiency of the 

millimeter-wave photon through the coaxial cable and the dipole-antenna coupling was 

extremely poor, we think that the millimeter-wave signal irradiated onto the double dot 

detector was sub-microwatts. 

In the experiments we measured the temperature dependent conductance as well 

as the bias voltage dependent conductance of our double dot device.  The experiments 
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indicate that although the millimeter-wave signal power was very weak our double dot 

device could detect the signal (Figure 11).  However, the results may not indicate single 

photon detection.  We think that our double dot detector could detect a few millimeter-

wave photons at 100 mK.  Also, as the data in Figure 9 indicates the conductance through 

our SET, when coupled to the absorber, as a function of bias voltage clearly shows 

quantum mechanical behavior at 4.5 K, possibly suggesting that our double dot device 

can operate at temperatures much higher than 100mK.  Further experiments and analysis 

are underway to confirm this. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 102



 

 

 

 

 

 

Figure 5.10: Experimental set up for the millimeter-wave photon detection with our 
double dot detector. 
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Figure 5.11: The conductance variation as the double dot device detects millimeter-
wave photons. 
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5.7 Summary 

 

We have fabricated double quantum-dot devices that can detect a very weak 

millimeter-wave signal at temperatures around 100 mK.  Our experiments suggest the 

SET in the device can function around 4.5 K, which possibly suggests that our device 

may be able to detect millimeter-wave photons at an elevated temperature.  Further 

experiments and analysis are underway to investigate the characteristics of our detector 

over a broad temperature range and the properties at different frequencies. 
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Figure 5.12: Best paper award for our paper titled “Scalable Single Photon Detector 
for Terahertz and Infrared Applications.” 
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Figure 5.13:  Book in which our paper, “Scalable Single Photon Detector for 
Terahertz and Infrared Applications,” was published 
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CHAPTER 6 

 

LEAKAGE CURRENTS IN GaAs/AlGaAs HETEROSTRUCTURES 

 

6.1 Introduction 

 

We report in this chapter leakage current measurements taken on various 2DEG 

depths within a GaAs/AlGaAs heterostructure wafer.  Measurements were performed to 

determine the amount of current (ideally zero) that exists between the 2DEG and a 

laterally defined depletion gate on the wafers surface.  Current is measured as a function 

of the voltage applied to the gate when the gate is biased with respect to the 2DEG 

underneath.  Our numerical calculation, which was performed along with our 

experimental efforts, indicates that the order of magnitude for the leakage current is 

substantially larger than previously expected for shallow 2DEG wafers.  The fact that the 

leakage current is orders of magnitude larger than anticipated may lead to a limit for the 

maximum operating temperature obtainable for our single photon detector geometry. 
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6.2 Leakage currents 

 

The ability to raise the operating temperature of a working quantum dot device 

depends upon the charging energy, EC, of the dot, which as described in chapter 2 is the 

dominant term in the Hamiltonian.  As described in chapter 5 of this thesis, the charging 

energy EC is related to the self-capacitance, Cdot, of the quantum dot by 

 

EC  e2 / Cdot 

 

The temperature of the 2DEG must be kept below of certain value, namely KBT, 

so that the thermal energy of the charge carriers within the 2DEG does not exceed the 

charging energy, EC, of the dot.  If KBT is allowed to exceed EC then the electrons can 

enter or leave the dot at random and the occupancy of the dot is no longer a controlled 

parameter.  The ability to raise the working operating temperature of the dot therefore 

depends upon the ability to raise the charging energy of the dot.  Our aim in doing so was 

to decrease the capacitance Cdot, which is done by decreasing the diameter of the dot 

(since the capacitance is directly proportional to the dot’s diameter).  Decreasing the 

diameter of the quantum dot, however, requires the implementation of shallower 2DEG 

materials.  Smaller quantum dots fabricated on deeper 2DEG structures would fully 

deplete the quantum dots when the conductance of each QPC is set to less than e2/h 

before any electrons could be captured and isolated from the rest of the 2DEG.   

