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Chapter 1
Introduction

1.1 Manipulating and sensing charges on the atomic scale

The continued scaling down of semiconductor device tedygyto the nanome-
ter scale and smaller is rapidly approaching a regime in kwthie location of individual
dopants, rather than their spatial density alone, will @agritical role.[1] Appealing
guantum computing proposals have been put forward thabretiie sensing and manip-
ulation of individual impurities as quantum bits.[2, 3] Eexpments whose goals include
the control and measurement of distinct impurities alsehmaerit as tests of semiconduc-
tor physics at the atomic level. One such experiment woultié®eontrolled electric eld
ionization, recapture, and sensing of a phosphorus dorotreh near an oxide interface
in silicon.

At temperatures much lower than the binding energy of theodand in zero elec-
tric eld an electron will remain con ned near the impurityucleus for long periods of
time. Upon application of suf cient electric eld the elecn will be ripped from the
nucleus; if nothing exists to block its passage the eleatntirthen be accelerated by the
eld and will escape. If instead a barrier were placed in ighpthe electron would stop
and remain localized near the barrier until the electriad ®las reduced, at which point
it would return to the donor site. A nearby single electransistor (SET), one of the
most sensitive electrometers invented, should be able &sune this transfer of just one
electron between the donor site, the barrier, and back again

A single electron transistor is a three terminal electra@ecice of nm dimensions
that is exceedingly sensitive to its local electrostatMmmment. It consists of a metallic

island weakly coupled via tunnel junctions to source anthdesds and capacitively cou-
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Figure 1.1: Schematic of a P donor in Si measured with an SEF PTatom is embedded
in an intrinsic region of Si which is isolated from the ma@ISBET above it by a thin
barrier of SiQ. A voltage applied between the heavily doped Si substral@band
the SET above creates an electric eld that can ionize theodand transfer one of its
electrons to the Si/Si@interface. (Modi ed from Reference [4].)

pled to one or more gates. The island is made small enouglathaw temperatures the
energy required to add one more electron to it exceeds thrgyenéthermal uctuations,
so that at small drain-source biases there can be no currenphenomenon known as
Coulomb blockade. In this operating regime the currentughothe device is strongly
modulated by the voltage on the gate and by the movement dbyeharges, such as the
motion of an adjacent donor electron.

My efforts to measure the controlled ionization of isolatezhor electrons in Si
using a metallic SET on the wafer surface constitute the biitkis dissertation. | was
motivated by the structure shown in Figure 1.1, consistihgroAl SET directly above
a P impurity in Si and separated from the bulk crystal by a tayer of SiG. The
simplest (albeit least controlled) method of creating #tisicture is to fabricate a large

number of SETs on a randomly doped wafer and, by measuring 8&ad in turn, to

look for those SETS that are properly aligned above a donas i§ the route | chose to



pursue, simply because | do not have available a technotwggirigle dopant placement
or imaging. There was also some hope when these experimegas Ibhat this would be
the quickest path to creating a working device, and thigligls¢ case, as no one has yet
unambiguously demonstrated control and sensing of antégbtionor in Si. There are a
number of challenges that must be surmounted to reach th@fyeensing an individual
donor which include: measuring a large number of SETs with lhandwidth over a
reasonable span of time, designing a device geometry tloatsalor independent control
of the SET and of the donor, including in the design some wagsafring that the donors
are occupied at low temperatures, and ruling out other ssuwtcharge motion near the
SET that could disguise the signal of interest. All of thesediscussed in the following

chapters.

1.2 Dissertation outline

Chapter 2 starts with a brief introduction to quantum conmguand qubits. | give
a synopsis of some existing ideas for using P donors in Si bgsgand for measuring
spins of impurities in semiconductors by way of spin-chargeversion and charge mea-
surement with an SET. These ideas are the driving stimulusdo efforts to measure
individual donor ionization. Then | present a more thorodgdtussion of the dif culties
such an experiment must surmount and review the relevanafitre showing progress in
certain areas.

In Chapter 3 | give an abbreviated presentation of the efiechass theory for
P donors in Si, and | solve the Schrodinger equation for aotedn near a barrier in
a constant electric eld. Combining these two | obtain arineate of the electric eld
required to ionize a donor 30 nm below the barrier, and | nebdagreement with a
more thorough theoretical result that was published ondgmédy.[5] Using a quadratic

approximation for the potential, | get an estimate of howrsfjly an electron near a barrier



is con ned in the lateral direction by an ionized donor nuddeneath it, and here too |
obtain good agreement with a more careful treatment. Thetsmates are important to
show that it is at least theoretically possible to contrel thotion of an electron between
donor and interface states with an electric eld. Then | g&topics and discuss some
considerations for the single electron transistors | ugetiyt to measure this motion.
In particular | discuss how to gate an SET for maximum sensitwithout affecting a
donor beneath it and how to apply a uniform electric eld tondos in a randomly doped
substrate. | nish with a prediction of how sensitive our S&ill be to the motion of
nearby charges, supporting the idea that signals from ardeitionot be obscured by
noise.

In Chapter 4 | present our recipe for making SETs and assatgsdting structures
on a doped Si substrate. Most of the fabrication steps aaéiwely standard, but | have
developed a novel resist/metallization stack that enamletb combine photolithography
and electron beam lithography during a single evaporasiod,| cover that in some detail.
| outline my recipe for making a back gate by implanting a @elayer of acceptors,
and | present a technique for gating the SETs with a macrasgagie far above the
wafer surface. The chapter closes with a brief discussionunfrefrigerator, wiring,
instrumentation, and measurement techniques.

Chapter 4.3.3 starts with some data from an early SET desigvarious substrates,
which give some indication of gross charge motion under ghieghelectric eld. | also
show data obtained from these SETs using a lock-in techriigaigorovides evidence for
the motion ofindividual charges. | then present some capacitance-voltage measusem
of large capacitors and compare the results to those frorwem8ET design with a
back gate. These results con rm earlier estimates of th& gate doping level in these
samples, and they show that the SET geometry has capadtelose to expected values.
Next | introduce P donor doping into this newer geometry agel lsow that changes

things; while there is clear qualitative evidence that tbeidg has an effect at higher



densities, lower densities are less conclusive. | nd somestof the motion of individual
charges in all of these samples, but I conclude with sometdat&believe rules out donor
electrons as the source of this charge motion.

Chapter 5 is a digression from the other chapters. Here kptes design for a
millikelvin scanned probe, based on a quartz tuning fordt e built in order to measure
large numbers of SETs. The design incorporates a low nojs®Eyenic transimpedance
ampli er that we also designed. | discuss some of the comfpibas involved in force
imaging with this tuning fork probe, show an image taken whgamicroscope at 190 mK,
and present measurements of an SET taken with the probe aK6D nish with some
thoughts on obstacles that will need to be overcome bef@estianned probe becomes a
practical technology.

Chapter 6 is the conclusion to the dissertation. | discusat fdcts we can con -
dently extract from the data, consider the challenges #matam, and give some ideas for

future directions of investigation.



Chapter 2
Quantum computing motivations and literature review

2.1 Quantum computing

The idea of trying to build a computer that explicitly takelsantage of the quantum
nature of the world is an idea that has developed rapidlyerpést decade, although it is
not a new one. Both Paul Benioff and Richard Feynman weraa@yr&ying in the early
1980's with the idea that the principles of quantum mechanimuld have applicability
toward computation.[6, 7] David Deutsch is generally credliwith presenting the rst
real model for what we would today call a quantum computeYgBit was not until 1994,
when Peter Shor proposed a quantum algorithm for factonitegers,[9] followed shortly
by Lov Grover's search algorithm in 1996,[10] both of whickne far more ef cient than
their classical counterparts and have applicability td-vezld problems, that the eld of
guantum computing really took off.

A quantum computer in its simplest form is a quantum meclarsgstem with
a tunable Hamiltonian. It is prepared in some arbitrary ¢quanstate and allowed to
evolve according to a possibly time-dependent and adjlestabmiltonian, resulting in
some nal state. The state is then measured or “read-out’gelmeral there can be a
number of possible results from measurement of the nakstaach of which could be
measured with a certain probability, according to the pples of quantum mechanics.
This is in contrast with a classical computer, which is agsitzed system that also evolves
according to some tunable Hamiltonian, but which ends in lrdeened classical state
whose measurement would always lead to the same result.

In practice we imagine a more concrete form for the quantumpeder that consists

of many quantum bits, or qubits, manipulated and coupledttay with quantum gates.



The qubits are the fundamental building blocks of the compainalogous to the bits of
a classical computer. Each qubit is a two-level quanturregystn contrast with classical
bits a qubit is allowed not only the statg andjli but also any arbitrary superposition
ajoi + bjli. The quantum gates are analogous to the gates in a classimalter, with
single qubit gates acting on the state of only one qubit armdgubit gates acting on two
gubits simultaneously. Physically the gates are time-deéget controlled perturbations
of the system Hamiltonian which change the time evolutiothefqubit states.

The dif culties involved in fabricating a practical quamucomputer stem from the
fragile and sensitive nature of the state of the qubits. &oth the qubits are assumed
to be isolated quantum systems whose dynamics are conyplitilrmined, to arbitrary
precision, the gating operations. In reality it seems thgtsystem of quantum gates will
have design imperfections that limit the precision to whighqubits can be manipulated.
Furthermore, no quantum system can ever be completelyteésbfeom its surrounding
environment, which acts as an additional perturbationécsttstem Hamiltonian. Due to
these unwanted effects, which we call decoherence, theafttatqubit may differ greatly
from the desired state after a certain number of gate opesatir a certain period of time.
This characteristic time period for which the system haslse coherent is called the
decoherence time of the qubit.

Until 1996 it was believed by a few researchers that decolverevould make a
practical quantum computer impossible to build. That waanainark year for the eld,
when a series of papers showed that fault-tolerant quanampuatation would be pos-
sible with appropriate error correcting codes, providett the decoherence rate was not
too high.[11] Since that time there has been an explosiompé@mental research in the
area of quantum computing, with different groups tryingtiow if a particular qubit can-
didate has a low decoherence rate and is “scalable”, medhaiduilding a computer
with many qubits should not be exponentially more dif ciian building a system with

only a few. All of this interest has provided fertile grourad the study of simple quantum



mechanical systems, both theoretically and experimgntalwell as for research into the

fundamental quantum properties of a wide range of systems.

2.2 Qubit proposals and comparisons

Researchers have proposed everything from the atomislef/ah atom in a trap[12]
to the quantum states of an electron oating on a liquid halisurface for use as a
qubit,[13] and almost every week there seems to be anoth#t groposal. One rea-
son there have been so many qubit ideas is that there arakeguirements that must
be met for a physical system to be a good qubit, and some oé tlegglirements are
con icting. The system needs to be well isolated from itsiemyment to insure a long
decoherence time, yet the better isolated it is the hardmcdbmes to manipulate and to
measure its quantum state. Furthermore, it is not enoughitd & single qubit with a
long decoherence time and a fast measurement time; to bugdfal quantum computer
it must be possible to assemble many qubits into a form in vthey can interact ef-
ciently: the system must be scalable. As an example of a tohait works well only
in small numbers consider the beautiful experiment by Vesygeenet al. from 2001,
in which they factored the number 15 using a seven qubit quartomputer based on
nuclear magnetic resonance.[14] Nuclear spins are nededl gubits from the perspec-
tive of decoherence, with coherence times even as long asaddyw temperatures, but
they are very dif cult to measure because their magnetic s so tiny. This exper-
iment and others of its type have been successful becaugeidbd a large ensemble of
molecules in solution, not a single molecule, to make theiasurements, which ampli-
es the signal from the spins, but such a computer is not $dalaThe molecule they
used to factor 15 was tailor made with seven nuclei carefuitgnged to have favorable
interaction strengths. Adding another nucleus to incréas@umber of qubits would be

nearly impossible without redesigning the entire molecule



Many researchers believe that the rst useful quantum cderpuill be built in-
stead in a solid state system, perhaps because it is eagmagme using the fabrication
technology of today's microprocessor industry to build ifwan circuits in solids than it
is to imagine inventing a completely new technology for,, saglividually manipulating
many ions in a trap with lasers. From this perspective, tiesdpoth of electrons and of
nuclei associated with substitutional impurities in Si eoenpelling for several reasons.
Foremost is that Si processing is the most well-establisbegpouter fabrication technol-
ogy today, with a near monopoly on the microchip industryrtik@rmore, spins in Si can
have a relatively long coherence time compared with oth@ic@Enductors: recent mea-
surements on ensembles of spins have shown that the cobdrmerecof electron spins
for P donors in isotopically enrichédSi is as long as 62 ms,[15] while for the nuclei it
should be even longer. Measuring such a long coherence tam@®nly possible because
the Si had been enriched witiSi, an isotope without any nuclear spin. In contrast, a
different measurement, now in isotopically enrici&8i which has nuclear spi%\, gave
a coherence time under 18 due to decoherence from nuclear spins interacting with the
electrons.[16] A coherence time as long as tens of ms will beerdif cult to achieve in
GaAs, another popular semiconductor for qubit experimantsthe closest competitor
for Si in the microchip industry, because there exist no earckpin-free isotopes of Ga
or As. The spin-orbit interaction is also much weaker in @inttn GaAs, as evidenced
by gyromagnetic ratios of 2.0 and -0.4 respectively, ansluhil lead to even more deco-
herence in GaAs. On the other hand, GaAs has a major advanttgs it can be lattice
matched with AIGaAs to form a nearly defect-free barrierao oe electrons, while the
best barrier that can be built for Si today is amorphous tlaéoxide, which has a large
density of defects associated with it. These defects maxefobe a serious disadvantage
for Si as a qubit environment, and at least one group is ilgestg SiGe as a possible

alternative to Si@for a low-defect barrier compatible with Si technology]17
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Figure 2.1: Schematic of the Kane quantum computer. A tvmoedisional array of P
donors in Si is separated by a barrier from metal controlggatethe surface. The A
gates control the position of the donor electrons relatveir nuclei, while the J gates
control the electron-mediated coupling strength betwekgcant nuclei. (Reprinted from
Reference [2].)

2.3 P donor qubitsin Si

Encouraged by the many advantages that he saw for using Psdarfei as qubits,
Bruce Kane published a landmark paper in 1998 in which hedatda proposal not for
just a single qubit but for an entire scalable quantum comguarchitecture founded
upon Si microfabrication technology.[2, 3] In Figure 2.1aMe reprinted from that paper
a schematic of the architecture he envisioned. In this tcture the nuclear spin of the
P donor represents the qubit, while interactions betweemtitlear and electronic spins
represent the gates. Operating the computer at tempesdtal@v 100 mK ensures that
the electrons occupy a non-degenerate ground state in trete2i@ magnetic eld. Each
A gate controls the hyper ne interaction between a dondesteon and its nuclear spin;
the hyper ne transition frequency is brought into resorewith an applied AC magnetic
eld to induce nuclear spin ips, which process represehessingle qubit gate operation.

The J gate controls the overlap between adjacent donor@hscand thereby mediates

10



the exchange interaction between them. Combined with therhye interaction, turning
on and off the exchange coupling causes selective rotafion@nuclear spin based on
the state of the other, which process represents the two gata. The nal state of each
qubit is read out using a two step process. First the nuclgarsate is transfered to
two adjacent donor electrons via the hyper ne interactiad appropriate gate biasing,
so that the spin up and down states of the nucleus evolvepnissigletj##i and triplet
|"# #"I states of the two electrons, respectively. Second, thestaia of the electrons
is determined by looking at the polarizability of the twoatlen system. In the case that
the electrons are triplet, it is possible for both of theméodme bound to the same donor
nucleus in a weak D state, but no such state exists for a spin singlet. Apprtebiasing
of the gates can therefore lead to charge motion of the elextyetween donor sites in the
case of a spin triplet only, so that a measurement of thisgehauotion would determine
the spin state through “spin-charge conversion”. In Kandginal paper he observes that
this motion could be observed via sensitive capacitivertegres involving a HEMT.[18]
Since Kane's original paper it has become clear that siflglgren transistors (SETSs) are
far more sensitive charge detectors than HEMT's and areghbtentially better suited to
measuring such a small charge signal.

