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Because of technological advancement, transistoensions are approaching
the length scale of the electron Fermi wavelenghthe order of only nanometers. In
this regime, quantum mechanical phenomena will daiei electron transport. Using
InAs single quantum wells, we have fabricated Yps&thelectron waveguides whose
lengths are smaller than the elastic mean free. dalidctron transport in these
waveguides is ballistic, a quantum mechanical phesmon. Coupled to the electron
waveguide are two gates used to coherently steeeldttron wave. We demonstrate
for the first time that gating modifies the electi®wave function, by changing its
geometrical resonance in the waveguide. Evidendtkigflteration is the observation
of anti-correlated, oscillatory transconductan€st data provides direct evidence of
wavefunction steering in a transistor structure &ad applications in high-speed,

low-power electronics.



Quantum computing, if realized, will have a sigeadnt impact in computer
security. The development of quantum computersoleas hindered by challenges in
producing the basic building block, the qubit. Qudpproaches using semiconductors
promise upscalability and can take the form ofraylsi electron transistor. We have
designed, fabricated, and characterized singletrelectransistors in InAs, and
separately in silicon, for the application of quantcomputing.

With the InAs single electron transistor, we haweendnstrated one-electron
guantum dots using a single-top-gate transistofig@ration on a composite quantum
well. Electrical transport data indicates a 15meharging energy and a 20meV
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Chapter 1: Introduction

1.1 Motivation

Downscaling metal-oxide-semiconductor field-effaetrsistors (MOSFETS) can
enhance the performance of integrated circuits imcdease the circuit complexity.
However, this approach faces unprecedented chakernighmediate problems include
excess heat dissipation and short channel eff@sta result, there has been interest in
alternative approaches to MOSFETs such as moletnalasistors, or carbon nanotubes.
However, as emerging technologies, these proposalst still overcome many
significant difficulties before they can realistigebe implemented.

On the other hand, as a MOSFET becomes nanometsizei, electron transport
is dominated by quantum phenomena. These quantemopiena include tunneling, size
guantization, phase coherence, and ballistic t@mhs@Because modern fabrication
technology exists to make artificially patternedhgmnductor nanostructures, we take on
the task of studying devices whose dimensions an&lsnough that quantum effects
dominate their electronic behavior. We exploit quam mechanics for transistor
applications, because quantum wavelike phenomeeakaown to respond fast and
consume little power. The Y-branch switch (YBS)oise such proposed device. In the
YBS, a lateral electric field perpendicular to thieection of electric current in the source
waveguide steers the injected electron wave into dwains simultaneously. The YBS
offers several advantages, including THz speedchimit) and switching voltage 40-80
times lower then today’s conventional electronildse Y-branch switch will be discussed

in detail in chapter 3.



In view of the limits in the von Neumann computechatecture, quantum
computing has attracted significant attention. Aldpons using quantum computers are
proven to be much more efficient in factoring langembers and sorting large lists.
Various approaches for a quantum computer have Ipeeposed and investigated.
Semiconductor-based single electron transistorsresearched as a possible building
block for solid state quantum computing, because ixpected that they can be up-
scaled into a fully functional quantum computer eneasily than other proposals.

In a single electron transistor, electrons areioedfon an island, and the number
of electrons is controlled by a capacitively codptmte. This gate can force the addition
or subtraction of individual electrons from theaistl. Isolation of only one electron on
the island of a single electron transistor is thest fmilestone in producing a
semiconductor spin-based qubit. In chapters 4 anvdeSreport two such single electron
transistors, from concept to physical realizatiand provide their measurement

characteristics with analysis.

1.2 Organization of Thesis

Chapter 2 will introduce the basic physics pertanito low-dimensional quantum

phenomena. Chapter 3 focuses on transport in adiomensional electron waveguide
known as the Y-branch switch. Chapters 4 and 5 ddtuss single electron transistors

fabricated in InAs and silicon respectively.



Chapter 2: Low-Dimensional Physics

The primary purpose of this chapter is to introdtice basic mechanisms of
guantum transport in semiconductor low-dimensial&lices. For a basic treatment of
solid state physics and device physics, please tefehe popular textbooks by Kittel,
Aschroft and Mermirf,and Szé&.For a comprehensive review of two-dimensional (2D)
and one-dimensional (1D) transport, see, Ando, Egveind Sterhas well as the texts by
Y. Imry® and S. Datt§.The zero-dimensional (OD) transport section folave reviews

of Kouvwenhover;® Ond and Hadley?

2.1 Two-Dimensional Electron Systems

Consider first free electrons traveling in thremdnsional space. When the
physical movement becomes confined in one directiba system is analogous to the
“particle in a box” problem in quantum mechanicsicls physical confinement of the
electrons causes the electron’s kinetic energyhm direction of confinement to be
guantized into discrete states. These discreteggrievels are also called the transverse
modes. As the confinement dimension is reduced,gtrentization energies and their
spacing are increased. Such energy quantizaticonies significant if the length scale of
confinement is on the same order as the electramiF@avelength. When only the
lowest energy subbands are occupied, the electlisptay many properties that can be
best understood by a strictly two-dimensional etecgas (2DEG) model, despite a small

but finite wavefunction span in the confinemengedtron.



One example of 2DEG is the metal-oxide-semicondu¢idOS) capacitor
system. In the MOS sample system, the electronsh@tes) confined at the Si/SiO
interface fill the lowest 2D subbands. (See Fig2u® The two-dimensional density of
states can be verified by photoluminescericer by the quantum hall effect (QHE).
Note that photoluminescence characterization isy oapplied in direct-bandgap

semiconductors, thus not useful for silicon.

2.2 One-Dimensional Systems

In semiconductors, once a two-dimensional systeforimed we can create tight
confinement in an additional dimension, using eitle&ctrostatic gating or etching
techniques? Verification of the 1D density of states can befgened by using
photoluminescence technigt&er by transport.

One specific case of 1D quantum wire is the quanpaint contact’ (QPC). A
guantum point contact is a narrow constriction otwa-dimensional electron gas.
Typically the constriction is formed by electrostatly depleting the two-dimensional
carriers. Figure 2.2 shows a schematic representaif a QPC structure that uses
electrostatic gating to define a 1D quantum wirdnéWthe length dimension of the QPC
is shorter than the elastic mean free path, andnsdéh is on the order of the Fermi
wavelength, electrons will traverse from source di@in without scattering. This
unscattered, phase coherent transport is referoecast “ballistic.” The resulting
conductance through the QPC is quantizednd any addition (or subtraction) of 1D

subbands increases (or decreases) conductionps. Stbe conductance of the 1D wire



becomes a direct measure of the number of populdidsubbands. Observing the
guantized conductance verifies the presence asbaltransport.
The quantized conductance of a QPC can be derigefbllbws. The current
through a quantum point contact can be written as
j =ney, (2.1)
wheren is the electron concentratioa,is the elementary unit of charge andis the

Fermi velocity. This expression can be rewritten as

ke

j = (DOS)(de)e— (2.2)
m

whereDOSis the 1D density of statezsmz—k, de= gV, (the bias applied across the
O Ke

QPC), =h/2 whereh is Plank’s constani is the Fermi wavevector, and is the

electron effective mass. Inserting the DOS ald- eV, the expression becomes:

pplied

] :Vapp“edﬁe , that is,
b _¢
=Ggpe =— , (2.3)
Vapplied e h

whereGgpc is the conductance of the QPC. Finally, we mujtible conductance by 2 to
account for spin degeneracy in the system. As mobdands are introduced the 1D wire

the conductance becomes

2’
GQPC = nT, (24)

wheren is the total number of occupied subbands in th€ Q&s the number of one-

dimensional subbands is modified in the QPC, thluotance forms a series of plateaus



called the quantum staircase. A schematic of thentgun staircase is shown in Figure

2.3.

2.3 Zero-Dimensional Electron Systems

A zero-dimensional system or quantum dot (QD) caéfined as a small region
of semiconductor where the confinement length irthaike directions is on the order of
the Fermi wavelength. The easiest way to undergtamdemiconductor QD system is to
again adopt the “particle in a box” picture. Theagtized energy levels in the QD are
commonly referred to as 0D states. Zero-dimensi@oafinement in QDs has been
verified by photoluminescenteas well as through magnetotransport using a device
known as a single electron transistor (SET).

The SET structure is similar to a conventionaldfieffect transistor, but now the
conducting path under the gate is broken by twameling barriers into three sections
known as the “source,” the “island,” and the “dr&ih(Figure 2.4) Transport through the
SET is governed primarily by a classical phenomemaiied Coulomb blockade.
Coulomb blockade occurs because charges on thediglepel each other through
Coulomb force. The addition of a single chargehi® island, referred to as the charging
energyEc requires energy a/2C whereC is the total capacitance of the island to the
outside world and e is the fundamental unit of ghaif the potential difference between
the gate and electron gasvs, the electrostatic energy of the total chargehanisland is
given by

Eang = - €V +€°/2C. (2.5)

Island



The first term is the attractive interaction betwebke positively charged gate electrode
and the charge on the isolated island. The secermu is the repulsive Coulomb
interaction of all the charges on the island tcheatber. When sweeping the gate voltage,
current will only flow at the certain discrete vetuthat cause the Fermi level and
quantized electron energy levels to be aligned. faesfer relation, that is, the drain
current versus the gate voltage under a constam @ias, shows a sequence of peaks,
reflecting the Coulomb blockade phenomenon. Figueshows a schematic of the SET
transfer relation as a function of applied gatdags.

Under the condition that the thermal energy ofdytemKkgT, is smaller then the
0D energy level spacing of the system, we canmasesport through the SET to probe the
discrete energy levels of the QD. Because the grieugls in the QD are size quantized,
to add an additional electron, the electron musta¥me E andEc where E is the 0D
energy level spacing. Figure 2.6 shows the eneagyl ldiagram of a SET with quantized
0D energy levels. In the approximation that evelgcteon on the island is repelled
equally by every other electron regardless of gnetgte, the total ground state potential

energy Urota) Of @ quantum dot with no applied magnetic fieddtdimes

[e(N - No)- CoVel” | o

UTotal (N) = 2C
S

E,, (2.6)

whereN is the number of electrons on the island at ariegphgate voltag®/s, N, is the
initial number of electrons on the island with napked gate voltage, andey is the sum
of the occupied energy states of the quantum@gs is determined by the gate voltage
applied to the dot over the gate capacitance. Téwrechemical potential of the dot is
given by

Moy :UTotaI(N) - UTotaI(N - 1) (27)



Combining equations 2.4 and 2.5, a solution fordleetrochemical potential of the dot
can be rewritten as
My =(N- Ny - 1/2)E. - e(C,/Cs) +Ey (2.8)
The energy necessary to add a single electroretguantum dot, known as the addition
energyEa, can be solved using the electrochemical poteofidhe dot by finding the
difference of the electrochemical potentials athhand N+1 state.
E, =Dn(N) =, (N+1)- n,,(N) (2.9)
EA = EC + EN+1 - EN
E,=¢e’/C,+DE (2.10)
In this case the addition of an electron to thandl becomes the sum of the charging
energy and the energy difference between two dsstates E.

Application of a sweeping dc bias to the SET drainile stepping the gate
voltage produces a transfer relation called a ktylwhart or “diamond chart.” (Figure
2.7) The stability chart can be used to charaadhe SET tunneling barrier capacitances
as well as the size of the quantum dot by the “@ftix Theory.*® Using this approach,
the height (e/Q), the width (e/Gad, and the slopes defining the diamongu(fCqrain and
-Cyatd Csourcd UNiquely determine the SET addition energy. Byliing these capacitances,
we can model the dot as a disc of radiasd solve for the radius using

C =8a, (2.11)
where e is the semiconductor dielectric constant. Using thdius of the dot the 0D
energy level spacing can be estimated. In Figurett®e diamonds labeled by a single
number represent the Coulomb blockaded regiondewihe diamonds labeled with two

numbers are regions where tunneling through the &ETrs.



When the semiconductor island is small enough aedoines quasi-zero-
dimensional, it is possible to operate the SET rieagame where there is only one electron
confined in the QD. The one-electron regime is ssagy in order to use the electron

trapped on the SET island as a qubit.
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Figure 2.1: Schematic of MOS energy band bendilgtiating the formation of two-
dimensional electrons (2DEG) confined in the zdimn at the Si/Si@ interface. In
MOS, the electrons or holes confined at the SYSi®erface reside in quantized two-
dimensional states and exhibit 2D transport charetics such as the quantum hall
effect.
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Figure 2.2: Structural schematic of a quantum paomntact where 2D carriers are
electrostatically depleted by the application @fshio capacitively coupled gates.
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Figure 2.3: Schematic of the conductance throughaamtum point contact. Typically in a

QPC the number of occupied 1D subbands is tuneappiying bias to the electrostatic

gates that form the 1D constriction. As the gatdage is swept, a series of plateaus
develop in the conductance through the device. Traissfer relation is known as the

“quantum staircase.”

12



Gate

Tunnel
Barriers

Drain

Source

Quantum Dot

Figure 2.4: (Top) A schematic of the single electtansistor (SET) structure. A small
area of semiconductor is isolated from its surraogesl by two tunneling barriers. A gate
is capacitively coupled to the island with the miten of modifying the island’s

electrochemical potential. (Bottom) Energy bandgdhan of the SET showing the
Coulomb blockade energy that must be overcome tbadadditional electron to the

guantum dot.
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Figure 2.5: Schematic representation of Coulombkade oscillations. Conductance
peaks correspond to the intersection of diamondsdrstability chart shown in Figure
2.7.
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Figure 2.6: Energy band diagram of a single electransistor during different operating
points. (a) Without the proper gate voltage, etatttunneling is blocked by Coulomb
Blockade. (b) Applying enough gate voltage to owere the addition energyaEwill
align the Fermi energy with the next unpopulatedestn the single electron transistor,
allowing tunneling onto the quantum dot. Under ak@pplied bias, electrons can tunnel
out to the drain allowing conduction through theide.

15



-2e -3e/2 -e -e/2 O0Oe el2 e 3e/2 2e 5e/2
QVe)=CsVg

Figure 2.7: A schematic representation of the Stabikty chart. The diamonds in the
stability chart labeled with single numbers repn¢seegions where the number of
electrons trapped on the SET island is stable. Drats labeled with two numbers are
bias conditions where electrons are tunneling thinothe SET. By electrostatically
depleting the quantum dot, a stable state withtapped electron can be achieved.
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Chapter 3: InAs Y-Branch Switch

Quantum coherent devices exploit the electron’s elk® properties by
incorporating the electron wave mechanics intodénce operating principle. It has been
speculated that quantum coherent devices may pmrdeid power operation as well as
faster response time than classical metal-oxideaessrductor field-effect transistors
(MOSFETSs)™ There have been various proposals of quantum enheevices, such as
the Aharonov-Bohm (AB) interferomet&t, quantum ratchet rectifiéf, resonant
tunneling diode€? spin-FET?® and Y-branch switch’ All of the aforementioned devices
take advantage of the wavelike nature of electrBns.example, the quantum ratctfés
a small asymmetric cavity patterned in high-mopilRDEG. As coherent electrons
propagate through the ratchet, the asymmetry ingg@metrical shape of the cavity
causes the transmission of electrons to be asynmnatrwell. In quantum ratchets, the
rectification of an ac current has been obsefveinother device whose operating
principle relies on electron phase coherence is Al interferomete> An AB
interferometer is a small ring that displays camdive and destructive interference
patterns in its conductance. We have previouslylistlithe AB ring& using one-
dimensional (1D) quantum wires in InAs quantum welh the following chapter | will
discuss our experimental demonstration of a phaterent transistor, the Y-branch

switch (YBS).
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3.1 InAs Y-Branch Switch Introduction

The original proposal of the Y-branch switch (atsommonly referred to as Y-
channel transistor, or YBS)came from an electron wave analogy to the fibeicop
coupler. The semiconductor version of YBS has aomaelectron waveguide patterned
into a “Y” configuration with one source and twaadr terminals. (See Figure 3.1) When
patterned with a symmetric Y geometry, an electn@ave packet traveling from the
source to drains will flow into both drains withued quantity, as illustrated in 3.1 (a)-(c).
When a lateral electric field is applied perpentiictio the direction of electric current in
the source, the YBS steers the injected electrorevpacket in the direction opposite to
the electric field, altering the conductance to the drains simultaneously. (Figure 3.1
(d)) Thus, the YBS behaves like a guantum mechanieasion of the classical
differential pair amplifier formed by two convential transistors. The YBS has been
theoretically modeled by using the beam propagatimihod®® Figure 3.2 shows the
simulated wave packet propagation, taken from gpepby Palm and Thyléh.