For our single photon detector a 2-dimensional electron gas is implemented to 

exploit the quantum mechanical properties and the high mobility.  At low temperature the 
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charge carriers that make up the 2DEG are already confined in the z-dimension.  Our 

lithographically defined gates confine the charge carriers in the remaining two 

dimensions.  In an ideal case no current exists between the surface gates and the 2DEG 

when a voltage (0 – 1 or 2 volts) is applied to each gate; a voltage sufficient enough to 

fully deplete the local electron gas underneath.  However, we have found that this is not 

the case with a shallow 2DEG material. 

Figure 6.1 shows a simple setup used to test the leakage currents within our 

GaAs/AlGaAs 2DEG wafers.  We have investigated the leakage for multiple 2DEG 

depths including 40nm, 43nm, 90nm, and 160nm.  The experiment is setup so that the 

only variable is the depth of the 2DEG.  As shown in Figure 6.1, the voltage source is 

applied directly to a gate, rather than an ohmic in the source reservoir.  Any leakage 

current between the gate and the 2DEG would return through an ohmic in the drain 

reservoir to be measured.  The DL1211 converts the measured current signal into a 

voltage signal, which is then read off of the Keithley multimeter.   

 A wide range of leakage currents, across 6 orders of magnitudes, was found when 

the 2DEG depth was varied.  The shallowest 2DEG structure (40nm) gave leakage 

currents on the order of 10’s of Amps, while the deepest structure supported far less 

leakage (<10’s of picoAmps). 

Leakage currents as high as Amp’s make it difficult to control the electron flow 

in and around the quantum dots.  With as much leakage current flowing through the gates 

to the 2DEG the quantized charge on the dot can fluctuate without a high level of control 

of the dot occupancy.  The exact amount of leakage was also found to depend upon the 

individual wafer, making it difficult to duplicate the results.   
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Figure 6.1:  A simple experimental setup used to measure leakage currents in our 
2DEG wafers.  The voltage is established with an Agilent E5270B Precision 
Measurement Mainframe. 
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Figure 6.2:  Leakage current data taken on a 43nm deep 2DEG at 4.2K.  Leakage 
currents for this shallow 2DEG structure can be as high as 100’s of nanoAmps. 
 

 

 

 
 
 
 
 
 
 
 
 

 112



 Figure 6.3 shows the result of a numerical calculation carried out by Dr. Hoshik 

Lee, a postdoc who worked with our group in understanding the leakage current dilemma.  

The situation was treated as a 1-dimensional barrier problem.  In this simplified model 

only the transition across a Schottky barrier from a metal to a GaAs layer under a reverse 

gate bias was included.  What is not included is the fact that the charge carriers, after 

having passed the Schottky barrier, travel through several regions of GaAs and AlGaAs, 

including a heavily doped AlGaAs layer, before reaching the 2DEG.  The inclusion of 

these elements provides for a difficult calculation and so to simplify the problem only the 

top layer of GaAs was included.   

The end result is that the order of magnitudes measured for the leakage currents 

agree with the order of magnitudes calculated.  We measured a linear relationship 

between leakage current and gate voltage, as seen in Figure 6.2, while we calculated an 

exponential relationship between current and voltage, as seen in Figure 6.3.  It is believed 

that the discrepancy in the two relationships is due to the fact that only a simplified model 

was included in the numerical calculation and does not included, for instance, the 

scattering that the charge carriers will experience, due to the Si dopants, as they pass 

from the lateral surface gates to the 2DEG, or the effect of a mismatching in lattice 

constants between GaAs and AlGaAs.    

In order to define a quantum dot the electrons within the dot must be isolated 

from the rest of the 2DEG.  Furthermore, in order to measure Coulomb Blockade, the 

maximum currents one must measure are on the order of picoAmps.  Thus, the leakage 

currents through the upper regions of the wafer must be a controlled parameter AND 

must be kept to an absolute minimum.  Leakage currents on the order of Amps, and 
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even nanoAmps, are severely overwhelming to the dot occupancy and result in a loss of 

control of the electron flow in and around the quantum dots.      