Verifying the feasibility of the spin-charge conversion asarement scheme is a
clear initial priority toward establishing the practi¢glof a Kane quantum computer, and
in 2000 Kane and others proposed a simpler experiment usi&ga for that purpose.[4]
Rather than trying to measure the spin of a single P donor ibySioupling it to its
neighbors, they imagined instead differentiating the Igitigiplet state of a Te double
donor through a similar technique. The system they propasgtematically shown in
Figure 2.2, is dif cult to fabricate but simple to imaginet domprises an SET on an
oxidized Si substrate. 158 beneath the oxide is a Te impurity, and 5@®eneath that is
an abrupt interface separating the intrinsic Si crystahfeoheavily p-doped region below,

used as a back gate. Te in Si is a two-electron donor with aspglet ground state, each

11
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Figure 2.2: Schematic of a Te double donor in Si measuredamtS8ET. The Te atom is
embedded in an intrinsic region of Si which is isolated fréva metallic SET above it by
a thin layer of SiQ. A voltage applied between the heavily doped Si substrdtasnoend
the SET above creates an electric eld that can ionize theodand transfer one of its
electrons to the Si/Si@interface. (Modi ed from Reference [4].)

electron lying 200 meV below the conduction band. It canaaably be thought of as an
arti cial He atom with a much larger effective Bohr radiushd rst excited orbital lies
more than 150 meV above the ground orbital and is correspghdmore easily ionized
in an electric eld. If the two donor electrons are in a tripspin state then one must
occupy the excited orbital according to the Pauli exclugionciple, while if they are in a
singlet spin state they can both occupy the ground orbitethé architecture envisioned
here an electric eld would be applied between the p-dopgrebelow the Te impurity
and the SET above it, and the SET would sense the motion ofi¢kstr@n between the
donor and the oxide interface above. Because the critiddlrequired for this transition
depends on the orbital state, which in turn depends on timessgie of the two electrons,
a measurement of the critical ionization eld will uniquetietermine the singlet/triplet

spin state.
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2.4 Experimental description, challenges, and literatewesw

An even simpler experiment than the one just described wegoteplacing the Te
double donor with a P donor and using an SET to observe themotithis single donor
electron. Although the critical eld in this case should m&pend on the spin of the elec-
tron, this experiment still represents a logical rst steptbe road toward a measurement
of donor spin, and my efforts to design and measure such amysbnstitute the bulk
of this dissertation. Designing the structure in Figureig.@&plete with challenges, the
greatest of which is the alignment of the SET above the daXldrough control of an im-
purity's depth within a narrow range is possible with modemimplantation technology,
without a mask of some sort there is no control of the positiothe x-y plane. There
are therefore three routes that can be pursued in tryingda ah SET above a donor.
One is to invent a new technology for individual dopant piaeat with nm precision.
Another is to invent a technology that identi es the positiaf individual impurities in a
randomly doped substrate, to register the positions tamadant marks, and to fabricate
an SET aligned to those marks. Still another possibilityisandomly dope a substrate
in thex-y plane, make a large number of SETs on the surface, and mezetheSET in
turn until one is found lying above a donor due to sheer chance

At least three groups are actively working on different temlbgies for nm scale
dopant placement in Si. Simmoasal. have developed a technique for lithographically
placing individual dopants on a Si surface with an STM.[1J, Ehey use a H-passivation
layer on the surface as a resist which they selectively remath the STM in UHV. When
PHs gas is subsequently admitted to the vacuum chamber it binigs@ the H-free re-
gions on the substrate, thereby placing a P dopant with atpnecision. The dif culty
with using this technique for the architecture in Figure i2.that it requires subsequent
overgrowth of the intrinsic Si region and the oxide, both ¢fietr would cause substan-

tial segregation and diffusion of the atomically placed aup Another group is working
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on placing single dopants with ion implantation.[21] Thegwa polymethylmethacrylate
mask containing an array of 20 nm diameter holes, exposed) wsbeam lithography,
to allow ions to impact the substrate only in certain logagicand they detect the single
ion impacts by collecting the resulting electron-hole pairthe substrate. Schenkel and
coworkers have developed a different ion implantationtetbgy with single ion sensi-
tivity by observing the secondary electrons generatedduhe impact of highly charged
ions.[22, 23, 24] They control the position of the impact tithwm about 10 nm by direct-
ing the beam through a small aperture in a scanned probehipdiBadvantage of these
two techniques for single ion placement is that the spati@ligacy is limited by the hole
diameter, by range straggle during implantation, and bysiién during the required high
temperature activation anneal.

There has also been progress in the area of imaging indivithzants in a Si
crystal. For example, several groups have successfulbtédcindividual P or B atoms
in the top few layers using STM.[25, 26, 27, 28] However, lseathey are only able
to image dopants in the top monolayers, using this techrtigjfebricate the structure in
Figure 2.2 has the same disadvantages that the method of §pahtiplacement has: the
dopants will diffuse and segregate upon subsequent Si ety and oxidation. Other
groups have successfully determined the locations of iddal dopants using scanning
transmission electron microscopy, but this method regus@remely thin samples that
may not be compatible with subsequent processing.[29, 30]

As | brie y touched upon in Chapter 1, the simplest but leasttcolled method of
creating the structure in Figure 2.2 is to fabricate a largalper of SETs on a lightly and
randomly doped wafer, and then to look for those SETs thapesperly aligned with
a donor by measuring each in turn. This is the path | chosellmfobecause | do not
have available a technology for single dopant placementaging. There are several
obstacles that must be faced to reach our goal which include:

1. Measuring a large number of SETs with high bandwidth inasoeable time pe-
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riod,

2. Designing a device geometry wherein the operating péithteoSET can be changed
without changing the electric eld on the donor beneath it,

3. Including in the design some way of varying the Fermi ldeahsure that donors
are occupied at low temperatures,

4. Being con dent that the electric eld does not ionize thendr so completely that
its electron disappears to in nity,

5. Ruling out other sources of charge motion near the SEWtiiatisguise the signal
of interest.

The challenge of measuring a large number of SETs in a rebhotime was the
rst one | tackled, and my solution is discussed at length ima@ter 5. There | describe
the millikelvin scanned probe | built which allows measusshof an array of SETs
using a high-bandwidth ampli er. The two routes that otheoups have pursued for
measuring SETs with high bandwidth include the rf-SET[31d @ cryogenic ampli er
near the SET.[32, 33] While one group has succeeded in ustqgéncy multiplexing to
extend to two the number of SETs that can be measured witlgesinax using rf-SET
techniques and claims that this technique could be extetwdeuich higher numbers of
devices,[34] | have not found in the literature any other S&illtiplexing technologies
and believe that our scanned probe was the rst tool capdbteeasuring a large number
with high bandwidth.

The goal of making a design in which the SET and donor can bé&ated in-
dependently might seem overly stringent, but for realidgeices with icker noise and
large charge offsets it is the only practical way to consateanging things. For imagine
that the proper voltage had been applied to the p++ substrgist ionize the donor, but
right before it ionized a charged defect moved near the SERds changing the SET's
operating point. In the worst case this unwanted charge dvplaice the SET on top of

a Coulomb blockade peak, where it is entirely insensitivagarby charge motion. We
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would then be forced to change the voltage on the p++ substydiring the SET back to
its bias point, but this would alter the eld on the donor awiagm its ionization value!
If instead of changing the voltage on the substrate we clthtigevoltage on a different
nearby gate, say on the surface, this would still change ée on the donor, unless the
geometry had been designed so that the gate was completegnsd at the donor site.
While we can imagine a situation where a counteracting geltaas applied to the sub-
strate as the voltage was changed on the gate, thereby ttpiexsing the SET while
leaving the donor unaltered, this situation could only lzdized if the electrostatics at the
donor site were known precisely, and this in turn would regjdnowledge of the donor
position, which we don't have. Consequently it was necgstadesign a gate for the
SET that would induce a negligible eld at all conceivablendo locations of interest.
Our approach to this problem is covered in detail in Chap@esad 4. If it were possi-
ble to say unambiguously that an observed charge signal easg from donor charge
motion then this requirement could be relaxed.

Having con dence that the donors of interest are in fact poed with an electron
at low temperatures is also important. For example, a S)(80Face interfacing with
simple vacuum has a huge density of dangling bonds that gtalés whose energies lie
inside the bulk band gap.[35] These states could swallow@plectrons from any nearby
donors. While the density of states in the gap can be redudesiantially in the case of a
carefully H-passivated Si/SiOnterface, the best values are still about 30 /cn?,[36]
and typical values are often orders of magnitude higher tihisn For a review of Si/Si@
defect physics see references [37] and [38]. Or the substoatid be p-type as envisioned
in Figure 2.2, so that donor electrons would be consumed bgtadensity of acceptors.
Or there could be some charge contamination in the oxidebtrads the bands upward
near the surface, thereby depleting the donors. Band dregypathese three situations are
depicted in Figure 2.3. In principle at low temperatureséhstuations can be addressed,

provided that there exists some way to create electron{baits and to collect charges
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Figure 2.3: Band diagrams illustrating why a donor mightlmbccupied at low temper-
atures. a) Band bending due to a high density of interfadessta the band gap. These
bend the bands upward so that the nearby donor state lies #®¥ermi energy, even in
the case that the substrate is n-type as shown. b) Diagramirgithat, with a p-type sub-
strate, if the donor density at the interface is not high g@hothe bands will not bend far
enough downward to keep the donors occupied. ¢) Band beddiatp unwanted charge
in the oxide, in this case negative, that pushes a nearby dtate above the Fermi energy
even for an n-type substrate.
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at a different point in the substrate, because it is possibderange metastable situations
with extremely long lifetimes. Take Figure 2.3b for exampteve illuminate the sample
to create electron-hole pairs the electrons will ow to te#&,l lling the donors there, and
the holes will ow out the contact the right. Provided thaetonors are much farther
than a tunneling length away from the contact, the electoamnot recombine at low
temperatures, and we have succeeded in populating thesionor

The situations in (a) and (c) are slightly more complicatéd.these cases it is
necessary to apply a suf ciently negative voltage to thetaochto make the bands at
at the interface. Then upon illumination holes will ow todltontact and electrons to
the surface, populating the donors there. This explainswayvouldn't want to try the
experiment by applying electric elds through a contact ba bxide alone: there would
be no way to add or subtract carriers from the sample. | desonr substrate contact in
more detail in Chapters 4 and 4.3.3.

Once we are con dent that the donors are occupied we will heegply an electric
eld to ionize them toward the SET, say in taelirection. When the eld becomes strong
enough the electron should move from the donor site to tlegfante. If the electric eld
were solely in thez direction then the electron would remain con ned in thg plane
at this point by the residual attraction from its donor nusle But unless great care is
taken in the design, the electric eld will have some compuna thex-y plane which
might push the electron away from its donor. We must desigrgtiting structure with
careful attention to this fact so that the electron is not gletely lost when it ionizes. |
did some nite element modeling of our geometry to get an idkthe elds we should
expect, with the results given in Chapter 3. As an additicnakern, if the donor density
becomes too high then the wave functions of donor electrotieanterface would begin
to overlap, an electron from one donor might be captured logheam, and we would no
longer be able to treat each donor as an isolated systemrésxithis issue in Chapter 3

as well.
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Perhaps the greatest challenge this experiment facegisguishing between the
signals of interest, coming from donor charge motion, anglamted signals coming from
other mobile charges near the SET island. There are at leasbther possible sources
of charge motion that must be eliminated or accounted fantanded charged defects or
impurities in the bulk Si, charges at the Si/Si@terface, charges within the bulk oxide,
and charges moving on the substrate surface or in the SE7. Alst of these other
signals can be ruled out by comparing samples with and with@lonor implant, as the
number of relevant signals should be proportional to theoda®ensity. But there are
other ways of distinguishing between signal sources as Wellexample, different gates
near the SET should have different effects on a given chaggerttling on its location.
If we design the geometry so that we have two gates, one wlfiebts donors beneath
the surface and one that does not, charge signals whichfaxteaf by voltage changes
on either gate can be ruled out as coming from donors. Sipildwe charge up the
Si/SiOG interface with a large density of electrons or holes to @@2DEG, that 2DEG
should shield the SET from any charge motion beneath it, agcignals we see in this
case must be coming from above.

There has been some prior research into the nature of chasgesiated with de-
fects near metallic SETs on various substrates.[39, 4042,143] Several groups have
attempted to locate the defects in space by using multipésga multiple SETSs, although
there is as yet no real consensus concerning the sourcesefsignals.[44, 45, 46] Partly
this stems from the fact that there are two different noidyavéors of interest common
to metallic SETs: typical 1/ noise present in most electronic devices, and charge offset
jumps or telegraph noise. Whileflhoise may prove to be a problem later on for our ex-
periments into individual donors, the problem of chargsetfffumps is more immediate,
as these jumps can easily be confused with the signals wedveagplect from a moving
donor electron. In the literature charge jumps have beeorteg that correlate precisely

with the applied gate voltages, that don't correlate at &lhwhe gate voltages, or that cor-
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relate only somewhat. And the explanations for these ssgmaVe ranged from charges
in the tunnel barriers to charges in the substrates. Theggid®nce that the presence
of these anomalies in SETs can depend both on the materltoseake the device as

well as on the substrate.[47, 48, 49] Furthermore, ickerardom telegraph noise has
been exhaustively studied in MOSFET's, and even in thesdhrmare comprehensively

studied and understood devices the sources of such noisebérmysterious.[50]

To date there has been little progress toward measuringhtuge signal due to
the controlled ionization of individual dopants in Si. Hefhzet al. have reported ob-
servations of charge motion near a silicon nanowire SET ttieyt attribute to individ-
ual As impurities nearby, but the evidence they give in fasoimpurities versus some
other trapping mechanism is not strong, and their measurege@metry is not designed
speci cally for this purpose.[48] Buehler and coworkersvéaiven strong evidence for
the transfer of individual electrons between metallicstersof P donors, but not between
the individual donors themselves.[51] Their evidence isvaacing, but the road from
clusters to individual impurities is a long one. There hagerbmore studies of the ion-
ization of impurities in bulk samples, and these point tasab10 kV/cm as the required
electric eld.[52, 53, 54, 55, 56, 57] Note that this eld wilepend strongly on the dis-
tance from the interface if, as in our experiments, the defextron will be tunneling into

an interface state instead of into the continuum.
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Chapter 3

Measuring the eld ionization of Si:P

As discussed in Chapter 2, the ultimate goal of this reseaadhto measure the
controlled motion of a single electron in Si between a dorier &nd a nearby Si/SiD
interface under the in uence of an applied electric eld. eflmeasurement would be
made with a very sensitive electrometer, the single eladnansistor. A single electron
transistor (SET) is a three (or more) terminal device caimgof a nanometer dimension
island weakly tunnel-coupled to source and drain leads apdaitively coupled to one or
more gates. When biased appropriately the current owingifdrain to source depends
strongly on the electric potential in the vicinity of theasd. So the change in island
potential due to the motion of a nearby donor electron towar8ET will cause a change
in drain-source current. In this chapter | lay out in gredegail the theory behind electron
transfer from donor site to interface in an electric eld.l$@present some simulations

relevant to observation of that motion with an SET.

3.1 P donorin an electric eld near an interface

The basic idea is outlined in Figure 3.1 with a corresponeimgrgy-band diagram
in Figure 3.2. From an experimental perspective we need tmbealent that we can load
the system with one, and only one, electron, that both thefexte and donor states are
well localized, and that the transfer of the electron betwibese two locations happens
quickly enough for us to measure it over a reasonable tinees@¥e would also like an
estimate of the electric eld required to effect the tramsfed of the signal we can expect

in our detector.
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Sio,
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e @) Si

Figure 3.1: Layout of a donor in Si near an electrometer. Thahelectrometer is
isolated from the Si crystal by a thin layer of oxide. The &l@e moves between the
donor site and the Si/Sinterface under an applied electric eld F as shown by artows
These different charge con gurations are distinguishedheyelectrometer.

3.1.1 Hydrogenic model of donorsin Si

It is well known that various impurities in semiconductoesmften be treated ap-
proximately as arti cial hydrogen atoms, where the mas#efdlectron and the dielectric
constant of the vacuum are replaced by the effective mmeessd the dielectric constant
of the semiconductor host.[58] To lowest order this is asaable model for P impurities
in Si, because the P atom has one more electron in its outécehgared with Si, and its
nucleus has one extra proton, although the descriptiotgistsi complicated because of
the anisotropic effective mass of the Si conduction bandsgltonstant energy surfaces
are shown in Figure 3.3. These give an effective rmss 0:92 me along the< 100>
directions andm, = 0:19 me in the other two orthogonal directions. If we take these

two values for the effective mass and the dielectric constan11:8 e; for Si then we
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Figure 3.2: (Not to scale) Simpli ed energy-band diagrantlod layout shown in Fig-
ure 3.1. The eld F is applied between a heavily doped layghasubstrate and the Al
SET on the surface. When suf cient eld is applied the electtunnels from the donor
site to the interface as shown by arrows. The heavily dopgi@menust be doped with
acceptors to avoid ooding the region near the donor withieas.

calculate a hydrogenic binding energy

a’mc?
EO: - 3.1
2erzel ( )
= 90 meV (m=my); (3.2)
= 19 meV (m=m,): (3.3)

The electron is thus much more weakly bound to the donor siEesemiconductor than

it is in a true hydrogen atom, where the binding energy is &¥,ut at dilution refrig-
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Figure 3.3: Constant energy surfaces for electrons in theoB8duction band. There
are six equivalent valleys along tkel00> directions. The stretched dimension yields an
effective massn, = 0:92me, while the other two directions give, = 0:19me. (Modi ed
from Reference [59].)
erator temperature3 (. 100 mK) the probability is extremely small for a donor electr
to be thermally excited. More worrisome from an experimepéaspective, as already
discussed in Section 2.4, is the possible presence of acaghnumber of traps, either
in the bulk crystal or at the Si/Sidnterface, that could capture the donor electron, or
of some other built-in eld that could ionize it. This issuelMbe most easily addressed
experimentally, by adding or subtracting enough electfmm the sample that the Fermi
level near the interface lines up with the donor energy.

The sixfold degenerate nature of the Si conduction bandh, mihima along the six
equivalent< 100> directions, yields a sixfold degenerate ground state iactiffe mass
theory, but in fact the valley-orbit and central cell cotrens,[60] which more carefully

treat the electron close to the impurity nucleus that bregdesslational symmetry, par-

tially lift this degeneracy and ensure a nondegeneratengtstate. Experimentally one

24



nds that the ground state lies 45.6 meV below the conduchiand. The rst excited
state lies 11.7 meV above the ground state, followed by anii@ number of other bound
states analogous to the excited states of the hydrogen[&ijrehown schematically in
Figure 3.4. The lack of spherical symmetry for the grountestaeans that the effective
Bohr radius is no longer a good measure of the size of therelectoud. Instead we can
calculate two effective Bohr radii to obtain an order of miagpte estimate of the extent

of the wave function, again using the effective mass anadigt constant for Si:

_ 4peh?
=7A (m=my); (3.5)
= 33A (m=m,): (3.6)

The electron state at the donor site is thus nondegenerdtealized to within a few

nm.