In theory, YBS offers several advantages as astagth. Based on the following
estimation, we anticipate that the YBS should bke @b operate in the THz regime.
Assuming a Y-splitting region of 100nm, an electimave packet with a Fermi velocity

¢ of 1 10’ cm/sec should traverse the switching region witaasit time oft, =1ps and

a theoretical device operation frequency of(1/f,) = 1THz. Another interesting feature

of the YBS occurs for the case of single mode oatiap, where theoretically the

switching can be accomplished by a voltage of treeoof /(ef, ) = 0.6579mV for
t, =1ps? The switching voltage applied to the gate of a Y8 in principle be smaller

than the thermal voltagegk/e = 25.9mV at T = 300K, as opposed to 40-80 times of
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ksT/e needed for the current MOSFE¥Here k is the Boltzmann constant and T is the
absolute temperature. Switching at low voltages ld/@llow such devices to operate
with less noise and consume less power than coiovemtelectronics, though at the
expense of spe€d.

Prior to the research in this thesis, the expertaieesults on YBS’s and other
similar devices reported had yet to demonstrate piftoposed quantum switching. In

almost all of the efforts, such as those in T-bhaticY-junction>*3*3° and ballistic

rectifiers?* *® the electrical characterizations were carried @u@ source-drain bias
significantly larger than &'/e. As a result, the transport mechanism of thesecdsv
deviates too much from the (near) equilibrium ctindi which is necessary to maintain
long phase coherence length. Therefore, cohermmgort plays no significant role in the
characteristics of devices reported so far. In,factecent Monte Carlo simulation on the
above-mentioned devices further indicafehat all of the reported main features can be
described classically without involving ballistiend coherent) transport.

This chapter describes the first experimental destration of a YBS operated in
the quantum regime. The YBS is produced using lelastron waveguides. All transport
characteristics reported here are acquired witbxaitation voltage less than the thermal

energy in order to keep the system near equilibriire characteristics of our YBS’s

show significant deviation from classical transgestures.

3.2 InAs Single Quantum Well

The practical difficulty in realizing a YBS has lpeen fabricating nanometer-

scale electron waveguides without depleting elestrim the narrowest portions of the
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waveguide. Most research has been performed ugiagniature GaAs/AGa.As
heterostructure system. But the edge depletionhvatithe GaAs/AlGa As sidewall is
not controllable, resulting in a conducting wireatthhas built-in randomness in the
transverse length dimension. We have overcome ghoblem by using InAs. Two-
dimensional electron gas (2DEG) in InAs quantumisvedhn have a long mean free path,
le,2® and thus long coherence length. Furthermore,rtAs/AISb system has a number of
properties that are advantageous for nanofabricatiad for studying low-dimensional
physics. First, it is possible for the surface Felgwel pinning position in InAs to be
above its conduction band minimum, allowing for pte/sical width of InAs conducting
wires to be only nanometers with no edge depletidh?' This allows us to overcome the
main practical difficulty in fabricating a YBS thatagued previous research efforts. A
second consequence of having the Fermi level pinsaove the conduction band
minimum of InAs is that the formation of ohmic caats to the 2DEG is much simpler
than in GaAs, where metal contacts have to be degoand annealed to form spiked
alloy domains which contact the 2DEG. With InAs simply deposit metal directly on
the InAs surface, forming non-alloyed ohmic contath the electrons in the quantum
well. Lastly, the small InAs electron effective maf).023my) leads to large size
guantization.

Our transistors are built on InAs single quantuniissgrown by molecular beam
epitaxy. Grown on GaAs substrates, a typical stinechas a 2m undoped AlSb buffer,
GaSb/AISb smoothing superlattice, a 100nm AISb dmottbarrier, and a 17nm InAs
guantum well (QW). The structure is shown in Fig@r8 (a). Figure 3.3 (b) shows a

schematic of the InAs QW band bending, and 3.3liows the InAs/AlSb energy band
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alignment. Magnetotransport studies were used fiostcalibrate the 2D electron
concentration (3b) and mobility (»p) of the as-grown sample. Quantum Hall plateaus
and Shubnikov de Haas oscillations, signatureshafl-quality 2D electron system, are
clearly observed on photo-lithographically patteriall bars.

We obtained two-dimensional electron concentratitms) of 3.09 10" cm?,
2.08 10" cm? and 1.0810" cm? and two dimensional electron mobility'ssf) of
1.06 10" cnf/V-s, 1.67 10* cnf/V-s and 1.5410" cnf/V-s, at 300K, 77K and 4.2K,
respectively. The corresponding Fermi wavelengt@rnf energy, and mean free path
length were calculated to be 14nm, 140meV, and 80&n300K, 17nm, 114meV, and
397nm at 77K, and 24nm, 85meV, and 264nm at 4.@&pectively. These values can be

found in Table 3.1.

3.3 InAs Fabrication

Fabrication of quantum wires in the bare InAs quamtvell system is performed
using standard electron beam lithography (EBL) amet etching techniques. See
Appendix A for the exact process details. Figurd Blustrates the process steps
necessary for formation of nanoscale features usiisgprocess. Using EBL, small thin
wires are drawn into electron-beam sensitive resist developed to produce a mask for
wet etching. Wet etching removes the quantum wethat different regions (terminals)
can be electrically insulated from each other.

For this work it is important to create “smooth’res to reduce backscattering
and improve ballistic transport. Here, the smoosisne referring to the lack of potential

fluctuation at the boundary. A smooth boundary aesieved by using a homemade low-
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molecular-weight electron beam resist that we BMMA 120k T1, in combination with
wet etching. The PMMA T1 mixture is made by dissuya dry powder form of
120kg/mol PMMA in the solvent Toluene to 1% concatibn. The mixture was then
filtered for particulates by using a Teflon filtettached to a glass syringe, both of which
are insoluble in Toluene. The filtered mixture weansferred into clean glassware for
storage. Toluene was selected because it has a smnface tension then other typically
used solvents, such as Anisole or Chlorobenzenahsa spin-coated with a comparable
spin-rate, it produces a thinner layer. The T1 usedhis experiment was measured by
alpha step to be 20nm thick when spun at 5kRPM4foiseconds. We chose a lower
molecular weight PMMA to reduce the roughness efEBL defined features. Reducing
the size of the polymer strands reduces the rogghokthe EBL features transferred into
the InAs at the exposure boundary. Reducing thghoess of the electron waveguide
reduces backscattering and increases transmissibe iithographically defined lines.
Wet etching, rather than dry reactive ion etchiR¢E(), is chosen because using
RIE to transfer the EBL features into the semicatolu produces damage, creating
potential fluctuations near the edge of the defwad. One difficulty with wet etching e-
beam defined lines is that isotropic etching wilcatake place at the resist boundaries,
undercutting the resist and increasing the featudéh. The wet etch rate and lateral etch
rate can vary from wafer to wafer, so for our speavafer, these rates were precisely
determined by a series of wet etch trial runs. EB® patterns were then modified to
account for this undercut which typically would iease the line-width from 70nm to
roughly 250nm. In this work we define the noncorndicregions using EBL and wet

etching, leaving behind narrow conducting wiresliofs, so typically the device’s
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conducting channel-widths were increased to allomuhdercutting. Figure 3.9 shows an
atomic force microscope (AFM) scan of a wet etchadntum point contact, a device
that will be discussed in section 3.5. This scamghclearly a thin wire surrounded by a
slightly less deep side band. The thin wire is thigginal EBL-defined-feature and
sideband is where the subsequent undercuttingptzale. In all the red regions, the QW
has been completely removed, creating an insuldiargier. To produce this ~150nm
channel, a channel width of roughly 400nm was mogned to account for undercutting.
In most cases, substrates are chosen to have abbmkground doping
concentration, such that the carriers in the satsstireeze out at low temperatures, but
conduct at room temperature. Higher purity subssrare only necessary for the substrate
to be insulating at room temperature. The origmaipose of the InAs QW wafer used
for these experiments was to demonstrate ballisizsport at room temperature, so the
substrate was chosen to be insulating even at teamperature. But the high resistivity
substrate presented a problem during e-beam lidpbgr A good ground loop must be
maintained during EBL. If this loop is not properhaintained, electrons can build up a
charge density at the surface, causing the featares overexposed. When performing
EBL on high-resistivity samples, one practice isise a thermally evaporated Al layer on
top of the resist to form a conductive path to gabif In addition, when e-beam writing
on high-resistivity or non-conductive substrates tand-solder two indium points
directly to the quantum well at the corner of tlenple. The resistivity between the two
points can be measured using a multimeter to verifgther the indium has successfully
created a low resistance path to the quantum Wegpical two terminal measurements

produced a resistivity of roughly 1-3 kIt is important that the indium is applied before
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the first resist coating, otherwise the resist ested by the soldering process creating
unpredictable lithographic results. When the e-bemrting is performed, the spring
which holds the sample onto the sample holder sitipoed to be in direct contact with
one of the indium bumps, and the resistivity betwédee sample holder and the other
indium bump are again measured to verify that th&act resistance between the spring
and indium bump is minimized.

The final critical issue in successfully patternittys InAs QW wafer is to
minimize the exposure of the AISb layer to room &nce the AISb is exposed to the
oxygen, the aluminum begins to oxidize. When theXtlizes it expands in volume and
the increased volume creates stress in the QW yeé@ner time, Al oxidization will
create cracks in the QW, destroying small, lithpbieally defined features. This leads to
a finite device lifetime, which can only be prol@igthrough oxygen-free storage. One
way to reduce exposure to room air is to leave atimg of resist on the surface,
physically blocking oxygen. Also the sample wasal® stored whenever possible in a
dry nitrogen environment where no oxygen existsatoelerate the damage. During
fabrication, caution was taken to reduce exposume@dm air for prolonged periods even

though resist covered the majority of the surfasend) most processing steps.

3.4 InAs Cross Junction

To fabricate a YBS, two basic requirements musindependently verified. The
semiconductor system in which the YBS is fabricatagst have an electron mean free
path that is long relative to the junction lengfhitlee YBS drain-coupling region. Also,

because the operation of a YBS requires lateradtradefield across to the branch
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junction, it must be proved that a capacitivelyged gate can function without leakage.
First, to measure the elastic mean free path wee hased standard Hall effect
longitudinal magnetoresistance measurements. Tiheuverify ballistic transport on
short length scales, we used EBL and wet etchintalboicate nanometer scale cross
junctions for a type of ballistic transport measoeat known as bend resistance
measurements.

Unlike quantum point contacts, bend resistance areagents use magnetic field
rather than external gating to verify ballisticrtsport. Figures 3.5, 3.6, and 3.7 display
the fabricated cross junctions via optical micrggcand atomic force microscopy,
respectively. The dark blue region in 3.5 and deell regions in 3.6 and 3.7 are
nonconductive and have been etched off using sedewtet etching. The light blue
regions in 3.5 and yellow regions in 3.6 and 3.& where QW remains and electron
transport takes place.

Figure 3.8 (a) shows a cross junction of the tygedufor bend resistance
measurements. If the mean free path of the elexti®ishort compared to the junction
length (not ballistic), electrons would be injecfeaim the source, scatter in the junction,
losing kinetic energy, and then be driven by thpliad bias into the drain lead. In this
case the voltage difference read from the two teamsiopposite to the source and drain
ought to be OV. However when electrons have a nfiegnpath with length larger than
the junction length, there is a nonzero probabilitst they traverse the cross junction
without scattering. This is referred to as baltistiansport. Since no scattering event
occurs in the junction, this event is also phadeetent, that is, the phase of the electron

is unaltered while passing through the junctioneckbns that traverse the junction

25



ballistically will build up in the opposite termihbefore eventually energy relaxing with
the local Fermi electrons. This ballistic transgaicess produces a steady state solution
where the voltage reading between that oppositmitat and common will become
negative. When a perpendicular magnetic field igliagd during transport, the ballistic
electron’s trajectory can be magnetically focusedhya from the opposite terminal,
restoring the negative voltage back to zero. Thisnomenon is referred to as “negative
bend resistance'® Figure 3.8 (b) shows a simulation of magneticdfiein ballistic
electrons using the “semiclassical” billiard babaoach.

Using a lock-in amplifier, a 1A ac current is applied to two adjacent termindls o
the cross junction. (Figures 3.8 and 3.9) Thé Turrent is generated by applying £V
from the output of the lock-in amplifier across Il 1 resistor in series with the device
source and drain. Since the 1Mesistor is several orders of magnitude largen titne
device resistance, the 1Mresistor and the ac voltage source behave eftdgtlike an
ac current source. Using a phase lock loop, thielo@amplifier’'s differential input reads
the voltage difference from the opposite two temisnof the cross junction, measuring
whether or not a negative voltage develops.

At 77K, ks T = 6.63mV, and the ac voltage applied to the demwist be less than
kgT to meet the criteria for quantum coherent transg®@ince the resistance of the cross
junction is several orders of magnitude smallenttitee 1M resistor and the two are in
series, the majority of the lyvoltage drop is over the 1M resistor, maintaining a
voltage drop of less than 6.63mV over the devideer&fore the cross junction is still

within the regime of quantum coherent transport. &s@mple, a 1A current over a 1k
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device would result in a voltage drop of 1mV, wb#low the criteria for quantum
coherent transport at 77K.

Since the InAs QW is sensitive to electrostaticcghd is very important that the
constant current source from the lock-in is cone@db the device while the current is
turned off. The current is to be ramped up frono @ tA, and back to zero, manually,
thus eliminating the risk of any static buildup itgr connection. Before this precaution
was taken, static charge buildup was found to peemtly damage devices. Once
damaged, a previously working device never produteghtive differential resistance
again.

Devices were characterized at room temperature ank, and at both
temperatures, the 300nm cross junctions displagg@ative voltage. The negative signal
could be destroyed by magnetic focusing in a petgeiar magnetic field, confirming
ballistic transport in our cross junctiofisSince the device is symmetric, it is expected
that a symmetric measurement configuration (as shaw Figure 3.9) where the
measurement is identical but rotated 90 degred&® ton different terminals of the cross
junction, e.g., 1(11,10)V(8,13) and 1(10,8)V(13,18hould also produce a negative
signal. The two numbers in the parentheses ddpectarrent and voltage polarities. For
example, in 1(10,8), pin10=] and pin8=l; in V(13,11), pin13=V and pinl11l=V. The
“pin” number refers to terminals matching a 14-parrier, and are assigned as shown in
Figure 3.5. Both measurements should produce megdiend resistance, but it is
important to verify transport symmetry in ordertcclude other possible origifis.

Figure 3.10 shows transport characteristics foymcal 300nm device at 77K

under application of an external magnetic field. Zg&ro magnetic field, the device
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displays a negative differential resistance of ldy@5 V. As magnetic field is applied
perpendicular to the sample, the electrons are baci toward the drain. As expected,
the differential voltage is reduced when magnettdfis applied. In this case the signal
was reduced by greater than 60% to approximately 3®@pplication of higher electric
field should theoretically reduce the negativeatiéhtial resistance to zero, and this was
witnessed in some larger devices. However, with3®@nm size junction, at the time of
this particular measurement, limitations in the metts power supply output restricted
the ultimate achievable magnetic field. Figure 3480 shows the negative bend
resistance of the same cross junction while sodragt bias was applied through a 90-
degree rotation of the terminals. The combinatibrthe device displaying the same
negative signal regardless of bias orientationywab as reduction of the signal under
perpendicular magnetic field, unequivocally protest the negative voltage is produced

by ballistic transport through the cross junction.