 We have seen that the leakage current decreases with an increasing 2DEG depth.  

On account of this we are led to believe that there is a limit for the maximum operating 

temperature obtainable for our single photon detector geometry.  Incorporation of a 

deeper 2DEG would solve the leakage current problem by placing the charge carriers in 

the 2DEG further away from the gates.  However, deeper 2DEG’s require larger quantum 

dot dimensions, which is moving away from the “smaller devices and higher operating 

temperature” approach that we were trying to achieve.  This is something we were 

unaware of when we first began this research.   

 Other possible solutions to gate leakage would be to use a structure with a smaller 

dopant density, which may provide for less leakage current under a reverse bias.  Another 

possible solution would be to reposition the dopants further away from the cap layer and 

the gate, perhaps on the opposite side of the 2DEG; though one must consider that in this 

approach the potential profile of the 2DEG can change under the reconstruction of the 

wafer profile.    

 As of right now one of the main questions we hope to answer is the question of 

what exactly is the maximum operating temperature at which our scalable single photon 

detector can still operate.    

 

 

 

 

 114



 

 

 

 

 

 
 
 
 
Figure 6.3:  Numerical calculation of the leakage current across a Schottky barrier 
from a metal to a GaAs layer under a reverse bias.   
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(a)      (b) 
 

  
 
 
 
 
Figure 6.4:  SEM images of (a) BEFORE and (b) AFTER showing the result of gate 
leakage.  The damage to the thin nanostructure gates near the center of the picture 
in (b) is the result of trying to pass too much current through too little metal.   
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APPENDIX A 

 

COMPLETE FABRICATION RECIPE 

 

A.1 Introduction 

 

In this Appendix I list the complete nanofabrication recipe I developed to process 

the 2DEG wafers used for all of the experiments described in this thesis.  Generally, 

recipes evolve over time as new lithographic techniques become available and the next 

state-of-the-art process is invented.  The following recipe describes the most up-to-date 

process used in our group, having been developed over a four year period. 

 

A.2 Fabrication recipe 

 

A.2.1 Mesas (photolithography) 

 

1. 3-solvent clean 

2. Bake dry at 120C for 5 min. 

3. Spin on S1811 photoresist.  No slow spin up, down.  4500rpm for 45 sec. 

4. Bake at 120C for 2 min. 

5. Expose for 14 sec. 
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6. Develop CD-26 for 55 sec.  Rinse in DI Water for 20 sec. 

7. O2 plasma descum.  10W.  Ramp to 0.9 Torr, 10 sec.  0.9 Torr, 30 sec. 

8. Etch in 200:1:1 H2O:H2O2:NH4OH.  Rinse in DI Water for 20 sec.  Etch 

rate is approximately 2.5 nm/sec.  Target depth is the depth of the 2DEG. 

9. Bake dry at 120C for 10 min. 

10. Remove photoresist with acetone. 

 

A.2.2 Ohmics (photolithography) 

 

1. 3-solvent clean 

2. Bake dry at 120C for 5 min. 

3. Spin on S1811 photoresist.  No slow spin up, down.  4500rpm for 45 sec. 

4. Bake at 90C for 20 min. 

5. Chlorobenzene soak, 15 min. 

6. Bake at 90C for 5 min. 

7. Expose for 50 sec. 

8. Develop CD-26 for 50 sec.  Rinse in DI Water for 20 sec. 

9. O2 plasma descum.  10W.  Ramp to 0.9 Torr, 10 sec.  0.9 Torr, 1 min. 30 sec. 

10. Etch in 10:1 H2O:HCl for 10 sec.  Rinse in DI Water for 20 sec. 

11. Get into thermal evaporator as quickly as possible and begin to pump down 

the chamber.  The wait times keep things from getting too hot. 