3.1.2 Interface electrons in an electric eld: triangle Wabtential

While it is now clear that the wave function of a donor elenti®localized on the
nm scale, itis not so obvious that the electron will stay liaed after it is transfered to the
interface. To describe an electron at the interface we twsolutions of the Schrodinger
equation for the triangle well potential, which in this caséormed by the electric eld
near the Si/SiQinterface. My experiments were done using an interfacearitial SiQ
on the< 100> surface, so that particular crystal orientation will beumsed throughout
the following discussion, although similar qualitativesuéts should still apply for other
Si surfaces. The Si conduction band lies about 3.5 eV bel@actnduction band of
Si0y,[62] so for states with energies much less than 3.5 eV all@/&itconduction band
itis a good approximation to treat the Si/Sifdterface as an in nite barrier. If we ignore

the perturbing effect of the donor nucleus for the momeistphoblem is one-dimensional
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Figure 3.4: Energy diagram showing bound states of the Prdoglow the continuous
conduction band in Si. The 1s ground state, which is sixf@desherate in the effective
mass theory, is in fact split by the central-cell potentibia singlet 1s(4), a doublet
1s(E), and a triplet 1s@). The 1s(A) ground state lies 45.6 meV below the conduction
band.
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and can be solved exactly.[63] For an electron in an eleatict F in the z direction,

effective massn, and Si/SiQ interface az= 0 the Hamiltonian is

ﬁ2
= ﬁﬂ§+ eFz (3.7)
The Schrodinger equation becomes
Hy = Ey (3.8)
ﬁ2
ﬁ‘ﬂgy +(eFz E)y = O: (3.9)
We change variables, de ning
2meF 3 E
X r22e z oF : (3.10)
In terms of this new variable we nd
Ty xy=0: (3.11)

This is the differential equation de ning the Airy functie’\i(x) and Bi(x);[64] however,
Bi(x) is not a physically allowed solution because it blows upzfbr ¥ .

The boundary conditiop = 0 atz= 0 determines the allowed energies in the well.
1

This is because=0) x= % ’ E, so that ifx; are the zeros of Ak) then the
allowed energies are
1
RPe?F2 3
E = om Xi: (3.12)

Thex; are -2.33811, -4.08795, -5.52056; and can be approximated to within1% by
3p, 3 %
Xi = 7p(i+—) ;1=0;1;2;::0 (3.13)

4
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We see that the ground state energy of the well and the apglitietween levels near the
bottom of the well are of order

RPF2 3

DE =
2m

(3.14)

We can determine the approximate eld necessary for iomrdby considering that the
electron must regain from the electric eld its donor binglienergy during its transfer to
the interface. For a donor 30 nm from the interface this gives 45.6 meV=30 nm=
15:2 kV=cm. Later | will show that a better estimate gives 17:7 kV/cm. With this eld
and the effective masa= my the ground state energy from Equation 3.12 lies 11.8 meV
above the conduction band minimumzt 0, separated from the rst excited state by
8.9 meV. The ground state wave function and the energy lavelplotted in Figure 3.5,
where we see that the electron is localized to within a few Tinese energies correspond
to electrons residing in the two valleys parallel to the eld@ihe states of electrons in
the four valleys along the perpendicular directions arehrhigher in energy due to the
strong Emdependence in Equation 3.12.

In the absence of disorder an electron in one of these imegtates is entirely
delocalized in thex-y plane, and the states are in nitely degenerate. Howevendagby
donor, although far from the interface on the scale of theatiffe Bohr radi, is still close
enough that its long range Coulomb potential can con ne teeteon at reasonably low
temperatures. For a donor suf ciently far from the intedaat distanceg, we can to
good approximation consider the electron xedat zy. Then the potential depends only

onx andy, and it becomes

1

X+ P+ % 2 (3.15)

u(xy) = Zpes

We take into account the image charge of the donor nuclessgrirom the Si/Si@
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Figure 3.5: Analytical solution of the triangle well poteit The long dashes show a
potential well formed by a hard wall at= 0 and an electric eld of 17.7 kV/cm. The
solid curve is a plot of the absolute square of the groune stave function. The dashed-
dotted lines show the energies of the lowest lying states.
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interface with an effective dielectric constant. | notettih@ electron’'s own image charge
does not contribute to the potential in the/ plane because it always acts back on the
electron in thez direction. Because the dielectric constant of Si is highantthat of
SiOy, the image charge of the nucleus is in fact positive and tbexeacts to further

attract the electron. To account for this we use an effedietectric constant[65]

o= 3 (esioy + €s) (3.16)

7:9 ey (3.17)

The Schrodinger equation for the potential given by Equma8.15 is not solvable
analytically. Nevertheless, we can get an order of magaiastimate for the energies and
wave functions by approximating the potential with a harroguotential. If we expand

the potential to 2nd order mandy we nd

e X2 Y2 e

Uxy)= — —+ =— - 3.18
06y) dpeczs 2 2 Apesrido (3.18)
2
= mwT X+ y>  U(0;0); (3.19)
where
W= g (3.20)
Apmesnzg

The relevant mass for electrons in the valleys parallel¢o¢td is m= m, . The second
term on the right hand side of Equation 3.19 is a constanebffat does not contribute
to the binding inx andy. The energies in the harmonic approximation are given by the

sum of two harmonic oscillators:

E» = hw(nc+ ny+ 1)+ U(0;0); (3.21)
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wheren;ny 0. Figure 3.6 shows a plot dfw as a function of donor depth. This

represents an estimate of the binding energy of the elerttbex-y plane at the interface,

and for a donor deptly = 30 nm we nd hw = 1:6 meV. Calderon, Koiller, and Das

Sarma have recently done a more sophisticated variati@@llation of this quantity,

and they ndhw= 1:1 meV forz, = 30 nm,[5] just 30% less than the harmonic value.
A single harmonic oscillator has the ground state wave fanct

0= ™ %ex Mwx2
YO - pﬁ p Zﬁ

(3.22)

So the wave function for two harmonic oscillators of equavdlfrequency, one ir and

the other iny is

1 2.2
a_ MWz mw X+ y
y O(X, Y) - pﬁ exp Zﬁ (323)
L L (3.24)
- o P oToR '

P—— -
wherer = = x2+ y2. The probability density for the electron to be found at a&givadius

r is then given by

Z

P)= rjyo(xy)i’dq (3.25)
2mwr mwr?
il exp R (3.26)

Figure 3.7 shows this probability, superimposed on themi@leassuming a 30 nm donor

depth.
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Figure 3.6: Separation between ground and rst excitecstat an electron bound in the
x-y plane by a nearby donor potential. | have used the harmomimapnation for the
potential, valid at large donor depths.
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Figure 3.7: Potential and probability density in thg plane for an electron at the Si/SiO
interface near a donor at 30 nm depth. The solid line and ddseshows the potential
and its harmonic approximation, respectively. The dastetéd line shows the probabil-
ity density for the electron to be at a given radius.
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The approximate extent of the wave function is given by

r

3 h

s= | (3.27)
_ 4pﬁzeeﬁ28' 4
T me (3.28)

which for a donor at 30 nm is 15.6 nm. This agrees within a fereqa with the varia-
tional calculation by Calderon, Koiller, and Das Sarmal[bave plotted the dependence
of s on depth in Figure 3.8; | note that this size is important lbseat ensures that in-
dividual donor wave functions do not signi cantly overlaprfelectrons at the interface,
which would form a 2DEG as | discuss in Section 3.1.4.

| note that the ground state of the electron at the interfage principle twofold
degenerate due to the two equivalent valleys of the Si camatuband that remain sym-
metric in the presence of the electric eld. However, theeefive mass theory | have
used here is not strictly applicable in the presence of theplsi/SIQ interface, which
violates the assumption that the potential changes onllglon the scale of a lattice
constant. Sham and Nakayama[66] have extended the theomgr® correctly include

the effect of a sharp boundary, and they estimate a vallétfisgl

dE = eF 0:43A; (3.29)

which for F = 17:7 keV/cm gives 76.eV. The actual magnitude of this effect is still a

topic of ongoing research.[67, 68]

3.1.3 Coupling between donor site and interface states

With no applied electric eld the interface states do notséxiAs the electric eld
is slowly increased from zero, the interface states appegmsadually spread apart in

energy as discussed in Section 3.1.2. For a given donor degté exists a critical eld
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Figure 3.8: Wave function extent in thxey plane for an electron at the Si/Si@nterface
versus donor depth.
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beyond which the energy of the interface state falls belavethergy of the donor site.
This is illustrated schematically in Figure 3.9.

Provided that the eld is increased slowly enough, when the $tates are brought
into resonance the electron will move out of the donor statkiato the interface state.
We can now make a better estimate of the critical eld usingislassical argument.
Assume that the donor is deep enough beneath the interfacégtcontribution to the
eld there is small compared to the critical eld. We will chk this assumption for
validity after we solve the problem. We know the ground sttergy at the interface
in the z direction from Equation 3.12. The energy in tkg plane is given byhw from
Equation 3.20, while the energy is shifted downward by thelogedonor potential, given
by U (0;0) in Equation 3.19. On the other hand, to lowest order the gnafrthe donor
isstillEg= 45:6 meV, to which we add thE z contribution from the eld. Therefore

the critical eld is given approximately by

LI
h2e?F2. 3 he e
“Tom o Xot+ e—x 2 = Bg+ Forit 20 (3.30)

For zo = 30 nm the solution i$¢ = 17:7 kV/cm. In contrast, the eld at the interface

due to the donor 30 nm away is

e
4peettzo

= 2:0 kV=cm; (3.32)

(3.31)

so our initial assumption th&  F; is good.

Knowledge of the critical eld tells us nothing about theeatt which the electron
tunnels from the donor to the interface state. For an elactrany Bohr radii away from
the interface the critical eld could be in nitesimally siaand the tunneling rate would

become very small. To estimate the tunneling rate requaksitating the transition ma-
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Figure 3.9: Schematic of electron transfer between a dat®masd a nearby interface
under an applied electric eld. In a) the eld is not above dtstical value, and the donor
energy still lies below the ground state at the interfaceb)ithe eld has reached its
critical value, so that the donor and interface states comoeresonance.
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Figure 3.10: Tunneling time on resonance between a donter a&ta an interface state as
a function of donor depth. Calculation by Caldeiral[5]

trix element between the donor state and the interface, stati cult calculation that |
shall not attempt here. Calderénal. have done this calculation numerically, and their
results are plotted in Figure 3.10.[5] For a 30 nm donor dépgly nd a tunneling time
of 1 ns. The strong exponential dependence of this tunnéling on depth means that
the donor must not be placed much deeper th&® nm if we want tunneling to occur at

the ms timescale or faster.
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3.1.4 Summary

What conclusions can be drawn from this theoretical baakgi@ Theoretically
we have no way of ensuring that a donor will be occupied at lemperatures (e.g.
T < 100 mK= 8:6 peV) because it could be captured by nearby traps. Insteadilve w
need a way of xing the local Fermi level to place a single &lex at the donor site.
However, P donors have a nondegenerate ground state, arclodest excited state
lies 11.7 meV above that: we can be con dent that the electomte placed in the
ground state, will not be thermally excited. Furthermouge,d doping density around
2 10%=cm?, or a mean separation of 37 nm, typical for our experimehts glectron
wave functions of neighboring donors, with a 2-4 nm exteatndt signi cantly overlap.

Upon application of a 17.7 kV/cm static electric eld whichifgs the donor and
interface energies into resonance, the electron shoulcerfrom the donor site to the
interface on a ns timescale. Application of a small ac eldrefjuencyf 1 GHz should
cause the electron to transfer back and forth between ther3@eep donor site and the
interface, in phase with the applied eld. Increasing thatist eld beyond 17.7 kV/cm
should con ne the electron to the interface.

The electron, once it has transferred from the donor sitbedrterface, remains
con ned in thex-y plane by about 1.6 meV. While this would at rst glance seerorgj
enough to keep it from escapingk 100 mK, it does not represent a realistic situation
because it neglects the presence of other nearby donarAitgsical areal doping density
used in these experiments was&n?, corresponding to a mean separation between
donors of 30 nm, while the extent of the interface orbitahae plane is 15 nm. There
is therefore signi cant overlap between the wavefunctiohadjacent interface electrons,
and itis rather probable that a given electron would esaapedifferent donor site during
the timescale of the measurements. If the overlap is stronggh a ground plane might

even form at the interface. This conducting plane wouldestrine SET from charge
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motion in the substrate, completely obscuring the desiigolat Just how detrimental
these effects might be is an open theoretical question. ¥éap could be made smaller
by decreasing the doping density, but this would lead to trablems. First, at a doping
density of 181=cn? there are on average 2.5 donors beneath a 50 B&nm SET island.
Substantial reduction in the density would lead to a comadmg reduction in the number
of donors per SET, which would mean that many more SETs woegd no be measured
before one was found properly aligned with a donor. Secdreke doping densities are
approaching the range of densities we might expect for tietetcthe Si/SiQ interface.
Substantial reduction in the doping density, thereforghtimean that we would see more
effects from defects than we would from the intentional dgpi

The ground state at the interface is still twofold valley elegrate in the effective
mass approximation | have used, while better estimatesagsmitting around 10QeV.
This splitting is barely large enough to ensure that thetedacoccupies a single valley
interface state foill < 100 mK. While this degeneracy would presumably change our
calculation of the tunneling time by only a small factor, asadwould have negligible
impact on the experiments described here, from the pefgpeaiftquantum control and

coherence it may be a more serious issue.

3.2 Electric eld simulations

As | outlined earlier in Section 2.4, single electron tratmi measurements of iso-
lated donors require two gates: one to in uence the donoramalto bias the SET for
maximum sensitivity. The measurements are greatly sireglif voltages applied to the
the biasing gate (hereafter just the “gate”) have littleuance on the donors compared
with their in uence on the SET, and vice versa for the othetegdereafter called the
“substrate”.) Also the measurements are easier to unaerstahe substrate provides

a uniform electric eld to in uence donors. One way to achéethese goals is to have
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a parallel plate geometry, with metallization on the walenffa&ce comprising one plate
and a heavily doped Si region several hundred nm beneathutfecs forming the other
plate. While there are other geometries that could alssfgadur constraints, this was
the one we eventually decided to try, largely because tlatrekatics of a parallel plate
capacitor are so simple to analyze. The metallization ondpesurface was formed by
the leads and island of the SET, while the doped region sekaralred nm below the
surface formed the gate for in uencing donors above it, @gimmed in Figure 3.11.
Provided that any gaps in the metallization layer itself emeen the metallization layer
and the doped Siregion were kept as small as possible, wecorrgent that this geom-

etry would shield donors beneath the surface from exterakls. Therefore | designed
the SET to have very wide source and drain leads separatgdprd narrow (50 nm)

gap as shown in the gure. To quantify and determine the é&ffeness of the level of
shielding 1 did nite element modeling of the geometry. l@lstudied the uniformity of

the electric eld applied to the donors by the substrate, hetlidied the sensitivity of

the SET to charge motion in its vicinity. The latter numbemmportant to insure that
the signal from a moving donor electron would in fact be laggeugh to observe. The

modeling was done using the FEMLAB package from Comsol.[69]

3.2.1 Shielding donors and eld uniformity

To quantify the degree to which donors should be screenad giate-induced elec-
tric elds we need a physically meaningful gure of merit. VWdan assume that during
our measurements the voltage on the gate will not change g than eCy, whereCy
is the capacitance between the gate and the island of thelf@€duse voltages that dif-
fer by eCy are equivalent operating points for the SET. A good gure @ity then, is
how much we need to change the potential on the substratstweeboth the eld on a
donor and the operating point of the SET to their former valgieen a 1 e shift of the

gate voltage. The smaller this change in substrate poténtemalized by the substrate

41



@ island
<+«——1nmm

o [ desmowe |

vacuum

Si0,

® b donor

Si

Figure 3.11: SET forming a parallel plate geometry with adrarting region in the sub-
strate. This should screen donors sandwiched between #tespgrom electric elds
induced by the biasing gate. (a) View of the Al pattern from thp showing wide leads
separated by a 50 nm gap. The island is 50 nm wide and 150 nmbahgnly 50 nm
of this length are in contact with the substrate. (b) Viewnirthe side showing the gate,
SET, and substrate. From this view it becomes clear how #usland island of the SET
will shield the donor from the gate above.
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capacitance) compared with 1 e, the better the screening.
Let Vg, Vs, Cy, andCs be the gate voltage, substrate voltage, gate-island dapaei
and substrate-island capacitance respectively. Assuateianging/g andVs by equal

amounts leads to changes in eld at the donor Biflg andDEs respectively and de ne
a DEg=DEs: (3.33)

We would like to calculate our gure of meritin terms G, Cs, anda. Now assume that
a charge moves near the SET island, changing its operatingppQP. To restore the

operating point to its former value requires a change on #te of
Vo= Q=Cy (3.34)

This change in gate potential changes the eld at the doney b that to restore the eld

to its former value requires a change in substrate potential
(VAP AVAS (3.35)

Of course, changing the substrate potential by this ama@anhahifts the operating point

of the SET by an amount

le CSVSO (3.36)
GCs 0.

=a—Q"% 3.37

a—>0Q ( )

which requires further compensation on the gate, and theegsocontinues. Taking this

process to its logical conclusion yields a geometric sdaeshe total change in voltage
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on the substrate:

VRS av® avl av?s (3.38)
- % Q%+ Qb+ Q+ ! (3.39)
:% Q°+ a%QO+ a% 2Q°+ (3.40)
_ a%(’ 1 1a 3 (3.41)

To nd a gure or merit | normalize by the substrate capacttarand nd:

aQ® G
q= — (3.42)
Cy 1 ac%
(0]
_ ch ; (3.43)
a1

We see that to achieve good shielding, thatis Q° we need to maximiz€y while
minimizingaCs.

To evaluatea for our geometry | began with the approximation that the SRd@ a
leads are a patterned two-dimensional sheet of conductamluding the thickness of
the metal in the model would only lead to a greater degree i@ldihg, so that this
approximation gives at least an upper bound to how much tkee gl in uences the
donors. The substrate and gate were modeled as in nite atimgusheets im below
and above the SET, respectively. With the substrate graladd 1 V on the gate as the
boundary conditions, | calculated the electric eld 50 nnidwethe surface. This is the
approximate depth at which the donors were located in thereaxents (30 nm below
a 20 nm oxide). | normalized this by the eld obtained with theundary conditions
reversed, givinga by de nition, and obtaineda = 0:01 beneath the SET island. This

geometry and results fa@r are shown in Figure 3.12.
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Figure 3.12: Plot of screening rate vs. position in thex-y plane, 50 nm below the
surface of the wafer. The substrate and gate are modeleshdaacong sheets fim below
and above the SET. The leads and island are outlined in blatikthe island consisting
of a small 50 nm strip near the center connecting the two ldadkis regiona = 0:01.
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In contrast witha, Cs and Cy depend very strongly on the geometry of the SET
island, so that approximating the SET island as a rectanglodak of conductor is not
necessarily an accurate approximation when calculatiegépacitances. Nevertheless |
made this approximation, treating the island as a 50 n6® nm 100 nm block on top
of the leads. With this geometry the FEMLAB model g& 0.5 aF andCy 0:25 aF.