3.5 InAs Quantum Point Contact

The second requirement for successful operaticam YBS is the production of a
lateral electric field across the branch junctignetectrostatic gating. In order to verify
the gating effect and to obtain insight into oumpée system, we fabricated quantum
point contacts (QPCs) using an in-plane gate straf:f in which two isolated, coplanar,
conductive regions on the opposite sides of theuma point contact channel are used as
the two side-gates. (Figure 3.11) When we shorttiee side-gates together and apply
bias, electrons are induced or depleted in theralahrough capacitive coupling. When

the wire width is on the order of electron mearefigathle, the transverse energy
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subbands are quantized, forming 1D channels. Theclidhnels can be depleted or
populated by increasing or decreasing the apploslgate voltage. (Section 2.2)
Characterization of the QPC devices was performsithigua standard low-
excitation lock-in technique at 4.2K. (Figure 3.12)e two side-gates are shorted for a
common-mode measurement. In the common-source geoafion, the ac excitation
voltage at the drain is kept low at rB0,s to avoid the undesirable “self-gating”
effect*®* and to satisfy the requirement for “quantum tramsp where the excitation
must be less thangk. (362 eV at 4.2K) The drain current is fed to a transidgree
amplifier with input impedance less thanVl@nd a gain of 1M/ or 10MW. The ac
conductance is recorded as the gate voltage istdvegp -1V to 1V. Figure 3.13 shows
the typical current-voltage characteristics of aQQ&nd its numerical derivative. As

expected, a series of plateaus, made more distindiy additionally plotting their

derivative, are observed. The measured conductamz®y be expressed as

2
G, =1/[1/(N x2%)+ Rs], whereN is the number of one-dimensional spin degenerate

channels an&s is series resistance. (See section 2.2.)

As shown by horizontal lines in Fig. 3.13 wifa=1150/\, the calculatedsy fits
well with the measured data and is in excelleneagrent with the peak position in the
derivative. This successful observation of the gzad conductance not only verifies the
gating effect, but also demonstrates that the dabed QPCs are indeed smaller than the
electron mean free path Subsequently the YBS’s which utilize the sameidgate

geometry as the QPCs also will be smaller than
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3.6 InAs Y-Branch Switch

Figure 3.14 shows optical microscope and AFM imagesfinished YBS device.
The neck of the device was measured to be 76nng UsitM. The gate geometry is
intentionally the same as was used in the quantomt gontact. However, now an
additional insulating barrier is fabricated on thain side that splits the drain in to two
halves at the neck of the 1D channel. The operaifodBS requires a lateral electric
field. Using the same in-plane gate structure asQRC, we apply bias to these two side-
gates differentially, forming a lateral electrielfi, perpendicular to the symmetry axis of
the Y-junction.

Because of the ballistic coherent transport, theradteristics of gated YBS are
expected to be drastically different from theirssligal counterparts. To measure the
YBS, we utilized the same measurement techniqueaasused for the QPC except now
the signal from each drain was fed into a sepal@teimpedance preamplifier and
simultaneously measured by separate lock-in aremifiThe measurement technique is
shown in Figure 3.15.

Figure 3.16 shows the transfer characteristics wf ¥BS with 76nm wide
junction. There is no measurable gate leakage mufre 0.1pA) in our measurements.
The transconductances through Drainl and Drain2samwvn as a function of the
sweeping differential gate voltaged.83V < Vjate1< 0.83V, With Vgaer= - Vgatea When
Vgaer and Vgaez are swept, the electric field in the lateral dil@c steers the
wavefunction and the interference pattern of thgected electrons. Under such
differential gating, the Drainl and Drain2 conducs show peaks and valleys. These

oscillatory features are anti-correlated as showrFigure 3.16 (a). The sum and the
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difference of the two measured conductances arersio Figures 3.16 (b) and 3.16 (c)

respectively.

3.7 InAs Y-Branch Switch Analysis

The oscillatory transconductance is a manifestatigphase coherence in a multi-
mode one-dimensional electron waveguide. Using dentnAs wire structure with a
QW thickness of 17nm and width of 76nm, we estintatd there are nine 1D modes
populated under equilibrium at 4.2K. The conduatatiwough Drainl in our device is
slightly bigger than that through Drain2, as showirigure 3.16 (a). Such asymmetry is
a non-universal feature, resulting from variation donfinement potential, impurity
distribution, surface roughness, and contactserdévice. The overall potential profile in
the device defines the oscillatory conductanceufeat and the scale of these features is a
fraction of 2€’/h. This type of mesoscopic behavior is no surprisedevices with sizes
smaller than the phase coherence lendth.

We now qualitatively explain the features showirigure 3.16 (b). Here, the sum
of the two drain conductances increases with irsingalateral electric field in either
polarity. The eigenenergies of the transverse 1Ddewp the corresponding wave
functions, and the longitudinal component of thecebn wave functions are defined by
the given device potential. Electrons in th& Mansverse channel propagating in a
waveguide from the source can be reflected back amplitude y, transferred to the

Drainl waveguide with amplitude;y and transferred to the Drain2 waveguide with

amplitudeey. If the YBS is patterned with perfect symmetrylwiespect to the axis of
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the source waveguide, an odd number of transveaesmwill have a maximum in the
wavefunction at the center of the source channdleWscattering between transverse

modes is ignored, the sum of the Drainl and Drawmo®ductances is given by

2¢’ 2e° . .
G = i(elNZ +92N2)= 2€ (1- r,2). If there is no transverse electric field, the
v h v h

reflection amplitude for an odd-numbered channemaximal because electrons are
strongly scattered by a beam splitter that sepmfatainl from Drain2. As a result, the

corresponding contribution of odd-numbered chantelsonductance is at its minimum.

However, when a lateral electric field is applietectrons are more likely to propagate
into either Drainl or Drain2, and are less scattdrg the splitter. Therefore, reflection

becomes weaker, and the sum of the conductancasgthDrainl and Drain2 becomes
bigger. For even-numbered modes, scattering ofbden splitter would likely increase

with electric field, causing the reflection amptiito grow, and correspondingly, the
conductance to decrease. However, because inrogtwse the total number of modes is
odd, (in this case 9 nodes exist) the gating efied¢he odd channels prevails, and the
sum of the conductances through the two draing#s®s by a fraction a&/h.

An alternative explanation of the observed behawio6 is the increase of the

number of conducting channels contributing to therent by one in the presence of
transverse electric field. If the lateral confingrhpotential is parabolic, the energies of
all transverse states decrease with applied etefigid, resulting in more transverse
states below the Fermi energy and an increaseductartte. However, this is in fact not
possible. For rectangular confinement, the quatiizaenergy of the ground state
decreases, but energies of all other levels ineressd no addition of channels should be

allowed. The sensitivity to device geometry in tin@nsport characteristics of these
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mesoscopic devices underscores the importanceatizirgy specific confinement and

impurity potentials for such structures.

3.8 InAs Y-Branch Switch Simulation

The observation that the conductances through Draamd Drain2 are
predominantly out of phase agrees well with theamothat electric field steers the wave
functions from one drain into the other. The indival Drainl and Drain2 conductance
characteristics are determined by the resonansrmesion through quasi-localized states
formed around the beam splitter. Figure 3.17 shavesmulation result of the quantum
wave function in a narrow wire with 9 modes of ramdphase. By using a wave function
with nine terms of the form

Y =Y. (X)e®+Y, (x)e™ +... , (3.1)
we can solve for the local electron density in@ss section of the channel using
s U =IS,IY, Y, W1 - (3:2)

The simulation illustrates how quasi-localized r®@é conductance exist in the
channel. The location of the nodes is determinedhbyspecific potential profile of the
wire. Under application of lateral electric fieldetindividual nodes nearest to the splitter
may be steered back and forth between Drainl aranPr Because each node is a
superposition of 9 quantized conductance chanral aode should have amplitude of
roughly 1 unit of quantized conductance. This agneell with our transport result in
Figure 2.16 (c) where we see that the differenceanductance between Drainl and

Drain2 is on the order of 1 quanta of conductance.
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3.9 InAs Y-Branch Switch Conclusion

In conclusion, we have fabricated and measurechareat Y-branch switch. The
YBS exhibits oscillatory transconductances that aveays out of phase in the case of
multiple modes>*> Our measurements provide strong evidence thaeléwron wave
packet is being steered by an external electrld &d that the switching mechanism is
guantum mechanical. Although the gate is capadjtiveupled to the YBS as in classical
transistors, the modulation of the drain currerd result of directly steering the electron
wave function in the 1D channel. Our observatiorthef quantum steering of electron
wave functions in a semiconductor waveguide op@ngassibilities for further studies of
guantum switches with multiple-terminal, nanometeale structure. This device should
operate at THz speed, because the dwell time @leatron packet near the “Y” split is
only on the order of 1ps. We have qualitatively laxpged the observed oscillatory

transconductance by simulating a multi-mode device.
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Figure 3.1: Schematic of a Y Branch Switch. (a)d{astrate the symmetric injection of a
Gaussian wave packet of electrons from source twm coupled drains. (d) When
electric field is applied the electron wave packah be steered to either the left or the
right drains, depending on the direction of thesdal electric field. In (d), the electric
field points to the right, and the wave is stedwethe left.
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Figure 3.2: Calculated transport for a YBS from tinigginal YBS proposal by Palm and
Thylen?” Under application of transverse electric field tenductance to one drain is
reduced as conductance to the other is increasexcllange in conductance saturates at
a moderate electric field, of about 0.3V/um. Altgbuthere are some kinks in the
conductance, full oscillations are not predicted.
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Figure 3.3: InAs single quantum well structure. $&ows the specific growth structure
used to fabricate the YBS. (b) A schematic of tlkaduction band minimum of our

specific MBE structure aligned to the growth schamlayers. (c) InAs and AlSb energy
band alignment. InAs and AISb form a type Il hejenation interface. When the InAs

layer is thin enough electron energy states inzhgirection become quantized as is
displayed. g and g represent the populated 2-D subbands in the ztaire
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Temperature N, my | ¢ E- o

300 K 3.09x102cm2 | 1.06x16 cnm?/Vs| 14 nm | 140 meV| 307 nm
77 K 2.08x1032cm? [1.67x16 cm&Vs| 17 nm | 114 meV| 397 nm
42 K 1.08x132cm2 [ 1.54%x10 cnm?/Vs| 24 nm | 85 meV | 264 nm

Table 3.1: Properties of the 2D electron gas inslmyantum well. Here,p is the two
dimensional electron concentration of the InAs Enguantum well. 55 is the electron

mobility, ris the Fermi wavelength,zEs the Fermi energy andis the electron mean
free path length.
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(a) E-beam Resist

17nm InAs Quantum Well

AISb Insulating Substrate

(b)

17nm InAs Quantum Well

AISb Insulating Substrate

(©)

E-beam Resist
InAs Quantum Wel

AISb Insulating Substrate

E-beam Resist ‘

(d)

InAs Quantum Well Z

AISb Insulating Substrate

Figure 3.4: Standard process for fabrication ofwliizs using electron beam lithography.
(&) Spin coating of electron beam sensitive refigt Exposure and wet chemical
development of resist. Development removes only ékposed regions of resist. (c)
Selective wet etching is used to remove InAs quantell in the exposed areas. (d)
Removal of resist using resist solvent such aaeetleans the semiconductor surface.
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Figure 3.5: Cross junction devices fabricated ofssinAbove is an image of fabricated
cross junction devices taken via optical microscofiee dark areas are where the InAs
guantum well has been removed by wet etching. Sulesd exposure to the environment
oxidizes the exposed AISb layer causing the etered to become dark. The gold leads
are patterned using photolithography and the cggr ls etched so that they are in direct
contact with the cross junction at each of thepuis. Wet etching appears to have totally
removed the quantum well connecting the four ohoaigtacts in the top two junctions.
However further investigation by AFM reveals thiagy are still viable. Device leads are
arbitrarily assigned pin numbers. This numberinghis convention for any electrical
measurement described in later sections.
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120nm
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3mm

Figure 3.6: Cross junction devices imaged by atoforce microscopy (AFM). The
scanning range is 81x3 m. The red regions are where InAs quantum well een
removed by lithography and wet etching. The yeltegions contain InAs quantum well
populated by 2DEG. The length scale on the sidevsttbe height difference of the red

and yellow regions.
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Figure 3.7: (Top) A cross-sectional AFM scan reseainstrictions of approximately 45-
50nm width and a total cross junction cavity lengtrapproximately 150nm. The blue
triangles represent the horizontal dimension of ltiles constriction, while the green

triangles measure the height difference betweehedtcand unetched regions. By
Verifying the height is greater than 17nm we catedrine that InAs quantum well is
totally removed in the red colored regions. (BoftddkM image illustrating the location

of the cross section analyzed above.
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Negative-bend
resistance under
applied
+ magnetic field

Ballistic
Transport when
no scattering
event occurs

Figure 3.8: The AFM image on the left shows theliappon of the current source and
voltmeter for negative bend resistance measurenntsoss junction devices. (Right)
Simulation of the negative bend resistance basea awss junction using a billiard ball
model. Transport with and without magnetic fieldtive cross junction are depicted by

the red arrows.
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(b)

l(108 V(13,11

Figure 3.9: Measurement of 300nm cross junctionicgeerformed in symmetric

manner on different terminals. If ballistic transpoccurs in the cross junction, negative
voltage should be measured by the lock-in ampldidifferential input with no applied

magnetic field regardless of measurement oriemtafm) Depicts the device in the
1(11,10)V(8,13) measurement configuration. Here thia numbers refer to the
assignment defined in Figure 3.5. (b) Depicts theviack in the 1(10,8)V(13,11)

measurement configuration.
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Figure 3.10: Data taken from a 300nm cross junciiori7K. In both of the two different
measurement configurations, the cross junction shbatllistic transport which can be
destroyed by applying a perpendicular magnetidfiel
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2m

Figure 3.11: AFM image of an InAs quantum pointteat InAs QW has been removed

in the red colored regions isolating the gates ftbenchannel. Voltage is applied to the
triangular gate regions producing an electric ftdoss the neck of the QPC. Capacitive
coupling of the gates to the narrow neck can depddéctrons in the 2DEG between

source and drain. In the right window, arrows iatkcthe boarders of the original EBL

defined feature and the undercut region after \edtieg.
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Vout
Lock-In[—o

Figure 3.12: QPC Measurement using low excitati@asarement whereg¥ = 300V s

Gate voltages are applied to the triangular gatgons, electrostatically depleting
electrons in the QPC neck. The signal is fed intm@memade transimpedance amplifier

with 1 MW gain. The amplified signal from the quantum poiohtact drain is measured
by a lock-in amplifier.
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Conductance (1/ohms x 1p

Vgatel (Volts)

Figure 3.13: InAs QPC 4.2K measurement. Quantumtpmntacts fabricated in InAs

display the expected quantized conductance, vatific of one-dimensional ballistic

transport in the QPC. Verification of ballistic tisport shows that the junction length of
the QPC and YBS are shorter than the mean freelpalthe raw data is shown by the
solid black dots and the hollow circles are the adoal derivative of the raw data. The
N=9 to N=14 horizontal lines label the expecteddrartance after taking into account a
series resistand®y.
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100 m 1m

Figure 3.14: Optical microscope image (left) andn@t force micrograph (right) of a

finished YBS, where the narrowest neck has a waftifénm. The dark blue regions

(left) and red regions (right) are where the InAmmtum well has been removed by wet
etching and the AISb buffer is revealed. InAs quantvell remains intact in the light

blue and yellow regions. The terminals for eleetrimeasurement are labeled.
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Figure 3.15: YBS Measurement Setup. The drain ourfeem each drain is fed to
separate homemade transimpedance amplifiers witht impedance less than\l{and a

gain of 1IMW. The ac conductance from both drains is simultaskorecorded by two
separate lock-amplifiers as the gate voltage iptwe
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Figure 3.16: Conductance Measurements of the InAsarich switch at 4.2K. (a) The
conductance of Drainl and Drain2 under differergeing. (b) Sum of the conductance
of Drainl and Drain2. (c) Difference between thadwuctances of Drainl and Drain2.
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ﬁ f Q | Drain 1

)

X Xsplit

Figure 3.17: Simulation result of a 1D potentiathwD conducting modes of random
phase orientation. Dark blue regions indicate aadakw electron density while red
regions indicate high electron density. Nodes niearsplit between Drain 1 and Drain 2
can be coherently steered by applied electric fralobifying the conductance to each
drain by a value close to the quantum of conduetanc
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Chapter 4inAs Single Electron Transistor

Single electron transistors (SET) that were disedsn chapter 2.3 are of interest
for downscaling because they dissipate minimalgnerhe manipulation of merely one
electron is the ultimate downscaling of classicaltairoxide-semiconductor field-effect-
transistors (MOSFETs). SETs can sustain size remudince the Coulomb blockade
effect (the SET’'s basic operating mechanism) isaanbd as the devices are
downscaled?® Various proposals have been made for the integratif SETs into
conventional electronics by using them to form eartional logic gat€sand memory
devices'® However, use of SETs to solve the downscaling lprobfaces two hurdles.
The first is that the requirement for using SETigabdy at room temperature demands a
SET charging energy of at least-E.00kT,>* which would require sub-nanometer island
fabrication with tight uniformity in the featurezsi. But, this requirement is beyond the
capability of currently available lithographic textogy. Even small variations in the
island size will result in large variations in ti8ET threshold voltage. The second
difficulty is that SETs are very sensitive to bagkghd charges in the substrate. The
charging and discharging of electrons from chargpst in proximity to the SET island
can generate significant random fluctuation of I’ threshold voltage.