 

For shallow 2DEG’s (40nm and 43nm) evaporate the following metal stack: 
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a. 5nm Ni 

b. 40nm Ge 

c. 80nm Au 

d. Wait 30 min. 

e. 35nm Ni 

f. 30nm Au 

 

For deeper 2DEG’s (90nm and 160nm) evaporate the following metal stack: 

 

a.   5nm Ni 

b. 125nm Ge 

c.  Wait 30 min. 

d.  250nm Au 

e.  50nm Ni 

f.  Wait 30 min. 

g.  50nm Ge 

h.  100nm Au 

i.  35nm Ni 

 

12. Lift off in Acetone, 10min.  Rinse in IPA followed by DI Water for 20 sec. 

13. RTA.  Pyrometer set to 510C, 100 sec.  Reduce time and temperature for 

shallow 2DEG’s.   
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A.2.3 Small gates (e-beam lithography) 

 

1. 3-solvent clean 

2. Bake dry at 110C for 5 min. 

3. Spin on 495K PMMA A2.  No slow spin up, down.  1000rpm for 40 sec. 

4. Bake at 150C for 2 min. 

5. Spin on 495K PMMA A2.  No slow spin up, down.  1000rpm for 40 sec. 

6. Bake at 150C for 2 min. 

7. Spin on 950K PMMA A2.  No slow spin up, down.  4000rpm for 40 sec. 

8. Bake at 150C for 2 min. 

9. Raith e-beam writer:  25kV, 10m aperture, AD = 50 C/cm2, DD = 0.08, LD 

= 300, DF = 5.4, ASS = LSS = 0.0048. 

10. Develop 3:1 IPA:MIBK for 60 sec.  Rinse in IPA for 30 sec. 

11.  Bake at 95C for 30 min. 

12. O2 plasma descum.  10W.  Ramp to 0.9 Torr, as quickly as possible.  0.9 Torr, 

12 sec. 

13. Etch in 10:1 H2O:HCl for 10 sec.  Rinse in DI Water for 20 sec. 

14. Evaporate in the e-beam evaporator  

a. 100Ǻ Ti at 1 Ǻ/s 

b. 200Ǻ Au at 1 Ǻ/s 

15.  Lift off in Acetone, overnight.  5 sec. ultrasound. 
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A.2.4 Large gates (photolithography) 

 

1. 2-solvent clean, straight from e-beam liftoff.  No ultrasound. 

2. Bake dry at 90C for 5 min. 

3. Spin on S1811 photoresist.  No slow spin up, down.  4500rpm for 45 sec. 

4. Bake at 90C for 20 min. 

5. Chlorobenzene soak, 15 min. 

6. Bake at 90C for 5 min. 

7. Expose for 50 sec. 

8. Develop CD-26 for 50 sec.  Rinse in DI Water for 20 sec. 

9. O2 plasma descum.  10W.  Ramp to 0.9 Torr, 10 sec.  0.9 Torr, 50 sec. 

10. Etch in 10:1 H2O:HCl for 10 sec.  Rinse in DI Water for 20 sec. 

11. Evaporate in the e-beam evaporator  

a. 250Ǻ Ti at 1 Ǻ/s 

b. 2500Ǻ Au at 3 Ǻ/s 

12.  Lift off in Acetone.  Rinse in IPA, then DI Water for 20 sec. 
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APPENDIX B 

 

LABVIEW PROGRAM 

 

C.1 Introduction 

 

In this Appendix I simply show the main panels and block diagrams for the 

Labview programs written for the data taking process.  Our lab uses LabView version 7.1 

to connect to the equipment and capture data (is compatible with all standard GPIB-

compatible hardware).  Including only the main panel and block diagram seems easier 

and conserves a great deal more space than including the entire code accompanying each 

program.  These programs were written by Dong Ho and were later modified by Randy 

Hinton and myself to include more data taking options.  The programs shown next were 

used to capture all of the quantum dot and leakage current data. 
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C.2 Labview program 

 

C.2.1 Main Panel 
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C.2.2 Block diagram hierarchy 
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