We can compare these with approximate parallel plate values

Cs= % (3.44)
2

_ 129 (50 nm (3.45)

1pm
= 0:26 aF (3.46)

and

Cy= % (3.47)
_® 50nm 100 nm (3.48)

1pm
= 0:044 aF (3.49)

The estimates foCs differ by a factor of 2, mostly because the parallel plateigain-
derestimates the eld concentration near the island. TheegaforCy differ by a factor
of 5, both because the parallel plate value underestimbhtesetd concentration near
the island and because it neglects eld lines terminatinghensides of the island. As a
further check | can compare these values with those obtarpdrimentally. As | dis-
cuss in more detail in Sections 4.7 and 4.8, | obtained typmlaes ofCs 1-2 aF and
Cy 2.5 zF. We need to scale these by the appropriate dieleefp@ration for proper
comparison. In practice the substrate was 300 nm below tii@cguinstead of um, so

that the comparable capacitance would be 0.3-0.7 aF, a tsdieagrees well with the
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simulated 0.5 aF. The gate was abouf®babove the surface, so that a comparable ca-
pacitance would be 0.06 aF, a value that lies closer to thalpbplate estimate than to
the simulation.

Substitutinga = 0:01,Cs  0:7 aF, andCy 0:06 aF into Equation 3.43, | nd
g=Q° 0:1. So this geometry goes a long way toward shielding the dofrom the
control gate, but there is de nite room for improvement.

Figure 3.13 shows a plot of simulated electric eld magnéun they-z plane with
1V on the substrate. The eld 50 nm below the wafer surfacenifoum to within a few
percent, but becomes signi cantly less uniform near th8i® interface. This is because
the wafer surface is not uniformly covered with metallipati there is necessarily a gap
between the leads. Even with a gap as narrow as 50 nm it is tlaathere will be
nonuniformity in the eld at distances less than 50 nm frorme tap. This may be a
problem if the eld components in they plane are too strong, because the con nement
of anionized donor electron at the interface, discusse@ati@ 3.1.2, is relatively weak.

If the the potential minimum does not lie near the SET isldodbr system the electron

may be lost permanently.

3.2.2 Single electron transistor charge sensitivity

SETs are known to be very sensitive charge detectors, walhgehsensitivity ap-
proaching the quantum limit.[70] The SETs I fabricated fostwork had a charge sensi-
tivity 100pe}D Hz around 1 kHz even when measured with room temperaturg@hec
ics. However, this charge sensitivity refers to charge aedion the island of the SET, not
to charge moving near the island. |1 used FEMLAB to get an edenof the charge that
should be induced on the SET island by an electron movingdsvits donor site and
the Si/SIQ interface.

The most satisfying result would be to obtain a plot of theuiretl island charge

as a function of the electron's stipulated position. In piphe this could be achieved by
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Figure 3.13: Plot of electric eld magnitude in tlyez plane beneath the SET island with

1 V applied to the substrate. The horizontal line at 50 nmeasgnts the approximate
depth of P donors. The eld is uniform to better than 10% atdbaor depth, but only to
about 40% near the Si/Sinterface, where the gap between the SET leads has a larger
effect.
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treating the electron as a point particle and solving Poissquation for every possible
electron location. Integration of the resulting islandface charge density would then
give the induced island charge for an electron at that pdatiqooint. However, this
method would be time consuming and computationally intensand there is an easier
way to solve the problem which | will outline now.

Consider a system of isolated conductiigin two different con gurations; in the
rst con guration they contain charge®; at potentialsvj, and in the second charg@?

at potentialsvio. Then Green's reciprocity theorem states
aQv’= 4 Qi (3.50)
| |

| have not found a satisfactory proof of this in the literatso | reproduce my own proof

here.
Z Z
E D= ( Nf) D% (3.51)
W W
Z Z
= N D% N (fD9d% (3.52)
W W
Z Z
fN D3 = fr d (3.53)
W W
= 0 (because = 0 in the bulk.) (3.54)
Z Z
N fD9d3 = fD° AdA (3.55)
W ZﬂW
= fs %A (3.56)
w 7
=aVv s%A (3.57)
i W

= 4 viQ? (3.58)
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However we see also that

Z Z
E D% = eE E%% (3.59)
W ZW
= D E%% (3.60)
W
QED

Now consider a particular set of conductors: the leads daddsof a single elec-
tron transistor, any other nearby conductors, and a nedéelcyren modeled as a small
conducting sphere centeredxat Assume that all conductors except the SET island and

the electron are grounded at all times. And consider theviallg con gurations:

Qisland Qelectron Visland Velectron

unprimed| Q e 0 ?27?7?

primed Q 0 \% Vy (X)

The unprimed situation corresponds to an electroniatlucing a charg€) on the island
of the SET, which is grounded. The potential at the electsdeaft unde ned. The primed
situation corresponds to removing the electron frobut isolating the island of the SET,
so that the island charge remaf@dut its potential changes ¥. Because in this case all
conductors are grounded but the island, Wihyng= V, the potential ak is the solution

to Laplace's equation, which | cally (x). By Green's reciprocity theorem we have

QV+eVy(x)= Q 0+ 0 2?27 (3.61)
=0 (3.62)
Q= ey(x): (3.63)

Thus the charge induced on the SET island by an electron diqpos is just the solution
to Laplace's equation at given a unit potential on the SET island with all other conduc

tors grounded and the electron absent. We can therefonelatdd aplace's equation a
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single time for a given SET geometry and know the charge iedwmn the SET island
by an electron at any position. The result for my SET geomstspown in Figure 3.14.
Although this simulation included the effect of the condigtsubstrate um beneath the
surface, it is nearly irrelevant because the substrate ehrfarther away than the island
dimensions. For an electron directly beneath the SET islaatimoves from its donor
site 50 nm below the surface to the interface 20 nm below, la@ge in induced island
charge is 0.15 e. To distinguish this motion above themj())m noise of a typical SET

_ 2
at 1 kHz would require an averaging time of 100|1t3=p Hz=0:15e 0:5 psec.

3.3 Synopsis

To recap, the SET geometry | have designed, with wide leadsaamearby back
gate, should shield donors from 90% of the effects of the S&Jilg gate. While this rep-
resents a reasonable rst try, signi cant improvement cbioé realized with even wider
leads. The substrate-induced eld in this design is unifeeraround 10%, which means
that the critical ionization voltage for donors at a unifodepth beneath the SET is also
uniform to 10%. The signal measured using this design shexdded 0.1 e, large enough

to substantially exceed the noise in our experimental setup

51



source island drain

z (nm)

0.04

_100....I....I....I....I....I....I....I....I....I....-
-50 -40 -30 -20 -10 0 10 20 30 40 50

X (nm)

Figure 3.14: Contour plot in thez plane of charge induced on the island of our SET by
a nearby electron as a function of the electron’s positiome tUinit is one electron. The
gray area represents the Sifayer.
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Chapter 4
Fabrication and measurement of SETs coupled to individoiabds

4.1 Con guration of an SET coupled to an individual donor

Each of my devices consists of several Al SETs fabricatettestrface of a doped,
oxidized Si wafer. The Si oxide is 20 nm thick. The wafer is\hkyadoped with B
acceptors about im below the surface to form a back gate (which | call eitherthek
gate, or more simply the substrate). The P donors we wantitly stre much shallower,
about 50 nm below the surface, and the doping density is loougm that only a few
donors lie beneath the SET island. Each SET has an islandevduodact area with the
substrate is about 50 nm 50 nm, and it has very wide leads close together that act to
shield the donors below from external elds, as discussesiction 3.2.1. There is a gate
above the surface of the wafer which controls the operatmgtf the SET and in the
ideal situation the elds from this gate should be kept outhaf substrate in the vicinity of
the SET island by the ground plane formed by the wide SET le&ad®quivalent circuit
model of the device is shown in Figure 4.1, with a more realdiagram of the layout in

Figure 4.2.

4.2 Fabricating an SET coupled to an individual donor

Fabrication of these samples consumed the largest part ¢ifmey and the recipe
grew ever more complicated as the research progressed. d¢ivel a correspondingly
detailed account of that recipe now, including how to avaiche common pitfalls. The
recipe can be divided into four distinct steps: doping anidliaing the substrate, pho-

tolithography for the leads and bond pads, e-beam lithdgrapd Al evaporation for the
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Figure 4.1: Equivalent circuit diagram of a single electt@nsistor coupled to a single
P donor in Si. Source and drain electrodes are attached tsltr by small tunnel
junctions. Both the gate and the substrate couple to thedstapacitively and modulate
the drain-source current. The circle between the substmadethe island represents a
donor. When the electric eld between substrate and islaatines some critical value
the donor electron ionizes, increasing the effective fmddility of the dielectric and
changing the conductance of the SET.
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Figure 4.2: Layout of a single electron transistor coupled few P donors in Si. (a)
Top view of the Al pattern showing the wide leads separated 50 nm gap. The island
is 50 nm wide and 150 nm long, but only 50 nm of this length aredntact with the
substrate. (b) Side view showing the gate, SET, and subsirae gate is separated from
the substrate by Kapton spacers at either end, about2hick.




SETSs, and wiring.

4.2.1 Doping and oxidizing the substrate

Back gate

Application of an electric eld to the donors requires fatation of a suitable gating
structure. We chose to use a back gate created via high elmergyplantation of B to
a depth of Jum. While it is possible in principle to gate the donors with atallic gate
near the SET on the surface of the wafer, a back gate will m®dumore uniform and
easily understood electrostatic eld than a side gate canagion. So although | used
metallic side gates in my earliest experiments, | soon $wicto a p++-Si back gate.
While it is also possible to metallize the back surface ofwlader to create a back gate,
this arrangement is far from ideal because it substantiaigens the screening of the
donors from external elds; the screening is most effectiteen the dimensions of the
Al metallization on the wafer surface are much larger thandistance to the back gate.
Having a back gate so far away also introduces all of the iitipatbetween the back and
front of the wafer into the experiment, which is clearly sohneg that we would like to
avoid. To be quantitative about that, consider the bestwedecan hope to obtain, having
a resistivity 10 KWcm. For a p-type wafer this yields a lower bound for the iniyur
concentration of 1% /cm3.[71] For a 300um thick wafer this gives a 2-D density of
3 10'%/cm? which approaches the density of P donors | used in this exeti. Perhaps
more importantly, use of a back gate 300 away necessarily would require much larger
applied voltages to achieve similar electric elds, vokagvhich could easily lead to a
destroyed device if the surface oxide broke down even in d satgon.

Sample fabrication begins with a 2-inéh100>, oat-zone, n-type wafer, resistiv-
ity 10 k\.cm. Before any lithography is done | need alignment markse fiecipe for

these is:
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. Spin HMDS adhesion promoter, 4000 rpm, 60 sec.

Spin OIR 908-35 positive photoresist,[72] 4000 rpm, 66 $®r all resist spinning
steps | suggest ramping up the spin speed 4000 rpm/sec to get a more uniform
layer.

Bake on hot plate, 90°C, 3 min.

UV expose through mask, 12 mW power, 13 sec.

Develop in OPD 4262,[73] 60 sec.

Rinse in deionized water, 30 sec.

Blow dry with Np gas.

Etch alignment marks in reactive ion etcher. Use prodessixfor 1 min. and
mesasixor 5 min. These are pure §Etches.

Ultrasonicate in acetone, methanol, and isopropanolnS each.

Next | fabricate the back gate. As mentioned earlier, thtoise with ion implan-

tation of B. To avoid large parasitic capacitances betwherback gate and the Al leads

of the single electron transistor, | use a mask for this stegghvcon nes the doping to a

small region. The recipe for this mask, made of Al, is:

1

[
= O

© © N o o ~ w0 N

Evaporate Al in e-beam evaporator, 1500 nm.

Spin HMDS adhesion promoter,[74] 4000 rpm, 60 sec.
Spin OIR 908-35 positive photoresist, 4000 rpm, 60 sec.
Bake on hot plate, 90°C, 3 min.

UV expose through mask, 12 mW power, 13 sec.
Develop in OPD 4262, 60 sec.

Rinse in deionized water, 30 sec.

Blow dry with N, gas.

Etch in JT Baker 80-15-3-2 Al etchant,[75]60 min.

. Flowing rinse in deionized water, 5 min.

. Blow dry with N> gas.
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12. Ultrasonicate in acetone, methanol, and isopropamain5each.

13. Blow dry with N, gas.
The wafers are then sent to Core Systems[76] for ion implimtaf B at an energy
of 400 keV and a density of:3 10 /cn?. This is the maximum energy that Core
Systems can provide. Earlier samples were sent to Implaen&es,[77] who can provide
a 500 keV acceleration. The areal density of the implant vi@sen to insure that the
peak acceptor concentration would exceed the metal-itmgutansition and so conduct

at low temperatures.

Oxidation

There is a trade-off in these experiments between the dedia@ve as thin an oxide
as possible, thereby maximizing the sensitivity of the S&tharge motion beneath the
oxide, and the desire for a thick oxide, which is generallyrenidleal, more robust to
damage, and more free of defects. In the end we chose 20 nrah\Wwhs a relatively
high breakdown voltage near 20 V, but is also thin enough émdgcharge sensitivity as
described in Section 3.2.2. After the wafers have been imgtawith B they are oxidized
as follows:

1. Etchin JT Baker 80-15-3-2 Al etchant,60 min to remove implant mask.

2. Flowing rinse in deionized water, 5 min.

3. Blow dry with Ny gas.

4. Ultrasonicate in acetone, methanol, and isopropanoln5 each.

5. Blow dry with Ny gas.

6. Piranha soak, 10 min. This consists of 150 ml of concesdr&abSO4 heated in

a 200 ml beaker on a 120°C hot plate to which | added 50 ml of 3Q@,Hlight

before introducing the wafer.

7. Flowing rinse in deionized water, 5 min.

8. Blow dry with N, gas.
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9. Dipin HF/H,O 1:10, 5 sec.
10. Dip in deionized water, 5 sec.
11. Blow dry with N, gas.
12. Anneal in a tube furnace, 950°C i @r 25 min., 950°C in N for 30 min., 450°C
in forming gas (H+N>) for 30 min.
This gives an oxide thickness of 180with uniformity 5 A across the wafer, as mea-
sured with an ellipsometer. The high temperature stepsaaibeate the implanted accep-
tors.
Figure 4.3 shows a Monte Carlo simulation of the implanted$&itbution (assum-
ing a 500 keV implant) before oxidation and secondary ionsysgectrometry (SIMS)
data from an actual sample after the oxidation step. Theadprg of the SIMS distribu-

tion compared with the simulation is most likely due to d#ilen during oxide growth.

P donor implantation

The goal of these experiments was to see differences bet3E€s with and with-
out a P donor layer beneath them. To achieve this while clhinfyas many other vari-
ables as possible, | used a mask for the P implant. InsteadAlfmask, as is used for the
B implant, | use a simple photoresist mask. The Al mask is s&angy for the acceptors
because higher density and energy implantation hardensist neask, making removal
nearly impossible. This is not the case for the lower deraity energy P implants. The
recipe for this mask was:

1. Spin HMDS adhesion promoter, 4000 rpm, 60 sec.
. Spin OIR 908-35 positive photoresist, 4000 rpm, 60 sec.
. Bake on hot plate, 90°C, 3 min.

2
3
4. UV expose through mask, 12 mW power, 13 sec.
5. Develop in OPD 4262, 60 sec.

6

. Rinse in deionized water, 30 sec.
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Figure 4.3: B concentration as a function of depth benealstinface for a sample im-
planted at 500 keV and at a density 052 10 /cm?. The solid curve shows SIMS data
from an actual sample after growth of a 28Ghermal oxide. The dashed curve shows
the result of a Monte Carlo simulation. The spreading of tiMSdistribution compared
with the simulation is most likely due to diffusion duringidg growth.
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7. Blow dry with N; gas.
The wafers are then sent to Core Systems for ion implantafi®rat an energy of 35 keV.
| made two sets of samples, the rst at a density 0f6m? and the second at a density of
10 /c?, and data from these samples is presented in depth in Chapt8r Figure 4.4
shows a Monte Carlo simulation of the depth of this implandnf which we can see
that the peak density should lie below the metal-insulatandition (35 108 /cmd)
even for a sample implanted at'£0cn?. This distribution was not checked with SIMS
because Si-H molecules near the surface, with a mass nhatlgftP, complicate such a
measurement. The resist is then stripped and the dopaivatadt

1. Ultrasonicate in acetone, methanol, and isopropanoin5 @ach.

2. Blow dry with N, gas.

3. Anneal in a rapid thermal annealer, 950°C for 5 sec.

The anneal temperature was chosen based on an earlier &=t & high resis-
tivity wafer out for implantation of P at the 3®/cn¥ level and annealed pieces of it at
850°C, 950°C, and 1050°C, each for 5 sec. Each piece then hashaured resistivity
of 5KkW atroom temperature, while an unannealed piece had régistiW . |
concluded that annealing at higher temperatures did notase the activation ratio. If
we assume full activation we calculate a mobility of 125G &#s, a reasonable value for
the room temperature mobility of electrons in bulk Si at imgurity concentration.[78]
There is some evidence that P diffuses very quickly near a Biterface due to excess
interstitials there.[23] If this is truly the case then it wd be worthwhile investigating

other column V donors for use in these experiments.