Other non-conventional circuit applications havsoaeen proposed for SETS,
such as quantum computation (QC). In a classicalpeter the basic unit of data, called
a “bit,” takes the state of either O or 1. Datagpresented by the state of bits, and data
processing is done by binary logic operation ofséhdits. The quantum computing

analogue to the classical bit is referred to asaientum bit, or, “qubit.” The qubit is
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defined to be the linear combination of a two layehntum system, as shown in equation
4.1 below:

Y =al0)+5|1) . (4.1)
Unlike a classical bit, the qubit is a superpositiof the two states0) and |1). A
guantum computer requires fewer steps to solvaiceproblems than would be required
by a classical computer. Using a quantum compatéew specific tasks, such as Shor’s
algorithm for factorizatiori> can be performed with a polynomial number of logic
operations. In contrast, using a classical comptdeperform the same computation
would require an exponentially large number of afiens. If the clock frequencies at
which these operations are performed are comparalgjgantum computer would obtain
the desired solution much faster than a classinal & quantum computer, if realized,
will have significant impact in the area of compusecurity. Using Shor’s algorithm, a
guantum computer could promise to make currentlgilable encryption techniques

obsolete.

4.1 InAs SET Introduction

Various physical implementations have been propdseda qubit, such as,
electron charge position, flux state, photon cmcupolarization, ion energy levels,
nucleus spin state, and electron spin stfdhe two Zeeman states of an isolated electron
spin in a quantum dot (QD) provide a promising ¢aat for a qubit’ known as a spin
gubit. Under magnetic field the spin states of katteon become energy resolved. The
two spin states split with a magnitude[@E, (g7, B,)], wheres; is the spin projection in

the z-axis,g is the Landé g-factor of the electron in the semdtuctor, g is the Bohr
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magneton, and,is the magnetic field, traditionally assigned toiléhe z-direction. (See
Figure 4.1) Because SETs can be used to confineletgtt one single electron charge,
research on spin qubits has focused on fabricatieemiconductor based SETSs.

A major challenge for practical quantum computiagscaling quantum systems
up to a large number of coupled logical qubits.idGstate implementations of qubits
offer the potential advantage of being scalablej @am particular, those based on
semiconductors are expected to be convenientlygrated using existing technologies.
To demonstrate this possibility, there have beansuccessful approaches for fabrication
of single electron transistors using semiconductohese two experimental approaches
are briefly reviewed below. Both SET approacheshdaae one-electron regime by first
forming a multi-electron quantum dot and then ebpglelectrons until a single electron
remains.

The first SET approach is a vertical tunneling SfTicture’® The vertical SET
utilizes multiple semiconductor layers to createdat sandwiched between thin
nonconductive layers that act as tunneling barri@hsmic contact is made to the top and
bottom of the double-barrier tunneling structuréeTunneling probability and dot size
are modified by applying voltage to a side-gate (SBgyure 4.2). This structure was used
to demonstrate a single trapped electron for thgt fime in history. The primary
difficulty vertical dots face is that to performaputum computing gating operations, there
is a need to tune the exchange energy betweenvtheléctrons in neighboring quantum
dots. But, in these vertical structures, the tuimgebarrier is grown by MBE and cannot
be physically tuned. To address this issue, faboceof two laterally-coupled vertical

dots is in progress at University of Tokyo and NJaparr®
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The other popular SET approach uses lateral qoamtots, and it provides a
better opportunity for scaling. Spins in lateral QD the GaAs/AlGaAs single electron
transistors (SETs) have been extensively investitfaf* In the lateral structure, (Figure
4.3) multiple Shottkey gates are placed on the aserfof the GaAs/AlGaAs
heterostructure. Through electrostatic gating, siregle electrons in the QD can be
coupled to the 2DEG by two tunneling barriers. Anger gate is used to electrostatically
deplete the SET island, until only a single elettremains. Structures with multiple dots
coupled together have also been fabricated, wierexchange energy of two electrons
can be modified through electrostatic gating. Caesible progress has been made in
SET development as qubits and in performing quargating by two coupled qubifé:®?

On the other hand, in the case of lateral dot siracthere are complications in
verifying the number of electrons in the quantun. dine current practice calls for the
use of an additional quantum point contact (QPQacaht to the SET to serve as an
electrometer. The transconductance of the QPC nstantly monitored, and a sudden
change in the transconductance is used to detertinatehe number of electrons in the
QD has changed by one. This dependence of thectadsctance change on gate biases
is used as the evidence to identify that only glsirelectron remains in the dBtThe
necessity for QPCs to verify the presence of alsietectron in lateral SET structures
potentially hinders scalin§:®>°®® Furthermore, the GaAs material system is
characterized by small energy level spacing andlgm@.44) g-factor. This results in
considerable mixing of the electron orbital levéigmally, the nuclei spin of Ga and As
atoms dephase the qubit electron through hyperfiteraction, which in theory is the

dominant effect at low temperatures below 100mK.aA®sult of hyperfine interaction,
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the electron coherence time in GaAs is limited bowt 1ps>®” In this chapter, we
demonstrate a lateral SET in InAs, which basedtemuantum well structure, can be
operated by a single electrostatic gate and the&epie of one electron on the QD can be

verified without QPCs.

4.2 InAs Composite Quantum Well

The two previously mentioned successful approadbedabrication of single
electron transistors were performed on GaAs antdnAs. In contrast, the InAs
semiconductor system has material attributes thatldv be useful for practical
implementation of a spin qubit via a SET. InAs cuam dots are characterized by large
orbital splitting, therefore, Coulomb blockade effe can be observed at higher
temperatures. In addition, for quantum computings iparticularly important that InAs
system has a large g-factor (g-factor 15). With semiconductor quantum dots, qubit
manipulation is achieved by application of microedvequency pulses known as Rabi
pulses. The duration of Rabi pulses is controllgdhe product of g-factor in the dot and
the applied ac magnetic field. Therefore, the Btes larger g-factor of InAs versus GaAs
allows for the use of smaller ac magnetic fieldshwinAs to achieve an equivalent
duration of Rabi oscillations. If smaller magndtedd is required, the integrated wires on
the sample that transmit magnetic field will casrgaller ac current, and heat dissipation
of the wires into the qubit will be reduc& Minimizing heat dissipation in a quantum
computer is of paramount importance because heatingl lead to computational errors

as heating may cause electron decoherence duestlecron-phonon scattering event.
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One common problem with the InAs QW system is dgedage current, caused
by the defects produced during crystal growth.itatstrain in the InAs system produces
defects that propagate from the buffer layer to sh&face, providing a leakage path
between the quantum well and the Shottkey gateth@rsurface. However, if the InAs
growth is controlled properly, defect count cannfieimized to where device gates have
a low probability of overlapping a defect. Additadly, our InAs SETs rely on a
thermally evaporated Spayer between the surface,Sla «Sb dielectric capping layers
and gate metal that reduces gate leakage curreegiaible levels.

The samples used in this work to demonstrate a &ETInAs/GaSb composite
quantum wells (CQWSs), a complicated heterostrucsystem with unique attribut&sin
this system a thin InAs quantum well layer (4Anm¥amdwiched together with a slightly
thicker GaSb quantum well layer (16nm) between pedoAkGa, «Sb insulating layers.
The doping can be altered to achieve a specifid wnding that facilitates the device
operation. Under zero bias the InAs quantum wefteg of electrons and the adjacent
GaShb layer is populated with 2D holes. The InAs/s&8terojunction has a staggered
energy band alignment, known as Type Il alignmastshown in Fig. 4.4. By varying the
thickness of the InAs and GaSb layers, the CQWceffely becomes a narrow-band gap
semiconductor, whose bandgap is tunable by thertbgses of the two QWSs. The
effective bandgap is measured from the GaSb valdrael minimum to the InAs
conduction band minimum. As the thickness of thaslmuantum well is reduced, the
guantized energies in the InAs QW are increasedreasing the conduction band

minimum of the InAs layer. The result is an inceeas the effective bandgap of the
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CQW. The specific CQW wafer that we used for fadtimn has an effective bandgap of
approximately 100meV.

The InAs CQW can be lithographically patterned iatee-dimensional and zero-
dimensional systems with arbitrary geometry. Wehielg is used to remove the InAs
and GaSb quantum well layers to create sidewabmia@tl barriers. Either side-gates or
top-gates can be applied to create tunable eleatrosconfinement and to vary the
guantum dot’s energy levels and tunnel couplings.

Figure 4.5 shows the schematic of a generic traorsiabricated using the InAs
CQW system. A top-gate is defined on the CQW serthat when biased with a voltage
(Vgatd, controls the carrier population, as well as tyyge of carriers, in the CQW. At
Vgae= 0, the transistor conducts via the 2D holes g @aSb layer. As the top-gate is
biased to be more positive, the 2D holes in thel3@®/ are gradually depleted until no
carriers remain. Further increase of the top-gais tesults in the formation of 2DEG in
the InAs layer. The following section presents eWpental evidence of the transition
from 2D hole accumulation, through hole depletidnilev electrons are still depleted in

the InAs layer, to 2D electron inversion in the ;n@W.

4.3 InAs Hall Bar

The growth parameters such as doping concentratiohlayer thickness of the
CQW were optimized to achieve the proper band lmendiecessary for successful
fabrication of SETs. The first step in this optiatibn process was to model the CQW
self-consistent band bend bending using variousbawations of layer thickness and

doping profiles. Using the simulation as a startpwnt, many different wafers were
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grown, each with slightly different quantum wellidkness and doping profiles, then
tested to find the a wafer with optimum propertfes fabrication of SETs. These
properties include high-mobility low-resistivity 2€arriers, low defect count, formation
of low resistance ohmic contacts without high terapge annealing, and gateability. All
of these qualities were verified by fabricating Hadrs on a piece of each different CQW
wafer, then the wafer whose properties were judgdze closest to ideal was selected for
SET fabrication. Most of the wafers that we tedelkd in one or several of these areas.
Some formed high quality 2D layers but had vergédacontact resistance. Others could
not be gated to form electrons in the InAs lay@m8 even had carriers in both quantum
wells under no externally applied gate bias. Onsaitable wafer is found, many devices
can be fabricated from one wafer, and many tramsisnade from the same fabrication
run should exhibit similar transport charactersstic
Figure 4.6 shows an optical microscope picturersd of the working Hall bars.

Using photolithography, a Hall bar mesa with 10pmarmel width and 100 um channel
length was defined on the CQW. The field (darkeieliough area) was wet etched away
using a four layer selective wet etch to removehtibe InAs and GaSb quantum wells.
Again using photolithography, a metal gate was dapd over the Hall bar channel. To
reduce gate leakage current between the InAs sudiad metal gate, a 100nm thick layer
of Si0O, was thermally evaporated. Finally the first twgdes of InAs were removed at
the bonding pad areas of the Hall bar mesa andamiim/Gold layer was evaporated
directly onto the InAs quantum well for ohmic coctta The dc current-voltage
characteristics of the Hall bars were measured .@K 4in the common-source

configuration. Figure 4.7, shows the I-V characties of one of the successful Hall bars.
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Inset is a schematic showing the potential profilles\g the source-drain direction for the
three operating regimes. As expected, the Halcbaductance is found to be large when
there are either 2D electrons or 2D holes in theAC@nhder the gate area. When both
guantum wells are depleted, conductance is lowusecthere are no carriers in the Hall
bar channel. Both the gate leakage current andlhi@ current in the depletion region
are less than the measurement resolution (0.1pA)gldevice operation.

The basic operating principle of the InAs SET =l# gating the composite QW
system from hole accumulation into electron invarsiWith the operating principle
verified by Hall bar measurements, we can shrirk device’s lateral dimensions and
fabricate single electron transistors. In the reedtion, | will discuss the structure and
expected transport characteristics of single edectransistors made of the InAs/GaShb

composite quantum wells.

4.4 InAs SET Structure

In contrast to the previously discussed depletimuen laterd® 2*° and the
verticaP* SETs, where both types reach the one-electromediy expelling electrons
from multi-electron QDs, our “enhancement-mode” StEKes the opposite approach.
The concentration of electrons in the CQW can imqgiple be controlled through
electrostatic gating to be arbitrarily small. Bypifizating a single gate with small enough
dimensions, we ought to be able to form a quantomadgth just one electron under the
gate. The operating procedure is described beloitrally, an empty QD is formed by
electrostatically gating a region of semicondudt@t contains no electrons. As the gate

voltage is increased the band bending causes itérarriers to form. As the band
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bending increases further, OD energy states bemidetvelop between the potential
barriers that electrons can tunnel into one by AiNe. utilize this design concept to
fabricate an InAs SET.

Figure 4.8 shows a schematic of the proposed INAE. $Jsing electron beam
lithography and wet etching, we fabricate a megh winarrow neck between the source
and the drain ohmic contacts. In comparison with lteral GaAs approach which uses
multiple gates, our SET structure uses a singlegadp to create two symmetric tunnel
barriers where electrons tunnel into the empty Qi at a time. The gate is fabricated
over the narrowest portion of the neck so that mlmpation of the quantum well
confinement, electrostatic tunnel barriers, andknaanstriction, restrict the electrons in
the quantum dot in all three dimensions.

The next section discusses simulation of the Indantum dot. These simulations
were performed to investigate how design parametech as gate size and dielectric
thickness affect the electrostatic confinementle€teons for our device. The simulation
is used to verify that the one-electron state ctweldormed and populated by a gate size

within our lithographic capability.

4.5 MIS Simulation

It is critical to the operation of an SET that whble quantum dot potential forms
the first OD electron state that the tunneling ieasrbe thin enough to allow electrons to
tunnel into the quantum dot. To this end, our grovgmber Binhui Hu has performed
numerical simulation to help us estimate how thapshof the confining potential and

tunneling barrier thickness vary as a function lté gate size. These simulations also
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produce an estimate of the proper gate voltageeréorgour SET. The model structure, as
depicted in the left inset of Figure 4.9, is a d&d MIS capacitor, but the gate here is
chosen to be a small metallic cylinder with a ditang€D) of 50, 70 or 100 nanometers.
In a conventional MIS capacitor with a p-type semductor, a gate bias can change the
system from an accumulation of holes to an inversiayer of electrond.With a
nanoscale gate area, the inversion electrons @slibe in a quantum dot directly below
the gate.

For a particulaWyae We solvethe Poisson equation:

N(xy.2 =228 (()’(( ;’ 3 (4.2)

where (X, y, z)is the local dielectric constant an¢k, y, z)is the net charge, including
the free holes, free electrons, and the ionizedgocs. The solution is the potenfialx,

y, z)as a function oVye The solution is obtained numerically using FemklMatlab-
based software that solves three-dimensional elgeiic problems based on the defined
geometry, boundary conditions and material pararsekurther details of the simulation
can be found elsewheféwhere the specific dielectric constants have beedified to
model this system. The right inset of Fig. 4.9 skoan example of the simulation
assuming an effective CQW bandgap of 100meV and h?e density of 1x16 cm? in

the GaSb layer.

We find that for a smaller gate diameter, the awrfient potential is steeper and
the size-quantization energies are larger, althoutgtkes a higher gate voltage to induce
the first available electron energy state. For gdamwvhen a single electron resides in the
QD, the quantization energy is 13meV, 15meV and &nfor D = 100nm, 75nm and

50nm, respectively. (See Figure 4.10) The 50nm gadéh is the minimum feature size
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within our lithographic capabilities so we did mobdel smaller dots. However, based on
the results, we should be able to engineer diftegeiantization energies by varying the
gate width.

Another key operating principle, substantiated digio the simulation, is that the
transmission coefficient of this band-to-band tuimgebarrier is not sensitive to the top-
gate bias for the first few electrons, as illusicain Figure 4.9. The height and width of
the tunneling barrier are primarily dependent oa bandgap of CQW and 2D hole
density, respectively. The difference in gate \gdtanecessary to change the electron
population by a few electrons produces little cleimgthe band bending. In other words,
the tunneling transmission coefficient in enhancatrmeode QDs is determined primarily
by the potential profile of the heterostructurenitar to the depletion-mode vertical QDs.
Since numerical modeling shows that the tunneliagiérs that define a QD are, to the
first order, insensitive to variation in the topigaoltage in the few-electron regime, it is
possible to identify the first electron state pyrebm the conductance measurement. No

additional quantum point contacts are necessavetrify the single electron regime.

4.6 InAs SET Fabrication

For the fabrication of SETs, we have used electreamm lithography and wet
etching to fabricate transistors with a gate lerdplwvn to a few tens of nanometers. A
detailed process sheet can be found in AppendiXhs section will serve to highlight
the fabrication issues specific to the InAs SET thare vitally important in fabricating a

successful device.
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Because the Fermi level is pinned above the comuband in n-type InAs, edge
depletion does not develop at lithographically defi boundaries and is not usually a
concern with InAs devices. However, like GaAs, edgeletion does form in the GaSb
QW at lithographically defined boundaries. Since thagnitude of edge depletion varies
with the growth parameters, it will vary with eagtdividual CQW wafer and must be
determined. Therefore we must account for this elfgetion in our SET design.

The SET design calls for a mesa etch with a nameek at the point where the
gate induces electrons. The narrowing of the neslticts the size of the quantum dot in
the transverse dimension. If the restriction is ensab narrow, the entire area under the
gate will be depleted due to edge depletion. Ifrédriction is made too wide, then the
dot will be large and asymmetric. We prefer for tlo¢ to be as small as possible because
the spacing of the energy levels in the dot isieeky proportional to the dot size. Large
spacing is preferable since it allows for highenperature operation as well as well as
increasing coherence time due to the reduction le€t®n-nucleus spin hyperfine
coupling. To find the optimum neck width, transrstavere fabricated by performing a
mesa etch where various channel widths were wdtedtinto narrow necks between
source and drain ohmic contacts. When the chaniathwas reduced to approximately
700nm, devices show a complete depletion of 2Ddhatelicating a surface depletion of
350nm at the sidewall in the GaSb layer. See Figi8e

Although the optimum neck width was determinedaobhg the optimum neck
width consistently was still challenging. Etchinff the cap layers produced etching
downward as well as laterally underneath the redisis undercutting caused the

dimensions of the neck to be reduced from thosé¢ we lithographically defined.
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Therefore, the neck width had to be programmedetdabger than the intended result.
The etchant was mixed fresh before every step sarerthat the kD, in the mixture did
not evaporate changing the etch rate. Mixture ef wket etchant had to be precisely
controlled, down to the drop of acid and base, wils® the etching rate could vary
significantly. It was also crucial that the etcimés were strictly adhered to since the
variation by even a half-second could have a comgmg effect over 4 layers,
significantly changing the neck width. Since nohebarrier existed below the fourth
layer, the last step in the mesa etch had to béemmnted with exact timing so that the
field did not become etched too deeply, otherwise evaporated gate would not climb
up onto the mesa in one continuous film. Maintagnan continuous gate was of the
utmost importance, thus controlling the depth vesgdrimary concern. Therefore in each
run, three different neck widths were programmethwhe hope that one would be of
optimum width when the mesa etch was complete.

Early on, ohmic contacts were fabricated by wetietg off the top two cap layers
so that thermally evaporated metal could be depastdirectly on top of the InAs
guantum well layer. Ohmic contacts were fabricatsdlose to the neck of the transistor
as possible in order to theoretically reduce thieeseesistance in the device. The ohmic
contact layer also faced problems due to wet etchimdercut. Since the same mask was
used for the wet etch and metal evaporation, aldmad around the edge of the feature
developed where wet etching occurred but no megal deposited. We believe that this
narrow band contributed to an increased seriesteggie. The ohmic contact step was

removed from the process when it was determinetl dhaomparable quality ohmic
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contact could be achieved simply by hand soldendgm to the source and drain leads,
puncturing the top two layers and directly contagtihe InAs QW.

After mesa etch, small metal gates were fabricatest the narrowest portion of
the neck between the source and the drain. To slkévkeakage problem of the dielectric
top layers in the InAs composite quantum well, sheallest overlap possible was used to
minimize the possibility that the gate lay on tdpaadefect. Also a thermally evaporated
dielectric layer of SiQwas deposited between the composite quantum wdfce and
the gate metal to ensure dc leakage current cauklitminated. The maximum thickness
of thermally evaporated Sy@ould only be 100nm, or strain in the film woulause the
dielectric to become cracked and to leak underiegiddias. Also, thermally evaporated
oxide deposits with a solid angle rather than con&dly. Therefore, it was necessary to
maintain a height difference between the mesa é&md field of less than 100nm,
otherwise the oxide film would not isolate the gatetal from the channel. The gate was
patterned to extend over the SET neck and ontdiglteon the opposite side to anchor
the fragile gate from being ripped off during lfitand future processing steps.

Initially, SETs did not operate as expected. Leakbgtween source, the drain,
and the gate as well as between devices was oldsbywdc measurement at 4.2K. The
Hall bar demonstrated that with proper design, dgakcould be eliminatedhe primary
structural difference between the Hall bar anddhginal SET design was in the field.
With the Hall bar, the CQW field had been removedble the gate had been added to
the device. Removing the field prior to the deponitof the gate pads reduced the SET
leakage to below 0.1 pA, as well as fully electhcansulating each device from its

neighbors. Once this problem was resolved deviegatto operate as expected.
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Figure 4.11 shows a completed die, hosting 6 SEBsh die has 14 metal
bonding pad leads. Typically 12 such die’s wereritated during each week long
processing run. Figure 4.12 shows a close-up vieane transistor with a final channel
width of roughly 1 micron. It is clear from this age that the gate metal is continuous as
it climbs up from the mesa-etched region over teeknof the SET. This device was
patterned before the ohmic contact step was remawdda clear sideband can be seen

around the ohmic contact metal as was describ#teiprocessing steps.

4.7 InAs SET Characterization at 4.2K

Following fabrication, transistors were charactedizthrough low temperature
electrical transport. Data taken from one transitat shows typical results is presented
here. At 4.2K the SETs display the expected Coultobkade. Figure 4.13 shows the
data taken at 4.2K, where the dc drain current éagured at a fixed drain voltage of
ImV. At Vgae = 0, the system is in the accumulation regime, @nedtransistor shows
ohmic conductance via 2D holes under the gatehAgyaite voltage increases, the drain
current drops because the transistor goes fromnadation to the depletion regime. In
the depletion regime, the drain current is smalan our noise floor of roughly 0.1pA.

When the gate voltage bias is increased furthér2¥, the lowest single electron
guantum state beneath the gated region is aligritdtive Fermi level, resulting in a
current peak. As the gate voltage becomes mordiymsihe current peaks due to the
second and the third electron occupation are obdenear Wi = 7.0 V and 8.4 V,
respectively. It is important to note that the pdwights occur with roughly the same

order of magnitude for the first three peaks intingathat the amplitude of conductance
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is of a similar order of magnitude. Since the candaoce is a strong function of the

tunneling barrier thickness, this observation psothee assertion made by simulation that
the tunneling barrier thickness is only a weak fiorcof the gate voltage. Further more it

proves that the first peak is indeed the additibtine first electron.

To investigate the operation of this enhancemerdarinAs SET further, we have
carried out the standard stability measurementdthan current is measured as a function
of a stepping gate voltage and a sweeping dram big. 4.14 shows the contour plot of
the drain current using linear scale. As a maratest of single electron transport in the
Coulomb blockade regime, the contour plot showgrges of diamond-shaped blocks.
The dashed lines highlight the boundaries of tliekd and are labeled by N =0, 1, 2, 3,
and 4, referring to the number of electrons in@i2

According to the “orthodox” theofy of the Coulomb blockade, the height (8/C
the width (e/Gad, and the slopes defining the diamond,a(@Carain and —Gatd Csourcd
uniquely determine the SET charging energy. Apgytims standard analysis procedure,
we have calculated for the capacitances and addanergies of the 1st, the 2nd, and the
4th diamonds, as listed in Table 4.1. We obtaine@ddition energy of 15meV for the
first block, 35 meV for the 2nd, indicating thaetlevel spacing due to size quantization
effect is 20 meV. Compared to our potential simatatthe obtained quantization energy
implies a QD less than 50nm in diameter. If we nhidkde QD as a disc with a radius
the obtained capacitance of our QD suggests anteediameter of about 20nm. Here,
we useC = 8a and the dielectric constant of InA&12.3. We notice that the 3rd
diamond contains several spikes. We attribute tteegingle electron traps in the vicinity

of SET that happen to be activated under specperating conditions. The size of the
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3rd diamond should therefore be smaller than tipai@mt result shown in Fig. 4.14. For

that reason we have not calculated for its chargmeygy in Table 4.1.

4.8 InAs SET Analysis

The observations of relatively large Coulomb armksjuantization energies are
significant. The criteria for observing single éfea tunneling characteristics are that the
Coulomb energyef/ C ) be larger than the thermal enerdyT), and that the tunneling
conductance be smaller than the conductance quagftamConsequently, SETs in the
many-electron regime have been demonstrated imietyaf systems, including {Ga.-
«As, GaAs, Si, carbon nanotubes, and metal-basedtstes. However, the experimental
requirement is more stringent for observing thee sjmantization effect, due to two
additional criteria: the Fermi wavelength shoulddoenparable to the island’s size, and
the system should be in the few-electron regimeusTtar, depletion-mode lateral and
vertical SETs were the only two systems reportest thad shown size-quantization
effects, and the reported values were typicallgva meV.

Larger quantization energy allows for SET operatra higher temperature, as
evident from 4.2K operating temperature of our S£€fsus 10-50mK in depletion-mode
SETs®1025384) arger quantization energy is also important foamfum computing from
the vantage point of spin decoherence. The mosobritapt factor in the decoherence
mechanisms is the admixture of electron states tduspin-orbit interactions. Such
admixture is reduced as a result of large orbaakl energy spacing, mainly removing
the effect of strong spin-orbit interaction in InAsurthermore, other effects related to

admixture of the excited electron levels, includitigeir virtual occupation by other
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electrons, are also suppressed, making the graatel af INnAs quantum dot close to an
ideal two-level system. The observed large quatitizanergy is due to a combination of
the small electron effective mass in InAs and est@nfinement potential resulting from
the band-to-band tunneling design. We note thatsteep confinement potential also
makes it possible to place QDs in close proximagahed for stronger exchange coupling
between dots and for constructing an array of Qéjpmble of transporting qubits via the

paths of empty QDs.

4.9 InAs SET Conclusion

In conclusion, we have proposed an enhancement-@&deand demonstrated it
using InAs/GaSb composite QW. The CQW effectivelgduces a QW with a narrow
tunable bandgap. By patterning small transistotk wisingle gate, we achieved the one-
electron regime in a 20nm InAs quantum dot withodpnital energy spacing of 20meV.
This approach combines the advantages of the pevilateral and vertical SET
structures, and is advantageous for applicationgjuantum information technology
because it includes lateral configuration, a single-gate design, steep potential
confinement, large g-factor, and a significant idun in device heating. Furthermore,
we proved through simulation and experimental dag the identification of a single
electron can be achieved without independent chsegsors located near the quantum
dot reducing fabrication complexity, and producstgnger exchange coupling between

the dots through increased packing density.
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Figure 4.1: Zeeman splitting of they Electron energy state in the z-subband under
magnetic field. The two Zeeman states of an isdlatectron spin in a quantum dot (QD)
provide a promising candidate for a qubit. Undemgnadic field the spin states of an
electron become energy resolved. The two spin sstaf@dit with a magnitude of
[2s,(gmB)], wheres, is the spin projection in the z-axis, g is the dém-factor of the
electron in the semiconductorg is the Bohr magneton, and, B the magnetic field,
traditionally assigned to be in the z-direction.
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Figure 4.2: Vertical Tunneling SET structure (tap) data taken from a device (bottom)
of this structuré? Here N is the number of electrons trapped on € Sland and D is

the pillar diameter. This work performed by Taru&taal., demonstrated single electron
trapping for the first time. Because the tunnelbegriers are fixed, the single electron

state can be identified without external quanturmipoontacts. However fixed barriers
pose difficulties for using this structure in a gttan computer.
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Figure 4.3: SEM micrograph of a lateral double-8&T in GaAs. To date this work by
Marcus et al., represents the state of the artemisnductor qubit experimental
achievements. The light grey features are metasgated to deplete electrons in the
2DEG. Note the large amount of area as well asattye number of metal leads (12 total
for this particular device) are necessary to falbntrol two individual electron spins in
space. Gates 7 and 1 are used to form the QPCsaegdsr sensing the presence of
individual charges in the left and right sidesh tiouble quantum dot.
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Figure 4.4: Energy band diagram of the compositengun well. In this system a thin
InAs quantum well layer (4nm) is sandwiched togetivth a slightly thicker GaSb
guantum well layer (16nm) between p-dopedG¥,.«Sb insulating layers. The doping
can be altered to achieve a specific band bendiag facilitates the device operation.
Under zero bias the InAs quantum well is free etabns and the adjacent GaSb layer is
populated with 2D holes. The InAs/GaSb heterojamncthas a staggered energy band
alignment, known as Type Il alignment. By varyimg thickness of the InAs and GaSb
layers, the CQW effectively becomes a narrow-bapdggmiconductor, whose bandgap
is tunable by the thicknesses of the two QWs. Tgexisic wafer CQW that we used for
fabrication has an effective bandgap of approxitget@0OmeV.
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Figure 4.5: Schematic of the enhancement-mode esialgictron transistor, where one
electron is induced in the InAs layer by a top rhgtde. By applying positive voltage to

the top-gate holes in the GaSb layer, representdldebwhite circles, are depleted. Upon
further application of voltage the conduction basfdhe InAs layer is bent below the