4.2.2 Photolithography for leads and bond pads

My e-beam lithography is too slow to be practical for fabtica of the leads and
bond pads for SET devices. The most widely used techniquedotacting Al SETs

is to fabricate a pattern of leads and bond pads with phbtaitaphy. It is necessary

61



x 10

= = =
S (o)) (o]
— T T T T T T T

concentration (atoms/c%'m atoms/crﬁ)
=
N

o
N
—

=
N
—_—

0 200 400 600 800 1000 1200 1400
depth (A)
Figure 4.4: Monte Carlo simulation of P concentration asrefion of depth beneath the

surface for a sample implanted at 35 keV. The vertical lineksithe SiQ/Si interface at
a depth of 20@A.
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to use a metal that does not oxidize, usually Au, so that tharebe good electrical
contact between the leads and the Al SETs which are evapolater. This was the
route that | took for my initial experiments, and it workedllveNevertheless it turned
out that it did not meet my needs in the long term because weeddn do subsequent
high temperature processing of our samples. In particudawanted to do a forming gas
anneal at 425°C, a standard process in the CMOS industrpdsatvates dangling bonds
at the Si/SiQ interface. When | tried this anneal with our Au/Pt/Ti leadsalv strange
black coloration appearing where the Pt overlapped wittAhé solved the problem by
completely eliminating all metals but Al from the chips, é®ping a recipe to combine
the photolithography for the bond pads and the e-beam liiphyy for the SETSs into
a single Al evaporation step. In brief, the recipe | devetbpses photolithography to
de ne the leads and bond pads in a layer of photoresistvethe e-beam resist. This
pattern is then transferred to the e-beam resist layersatieitevia reactive ion etching.
The photoresist is selectively removed so that only theaybeesist stack remains. The
detailed recipe is:

1. Spin PMGI SFS8 resist,[79] 5000 rpm, 60 sec.

2. Bake on hot plate, 180°C, 15 min.

3. Evaporate Ge in a thermal evaporator, 200 5 A/sec, base pressure 2

10 8 Torr.

4. Spin 2200PMMA Al resist,[80] 3000 rpm, 60 sec.

5. Bake on hot plate, 180°C, 5 min.

6. Evaporate Au in a thermal evaporator, /50 5 A/sec.
These rst steps put down what | call the e-beam resist stackill discuss its use in
detail in Section 4.2.3. The recipe continues with the plitbtmgraphy steps:

1. Spin HMDS adhesion promoter, 3500 rpm, 60 sec.

2. Spin OIR 906-10 positive photoresist,[81] 3500 rpm, 66 se

3. Bake on hot plate, 90°C, 60 sec.
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UV expose through mask, 12 mW power, 5 sec.
Bake on hot plate, 120°C, 60 sec.

Develop in OPD 4262, 60 sec.

Rinse in deionized water, 30 sec.

Blow dry with N, gas.

© © N o 0 &

Dip in GE-8148 Au etchant,[82] 4 sec.

10. Rinse in deionized water, 30 sec.

11. Blow dry with N, gas.

12. Ash using DESCUM (1.75 Torr£at 100 W) in Matrix asher, 2 min.
The photolithographically de ned pattern has now beendfared through both the Au
layer on top of the e-beam resist stack and the PMMA.. Etchioygssat the Ge layer. The
remaining steps remove the photoresist and coat the sanipl@wew layer of resist to
protect it while it is diced into smaller chips:

1. UV expose without a mask, 12 mW power, 10 sec.
. Develop in OPD 4262, 60 sec.

. Rinse in deionized water, 30 sec.

2
3
4. Blow dry with Np gas.
5. Spin OiIR 906-10 positive photoresist, 3500 rpm, 60 sec.
6. Bake on hot plate, 90°C, 60 sec.
7. Dice wafer into 6.4 mm 11 mm rectangles using a wafer saw.
Figures 4.5 and 4.6 show how all of the doping and photolitaphy steps are

aligned with each other.

4.2.3 E-beam lithography and Al evaporation

What remains is to write the SET patterns with e-beam litapgy, use double-
angle evaporation to make the junctions, lift off the renragrresist, and do a nal form-

ing gas anneal for Si/Sisurface passivation.
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Figure 4.5: Three photolithography masks superimposelid Black areas will become
an Al layer, comprising 14 capacitors (black squares) ortdbeand bottom, as well as
the leads and bond pads of the SETs. The bond pads of the SEBha@ted together
to provide protection from electrostatic discharge dumvigebonding - these shorts are
opened after wiring up the devices. The area outlined byraler dashes is implanted
with B acceptors to form a back gate. The area outlined bydodgshes is implanted
with P donors, so that there are a total of eight SETs with dobeneath them and another

eight without.
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100mm

Figure 4.6: Magni ed view of the center of Figure 4.5 showif\bleads in solid black,
approximate SET positions marked with crosses, and an arplamted with P donors
outlined with a dashed line. The B acceptor back gate liegdibrthis entire pattern.
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E-beam lithography

1. Take one of the 6.4 mm 11 mm diced chips.
2. UV expose without a mask, 12 mW power, 10 sec.
3. Develop in OPD 4262, 60 sec.
4. Rinse in deionized water, 30 sec.
5. Blow dry with Ny gas.
This removes the protective layer of resist to expose theuyidg e-beam resist stack.
1. E-beam expose the pattern. Further details at the endasafetbtion.
Dip in GE-8148 Au etchant, 4 sec.
Rinse in deionized water, 30 sec.
Blow dry with Np gas.
Develop in MIBK/IPA 1:3, 60 sec.
Dip in IPA, 60 sec.
Blow dry with N, gas.

Etch pattern in reactive ion etcher using proaesssixfor 18 sec.

© © N o 0o ~ w0 N

Ash using DESCUM (1.75 Torr £) at 100 W in Matrix asher, 2 min. Repeat this
step two more times, waiting for the sample to cool each time.

The e-beam has no trouble going through the AS&yer of Au. The Au serves two
purposes: it contains e-beam alignment marks etched dtheaghotolithography, and
it provides a way of focusing the SEM near the writing area. pBacing the e-beam in
point mode, so that it stops rastering the beam and diretsvdrd a single point, it is
possible to “burn” a hole into the resist which is good fordsing. | found that this was
only possible with a metallic layer above the PMMA, and | ahéal instead of another
metal because it provides good contrast for the alignmenitsna

| use a JEOL 6500 SEM with Joe Nabity's NPGS system to do thessrlexposure.

A typical e-beam pattern for one SET is shown in Figure 4.7sd doses of 2.3 nC/cm
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H —— 200 nm

Figure 4.7: CAD le for e-beam writing with NPGS. The solichés represent single
traces of the beam. The areas outlined by dashed lines willdekin by a serpentine
sweep of the beam. Although the top and bottom groups of neslisjoint, they will be
electrically connected during the double angle evapanatio
for the lines and 50QuC/cn? for the areas. | use lines for the ne features to allow me
more control over exactly how the features are written.

| note that GE-8148 etches Ge as well as Au, so that the phuaighaphically
de ned features (already transferred to the PMMA layer) i broadened if the sample
is immersed for too long. The pattern is developed in MIBWHnd then transferred via
reactive ion etching to the Ge layer. The ashing steps caratendercut in the PMGI
which is a necessary component of the double-angle evaponated to create the SET
tunnel junctions. The undercut rate appears to be a funcfie@mperature, so | allow
the sample to cool between the ashing steps. | prefer to usg etah for the undercut

because it doesn't expose delicate structures in the Ge faytee surface tension of a

wet etch.

Al evaporation and forming gas anneal

| use the standard technique of double-angle evaporatidaktiacate the tunnel
junctions of the SETs.[83] Briey, a rst layer of Al is evapated at one angle through

the Ge mask. This layer is then oxidized in a pured®mosphere, and a second layer
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of Al is evaporated at a different angle to form the junctidrhe evaporator should be
as clean and baked out as possible for reproducible ressiltg this technique. | did
not consistently get the resistances | wanted for the SETiklwtopped using a diffu-
sion pumped evaporator that was vented before each eveporhtstead | built a turbo
pumped evaporator with a load-lock system so that the chambeld be well pumped
out and outgassed before every evaporation, reaching pbassure 10 ’ mbar. With
this system SET resistances became reproducible in the 808 from run to run. The
evaporation steps are:

1. Evaporate 308 Al, 5 A/s, +15.5°.

2. Introduce 30 mTorr of pure £nto the chamber, wait 3 min.

3. Pump out the chamber to high vacuum again.

4. Evaporate 808 Al, 5 A/s, -15.5°.
| typically do not start the evaporations until the pressarthe chamber is well below
10 ® mbar, although it may rise as high as 30 ® mbar during evaporation due to
heating of adsorbed gases on the chamber walls. The litraffannealing steps are:

1. Immerse in N-methyl pyrrolidone (NMP), 80+°, until the Adn peels off, about

10-20 min.

2. Spray with isopropyl alcohol.

3. Blow dry with Ny gas.

4. Anneal in a tube furnace, 425°C in forming gas, 30 min.
The lift-off typically requires some “encouragement” by againg along the edge of the
sample with tweezers. This is because some Al adheres diwurgle-angle evaporation
to the edges of the sample where there is no resist. Figurghdws a scanning electron
micrograph of an SET I built using this procedure.

The annealing changes the resistances of the tunnel jasctRecause the geome-

try of the SETs was changed simultaneously with the adddfadhe forming gas anneal

to the process, it is dif cult to compare resistances frommgkes before and after | started
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SEI 30.0kY X70,000 100nm WD 89mm

Figure 4.8: SEM image of one of my SETs showing the wide leagsusited by a 50
nm gap and the 150 nm long island. The area of the island iraconith the substrate,
outlined in yellow, is about 50 nm 60 nm.
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doing this anneal step. | can say with con dence that thestasce rises by a factor of
5-10 from the anneal. This agrees reasonably well with argtlablished result.[84] |
do not believe that the capacitance of the junctions chabgesore than a few tens of

percent.

4.2.4 Wiring

It is not possible in practice to gate the single electrondistors | have described
using a traditional gate on the substrate surface. Thisaause the island is shielded
effectively by the wide SET leads, as desired. For a gateepglaight in proximity with
the leads the 1 e period is still over 20 V! Such a voltage isoeptable because it will
very likely lead to breakdown of the surface oxide. Insteasgd a gate separated from the
sample by a thin, 25m (1 mil) Kapton spacer. Kapton has a dielectric strengtlatgire
than 2 kV/mil, so breakdown should not be a problem even fer td50 V potentials
| apply. The gate itself is a 0.5 mm 6 mm piece of n++-doped Si that still conducts
for T! 0. Si was chosen instead of metal in order to most closely imidte thermal
contraction of the substrate.

| start by placing the sample, patterned side up, on a hegg staderneath an optical
microscope. | cut small, 0.5 mm wide, rectangles of adhesive-free Kapton and place
one at either end of the sample by hand with tweezers, taldngmot to let them touch
any of the Al metallization. | then place the gate lengthvaseoss the Kapton pieces,
making sure that it overlaps with the center of the samplerevkiee SETs are located.
Using an XYZ translation stage with tweezers attached | apply gentlsspre to the
gate so that it lies at against the spacers. Too much pressill bend the gate all the
way down to the sample surface. | apply an extremely smalhtfyaof Epo-Tek H72
epoxy[85] at either end using a piece of 1 mil diameter wird auare it at 100°C for
20+ min.

After gluing the gate above the sample | use In solder to latt&um Au wires to
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it and to the heavily doped substrate. The In diffuses enalugimg soldering to make
good ohmic contact to both pieces of Si. Then | use a black wamdunt the sample on
a 14-pin DIP header.

Wiring up Al single electron transistors is the most commiametfor them to be
damaged. The small tunnel junctions are extremely seaditivstatic electricity, and
every effort must be taken to ensure that no large poterdjgeear across them. My
lithography pattern includes shorts between the draim¢soleads of each SET so that
they are constantly protected. During sample wiring the Béader is held in a DIP
socket with all leads shorted together and to ground. | usedge bonder to attach Al
wires, bonding directly from the Au-plated DIP header pimshte Al bond pads on the
chip. Then while the leads are still shorted together anddord | use a ne diamond
scribe to cut through the Al shorts on the chip. | found the sleribing step by itself can
destroy SETSs if the leads are not shorted together by the &kes. Beyond this point
| use extreme care when transporting the sample, never guawvithout having all the
leads shorted. Figure 4.9 shows a photograph of a repréisersample after mounting

on its chip header and wiring up.

4.3 Experimental techniques

| made a variety of measurements on these samples, fromesim@hsurements
of the SET resistance at room temperature to more compliGteneasurements using
feedback in a dilution refrigerator. The following sectodescribe the measurement

techniques | used.

4.3.1 Resistance characterization

The easiest sanity check, and the rst measurement | woulkienadter sample

fabrication, was a simple measurement of the SET resistaasiceoom temperature. |
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1 mm gate bond pads

Figure 4.9: Photograph of a typical sample showing the loactangular gate and bond
pads.
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would also check for leakage between the substrate and thdeaHs, and between the
gate and the substrate. SET resistances at room tempeayatieegood idea of the quality
of the SETs. SETs with too low a resistanege 20 KW) will not show good Coulomb
blockade characteristics, while SETs with too high a rasist will not give good signal
to noise ratio. | aimed to have resistances in the 50-WW@ange.

The resistances change by a few tens of percent upon coolh@ K. Also, wire
bonding damages the thermal oxide on the surface of the Sirwsd that the leads are
typically shorted with a few 10's of W to the substrate. This means that the resistances
| measured at room temperature were not very representstibat | would measure
in the dilution refrigerator, but they would at least tell nvbether it was worth cooling
the sample at all. If the resistance was only a fallkcould be sure that the junctions
had broken down, and if it was more than a few hundréd kcould be reasonably sure
that the SETs had blown up completely. If the SETs seemed ativoom temperature |
repeated the resistance measurements at 4.2 K in a vacuuwstiatipvith exchange gas.
The dip stick has ten unshielded wires on a ribbon cable aee tln Itered coaxial lines
connected to a 14-pin DIP socket. At liquid He temperatueestiibstrate is an insulator
for weak electric elds, so the leads of the SETs were no lorgi®rted by substrate
leakage. The resistances were measured with a Fluke 8asititteld DVM on the MV
scale. Keeping the DVM in this range ensures that it doesnltee enough current to

blow up the Al/AIQ/Al junctions.

4.3.2 CV measurement

Along with rough resistance measurements | also made roajggcttance-voltage
(CV) measurements to characterize the doping in the subsbrath at room temperature
and at 4.2 K. Simultaneously with the fabrication of the SETsade large (40Qum
400um) Al pads on the substrate for this purpose. | wired them tim @apthe DIP header

using In solder and Au wire, as with the substrate and gates @ast be taken during this
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Figure 4.10: Schematic of CV measurement. A triangle waepied to the substrate,
and the resulting current through the substrate-pad dapasi measured with a tran-
simpedance ampli er.

soldering not to push too hard on the Al pad, thereby puncthingugh the underlying
silicon oxide.

The CV measurements were much easier with the three coabéson the dip
stick than with the unshielded lines due to the lower paras#tpacitance. Measurements
in the dip stick were made by applying a triangle wave to thessate and measuring the
resulting current to the Al pad with a transimpedance angpl(see Figure 4.10). The

capacitance can be extracted via the relation

l=Cyp (4.1)

where | is the measured current asid=dt is the ramp rate. The data was recorded with
a digital oscilloscope and transferred to a computer witloapy disc. For CV measure-
ments of a sample in the dilution refrigerator the functiengrator and oscilloscope were

replaced with a computer-controlled DAC and ADC, respetyiv
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4.3.3 Measurement of charge motion with SETs

Provided the SETs looked alive and the substrate dopinglbotasonable from the
CV measurements | would cool the sample to 15 mK in an OxforgiKex 100 dilution
refrigerator. Our refrigerator is wired with seven coaxiables and several twisted pairs.
The coaxial cables are Itered with Pl Iters at the top, heahk to a 4.2 K plate, to the
1 K plate, and powder- Itered at the mixing chamber. The tedspairs are heat sunk at
4.2 K, 1 K, and at the mixing chamber, but they have no powderd. The seven coaxial
cables terminate on a 14-pin DIP socket, as in the 4.2 K dgk,sfo that samples are
interchangeable between the dip stick and the dilutiorigefator. There is also a red
LED in vacuum at the top of the fridge connected to a ber opaible that winds down a
4.2 K nger and points directly at the sample. | used this teate electron-hole pairs in
the Si via illumination.

| made a sequence of basic measurements to characteriZ€ Ted8&fore launching
into more complicated measurements of charge motion. | dvewkep the drain-source
voltage for each SET and record the resulting current. Tikesga reasonable estimate of
the charging energy of the SET and therefore of the optimaht® apply for maximum
charge sensitivity. Then I would x {sand sweep the voltage on the gate to get a measure
of the gate-island capacitance for each SET. The 1 e period tisis gate could be as
high as 50 V or more, so it was necessary to use a high voltagé aml use an RHK
HVA-2000 which allows input voltages of 10 V and has a gain of 45.[86] | would then
sweep the substrate potential to get a measure of the (eettegendent) substrate-island
capacitance.

Measurements of smaller signals required a more sophistidcachnique. SETs
are extremely sensitive charge detectors, but they arehabdy non-linear and need to
be biased properly for maximum charge sensitivity. For gXemif the voltage on the

gate was set to place the operating point directly on top efafrthe Coulomb blockade

76



peaks, where the slope is at, the charge sensitivity woal@déro! On the other hand, to
search for charge motion in the substrate requires apialicaf at least several hundred
mV to the substrate itself. With my SETs the 1 e period witlpees to the substrate
potential was 100 mV, so that sweeping the substrate over a range of sduandred
mV constantly changes the operating point of the SET. Mytgmuvas to use a feedback
circuit, acting on the gate above the sample, to maintaimateat s, therefore keeping
the charge sensitivity of the SET constant.

Another complication was that, because the SETs are suditiserdetectors of
charge, they are sensitive not only to the signals we wantegeasure but also to every
other charge moving in the vicinity of the island. Much of titeserved charge motion is
random in time or moves only slowly in response to an extéregdplied eld, but we
are only interested in the charges that move rapidly in agpklds. By applying an ac
dither to the substrate and looking for changes in the ctutheaugh the SET at the dither
frequency we could isolate the interesting charges. Theeditequency was chosen low
enough to be within the bandwidth of our current preamplbat high enough that it was
outside the bandwidth of the feedback response. Therdieressponse of the feedback
circuit gives a measure of the quasi-dc changes in chargetme&ET while the signal
at the dither frequency measures only fast-moving chargeschematic showing this

measurement con guration is given in Figure 4.11.
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Figure 4.11: Simpli ed schematic of charge measuremerit ait SET. Applied voltage
Vgs causes a currengdto ow through the SET. This current is modulated by voltages
applied to the substrate and the gate, as well as by any cihrartien within the substrate
near the SET island. Bothg\nd V,¢ are applied to the substrate, bus i¢ varied in a
guasi-static way and is much larger thag:VV ¢ is typically at 1 kHz, which leads to
a substantial signal throughs¢ay that interferes with the measurement @f IThis stray
signal is intentionally bridged out with another capacébmroom temperature (Gy).

lgs is ampli ed with a lab-built, room temperature current prgali er of gain 10° W
and bandwidth 3 kHz. The PID feedback circuit servos the galtage (through a high
voltage ampli er, gain 45) to maintain constant,lbut its bandwidth is kept well below
1 kHz so as not to affect ). The lock-in ampli er monitors the response of the SET to
Vacat 1 kHz. The PID feedback response, lock-in X-channel, ggdre all recorded by
three channels of an ADC.

78



chapterData and analysis In this chapter | will describe rgeements in more
detail, and | will present the data and results from some add¢hexperiments. All of the
measurements were made below 100 mKin a 1 T magnetic eld iataia the SETs in

the normal state, unless speci ed otherwise.

4.4 Traditional design: quasi-dc measurements

My rst efforts to measure single donor ionization used a mammpler design and
geometry than the one described in Chapters 3 and 4. Rathreuging the wide leads
of the later design, | used a more traditional SET design ekt Al leads consisted of
lines as narrow as the island itsedf, 100 nm wide, the substrate had no doping to create a
back gate, and an Al surface gate near the SET island, thal*Igate, was used to apply
elds to the donors. A wire suspended above the sample, #mote” gate, was used to
bias the SET onto the steepest part of the Coulomb blockaale fpe maximum charge
sensitivity. Figure 4.12 shows a picture of a typical SEThi$ type. The samples were
fabricated starting with high-resistivityy(10 K\-cm) Si on which | grew 20@ thermal
oxide. The wafer was then sent to Core systems for a P implé&8% &eV. The implant
was annealed at 850°C impNor 30 min. to activate the donors and at 450°C in forming
gas to passivate the Si/Siinterface. | used standard photolithography with negative
resist to de ne an array of Au/Pt/Ti bond pads and leads uaifhfjoff process, followed
by electron beam lithography and double-angle evaporatiameate the SETs. Unlike
my later design, this design incorporated different metet®ntact with each other where
the Al layer came in contact with the Au/Pt/Ti, and | foundntpossible to anneal these
junctions at 450°C without intermetallic reactions. THere | was unable to do a surface
passivation anneal in forming gas after lithography. Assipossible that the e-beam
lithography creates defects at the interface, this exphaimy | chose to move to an all Al

process in my later design as described in Chapter 4. | hakeded in Tables 4.1 and

79



SEI 300KV X75000 100nm WD 8.8mm

Figure 4.12: SEM micrograph of my early SET design showindedalds, island, and
side gate. All the features have slightly offset identicgpies due to the double-angle
evaporation.

4.2 a synopsis of the samples | will discuss in this chaptefuding the type of SET on
each substrate (traditional or wide-lead/back gate) aadPtonor density.

To look for gross charge motion involving large numbers @calons in the sub-
strate | performed quasi-dc measurements on these samflesting with the local
gate grounded, | swept it to negative voltages, generatelds in the substrate up to

100 kV/cm. Simultaneously | had a feedback circuit (desatilm Section 4.3.3) con-
nected to the remote gate, trying to keep a constant draireseurrent through the SET.
If we assume that the remote gate has very little effect ongehaotion within the sub-

strate, (a bad assumption as it later turned out) then tpensg of the feedback loop tells
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name of substrate  type of SET P donor density (atoms/cim
#1 traditional/side gate 0
#2 traditional/side gate 10t
#3 traditional/side gate 10'°
#4 wide-lead/back gate 10 or 0 depending on locatiofp
#5 wide-lead/back gate 10 or 0 depending on locatiofp

Table 4.1: Substrates discussed in this chapter. For shaiidevices on a given substrate
see Table 4.2.

name of device type of SET P donor density (atoms/cim
SET1-1-9 | traditional/side gate 0
SET4-2-2 | wide-lead/back gate 0
SET4-2-7 | wide-lead/back gate 10'°
SET5-1-5 | wide-lead/back gate 10t
SET5-1-8 | wide-lead/back gate 10t
SET5-2-5 | wide-lead/back gate 0
SET5-2-6 | wide-lead/back gate 0

Table 4.2: SET devices discussed in this chapter. The rstloer in the SET name refers
to the substrate it was on; the second to what column of theéBEY it was in; the third
to the row, counting from the bottom.
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us directly about that charge motion. More speci callyiéte were no charge motion in
the substrate then for every changen the local gate there should be a corresponding
change Véff—ncste on the remote gate, whe@g .a andCremote@re the capacitance between
the SET island and the local and remote gates, respectielyiations from this linear
behavior are an indication that additional charges beybadisual polarization of Si are
moving near the SET islan@ocq andCremoteCan be determined by the Coulomb block-
ade peak spacing near zero potential if we assume that themedharge motion in this
regime.

Unfortunately the true situation was not quite so simplealise the range of the
remote gate was restricted for two reasons. First, to keeBHIT operating on the same
Coulomb blockade peak while sweeping the local gate by 1 ¥ @ipproximate voltage
needed to ionize donors in this geometry) would have reduapplication of a few kV
to the remote gate. This was impossible because our setypgameé me a few hun-
dred V to work with. Furthermore, although we anticipatedtttine remote gate would
have only a small in uence on the charges within the samplagvertheless seemed a
good idea to minimize its in uence as much as possible byistg its range. | accom-
plished this by “resetting” the feedback circuit by severathen the remote gate voltage
reached extremal values within a predetermined range. Awé Bhown schematically
in Figure 4.13, what | mean by this is that | would have the Besatt circuit pick a new
operating point, equivalent to the previous operating pwirihe sense that each corre-
sponded to the same drain-source current, but at a loweagalfThis was only possible
because the drain-source current of an ideal SET is peniodie gate potentials. When
the feedback loop was operated this way the resulting remfcifte remote gate potential
was a sawtooth instead of a simple line, but the line couldeoenstructed by splicing
together the teeth of the sawtooth. However, let me stresstiie equivalence of this
spliced dataset with a dataset that would have been acquitiedut any feedback resets

is founded on the (now known to be wrong) assumption that ¢in@ote gate has only
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drain-source current

remote gate potential

Figure 4.13: Simulated Coulomb blockade peaks as a funofioemote gate potential.
Four equivalent operating points for the feedback loopcegdy 1 e, are marked with
circles. The feedback loop can be moved between these puaithitsut changing any of
its parameters.
small effect on substrate charge motion.

| followed this procedure for several SETs on a substratbowuit any intentional
doping (substrate #1) as well as on substrates doped witthe atY/cn? and 13%/cn?
levels (substrates #2 and #3 respectively.) For examptyré€i4.14 shows Coulomb
blockade peaks from SET1-1-9 on substrate #1. The local ggiacitance is:g@1
0:04 aF, obtained from a least squares t to the peak spacingur€i4.15 shows two
quasi-dc datasets from this SET obtained by sweeping tta g@ate in opposite direc-
tions and recording the feedback response on the remoteldaee subtracted a linear
background from the data as described on page 82, so thaathgdints represent ad-
ditional charge induced on the SET island beyond that erpeicom a simple capacitive
model. There are several interesting features. StartiWig=aD and moving to more neg-
ative potentials we see that there is almost no charge maweag the SET island until
about -0.5 V. This is partly by design of course, because & pracisely this portion of

the data to which | ta line in order to subtract a linear baakgnd. Beyond -0.5 V the
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Figure 4.14: Coulomb blockade peaks near zero voltage f&EAnon substrate #1 with-
out any intentional doping.
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Figure 4.15: Charge motion near an SET on substrate #1 withguintentional doping
as a function of local gate potential. The actual sawtoothefcam that was recorded has
been spliced together to obtain a nearly linear datasetthigplot, the slope of the linear
dataset was then determined near zero potential and stdatritom the entire dataset.
What remains represents charges induced on the SET islyimhdbevhat is expected
simply from linear polarization of the dielectrics. Th@xis has been normalized by the
remote gate capacitance to units of 1 e.
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data acquire a different slope, so that by the time the loat@ geaches -1.0 V there are an
extra 2.7 e on the island. Reversing the direction of the pwiee data become almost at
again, but the initial trend is downward. This was my rst haf really time-dependent
behavior in these samples, because a downward trend isiauatin of the trend from
the rst sweep direction. Furthermore, when the voltage fietisrned to ground there is
still an induced charge of 1.5 e; the two datasets do not foohosed loop. This means
that even though the gate voltage has returned to its intiale, some charges that were
moving in the substrate have not returned to their initiablmons.

| suspected that this hysteretic behavior was time depéradehdid a simple test
experiment. | initialized the sample by xing the local gateltage at -1 V for 5 min.
Then | abruptly changed the potential to 0 V and recordedithe tesponse of the re-
mote gate feedback loop while keeping the local gate xedidlasimilar experiment
in the other direction, starting at 0 V and moving to -1 V. Tlesults are plotted in Fig-
ure 4.16. The voltage step induces a clear relaxation ofgelsawithin the sample that
lasts for hundreds of seconds. As there were very few donacaaptor impurities in this
substrate, nominallg 10 /cm?, it is probable that this charge motion is associated with
defects at the Si/Sig@interface, rather than with charges inside the Si itself.

| took quasi-dc data sets under nearly identical conditemsibove for SETs on
substrates #2 and #3 between 0 V and -1 V. | have plotted sosuétgdrom substrate
#3 in Figure 4.17, superimposed on the results from thensitisubstrate. The quasi-dc
behavior of substrate #2 was very similar to the intrinsiosstate, so | haven't plotted
it here. Following the red curve to the left we see that therdtie charge motion until
the local gate reaches -0.1 V. This voltage corresponds &emtric eld of 5 kV/cm,
which should be plenty strong to ionize donors farther th@d Am from the island; it
is not surprising to see charge motion begin at this voltagethe time the local gate
reaches -1.0 V this SET has an extra induced island chargmota25 e, and the charge

has returned to O e when the gate voltage returns to 0 V. Wiidad encouraging, there
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Figure 4.16: Time dependent charge relaxation near an SEhadoped substrate #1 after
a step change on the local gate. Charges do not move insédtetya change in voltage,
but instead relax back with a time constant of a few hundredrsds. The smooth curve
is a least-squares t of the data to an exponential decay.
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Figure 4.17: Quasi-dc charge motion near two SETS, one onnmadiyintrinsic substrate
#1, the other on substrate #3 implanted with P &£16m?. The arrows give the direction
of the voltage sweep.
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is a real problem in the analysis of the data from this sutestfa3): the slope of the
feedback voltage as a function of local gate potential wagmeeally constant, unlike
the way it was on the intrinsic substrate (#1). If you compgheetwo data sets you see
that the data from the intrinsic substrate (#1) is quite aditer and quieter than the
data from the 1¥ /cn? (#3) sample. Because | determine the “extra” induced island
charge by subtracting a linear characteristic from the,da@se slope is determined by
the behavior at low gate voltage, it is essential to have s@g®n where the slope is
relatively constant, and that was not the case with thisamigld sample. Therefore | am
very suspicious of the quantitative accuracy of these tesul

Furthermore, it was becoming clear during the course ofetlegeriments that
the effect of the remote gate potential on charge motion énstibstrate was far from
negligible, as | had assumed initially. For one thing, tlopslof the feedback response
would often change discontinuously when the feedback lesptrto a different Coulomb
blockade peak, and this could only happen if some charges iveing affected both
by the local gate and by the remote gate. But as | will desaniddé, | had even more
convincing quantitative evidence that the remote gate Wastang charge motion in the

substrate.

4.5 Traditional design: lock-in measurements

From Section 3.1.3 we know that the charges | am interestellsarving, electrons
moving between donor sites and the Si/gi@terface, should make the transition on
a ns timescale, much faster than the timescale for relax#tiat | was seeing in these
experiments. The slowly moving charges must have been gpfroam something else,
either from (undesired) impurity electrons moving muctttiar away than just to the
nearby interface, and therefore requiring a longer timeotoe back, or from electrons

slowly moving between other states such as defects assdaidth the silicon oxide. In
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an attempt to isolate only the fast moving charges | triedraeeriment using a lock-in
technique described in further detail in Section 4.3.3.eByril used the same feedback
circuit on the remote gate as | had used in the quasi-dc e@rpats to maintain a constant
drain-source current through the SET while sweeping thal lpate. But simultaneously |
applied a small (several mV) dither at 200 Hz to the local gake idea was that when the
dc eld approached that value which brought the donor insbreince with the interface
state, the electron would be forced to tunnel back and faettvéen donor and interface
in phase with the ac eld, which would yield an enhanced sigmgéhe SET at the dither
frequency. In these early experiments | also applied a diatioa signal to the remote
gate, 180° out of phase with the ac eld, to null the resporfsh® SET when there was
no charge motion.

The most interesting measurements of this type came frostrsb #2, doped at
10 /en?, although | obtained similar results with all three sulistsa In Figure 4.18 |
have plotted the SET response to a dither at 200 Hz for gatagekweeps in opposite
directions. For this SET | obtained a charge sensitivity :6f 110 4 eP Hz at 200 Hz,
and the time constant for the data in Figure 4.18 was about(L din't record the actual
value). This gives an integrated noise of 2.5 me, which vafyrees well with the 1.8 me
RMS noise of the data. The two resonant peaks have ampliafd€s3 me and 16.2 me,
clearly distinguishable above the background noise. Whstriking about the two data
sets is how closely the red one retraces the blue. | foundhisatvas not always the case,
and the main problem turned out to be the remote gate feedbagk

From Section 3.2.1 | know that the position of a resonant pe#ke space of local
gate voltage may be shifted by voltages on the remote gateding to Equation 3.41. At
the time the data in Figure 4.18 were taken, | had not yet doaealculation leading to
Equation 3.41, and was acting instead on the assumptiothinaémote gate would have
little effect on donors in the substrate. To test this asgiond changed the operating

point of the feedback loop by 1 e increments (so that the esaurce current would
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Figure 4.18: Driven charge motion at 200 Hz near an SET ontsatbs#2 doped with P

at 101 /cm?. Red and blue datasets correspond to different directimnhé dc voltage
sweep.
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not change) and retook the data each time. Contrary to mglihigpothesis it became
obvious that the remote gate had a huge effect on these twoaes uctuators. In
Figure 4.19 | have plotted the position of each uctuator darection of both the local
and remote gate potentials. The slopes of these two line§28e 0:1) 10 # and
(3:3 0:1) 10 “ Interms of Equation 3.33, these slopes are equaldo The local
and remote gate capacitances for this SET weré26 0:06 aF and &6 0:06 zF,
respectively. Therefore the shielding of these two uctuat(given by Equation 3.43)
isg=Q°  0:3andg=Q°  0:4. The desired situation witfg=Q% 1 is clearly not
achieved. More intriguing is the sign of the slopes - a pesislope means a negative
a, but this means that the local and remote gates countereletather, driving a given
uctuator in opposite directions! It is dif cult to envisio where these uctuators must
reside; the only area where the eld from the local gate igclied opposite to the eld
from the remote gate is near the local gate itself, but thisasa location where we
would expect charge motion to give measurable signals if6&E Furthermore, | saw
similar distributions of uctuators at all three substral@ping levels, so that it is dif cult
to ascribe them to donors. One possibility is that these twectuators resided on the
“phantom” island seen in Figure 4.12, between the gate an&HT island, although this

IS pure speculation.

4.6 Macroscopic capacitors: CV measurements

The preceding results pushed us to design a new single@tdcémsistor and gate
geometry. In particular it became clear that we needed hanlethe shielding of donors
from the feedback gate if we wanted to minimize its effectloent, and simultaneously
we needed to design a geometry whose eld con guration wdagdsimple to model if
we wanted to localize where our signals were coming from. pha&ntom island was

worrisome because it represented a oating potential, somaated to X its voltage
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Figure 4.19: Effect of the remote gate on the local gate sivitg voltage for the two
uctuators in Figure 4.18. The data agree well with a lineasd®l, although | have
perhaps underestimated the errors on the data points.
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Al pad
Sio,

intrinsic Si

Figure 4.20: Diagram of an MOS capacitor consisting of a pieped Si substrate (the
back gate), a nearly intrinsic n-doped Si region above #raGiQ dielectric, and an Al
pad on the surface.

somehow. And we realized that the ability to tune the Fernellen the substrate would
be a tremendous advantage, as it would allow us to selectpabulate or empty the
donors. The fruit of this rethinking was the design | diseass1 Chapters 3 and 4 with
very wide leads and a doped substrate for a back gate. As &l dedhe t this geometry
allows a nearly direct comparison with results from a mawop& (several hundregm
dimension) capacitor.