Fermi level allowing electrons to populate the If&ger under the gate. Electrons tunnel
from the GaAs layer into the InAs layer through thend gap between the InAs

conduction band and the GaSb valence band.
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Figure 4.6: Optical microscope images of ambOwide InAs Hall bar at various
magnifications. The light blue area is where InAsawmfum well remains while the
rougher dark blue region is where the quantum wadl been wet etched off. InAs Hall
bars were used to test the operating principle BfsSon a micrometer scale and was
used to select the most favorable CQW wafer forsIi®&T fabrication. The length scales
in both pictures are symmetric.
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Figure 4.7: The measured dc current-voltage chawatit of a gated Hall bar transistor.
The top schematic displays the potential profiles@ the current direction for three
operating regimes. In the schematics the purpke lepresents the GaSb valence band
and the red line represents the InAs conductiordbAs positive gate voltage is applied
to the top-gate, holes in the GaSb layer are degletducing the conductance through
the Hall bar (accumulation). Once holes are totalgpleted no conduction occurs
through the Hall bar (depletion). Eventually theamunder the gate is populated with
electrons and conduction resumes (inversion).
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Figure 4.8: Schematic of the single electron tistosi structure. A mesa etch is

performed, forming a narrow neck between sourcedrath. Using a single top-gate a

guantum dot containing one electron is formed. if@sa etch and edge depletion of the
GaSb layers produces the transverse confinementhendgate creates two symmetric
tunneling barriers in the lateral direction, formia quantum dot.
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Figure 4.9: Calculated potential profiles for a Mi&acitor. Inset in the upper left is the
model used. The second quantization level is atigngh the Fermi level. Here the

Coulomb charging energy is excluded and the shaeds illustrate the tunneling

barriers. The right inset shows the 3D potentiat.pUsing this simulation the tunneling

barrier thickness was determined to be a weak ilmcif the top-gate voltage.
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Figure 4.10: Simulation of the potential profiles pillar gates of varying diameter. The
gate diameters modeled are 50nm, 70nm, and 10@smpectively. Each gate diameter is
modeled for various top-gate voltages. Profileshvabheck marks have reached a depth
necessary to confine a single electron. From timsilation we learn that reducing the
diameter of the gate produces a steeper potengithl At the same time, a higher applied
voltage is necessary to induce the first electtates
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Figure 4.11: SEM micrograph of a finished set of IsiAs single electron transistors at
20k X magnification. The darkest regions are whheelnAs CQW has been wet etched
off. The medium grey areas are where CQW has #ditrial. The lightest grey areas are
evaporated metal used to make gates and ohmicateritathe SETs. The length scale is
symmetric in the horizontal and vertical directions
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Figure 4.12: SEM micrograph of a finished InAs emte&anent mode single electron
transistor on composite quantum well. Metal ohnoatacts (labeled source and drain)
were fabricated directly on the InAs quantum wéll.gate is fabricated on etched
insulating field to cover the narrowest portiontbhé source drain mesa, forming two
symmetric tunneling barriers and a quantum dot. T@ location is indicated
schematically by the red dot.
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Figure 4.13 Single electron transistor currenta@dt curve taken at 4.2K. Coulomb
blockade oscillations are clearly observed. The& pemaghts are similar for the first three

electrons indicating that the tunneling probabilgyonly a weak function of gate voltage
as expected from simulation.
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Figure 4.14: Stability chart of the enhancement enbtAs SET at 4.2K. N denotes the
number of electrons present in each diamond. Lanesnserted to guide the eye to the
diamond shapes. From the slope of the diamondsagp&citance of the tunneling barriers
and size of the dot can be determined by the “didkaheory” fully characterizing our
guantum dot for different electron populations.
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N 1 2 4
Cgate 0.69 aF 0.29 aF 0.37 aF
drain 4.7 aF 1.7 aF 51aF
source 5.4 aF 2.6 aF 4.4 aF
Ec 15 meV 35 meV 16 meV

Table 4.1: Characteristics of the InAs Quantum dirived from the diamond slopes. N
refers to number of electrons trapped on the quardot. The third diamond was not
characterized due to noise. Once the tunneling gatd capacitances are known, the
orthodox theory for can be used to solve for thargimg energy and dot sizes.
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Chapter 5: Silicon Single Electron Transistor

A number of physical implementations for qubits éalbeen proposed and
investigated as the bases for quantum compatidg was noted in the 4.1, Solid state
implementations have potential in upscaling to éargimbers of qubits and quantum
gates. In particular, the two Zeeman states of lastren spin in a semiconductor
quantum dot (QD) present a promising qubit canditfafs already discussed in Chapter
4, semiconductor SETs come in two varieties, latarad vertical. Because of the
fabrication techniques available, lateral arrays qofantum dots provide a better
opportunity for upscaling when compared with vettiwnneling structures.

In 1lI-V compound semiconductors such as GaAs, dbminant mechanism of
spin decoherence at low temperatures is the hygenfiteraction, where an electron spin
couples to the randomly oriented nuclear spinshefdurrounding atoms in the crystal
lattice. Currently, electron spin coherence timesehbeen measured in compound
semiconductor quantum dots to be roughly 10ns amdbe improved by a microwave
pulsing technique, known as spin-echo, to be® One electron confined in a silicon
QD is expected to have a spin coherence time matgroof magnitudes longer than that

in compound semiconductors, due to its zero nucpiar’2

5.1 Introduction

In principle, lateral quantum dots in silicon cogldtentially be incorporated into
the existing large-scale integrated circuits ustogrent CMOS processing techniques.
Nonetheless, there are considerable challengesbnication of quantum dots in silicon.

Since the first observation of Coulomb blockadentlimg in silicon'” most experimental
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efforts have focused on the depletion-mode fieféatftransistor (FET) scheme, using
SOl (silicon-on-insulatofy wafers and Si/SiGe quantum well structufe<> "In these
approaches, the as-grown sample already contaiogditwensional electrons (2DEG)
from donors in the system prior to nano-fabricatidhe surface Schottky gates or in-
plane side-gates are used to define quantum ddttcadeplete electrons in QDs from
many down to one. Although this depletion-mode apph is reliably applied in the
GaAs single electron transistdfsthe fabrication of silicon based SETSs still suffétom
problems that stem from material properties. Fan@xe, gate leakage current due to
dislocations in Si/SiGe quantum wells frequentlgrdpts the single electron transport. In
SOl approach, the defects at the silicon/buried@xmnterface cause strong localization of
electrons and result in a noisy environment.

In view of the great promise of silicon for quantucemputing, we have
developed an enhancement-mode silicon SET. Inctiapter we report demonstration of
a metal-oxide-semiconductor single electron traosi§gMOS-SET) which could be
useful for spin quantum computation in silicon. Doeits unique structure, the MOS-

SET avoids many of the existing materials problemather silicon SET structures.

5.2 Silicon SET Device Structure

Our ultimate objective is to confine single eleagsan an environment with a
minimal concentration of impurities. In order tceepisely define the location of a single
spin and to consistently control the shape of thefinement potential by gating, the
sample system should be free of random potentiahtwans resulting from ionized

impurities’® An impurity-free environment will also reduce tglaph noise and spin
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decoherence caused by hyperfine interaction witbunity nuclei. To achieve this goal,
high purity, isotopically enriched silicon wafertiosild be used, removing impurity
scattering and potential variations from donors.

But at cryogenic temperature, high purity wafersdme non-conducting, due to
the lack of thermally generated carriers. Becatliskeonon-conducting initial state of our
devices, we employ a bilayer-gated configuratiofiataricate enhancement-mode MOS-
SETs. As illustrated in Fig. 5.1, the top-gate, athiaterally overlaps the ohmic contact
regions, induces 2D electrons at the silicon/thérmdde interface similar to an
enhancement mode FEIn addition, multiple metal side-gates, locatetbiethe top-
gate and above the thermal oxide, are used torstheeelectric field from the top-gate,
depleting only the electrons below the side-ga@¥sper biasing to these gates defines
the potential profile of an SET, including the smurand drain leads, two tunneling
barriers, and the quantum dot in between. Thisybeilalesign offers the flexibility in
device layout and allows independent control oher2D electron density, the tunneling

conductance and the electron population in the tyuawot.

5.3 Silicon Ohmic contacts

Our design requires doped ohmic contacts that seswbe SET source and drain.
Before implantation we simulated the conditionsessary to produce a degenerately
doped ohmic contact using a shareware programdcaiRIM & Using a model of silicon
with a 27nm SiQlayer on the surface we modeled the implant prdbl many different
implant energies. We wanted an implant depth thetga the majority of the dopants

directly below the Si/Si@interface and 40keV was determined by SRIM to poedthis
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profile. Figure 5.2 shows the 40keV SRIM simulatio®hmic contacts were
characterized by implanting phosphorous in a Hatl fattern with implant energies of
20, 30 and 40keV, at a density 6fI0* dopants/crh and a 7° implant angle, through a
27nm sacrificial oxide layer on the silicon surfatae recipe targets a dopant density of
7" 10"%cm®, which is well above the Silicon metal insulat@risition. Degenerate doping
of the ohmic contacts causes them to conduct &. H£amples were annealed at 1000°C
and measured at 4.2K. It was determined that thkeWQ@ecipe was the best because it

provided the lowest sheet resistivity of G3quare.

5.4 Characterization of the BCB Dielectric

For the dielectric between the SET side-gates apdyate we chose to use a spin
on dielectric called Benzocyclobutene (BCB). BCBh aaithstand an electric field of
5.6x10 V/cm at room temperatufé.However, BCB has never been tested at 4.2K and it
was important to verify that BCB would not leaklatv temperatures or crack during
thermal cycling. To verify these points we fabrezhimetal/BCB/silicon diodes for low
temperature testing.

BCB was spun onto 3 inch silicon wafers at SkRPiIdpicing a 1m thick layer.
The BCB was cured at 210°C for one hour in a ngrognvironment and cooled slowly
(over several hours) to reduce stress on the B@& lduring cooling. Allowing oxygen
into the environment during curing reduces the itpalf the dielectric. Capacitors for
characterizing BCB were formed using a shadow ntasknique. The shadow mask
technique is a quick lithography process used tkemarge features in a regular array.

See Figure 5.3. The wafer is placed face down ometal plate with regularly spaced

90



2mm diameter holes. When metal is evaporated ¢cr@aviafer the areas left exposed by
the shadow mask form the top electrodes of theaitgpa. The bottom contact is made
directly to the back of the silicon wafer, and thent metal is connected to a thin gold
wire by conductive epoxy. We choose to use eporgessoldering might cause rapid
heating and cooling of the dielectric, possiblyatieg stress and altering the dielectric
properties.

Using dc voltage we applied up to +/- 100V to tiedds at room temperature and
4.2K. No dc leakage current was observed withis thnge. Since, the dielectric was
approximately fm thick, 100V should produce an electric field oM\/cm
demonstrating that BCB maintains its dielectric gemties at 4.2K. A capacitance
measurement confirms the thickness of the BCB dred low frequency dielectric

constant of 2.65, the same as what described im#maifacturer’s specifications.

5.5 Silicon Hall Bar

According to the parallel plate capacitor concapp®yed in MOSFETS, when a
positive voltage greater than the threshold volteges applied to a MOS top-gate,
electrons will be induced at the Si/Siterface. Before fabricating SETs we fabricated
Hall bars with two dielectric layers, identical ttee structure that we planned to use for
SETSs. Fabricating the Hall bars served severalqaap. First we were able to verify that
using two different dielectric layers, we could ucgé 2DEG and obtain an approximate
threshold voltage. Secondly, we were able to ud$abacation process similar to but
simpler than the SET process, to trouble shootpi@mblems in our proposed SET

structure.
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Hall bars were fabricated by spinningm BCB on top of a silicon wafer with
implanted ohmic contacts and a 27nm thermally grd@v@®, layer. Top-gates were
evaporated on the surface. Finally, via holes vogrened in the BCB and Si@o make
contact to the silicon ohmic contacts.

The Hall bars were measured using dc bias in cormsoance mode. Initially the
Hall bars did not induce high-density 2DEG before ldakage current was observed
between the gate and either the source drain. dtdetermined that carriers leaked from
the source or drain underneath the top-gate oougfr the gate bonding pad because
carriers are induced under the entire top-gatbeaSi/SiO2 interface. See Figure 5.4. In
GaAs this problem is alleviated by forming a mesauad the devices isolating the
guantum well from leaking to the gates. Howeveoyifaating a mesa in silicon would not
stop electrons from flowing out because there igjuentum well structure to etch off.

In a MOSFET the concentration of electrons in a&datgion is proportional to
the electric field applied to the semiconductor. reduce electron concentration in an
area, the dielectric thickness can be increaseddoce electric field and which thereby
reduces the electron concentration in that regiorthe silicon region under the gate
leads and away from the device region, we dry etetagrow, 0.5m deep trenches into
the silicon. See Figure 5.5. By spinning on ouregditlectric with a dm thickness, the
trenches were completely filled producing a regimaler the trench with a Inf thick
dielectric rather than thenin thick dielectric that covers the device regiohisTextra-
thick dielectric region causes the electric fiaidthe trench to be reduced and within a

certain gate voltage range this region will notdopulated with electrons. Effectively,
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the trench blocks dc leakage current path from2banterface to the gate bonding pad.
See Figure 5.6.

Once we implemented the trench etch into the deproeess we were able to
produce working Hall bars. The threshold voltagaedifrom device to device but was
found to be approximately 35-40V. This variatiommsst likely due to non-uniformity in
the BCB dielectric thickness. We characterized ltadl bars at 4.2K under magnetic
field. The 2D electron concentration was tunabléhimia range of 4.5-5.6.0"/cn’ and
the mobility was determined to be ~200Gtvas. The mobility was much lower than
expected. We have yet to carry out new experingdawing that this method can indeed

produce 2D electrons of high mobility.

5.6 Silicon SET Fabrication

Applying our design concept, we have fabricated M&E's that show no
measurable gate leakage current (<10fA) and dis@agle electron tunneling
phenomena. For the work reported here, we usedratdss p-doped to approximately
10"%cm® as a proof-of-principle demonstration. Higher stisity wafers would further
reduce impurity-induced disorder.

The ohmic contact patterns for the SET are longdesxtending from 3um-wide
lines in the immediate SET device area, to the Bb@quare bonding pads. Implants
were doped with the 40keV recipe. A subsequent amge for implant activation is
carried out concurrently with the growth of thernmlide. We choose to grow the
thermal oxide at 100C for 20 minutes in dry oxygen and the resultingrthal oxide

thickness is 27nm. Afterwards, the SET side-gates defined by electron-beam
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lithography, metal evaporation (aluminum and gadyl lift-off. Fig. 5.7 (a) shows an
optical microscope picture after deposition of syd¢es. Figure 5.8 is an SEM
micrograph of the side-gates at the device center.

After the surface gates are fabricated BCB is &ppto electrically isolate the
top-gate from the surface gates. The polymer waa sp 5kRPM and cured in a nitrogen
environment at 210°C for 1 hour as described iti@e®&.4. Next the top-gate is defined
by photolithography using negative tone resist lo@ top of the second layer of gate
dielectric. See Figure 5.7 (b). Finally, via hokr® opened in the BCB to expose the
bonding pad regions of the ohmic contacts and tbalhside-gates. For the exact process
details see Appendix C.

We encountered some difficulties fabricating siicdevices that are worth
discussing. Although we had very specific recipes dur photolithography steps, the
exposure time for Si9Pon silicon wafers is significantly different thaither GaAs or
InAs. Roughly 50% more UV exposure is necessaifyltg expose the photoresist used
for fabrication of gates and large features. Thibécause Sidis less reflective than
GaAs or InAs so less backscattered UV light is posdl, reducing exposufé.After
increasing the exposure time, development timesaremnchanged because ultimately
the total resist exposure is unchanged.