Capacitance-voltage (CV) measurements of semiconductartgres are tremen-
dously useful because they are easy to make yet provide niticb mformation, such as
dopant distribution, that we would otherwise have gottely through more dif cult SET
measurements. CV measurement is a standard techniquesi@coérizing semiconduc-
tor devices, including metal-oxide-semiconductor (MOB)cures, and is abundantly
described in the literature, so | won't give many of the dethere.[87] However, | will
give a brief outline of what | was looking for. Consider a ceipar, diagrammed in Fig-
ure 4.20, consisting of a p++-doped Si substrate (the baej,ganearly intrinsic n-doped
Si region above that, an SyQ@lielectric, and an Al pad on the surface. If we apply a large
negative potential to the substrate, an electric eld willld up between the Al pad and

the p++ contact. The eld will be directed toward the subtgyao that no holes will
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escape the p++ Si and move into the intrinsic region. The atgpae we measure will
be the series combination of the oxide dielectric and thenisit Si dielectric (assumed
nearly empty of carriers.) If we now increase the voltageleng++ contact far enough
the situation will reverse, so that the eld becomes dirdaway from the substrate. If
the voltage is increased further still there will come a twieen holes are emitted from
the contact into the valence band of the intrinsic regioneyTWwill ow under the in u-
ence of the applied eld to the Si/Sinterface, effectively shorting the p++ contact to
that interface. In this situation we will measure a diffdreapacitance than before, the
capacitance of the oxide dielectric alone. If we then stacteasing the substrate voltage
we will measure the oxide capacitance until all of the holegehbeen depleted from the
interface, at which point we will measure the series intdfexide capacitance as before.
Measuring these two capacitances gives us the thicknebg oikide and of the intrinsic
regions, assuming we know the area of the Al pad.

| made just this sort of structure by implanting B at 500 kekotigh the front side
of an intrinsic Si wafer with a density of:2 10 /cn?, as described in Chapter 4.
On the surface | grew 27210 A of oxide, which results in a dopant distribution like
the one plotted in Figure 4.3, and | evaporated g80AIl square pads. | measured the
capacitance at 4.2 K (no magnetic eld) by sweeping the g#tan one of the pads and
measuring the current which owed in and out of the substrdteis current is directly
proportional to the capacitance, and the results are plattEigure 4.21. The blue curve
shows a sweep starting with positive potential on the satestind therefore with holes
occupying the Si/Si@interface. As the voltage is decreased holes ow from theriiaice
to the substrate, and the measured capacitance is 283F. From this | calculate an
oxide dielectric constare= 3:6 0:2, which agrees reasonably with the accepted value
of 3.9. (The error here is dominated by the error on the Al paad avhich was written
with e-beam lithography and not well calibrated.) At 2.8 ¥ thterface has been depleted

of holes and the capacitance begins to drop; it continuesdp ds the depletion region
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Figure 4.21: Capacitance at 4.2 K of an MOS structure fatwetgia ion implantation,
thermal oxidation, and metal evaporation. The data weraieadin two different sweep
directions as marked with arrows.
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between the surface and the p++ contact widens.
From this data | can estimate the doping density of the B intpda a function of
depth as follows. Ignore the oxide capacitance for the mommed treat the intrinsic Si

region as a parallel plate capacitor with capacitadc&@hen the depletion depth is given

by

d=

= (4.2)

whereA is the pad area. Similarly the doping density at dep#bove is given by

2

n(d) = —— a7

(4.3)
whereegy is the charge of an electron. | can subtract out the oxidesedpacitance from
the CV data to get the capacitance appropriate for Equatiard thereby calculate the
depletion depth as a function of voltage. The results arergin Figure 4.22. Notice that
the depletion depth initially grows very quickly with vofja as the potential is decreased
below 3V, because there are fewer impurities to depletetheasurface, but that the rate
of depletion slows down as it extends into more highly dopegians. What is perhaps
surprising is that, even with a few volts applied, the sudistis only depleted to a depth of
350 nm. Considering that the acceptors were implanted tptad 1 um, | can conclude
that | am only depleting a small fraction of them at theseagwts, and that furthermore

| have not nearly depleted the surface to a depth where thmgldggcomes metallic
(3:5 10'/cm? - see Figure 4.3). The noise on the data in Figure 4.21 mal#<itlt to
extract a smooth curve fod), but | can at least get some approximate values. Note that
the calculation ofl(1=C?)=dV in Equation 4.3 must consider the voltage drop across the
semiconductor only, not the total voltage drop across semagctor and oxide. Between

100 nm and 200 nm below the surface the acceptor density ig 4% 106 /cm?3, and
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Figure 4.22: Measured depletion depth of a MOS capacitormttaimplanted substrate
as a function of voltage.
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between 200 nm and 350 nm it rises t& 6 10'° /cm3. Comparing these values with
those obtained via SIMS in Figure 4.3 (about@@m?3 between 100 nm and 200 nm
and rising to 5 10 /cm® by 350 nm) we see relatively good agreement. This means
that, even though the long tail of acceptors that exists updsurface is below metallic
doping concentration, nevertheless these impuritiestdréosized at moderately large
potentials and contribute to the electric eld distributioThey cannot be ignored, as |
had originally hoped.

Another important number that we can extract from this datthé electric eld
at the interface. As | showed in Section 3.1.3, the criticgltl for ionization of a donor
30 nm below the interface is 20 kV/cm. We can calculate the electric eld as a function
of applied voltage from the CV data to see how large a voltageecessary for donor

ionization. The eld is given by

Q
E=— (4.4)
iA
$CdV
= oA : (4.5)

The one subtlety in applying Equation 4.5 lies in the choic@lwere to start integrating
the charge. The integration should start at the “ at-band” voltage. ithe voltage for
which there is no electric eld in the Si. We can reasonably tbat the at-band voltage
occurs when the capacitance begins to fall dramaticallynfits oxide value, which in
this case occurs at 2.8 V, this fall in capacitance meansaihaf the holes have been
depleted from the interface, so that they must be expengrei eld there. The electric
eld resulting from this analysis is plotted in Figure 4.23.

The red curve in Figure 4.21 shows a sweep in the oppositetitinestarting from
a different initial condition; namely | had applied a largeoeigh negative potential to the
substrate that electrons, through some unknown mechamiene, created and accumu-

lated at the interface. Note that | was also able to creatdreles in these experiments
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Figure 4.23: Electric eld at the Si/Si&nterface of a MOS capacitor on a p++-implanted
substrate as a function of voltage.
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by applying a negative potential and illuminating the stddst It is the depletion of these
electrons from the interface upon increasing the subgb@tential that again gives us the
oxide capacitance in Figure 4.21, 182 pF, because they effectively short the interface
to the substrate as the holes did before. Presumably asdbtieagis leave the interface
and move into the substrate they will populate any unoccug@ors. Conversely, by
applying a large positive potential to the substrate we twoelsurface with holes, which
will empty any occupied donors. This then was my scheme fiamgland emptying the

donors we would study.

4.7 Wide lead SETs: CV measurements

As | discussed in Section 3.2, an SET with wide leads sephtate®nly a narrow
gap and gated by a wide planar gate beneath it has approkriatesame electrostatic
con guration as a parallel plate capacitor. To test thisaid@d to look for possible sig-
natures of individual donors | fabricated wide lead SETswa substrates, #4 and #5.
Each substrate had a planar back gate created via ion imptambf B; they were sub-
sequently implanted through a mask with P at?/@n¥ and 13 /cn?, respectively, to
create selectively n-doped regions for study. In Figurd 4.Rave plotted two different
but related data sets from substrate #4. The blue curve is && atquired as before
from a macroscopic (40@dm 400 pum) capacitor. The red data is “CV” data acquired
from an SET, and the data sets were acqusitultaneously Both the capacitor and
the SET were fabricated over areas of the substrate thatdtaoeen implanted with P.
What | mean by CV data in the case of the SET is the followinguafsweep the voltage
on the substrate without applying any counteracting paktd the remote gate of the
SET, the drain-source current of the SET modulates. Eaah tt current crosses some
threshold in the upward direction corresponds to anotresntedn moving onto the SET

island. By recording these voltages | get island charge as@ibn of substrate potential,
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Figure 4.24: CV of a macroscopic capacitor compared with @droSET as obtained
by counting the individual electrons moving onto the islahtave intentionally forced
the two CV curves to coincide toward the left side of the gumeorder to show their
correspondence more closely.
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and by de nition the derivative of this charge gives the gtdig-island capacitance. This
derivative is what is plotted in Figure 4.24.

| have intentionally forced the two CV curves to coincide &d/ithe left side of the
gure in order to show their correspondence more closelye d@ata show the same broad
features that we saw before in Figure 4.21, with a larger exigpacitance on the left
side of the graph and a smaller depletion capacitance taghe A complicating factor
in the understanding of this data is that it was impossible, h some leakage currents
with this sample, to sweep the substrate potential muchrzedv. Therefore, although
we see a rise in capacitance on the right hand side of the gitapkoltage never really
reaches a value where we might see strong accumulation e$ lablthe interface. On
the other hand, at negative potentials, where there wasakade problem, there is still
an unknown mechanism that creates electrons at the sudiadehis is where the oxide
capacitance is evident. From the ratio of the two oxide ciégaces (338 pF/5.88 aF)
and the area of the macroscopic capacitor, | estimate thaariéa of the SET island in
contact with the substrate is78 10 ® m?, or about 50 nm 50 nm. Comparing
this result with the SEM image of a representative sampleiguré 4.8 we see very
good agreement. Furthermore, the ratio of oxide to depletapacitance, or in simpler
terms how much the capacitance changes from its maximura toitimum values, is in
reasonable agreement between the two devices. Howeverafiaeitance as measured
by the SET is clearly noisier, especially in the depletiagioa between -2.5V and 1.6 V,

probably because it is more sensitive to locally moving gbar

4.8 Wide lead SETs: gating

In the previous section | showed how the gross behavior afgleselectron transis-
tor on a doped Si substrate can be explained with a capaetasitage model no different

from the model used to understand much larger devices. Hawthis model assumes
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that charge is a continuous quantity, not a discrete onetrengoal of these experiments
was to look for evidence of individual charge motion in a dbe substrate. | saw hints
of the sensitivity of the SET to discrete charges in the ldgenon-uniform noise on the
data in Figure 4.24. As was the case with my earlier SET designvestigate these sig-
nals further | wanted to use a lock-in technique to singletbase charges which moved
reproducibly between two states. And this required thatvehenother gate, in addition
to the doped substrate back gate, to bias the SET onto itsspafimaximum sensitivity.
The wide leads and back gate of this new design provided soot ghielding for the
island from side gates that it proved impossible to use asarfjate similar to the one in
Figure 4.12: | found that | needed to apply more than 10 V thhsugate 1.§m away
from the SET to induce even a single extra electron on the Slamd, and voltages above
about 10 V can be lethal to the oxide on the Si surface. A bddkaenvelope calcula-
tion of the expected 1 e period given this @ separation, an island area of 150 nm
50 nm, and assuming all the eld lines go through the vacuuatedtric gives about 4 V,
in order of magnitude agreement with the measured value.

To circumvent this problem | tried a different idea entirelging as a gate a piece
of metallic-doped Si suspended above the sample byu@3XKapton spacers at either
end; further details of its fabrication were described irctie® 4.2.4. Si was chosen
instead of a simple metal in order to match the thermal cotitna with the substrate.
Even though this 2%m spacing is much larger than 1@, the breakdown voltage of
the Kapton is high enough that | can apply a suf cient potanto gate several extra
electrons onto the SET island without damaging the undaglgubstrate. Figure 4.25
shows some Coulomb blockade oscillations taken using aofétés type. The measured
gate capacitance is2L 0:03 zF, compared with a parallel plate capacitor estimate of
2.7 zF (again assuming an island area of 150 nB0 nm.) This close agreement means
that | understand the electrostatics of the new design aedl that most of the eld lines

really are excluded from the substrate near the SET islawdl rlefer to this gate simply
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as the “gate”, while I will refer to the substrate back gatéhas‘substrate”.

4.9 Effects of donor doping

Now that | was armed with a feedback circuit acting on the tateas the SET for
maximum charge sensitivity, | was able to look for resonanndhe response to a sinu-
soidal ac dither as in Section 4.5, and | found several. |exttep that these resonances
were coming from the motion of individual donor electrons,| €xpected to observe an
order of magnitude more of them in substrate #4 than in satest#5, while | expected
to observe only a very small number for the SETs over thosasaséthe substrate that
had not been implanted with P. Moreover, to show that thenasces were coming from
donors instead of acceptors | thought that | would be able akenthem disappear by
ooding the substrate with holes, thereby emptying the dsraf their electrons.

| made measurements of two SETs on substrate #4, one abovesethat had been
implanted with P at 1% /cn? and which | call SET4-2-7, and one above an area that had
not been implanted, SET4-2-2. For both SETs | swept the denpial on the substrate
from 1 V to -1 V and measured the response to a 1 kHz, 9wa¥c dither. | took data
starting from two initial conditions, one for which | put 3\6on the substrate to ood
it with holes and one for which | put -5.0 V to ood it with elacins. The qualitatively
striking results are plotted in Figures 4.26 and 4.27. Wadbheplot | have included
the RMS deviation of the data about their mean. The arrowsatel points where the
feedback circuit shifted from one Coulomb blockade peakrotlzer, as explained in
Section 4.4. It seems clear from visually comparing Figyr@6 and 4.27 that the P
doping has an observable effect on the response of the SEThamumbers bear this out:
the RMS deviation of the data from the SET on the undoped negfithe substrate is less
than half the RMS deviation of the SET over the doped regiamtHérmore, it also seems

that ooding the substrate with holes instead of electrarses to eliminate some of this

106



0.08—————— ———— ————— ————— e _

0.07 .

0.06} .

0.05}

induced charge ﬁr%'s)

0.04

0.03

SRR NL B

-1 -0.6 -0.2 0.2 0.6 1
substrate potential (V)

0.08————— S S T I |
0.07} .
0.06} ;

0.05f

0.04]

induced charge &%s)

0.03t

0.02

-0.2 0.2 0.6 1
substrate potential (V)

Figure 4.26: Response of SET4-2-7, fabricated on a Si satbsimplanted with P at
10'%/cn?, to an ac dither on the substrate, as a function of dc subspatential. a)

After ooding the substrate with electrons. b) After oodirnthe substrate with holes.
The sweeps were from positive to negative dc potential. Trenes correspond to points
where the feedback circuit moved to a different Coulomb kdole peak.
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activity, although here the data aren't as conclusive. @/itiiere are three clear resonant
peaks in Figure 4.27b that probably correspond to a singkegehmoving between two
different locations, identifying such isolated peaks ia tither data sets is more dif cult.
| suspect that, in the case of the SET over the doped regierddping density was so
high that what we are actually seeing is the collective nmotibmany electrons between
many locations rather than the motion of single electromaéen isolated locations.
Furthermore, there is an observable effect that large d@singate voltage, marked
by arrows in the gures, have on the behavior of the SET, big #ffect is more pro-
nounced in the case that the sample has been ooded withretectnstead of holes.
Consider for example the large changes in SET response @&ay and -0.5 V in Fig-
ure 4.26a. It looks as if decreasing the substrate potaatmbre strongly coupling the
substrate to the SET until the feedback resets at thesesparhen the response returns
to its former value. Perhaps there is a 2D electron systemifagyjust at the Si/Si@sur-
face which is being modulated by the gate. Similar behagi@biserved in Figure 4.27a,
but not in Figures 4.26b and 4.27b. This new geometry, thiehnok completely solve
the problem of isolating the substrate near the island frentupbations of the gate, but
perhaps this re ects my lack of understanding of the chaagyeguration in the substrate.
As | will discuss in the next section, | made more extensivasneements of the effects

that the gate had on substrate #5.

4.10 Characterizing the observed charge uctuators

Substrate #5 was implanted with P at'3@cm?, and my hope therefore was to
observe more isolated resonances than we see in Figure ye2 7t the truly noisy
and chaotic behavior seen in Figure 4.26a; this would hamemmed that the resonances
were coming from donors. Unfortunately this was not obs#rizeould not really see any

difference between the SETs on the implanted and non-irtgdaegions of substrate #5.
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| did, however, observe charge uctuators or resonance8i foir SETs that | measured
on this substrate, just like the resonances | had obserya@wous samples. And | found
that with care it was possible to track the positions of thesenances in substrate voltage
as a function of gate voltage and of charge density at the(i/i@terface. This gave me
a wealth of information about their positions in physicasp.

It became clear from all the experiments | have describedasahfat observing
one of the resonances in a reproducible way was not as simpltwrning the substrate
potential to where | had observed it before. | now knew thattite above the sample was
having an effect on the substrate under the SET island, eeaigh the SET geometry had
been designed to minimize this. | also noticed that wheresar@nce appeared actually
depended somewhat on the starting voltage of the sweep hendas not something |
had expected. Therefore | concluded that if | wanted to alesarparticular resonance
after changing the substrate potential or gate potentiabloye reasonably large amount
| would need to meticulously create the same initial condsi | wrote a Labview VI to
do just that as follows:

1. Set the substrate potential at some negative poterdial; 30 V, to establish an
electric eld pointing away from the Si/Si@interface.

2. llluminate the sample with a red LED to create electrotelpairs. The holes ow
into the substrate contact and disappear, but the elec@omusnulate at the interface
until no electric eld remains within the Si substrate. Indittbn, any donors and
acceptors become occupied.

3. Return the substrate potential to some voltage greader 1B.0 V. This removes
some of the electrons from the interface, and for a large gmqaotential even
forces holes to the interface instead. It also sets thalmitindition for the sweep.

4. Sweep the dc substrate voltage back to -2.0 V while rengritiie ac response with
a lock-in. Observe some resonances in the response.

5. Repeat this entire process again, starting the sweepdoone slightly higher po-
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tential in step #3. Observe how the position of each resanahits due to this

change in initial voltage.