Each lithographic step of our process must banatigo an alignment mark on the
wafer defined by one or more previous lithograptgps. Our concern here is that the
oxide growth and dopant activation require highgenatures that would destroy metals
used for alignment marks. For the MOS-SETs disaibgeee, we solved this problem by

using RIE dry etching to create alignment marksmhsleep in the silicon wafer before
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ohmic implantation and oxide regrowth. These maaies visible by optical inspection
after multiple layers of oxide regrowth, and ardl ssable even after the spin on gate

dielectric is applied.

5.7 Silicon SET Transport Characteristics at 4.2K

The MOS-SETs were characterized at 4.2K. While gberce-drain, side-gates
and the top-gate were dc biased by automated digitanalog converters, the source-
drain conductance was measured by an ac techni&jong a 37Hz, 0.1-1mV excitation
voltage. The drain-source current was fed intaaasimpedance amplifier with a gain of
100Mohm, and read out by a lock-in amplifier. Wstfisweep the top-gate voltagesgy
and monitor Gg (the conductance between ohmic contacts 5 andwrsin Fig. 5.9 (a)).
The onset of strong inversion occurs ah ¥ 44V. In contrast, due to the depletion under
the four side-gates, &0 for Vs < 48V. For 50VE Vg, £ 55V, Coulomb blockade
oscillations dominate the gversus \&1 characteristics. Figure 5.9 (b) shows an example
of the Coulomb blockade oscillations, wherg @&ersus the top-gate voltage is measured
at Va=Vs=Vc=Vp=0V and \,b1=8mV (source-drain dc bias). Figure 5.9 (c) present
another example, where the top-gate voltage igdfiaad G; was measured against the
sweeping side-gate voltages. Figure 5.9 (d) shbeisléependence on drain bias.

Figure 5.10 displays the stability chart of a MOBIS The stability chart
produced.is a contour plot of the drain conductd@¢), versus the dc component of the
drain-source bias (). For this plot the side-gate voltages were set Ol
(Ve=Va=Vs=Vc=Vp=0V), while sweeping ¥;. The unused ohmic leads were left open.

As a manifestation of single electron transportthe Coulomb blockade regime, the
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contour plot shows a series of diamond-shaped blo&lsimilar stability chart, shown in
Figure 5.11 is produced by holding the top-gatg ¥54.25V while holding two side-
gates (\6=Va=VE=0V) and sweeping ¥Vp. Finally a third stability (Figure 5.12)
chart is produced by holding the top-gate at adfixeltage and biasing side-gates 1-3 to
zero volts (M=Ve=Vc=0V) while sweeping the fourth side-gate o0 to
-0.45V. In this stability chart fine detail includj regions that represent excited electron

states are visible.

5.8 Silicon SET Analysis

We model the SET by the equivalent circuit showfigure 5.13, which consists
of a source (1), a drain (2), a QD, a top-gate),(@nd a side-gate & There is
capacitive coupling between the QD to other elelgsy including through the source
(Cy), the drain (@), the top-gate (€1), and the side-gates §&. To allow for tunneling
current, two conductors connect the QD to the so(Rp) and the drain (B.

Applying the “orthodox” theory to the data shownFig. 5.11, the half height of
the diamond (V21=e/C) is a measure of the charging energy=E€’/C , where C =
C1+C+Ci1+Cs2. A charging energy of 18meV is observed. The haiight, the full-
width, and the two slopes defining the diamond ualg determine the respective
capacitances: = 4.3aF, G = 3.4aF, @G, = 0.08aF, and & = 1.3aF. If we model the
guantum dot as a disc with a diametethe obtained capacitance of our silicon quantum
dot suggests an effective diameter of about 20neneHve use C= 4ed ande=11.9 for

the dielectric constant of silicon. The QD, resgtifrom electrostatic confinement, can
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be further downsized by using a thinner thermatlexnarrower side-gates, and smaller
gaps between side-gates.

For qubits applications, large energy level spacsngreferred because it lessens
the mixing of orbital states via spin-orbit cougljnand consequently, reduces spin
dephasing. If we approximate the QD potential toab2D harmonic oscillator, with a
ground state wave function spread of 20nm, the ggnégvel spacing is ~7.8meV.
Compared to the GaAs SETSs, this energy spacingrge] despite the larger electron
mass in silicon (0.19gnvs. 0.067mg). The large energy spacing is mainly due to the
smallness of our quantum dot. Note that the spiait-@oupling in silicon is three orders
of magnitude smallé¥’ In other words, any spin dephasing mechanism pia-arbit
coupling” is three orders weaker in pure silicon, leading touch longer spin lifetime.

On the quantum dot, we estimate that there areoat emfew electrons under the
reported operation condition. Based on the capacitoupling between the top-gate and
the Si/SIQ interface, the induced 2D electron concentratisncalculated to be
1.4 10" cm? per volt. The top-gate threshold voltage is 44¥didating that at
Vs1=54.25V, (the bias used in data shown in Figur®)there is only one electron per
26nm 26nm area, which is on the same order as the $itleeoQD confinement The

correctness of this estimate is also supportedhéyarge charging energy.

5.9 Silicon SET Conclusion

In conclusion, we have demonstrated experimentallgilicon single electron
transistor with only a few electrons in the quantdot. Our structure does not suffer

from problems such as gate leakage current or s@isorder in the environment that are
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reported in other silicon approaches. The key featof this design include (1) the use of
undoped substrates for removing impurity disortlat tauses strong localization, and (2)
a MOSFET-like structure, where electrons residibgha Si/SiQ interface are induced
and manipulated by two layers of gates. We demaiesthat the top-gate and the nano-
fabricated side-gates can be properly biased tatera single electron transistor with a
large charging energy. Because the two layers t¢ésgaontrol the single electron
population and the tunneling barriers independetitig approach provides flexibility in
regulating the number of electrons in the quantom d

Future improvements include using a lower backgdoimpurity concentration
(e.g., < 16%cm®) and more refined thermal oxide growth technicquéutther reduce the
electron traps in the system. UltimatefJSi enriched substrates should be used to
maximize electron coherence times. This work suggdsat using the bilayer gating
approach on undoped silicon, one can produce tlgbebt possible quality, low-
dimensional electrons. Both the top-gate and ttie-gates can be nano-scaled so that the
patterned electrons at the two-dimensional interfean form one-dimensional quantum
wires or zero-dimensional quantum dots. Becauseséimple system is nearly free of
impurities, or, as low as the fabrication techngl@jows, the electron spin coherence

time is expected to be loffgenough for quantum computing applications.
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Figure 5.1: Schematics of (a) the top view andtlie)cross sectional view of our silicon
single electron transistor structure. In (a), tbédsthick line, shaded regions, and the
rectangular area depict the side-gates, phosphamqlanted ohmic leads, and the

boundary of the top-gate, respectively. The

schiemattential profile along the 1-2

direction under the single electron tunneling ctindiis shown as an inset (lower center)
in (b). Arrows depict the electric field lines cted by gating. The metal side-gates screen
the top-gate electric field defining the SET poianprofile.
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Figure 5.2: SRIM simulation of the density of phlespus atoms as a function of depth
in silicon. The phosphorous implantation energ¢@&eV, and the surface has a 27nm

SiO, implant mask.
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Diodes on BCB

Y

Figure 5.3: Metal/BCB/silicon diodes formed by 8feadow mask technique. The dark
red region is exposed BCB on a p-type silicon waFee gold colered regions are metal
film defined on top of the BCB layer by shadow maBke metal/BCB/Si capacitors are
approximately 2mm in diameter.
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Figure 5.4: Schematic of the silicon Hall bar aeadklage problem. If electrons are
induced under the top-gate and the gate dieleistrid unifrom thickness, electrons will
flow from the device to the gate bonding pad, wHeekage occurs due to unavoidable
damage caused by wirebonding or hand soldering.icalfp GaAs Hall bars are
produced with a mesa etch to avoid this difficulty.
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Figure 5.5: Trenches etched in silicon used tolblyate leakage current. The top figure
is a test run performed with different e-beam dsdirwire widths. The bottom figure
shows the trenches after the top-gate has beemeddbiut before metal evaporation.

103



Top Gat\

2DEG Gate Dielectric

Silicon

No 2DEG
Formed

Figure 5.6: Schematic of how gate leakage is blddke forming trenches. The BCB

spin-on dielectric in principle can planarize thafer surface, forming a thicker layer
locally at the trench. After the planarization pes, the dielectric above the trench is
thicker than that in the field, locally reducingetlelectric field intensity at the trench.

Therefore, 2DEG will not be induced in the trench.

104



(b)

Figure 5.7: Optical microscope images of the SEWiade during processing. (a)
25 mx25 m optical micrograph of the SET side-gates aftetamf@m evaporation and
liftoff. Also visible are the six implanted regian®) 30 mx30 m image of the SET after
the BCB layer and top-gate have been added toHTe Gold colored regions are metal
films. The top-gate appears slightly out of focligsirating the 1m height difference

between the side-gates and top-gate.
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Figure 5.8: Scanning electron micrograph of 70nrdenside-gates defined by electron-
beam lithography, taken before the top-gate isneefi The gap between neighboring
side-gates is ~160nm. The dashed lines illusttagedepletion region under the single
electron transistor operating condition. The cir@@nm in diameter, depicts the location
of the quantum dot, as discussed in text.
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Figure 5.9: (a) FET transfer characteristic throuigthuced 2DEG under top-gate. (b)
Transfer characteristics versus the top-gate wveltagt \Va=Ve=Vc=Vp=0V and
V,1=8mV. (c) Transfer characteristics controlled by #ide-gate voltage, atsy¥=54.25V
and \b1:=8mV. (d) Transfer characteristics as a functioswépt source-drain bias with a
top-gate voltage of 60V. Different scans represeatside-gate biases. From the top scan

to the bottom scan the side-gate biases are -0,226%213V, -0.2V, and -0.187V
respectively.
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Figure 5.10: The stability chart taken with allesigates shorted to zero, ang:\fs swept
between 44.75V and 53.75V. At the top is a schenudtthe measurement voltages used
to produce the stability chart.
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Figure 5.11: The stability chart taken withgV= 54.25 V. The side-gates were swept
between 32 mV to +22 mV. The top schematic shows the messent voltages used to
produce the stability chart.
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Figure 5.12: Stability diagram using a single syd¢e as a “plunger.” On top is a
schematic of the measurement technique used tapedthe stability chart. The chart is
produced by holding the top-gate at a fixed voltagd biasing side-gates 1-3 to zero
volts (i.e. Va=Ve=Vc=0V) while sweeping the fourth side-gate o0 to
-0.45V. In this stability chart fine detail is Vide, including regions showing excited
electron states.
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Figure 5.13: The SET equivalent circuit used indhalysis of the SET.
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Chapter 6: Conclusion

| have reported our recent experimental work aedmanometer-scale quantum
devices. With the Y-Branch Switch (YBS) we have destrated switching of the
electron wavefunction in a transistor structureccgssful fabrication of a YBS requires
producing narrow undepleted wires where the chalemgjth is shorter than the electron
mean free path. This is accomplished by lithogreglhy defining ultra-small transistors
in InAs quantum wells. One natural extension o$ tork would be to produce a device
where only one individual conductance channel isuped. In this extreme quantum
limit, one would expect to observe a monotonic scamductance change when
switching. Another direction would be to design emments for verifying that the
switching frequency of the electron wave can bkigls as THz.

With the InAs single electron transistor (SET), waehieved the one-electron
regime in a 20nm InAs quantum dot with an orbitalergy spacing of 20meV.
Confinement of the electron is produced by a singe-gate and no external
measurement technique is necessary to verify tleeetactron state. This work provides
the third unique demonstration of a single confieéttron in semiconductor and is the
first such work in InAs. Future experiments withetinAs quantum dot involve the
coupling of two one-electron quantum dots and destrating Rabi oscillations.

Finally, with the silicon MOS-SET, we proposed ademonstrated a bilayer
gating approach to making a quantum dot in pureoped silicon. Through transport
measurements the quantum dot is proven to be gliaatie few-electron regime. Future
research with this device involves definitive pradfa single trapped electron in silicon,

a milestone for quantum computing since the elactin-coherence time in silicon is
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expected to be many orders of magnitude higher ttret of I1lI-V compound
semiconductors. Once a single electron state isodstrated, the future experiments will
also be to couple two one-electron quantum dotdanabnstrate Rabi oscillations.

One last area for future research might be to aoenthe bilayer enhancement
mode silicon device concept with the YBS work, toquce a coherent YBS in silicon.
By using the enhancement mode approach single rapdeation may be more easily
achieved than in InAs. In InAs the carrier concatin is fixed due to the InAs quantum
well doping levels and we must lithographically righte a device with a dimension
small enough to produce a single mode. Howeveh thi¢ silicon approach we can tune
the 2D electron concentration with the top gatej #ms feature enables additional
control of the Fermi level. Furthermore, this fahtion method might improve on
previously studied silicon devices such as quanpamt contacts, as well as leading to

fabrication of devices not previously achievediliten, such as the AB interferometer.
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Appendix A

PMMA 1% in Toluene Lithography procedure For Bditis
Transistors (X-junction, QPC, YBS)

Sample Preparation
Time:

Solder In dots for secondary electron emissiofecbbn and check resistance
(approximately 3k Ohms)

Spin PMMA T1: 5kRPM, 45sec

Pre-bake: 180°C, 90 seconds on hot plate withwacu

(Actual bake temperature = bake time = )

(estimated thickness ~ 20nm)

E-Beam Writing
Time:
1.4pt focusing :
Drop one drop gold solution at each corner of dmagde
Check resistance between spring and other In~d60 (chms typical)

Pinhole current : pAforCC=__
PA@E = before focusing
Focus at each point and run 4pt2.exe to get ttiegfiplane function
2.E-beam Writing : Runfile name : .If6
Line dose : __ 2.5nC/lcm___, c-t-c = 43 A, curred-pA
Point dose : , current ~ 10 pA
Area dose : _225uC/cm”2, c-t-c = 101A, Bpacing = 101 A, current ~ 12 pA
Pinhole current : pAforCC=__
PAGC = before writing
Check when using global correction : gree
Pinhole current : pAforCC=__
PAGC = after writing

E-Beam Resist Development

Time:
Develop: MIBK/IPA (1:3) for 35 seconds
Overlap Rinse: IPA 40 seconds
Overlap Rinse: DI water 80 seconds
Blow dry: compressed nitrogen gas

Wet etching Time:
InAs etchant (acetic acid, hydrogen peroxide anavater=5:10:100) ~25A/sec
GaSb etchant ( hydrogen peroxide: HF: lactic &&id:100) — 20-25A/sec
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InAs: A Time: 5 sec

AlSb/GaSb: A Time: 4 sec
INAs: A Time: 17 sec
Alpha Step to make sure field is properly etchdddsured A)

Remove Resist

Clean using heated Acetone 60 minutes (Actuatidip: hr) + Isopropyl
Alcohol. No DI water to reduce oxidization.

Alpha Step to check etch depth.

Step 2: Ohmic Bonding Pads  Date:

|. Sample Preparation Time:
Spin positive PROIR 906-10(1 m) at 3 krpm, 60 sec
Bake wafer at 9UC, 60sec
UV exposure using 5x stepper .With vacuum.
exposure time.06 s(check)
focal number0
525 m thick chuck
Post-exposure bake at 20 60 sec
Develop inOPD 426240 sec (check)
DI water rinse 3 min

ll. Evaporation Time:
Evaporate: Titanium 10nm/ Gold 200nm

lll. Liftoff: Using heated AcetoneCE 60min (Actual dip time: hr) +
Isopropyl Alcohol

Step 3: Field Etch  Date:

|. Sample Preparation Time:
Spin positive Photoresi§&iR 906-10(1 m) at 3 krpm, 60 sec
Bake wafer at 9UC, 60sec
UV exposure using 5x stepper .With vacuum. Mask N@865030A00)
exposure time.07 s(check)
focal number0
Post-exposure bake at T2I) 60 sec
Develop inOPD 426245 sec
DI water rinse 3 min
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ll. Wet etching Time:
InAs etchant (acetic acid, hydrogen peroxide anavater=5:10:100) ~25A/sec
GaSh etchant ( hydrogen peroxide: HF: lactic &idh.100) — 20-25A/sec

InAs: A Time: 5 sec
AlSb/GaSh: A Time: 4 sec
InAs: A Time: 17 sec
Alpha Step to make sure field is properly etchdddsured A)
lll. Cleaning: Using heated Acetone 60min (Actual dip time: hr) + Isopropyl
Alcohol.

Alpha step to verify etch depth
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Appendix B

Procedure for InAs SET on Composite Quantum Well

Step 1: Channel and Gate Isolation Trench

|. Sample Preparation Time:
Solder In dots for secondary electron emissiorectitbn and check resistance
MAA EL11 5 krpm 60 sec (expected 380-420nm)
Pre-bake: 150°C, 60 sec. w/vac. (Actual Temp = °C, Time = S)

Il. E-Beam Writing  Time:
1. 4pt focusing :
Check resistance between spring and other In2ZikoDpms typical)
Drop one drop gold solution at each corner ofsémaple

Global angle correction : degrees
Focus at each point and run 4pt2.exe to get ttiegfiplane function
2. E-beam Writing : Runfile name : (ni@rker and alpha step)

Line dose : 2.5nC/cm, c-t-c = 43 A, current ~ 22 p
Area dose : 225uC/cm”2, c-t-c = 101A, lipagng = 101 A, current ~ 12 pA
Actual dose :

Pinhole current : pAforCC=__

PAGC = before writing
Pinhole current : pAforCC=__

PAGC = after writing

lll. Development Time:
Develop: MIBK: IPA (1:1) 60 seconds
Overlap Rinse: IPA 80 seconds
Overlap Rinse: DI water 60 seconds; Blow dry witinogen gas

IV. Wet etching Time:

InAs Etchant

Recipe: (acetic acid: hydrogen peroxide: DI watgrl0:100)
Etch Rate: 2.5nm/sec

AlSb/GaSb Etchant

Recipe: Hydrogen Peroxide: 49%Hydroflouric Acidctia Acid / 0.5:0.5:100)
Etch Rate: 2.0-2.5nm/sec

Note: AISb/GaSb etchant must be stirred just goarse since the etchant is a
suspension that will separate if left unstirred.
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InAs: A Time: sec
Al/GaSb: A Time: sec
InAs: A Time: sec
GaSb: A Time: sec
(AISb : A) NO etching here

comments:

Rinse etchant between each step and after comphetth DI water
Alpha step after each etch to verify etch depth

V. Liftoff: Using heated Acetone 60min (Actual dip time: hr) + Isopropyl
Alcohol.

Step 2: Ohmic Contacts and Interconnect Date :

. E-Beam Writing  Time:
. 4pt focusing :

Sample Preparation Time:
PMMA-MAA EL11 Spin: 3kRPM, 60sec (thickness ~ 5A600nm)
Pre-bake: 150°C, 60 sec. w/ vac. (Actual Temp = °C, Time = S)

Check resistance between spring and other In~d2k ohms typical)
Drop one drop gold solution at each corner ofsémaple

global correction : degree

Focus at each point and run 4pt2.exe to get ttiegfiplane function

2. E-beam Writing : Runfile name : (nf@rker and alpha step)
Line dose : 2.5nC/cm, c-t-c = 43 A, current ~ 22 p
Area dose : 225uC/cm”2, c-t-c = 101A, lipasing = 101 A, current ~ 12 pA
Actual dose :
Pinhole current : pAforCC=__
PAGC = before writing
Pinhole current : pAforCC=__
PAGC = after writing

lll. Development Time:

IV. Wet etching Time:

Develop: MIBK: IPA(1:1) 60 second
Overlap Rinse: IPA 80 sec

Overlap Rinse: DI water 60 sec

Blow dry: by dry nitrogen gas

InAs etchant (acetic acid, hydrogen peroxide anavater=5:10:100) ~25A/sec
GaSh etchant ( hydrogen peroxide: HF: lactic &idh.100) — 20-25A/sec
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INAs: A Time: sec
Al/GaSb: A Time: sec
Comments:
Rinse etchant between each step and after comphlettb DI water
Alpha step after each etch to verify etch depth
(This wet etch is performed so that the ohmic ottistaan directly contact the quantum
well without high temperature annealing)

V. Evaporation Time:

Evaporate: Germanium 40nm/ Nickle 20nm/ Gold 200nm

VI. Liftoff: Using heated Acetone 60min (Actual dip time: hr) + Isopropyl
Alcohal. DI water is not used because water maglingithe AlSb substrate.

Step 3: Top-gate Name Date:

|. Sample Preparation Time:
MAA EL11 3 krpm 60 sec (expected 570nm-600nm)
Pre-bake: 150°C, 60 sec. w/ vac. (Actual Temp = °C, Time = s)

Il. E-Beam Writing  Time:
1. 4pt focusing :
Check resistance between spring and other InZkail{ms typical)
Drop one drop gold solution at each corner ofsémaple

global correction : degree
Focus at each point and run 4pt2.exe to get ttiegfiplane function
2. E-beam Writing : Runfile name : .Irf6

Line dose : 2nC/cm, c-t-c = 43 A, current ~ 12 pA
Area dose : 200-225uC/cm”2, c-t-¢c = 1018e Ispacing = 101 A, current ~ 12 pA
Actual dose :

Pinhole current : pAforCC=__

PAGC = before writing
Pinhole current : pAforCC=__

PAGC = after writing

lll. Development Time:
Develop: MIBK: IPA (1:1) 60 seconds
Overlap Rinse: IPA 80 seconds
Overlap Rinse: DI water 80 seconds
Blow dry: by dry nitrogen gas

V. Etch InAS :

V. Evaporation Time:
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Caliberate Si@thickness using test wafer and using reflectanedyaer to verify

thickness. The thickness cannot exceed 100nmeadigtectric will crack.
Evaporate: Si©100nm / Titanium 10nm /Gold 50nm

V. Liftoff: Using heated Acetone (Actual dip time: + Jsopropyl Alcohol.

DI water is not used because it may oxidize theewaf

Alpha step

Step 4. Ohmic Bonding Pads  Date:

|. Sample Preparation Time:
Spin positive PROIR 906-10(1 m) at 3 krpm, 60 sec
Bake wafer at S, 60sec
UV exposure using 5x stepper .With vacuum.
exposure time.06 s(check)
focal numberO
525 m thick chuck
Post-exposure bake at 20 60 sec
Develop inOPD 426240 sec (check)
DI water rinse 3 min

ll. Evaporation Time:
Evaporate: Germanium 40nm/ Nickle 20nm/ Gold 200nm

lll. Liftoff: Using heated ACE 60min (Actual dip time: N f IPA

IV. Cleaning: Using heated ACE (Actual dip time: )IPA

Step 5: Field Etch  Date:

|. Sample Preparation Time:
Spin positive Photoresi§&iR 906-10(1 m) at 3 krpm, 60 sec
Bake wafer at S, 60sec
UV exposure using 5x stepper .With vacuum. Mask N@865030A00)
exposure time.07 s(check)
focal numberO
Post-exposure bake at 20 60 sec
Develop inOPD 426245 sec
DI water rinse 3 min

Il. Wet etching Time:
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InAs etchant (acetic acid, hydrogen peroxide anavBter=5:10:100) ~25A/sec
GaSb etchant ( hydrogen peroxide: HF: lactic &&id:100) — 20-25A/sec

INAs: A Time: sec
Al/GaSb: A Time: sec
INAs: A Time: sec
GasSb: A Time: sec
Comments:
Alpha Step to make sure field is properly etchdddsured A)
lll. Cleaning: Using heated Acetone 60min (Actual dip time: hr) + Isopropyl
Alcohol.

Step 6: Gate Bonding Pads  Date:

|. Sample Preparation Time:
Spin positive PROIR 906-10at 3 krpm, 60 sec
Bake wafer at 9UC, 60sec
UV exposure using 5x stepper.With vacuum.
exposure time.Q7 s
focal number0
Post-exposure bake at T2X) 60 sec
Develop inOPD 426240 sec
DI water rinse 3 min

ll. Evaporation Time:

Evaporate: Titanium 10nm/ Gold 250nm

lll. Liftoff: Using heated Acetone 60min (Actual dip time: hr) + Isopropyl
Alcohol.
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Appendix C

Procedure for Intrinsic Silicon Hall Bar with Electron Beam
Defined SET

Summary: EBL bottom gates with Photolithography deined top-gate on BCB with
Silicon trenches to eliminate gate leakage current

Name: Sample #: Rami:

Step 1: Top-gate Trenches (Device Isolation)

|. Sample Preparation Time:
Solder In dots for secondary electron emissiorectitbn and check resistance
Spin PMAA A4 5 krpm 60 sec (expected thickness-280nm)
Pre-bake resist: 180°C, 60 sec. w/vac. (Actual@em °C, Time = Ss)

Il. E-Beam Writing  Time:
1. 4pt focusing :
Check resistance between spring and other Inld8Q( ohms typical)
Drop one drop gold solution at each corner ofsémaple

Global angle correction : degree

Focus at each point and run 4pt2.exe to get ttiegfiplane function
2. E-beam Writing : Runfile name : .rf6 If6
If6 : 6 : .rf6 (marked alpha step)

Line dose : 2.5nC/cm, c-t-c = 43 A, e-beam curreh® pA
Area dose : 2250uC/cm”2, c-t-c = 101A, Bpacing = 101 A, current ~ 12 pA
Actual dose :

Pinhole current : pAforCC=__

PAGC = before writing
Pinhole current : pAforCC=__

PAGC = after writing

lll. Development Time:
Develop: MIBK: IPA(1:1) 80 seconds
Overlap Rinse: IPA 80 seconds
Overlap Rinse: DI water 80 seconds ;

Blow dry with compressed nitrogen.

V. Dry Etch Time:
Process “SI1DRH” 1 minute targeting 0.5um depth

VI. Clean Resist:Acetone dip 60 minutes (Actual dip time: + )isopropyl
Alcohol rinse +Distilled water rinse. Blow dry WwitCompressed nitrogen.
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Step 2: Surface Gates (Skip if fabricating Hall Bar

|. Sample Preparation Time:
Spin MAA EL11 5 krpm 60 sec (expected 380-420nm)

Pre-bake: 150°C, 60 sec. w/vac. (Actual Temp = °C, Time = s)
Spin PMAA A4 5 krpm 60 sec (expected 180nm)
Pre-bake: 180°C, 60 sec. w/vac. (Actual Temp = °C, Time = s)

Il. E-Beam Writing  Time:
1. 4pt focusing :
Check resistance between spring and other Inld@t0ohms typical)
Drop one drop gold solution at each corner ofséraple

global correction : degree

Focus at each point and run 4pt2.exe to get ttiegfiplane function
2. E-beam Writing : Runfile name : .rf6 16 :
If6 If6 Irf6 (marked alpha step)

Line dose : 2nC/cm, c-t-c = 43 A, current ~ 12 pA
Area dose : 200uC/cm”2, c-t-c = 101A, lipasing = 101 A, current ~ 12 pA
Actual dose :

Pinhole current : pAforCC=__

PAGC = before writing
Pinhole current : pAforCC=__

PAGC = after writing

lll. Development Time:
Develop: MIBK: IPA(1:1) 80 seconds running @r(l:20)

Overlap Rinse: IPA 20 sec running time (1:40)
Develop: MIBK: IPA(1:2) 90 seconds runningé (3:10)
Overlap Rinse: IPA 80 sec running time (4:30)
Overlap Rinse: DI water 30 sec ; running tim@®Q$

Blow dry with nitrogen gas.

V. Evaporation Time:
Evaporate: Process # (49) Aluminum 60nm / TitanROnm/ Gold 120nm

VI. Clean Resist:Acetone dip 60 minutes (Actual dip time: + )isopropyl
Alcohol rinse +Distilled water rinse. Blow dry WwitCompressed nitrogen.

Step 3: Surface Gate Leads

|. Sample Preparation Time:
Spin NR-7 1500PY (1.5n thick) 4000 RPM (Negative resist)
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[ll. Evaporation Time:

. Photolithography  Time:

Pre-bake: 120°C, 60 sec. w/vac. (Actual Temp = °C, Time = s)

UV exposure using 5x stepper .With vacuum. HB/@RG$s “Side-gates”:
exposure timed.74 sec

focal adjustment

450 m thick Chuck

Post-bake: 120°C, 60 sec. w/vac. (Actual Temp = °C, Time = s)
Develop inRD-6 8 sec (this step must be performed with exactigni

DI water rinse 1-2 min

Evaporate: Process # (9) Ti 10nm/ Au 200nm

IV. Liftoff: RR2 resist remover in beaker on hot plate heated to 100C for 10 min.
Remove metal with DI spray, Soak another 5 min in dated RR2, Rinse 3 min with
DI (repeat 5min soak followed by DI spray until resst is fully removed may take up
to 30 min to liftoff properly or if not heated well)

Spin Coat and Bake BCB:

Spin AP3000 Adhesion Promoter: Ramp 250rpm/s&O@RPM. Spin 500rpm for

10sec while applying AP3000 using a fresh glasstpiRamp 1000RPM/sec to 3000

RPM for 30 sec)
Spin BCB 3022-35 ~1.1um thick (Ramp 250rpm/ses@RPM. Spin 500rpm for
10sec while applying BCB using a fresh glass piRaimp 1000RPM/sec to 5000
RPM and spin for 30 sec)

Bake: 210°C in N2 oven 60 min (Ramp up to 210°@5min; Bake 60 minutes.

Allow sample to cool in tube furnace by ambienttHess. Should take roughly 4-5

hours total. Leave a note if overnight.

Step 4: Top-gate Photolithography

Il. Photolithography  Time:

Sample Preparation Time:
Spin NR-7 1500PY (1.5n thick) 4000 RPM (Negative resist)
Pre-bake: 120°C, 60 sec. w/vac. (Actual Temp = °C, Time = s)

UV exposure using 5x stepper .With vacuum. HB/Q@RG¢s “Top-gates”:
exposure timed.74 sec

focal adjustment

450 m thick Chuck

Post-bake: 120°C, 60 sec. w/vac. (Actual Temp = °C, Time = s)
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Develop inRD-6 8 sec (this step must be performed with exactigni
DI water rinse 1-2 min

[ll. Evaporation Time:
Evaporate: Process # (9) Ti 10nm/ Au 200nm

IV. Liftoff: RR2 resist remover in beaker on hot plate heated to 100C for 10 min.
Remove metal with DI spray, Soak another 5 min in dated RR2, Rinse 3 min with
DI (repeat 5min soak followed by DI spray until resst is fully removed may take up
to 30 min to liftoff properly or if not heated well)

Step 5: Bonding Pad Via Holes  Date:

|. Sample Preparation Time:
Spin positive Photo Resi6tiR 908-35at 3 krpm, 60 sec (4n thick)
Bake wafer at U, 3 min
UV exposure using 5x stepper .With vacuum. Mask N@865030A00)
exposure tim@.37sedcheck)
focal numberO
Develop inOPD 426290 sec
DI water rinse 3 min

ll. Dry Etch Time:

Remove BCB using “5C200300” for 4:30 min
Check under optical microscope to verify that BEGBompletely removed.

lll. Wet Etch for ohmic
Wet Etch BOE 6:1 for 75 seconds (no longer thamr2or the photoresist mask will
be compromised) Make sure Air bubbles are gona Borface at features.

IV. Clean Resist: Acetone dip 60 minutes (Actual dip time: + )isopropyl
Alcohol rinse +Distilled water rinse. Blow dry Witompressed nitrogen.
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