Using this procedure gave me the ability, for the rst timentonitor a given reso-
nance over a period of hours or even days; before then thdrbden too many unknown
variables. And | certainly observed some interesting bemavFigures 4.28 and 4.29
show four data sets of this type, each for a different SET dstsate #5. While there is
certainly some rich structure in these data sets, just a mtene ection leads inevitably,
for several reasons, to the conclusion that the resonarses\e@d there are not due to
donors in the substrate. Firstly, there is not a much greatetber of these resonances
in the two SETs that were fabricated above implanted areasiththe SETs without an
implant. In fact, a doping density of 4b/cm? corresponds to only 2.5 donors on average
beneath a 50 nm 50 nm SET island, and we observe more resonances than tHIs in a
the SETS, including the SETs without an intentional dongslant. The second reason is
a bit more complicated, and has to do with the initial cowais. As | mentioned in step
#2 above, each data sweep was initialized with the subdteatey illuminated by a red
LED while its potential was set to -2.0 V, creating a 2D elentsystem at the Si/SiO
interface whose charge density wa2 102 /cn?. Then the voltage was returned to
-0.5 V or higher to remove some of those electrons, but | kmomfother measurements
that the electrons at the interface were not fully depletatil about 0.2 V. This means
that there was in fact still a conducting sheet at the SySi®erface until the voltage
reached 0.2 V, and such a 2DEG would signi cantly change tbetestatics of the sys-
tem. For example, it is impossible that any of the resonawesasbserve in these data sets
could have come from anything in the Si substrate, becawes8&HT island would have
been completely screened from any charge motion in the Sitiatb by the conducting
sheet. This conclusion is supported by the fact that thegkttenuch noisier for voltages
above about 0.2 V on the substrate, as the SETs suddenly dmbesensitive to charge

motion below the interface, a trend which is most evidentim bottom of Figure 4.29.

111



rms

1.5 : : : 1t . 0.08
\& |
2 o 0.06
g 1 : -
o
9 10.04
(@)
£ 0.5}
IS 10.02
(79}
o
& ol
= | 0
‘ “i
0.5 L. - - - -0.02
-2 15 -1 -0.5 0 0.5
substrate potential (V)
e
rms
0.12
1.5 III u s u u T U T :
\ "5. 0.1
<) i 1 |
2 \ : . 3 ‘ 0.08
T } ‘, ~
= 1' . 1 L
= 4 . Fret 0.06
g o o P, - {0.04
o r {. g LTS,
£ 05} 1, DR 1 f10.02
3 il ey 0
o y -0.02
o oF i : oy ]
Z e -0.04
" \\ *-\ -0.06
1\ L in
-0.5 e : : ]
-2 15 -1 -0.5 0 0.5 0.08

substrate potential (V)

Figure 4.28: Response of two SETSs fabricated on a Si subsitrgtlanted with P at
10'Ycn? to an ac dither on the substrate, as a function of dc subspattntial and
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The third reason these resonances could not come from dbasr® do with how the
positions of the resonances in substrate voltage chandeedsitial sweep potential is
changed. As the initial sweep voltage is increased from Wt6 0.2 V electrons are
being removed from the interface and owing into the suldsti@ntact. This serves to
decrease the voltage drop across the oxide while keepingahes at within the semi-
conductor. If there were a resonator within the Si, then, skl expect its position to
shift to higher substrate voltages as electrons are removetthe interface, because the
electric eld in the Si depends only on how much the voltage tiaanged from at band,
and at band in the substrate is given by the initial sweepeptéal provided electrons
remain at the interface. On the other hand, if there were egehactuator above or at
the Si/SiQ interface we should expect its position to shift to more tigggotentials,
because the removal of electrons from the interface desseg electric eld strength
above the interface, so that a more negative potential ignedjto achieve the same eld.
This is just the behavior that is observed for all of the regors, with each SET, up to
sweep starting voltages of at least 0.2 V, when the elecammpresumably depleted from
the interface. However, in all four data sets there is a kmthe curves near a starting
voltage of 0.6 V, when the position of the resonance beginsaee back to more positive
voltages. This suggests that there is some charge motitiinvilie oxide itself that is
affecting the uctuator!

| did further experiments to investigate the in uence of gate on these resonators.
In particular I initialized the sample with the LED and a niagasubstrate voltage as be-
fore; then I applied 1.5 V to the substrate to empty it of elats, and | took a sweep from
-0.5Vto-2.0 V. Then | repeated this process several times) &me changing the range
of possible remote gate potentials. The results are plattédgure 4.30, which shows
four obvious resonators moving in substrate voltage as albe gptential is changed. As
in Figure 4.19 (where the axes are reversed from those inr€&i§B0) the ratio of change

in substrate voltage to change in gate potential for a giesomator gives a, which

114



rms

0.14

0.12
. - 0.1

b

(]

g - 10.08
@

S L 10.06

0.04

0.02

-2 -1.75 -1.5 -1.25 -1 -0.75 -0.5
substrate potential (V)

Figure 4.30: Response of SET5-2-5 to an ac dither on thersuwbsis a function of dc

substrate potential and gate voltage. The labels on thesyaaxually represent 85 V
ranges of gate potential.

115



in the case of Figure 4.30 depends on the voltages themsehesin example | have
carefully determined the position of resonator #3 in vatagace and plotted the result
in Figure 4.31 along with approximate valuesayf a changes by almost an order of
magnitude over the 900 V range of gate potentials, fro;n 10 3to 4 10 %4 In
Section 3.2.1 | found, by solving Laplace's equation nuwedly, that for a similar SET
geometrya = 0:01, but that was for the gate and substratamiabove and below the
surface. If we scale that result by the true values ofi25and 300 nm we obtain a scaled
theoretical valu@ = 1:3 10 4, certainly smaller than the experimental value for these
resonators. The changeanis more modest for resonators #1, #2, and #4 in Figure 4.30,
but still a factor of three or so. Furthermore | note thas negative, as it was in the data
from my traditional SET design, which means again that thessate and the gate act on
these charge uctuators in opposite directions. This isreatly possible for an electron
beneath the Si/SiQinterface, where elds from the gate and substrate shoulddazely
parallel. It seems more likely that the resonators residiaénoxide or at the surface,
where it is possible that the two elds would be opposed.

In Figure 4.32 | have plotted the same data as in Figure 4.8@ tise actual gate
voltages instead of just the gate ranges. The resonatotsader to see in this kind of
plot, but it makes some trends evident that aren't presefigare 4.30. In particular, we
can see the dc offset on the feedback loop as it crosses aresrcompensating for the
charge motion associated with that resonance. We can asihgesome regions of the
plot have a more linear change in gate voltage with changeshstrate potential: the
lower left area of the plot is far more linear than the uppghtarea.

| also wanted to investigate whether the motion of thesenaesos was discrete
or continuous, because we would expect the motion of anreletietween a donor site
and the interface to be discrete. If an electron were movisgretely in phase with the
applied ac potential of frequendyand amplituded, then it would induce a square wave

response in the SET with the same frequehdyut with a xed amplitude independent
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of A. Therefore its Fourier component &tas measured by a lock-in ampli er would
also not depend oA. In contrast, if the motion of the electron were continumsead
of discrete, it would induce a response in the SET at the saegriéncyf but with an
amplitude that depended @n To test this theory | took the data in presented Figure 4.33,
sweeping over resonator #2 from Figure 4.30 multiple tingbsinging the value of
between each data set. For each data set | t a gaussian witlear lbbackground and
extracted the peak response and width of the resonator astdio of driving amplitude;
the peak response is plotted in Figure 4.34 with a lineaapxtation of the rst four data
points. The peak response extrapolates to zero for zersmmgramplitude; it becomes
nonlinear at large drive amplitudes, but this is due to thelinearity of the SET. More
surprisingly the peak width, as measured by the standarndtitmvof the tted gaussians,
isaconstant® 0:1 mV independent of driving amplitude! These two facts mémat t
the charge motion is continuous, not discrete, and thatgteéxaremal locations. This
becomes obvious if we look at the inset to Figure 4.33, showhe feedback circuit on
the gate compensating for the moving charge when the stbstlage sweeps over the
resonance; even with no dither applied it takes a few mV tly fulove the charge from
one location to the other. There are three possible exptarsafior this broadening: noise
on the bias lines, thermal uctuations, and quantum tumaeliThe sheer size (8.5 mV)
of the broadening rules out noise, as we know from the obde@eeilomb blockade that
our bias lines are quieter than a few hundp&t |1 cannot rule out thermal uctuations,
because | did not study the effect of temperature on the pedthwnor can | rule out
guantum tunneling. Imagine two tunnel coupled charge trapgpled strongly enough
that there is signi cant wave function overlap between thema therefore that charge
transfer happens not discretely but continuously. For dlsnaugh applied eld all of
the charge is localized in one of the traps, and for a largegmoias it is all in the other.
In between these two values lies a regime where some of thigechas in each trap, and

the proportion depends on the applied eld. Or imagine thattivo traps were weakly

119



0.16————————————

— 12.80mV__
. — 1150mV
0.14r s 25 —— 1020mV_ | ]
2 35 —— 8.96mv
010l & 7.68 mV ]
' -45 6.40 m\/tm
~» P05 1 0.95 >lamy,
\l_%é 0-1r " substrate (V) 3.84mv ]
>
©
S 0.08
©
(O]
(@]
>
S 006
0.04
0.02

0 s s s s ' ' . N ' N
-1.05 -1.025 -1 -0.975 -0.95
substrate potential (V)

Figure 4.33: Response of a charge uctuator to an ac dithén warious amplitudes.
The curves are plots of the SET induced charge as a functisaolasdtrate dc bias; each
curve corresponds to the ac driving amplitude given in tigetel. Inset: response of the
feedback circuit on the gate when crossing the resonance.

120



0.12 - . . . . .

0.08F - :

0.06} 1

peak induced chargerr(]es)

0.04 1

0.02f :

O: L L L Il L L L Il L L L Il L L L Il L L L i L L L Il L L L :
0 2 4 6 8 10 12 14

driving amplitude (m\r/ms)

Figure 4.34: Dependence of the amplitude of motion of a raswron driving amplitude.
The line is a tto the rst four data points.

121



coupled, but that the charge transfer between them was #figrassisted and therefore
also broadened. These models, rather than that of a doné&fyweaupled to the Si/SiQ
interface, are a better match to the data in Figure 4.33. Ulkdcstill be explained as a
donor only a few Bohr radii from the interface and therefdrersgly coupled to it, but
this seems unlikely in light of the reasons | have alreadggiv

Figures 4.33 and 4.34 give us another clue to the locatiohede resonators from
the sheer size of the charge motion they represent. The peplit@de is 0.106 @5, cor-
responding to a peak-to-peak charge motion of 0.3 e. Ratgeway back to Figure 3.14,
it becomes clear that this signal is too large to be comingnfsmgle charge motion in the
substrate, for which the largest signal we could possibpeekis 0.26 e, corresponding
to an electron moving all the way from beneath the island toityn Furthermore, the
sensitivity gradient in the oxide beneath the island i8:7 meA, so that a 0.3 e signal
corresponds to 8@ of motion. | cannot think of an obvious mechanism for a singl
charge to move quickly and reproducibly by such a huge distémrough SiQ.

Perhaps the best explanation for the source of these signlat they are due to
charges moving between grains of Al on the surface of the wé&fensider Figure 4.35,
a highly magni ed SEM image of an SET with this geometry, whghows the island of
the SET surrounded by 5-10 nm size Al grains. There are vdmls/grains suspended
on the lead to the right of the island and separated from itelsg than 5 nm. These
come from the second of two evaporations in the double-aeglaique, while the lead
they sit upon comes from the rst. So they are separated frioan ead by the same
tunnel oxide as makes up the SET tunnel junctions. Such graar the island could
t the behavior of the uctuators outlined in this section iveThey lie above the oxide
surface; they reside in an area where the elds from the gadefram the substrate could
be opposed and where the elds from the gate certainly areshigided; an electron
moving from one grain to another could induce a large fracbb an electron on the

island; and the motion could be relatively continuous iadtef discrete, either from
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tunnel coupling or from thermal broadening. Furthermoexduse these grains are so
much smaller than the SET island we would expect the grdnstsate and grain-gate
capacitances to be correspondingly smaller: for a 5 nbmm grain the substrate and gate
capacitances should be about 10 zF and 10 yF, respectiyebgerratio agrees reasonably
with the measured values far The corresponding substrate 1 e period is 18 V, too large
to observe more than a single charging event for a given gnathe voltage range |
examined in Figures 4.28 and 4.29. This would explain why wenat see a regularly
repeated charging of the same uctuator in these datasetshérmore, if | assume that
the total capacitance of these grains is at least greaterlifed, and that the electronic

temperature is about 100 mK, | would expect a broadeningasgror

DVs= C e (4.6)
1aF _

m:(% HV=K)(100 mK) (4.7)

1mVv (4.8)

This is a bit small to explain the observed 8 mV broadeningcbusidering the approxi-
mate nature of the calculation, perhaps not surprisingly so

In fact, such an explanation for these poorly understoaddsgs not so incredible
when one realizes that there have already been many studilee electronic states of
metallic nanopatrticles. For example, Yadavallial. have measured the charging and
discharging of a oating Al island through a 5-10 nm gap wittetgoal of using it as
a memory device,[88] while D. C. Ralph and coworkers studirexidiscrete electronic
states of aluminum nanoparticles about 10 nm in diame8&r@8 course, there are also
several groups working to make a qubit from the Cooper pair iich is just an super-

conducting nanoparticle connected via a tunnel junctica l&ad.[90]
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4.11 Conclusions

In summary, | have observed evidence for gross charge matiomore heavily
doped substrates (3donors/cm), using SETs both of a traditional design and of a
more radical wide lead geometry. There were no discernifidets from donors at lower
doping levels ( 10! donors/cm) in any sample. However, even nominally intrinsic
substrates show some time-dependent charge relaxatighyafrfurther investigation.
Comparison of CV measurements from a large capacitor witbetlirom a wide lead SET
indicate that the electrostatics of this new design areateltacterized, but they also show
that the implanted p++ region is far from ideal as a gate bezé#deads to hysteresis and
drift. The SET biasing gate above the substrate in this gégrhas a capacitance that
ts a simple parallel plate model, but it clearly still in uees charge motion near the
SET despite that it was designed to prevent this. Finalgk-dim measurements of all the
samples reveal resonances that cannot come from donom)dsuilikely come instead

from small, isolated Al grains on the wafer surface.
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Chapter 5
Millikelvin scanned probe for measurement of nanostruegur

5.1 Introduction

This chapter, based upon a paper that | publisheReawiew of Scienti c Instru-
ments is a bit of a digression from the earlier chapters, in tha& ot really concerned
with SETs and donors at all.[91] Instead it covers my attetopddress an issue that
has been present since Kane rst proposed a measuremertiafimal donors using an
SET on a randomly doped Si substrate: how to measure a largberwf SETs during
a single experimental run. The issue is even more pressilghiof the previous chap-
ters, from which it has become evident that we will need to entmwards more lightly
doped substrates than we have used in the past to ensurbdldxrtors are not interact-
ing. This is not a challenge that we would face if we had fadiren capabilities with
atomic precision; in that case we would simply place a domtineé Si substrate where we
wanted it and make an SET directly above that donor. Whilesthee groups working on
technologies for atomically precise doping, we do not haxehsa technology available
to us.[19, 20, 22, 23, 24, 21] The technology we do have read#ilable is ion implan-
tation, possibly through a mask, which places donors ramglonthe x-y plane and at a
depth beneath the surface with large statistical unceytdiow it is certainly possible to
implant a substrate with a large enough density of donotstheh SET fabricated on the
surface will have a sizeable number of donors beneath itf@wt 50 nm 50 nm SET
island this corresponds to a donor densityt0'! /cn?, and as we saw in Chapter 3 there
is signi cant wave function overlap at the interface for dorelectrons at this density,
and they will not behave as individual electronic systembie $olution is to lower the

implant density to a levek( 10'° /cm??) where the individual donor wave functions do
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not overlap much, but this means that each SET will no longee fa reasonable number
of donors beneath it: for a 50 nm 50 nm SET this doping level only places a donor
beneath one in every four SETs! This doesn't even take intowtt the statistical un-
certainty in donor depth during implant and the fractionohdrs which properly occupy
substitutional sites, both of which only serve to lower thenter of SETs with a mea-
surable donor nearby. Increasing the size of the SET iskndtia good solution, either,
because the sensitivity of the SET to the motion of a nearbgten goes down with
increasing size. | can only conclude that to observe aniddat donor with an SET on a
randomly implanted substrate will require measurement\warg large number of SETs
to nd those that are aligned properly, or a movable SET.

Measuring a large number of SETs with high bandwidth on asiclgip is not triv-
ial. An SET will not show Coulomb blockade, and thereford wilt be a good electrome-
ter, if its resistance is n& h=¢  25:9 kW.[92] Furthermore, avoiding thermally excited
transitions between up/down spin states of the donor electeparated by 23@V in
a1l T magnetic eld, requires temperatures well below 2.5 kg therefore requires that
the experiments be done in a cryostat. The high resistanteedbET combined with
the inevitably high capacitanc& (100 pF) to ground of the cables extracting its signal
from the cryostat form a low-pass Iter with a cutoff frequsn< 60 kHz, and this is
a conservative upper bound. In our dilution refrigerat@ tlable capacitance is closer
to 1 nF which brings the measurement bandwidth down by anatiter of magnitude.
Schoelkopfet al. have devised a clever way to circumvent this problem, tHeET- that
uses a resonant tank circuit to match the impedance of the&&EE 50Wimpedance of
a microwave transmission line.[31] The rf-SET requirestarengineering of the tank
circuit, microwave transmission line, and SET resistaroghat using rf-SET technology
to measure a large number of SETs on a single chip would beausemngineering chal-
lenge by itself, although frequency domain multiplexingETs have been demonstrated

with small numbers of devices.[34] A different solution Gsuse a cryogenic ampli er
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within the cryostat itself, placed close enough to the santipt the stray input capaci-
tance is signi cantly reduced.[32, 33] In theory the capaece could be reduced below
about 10 pF for an off-chip ampli er, while it could be reduteven further if the ampli-
er were integrated on the same chip as the SET. Use of a cnjogenpli er to measure
many SETSs still requires some sort of multiplexing techgglto determine which SET
is measured at any particular time. One can imagine a mexgplbased on FET's that
works at low temperatures, but we chose instead to test #aeatlusing a low temper-
ature scanned probe connected to the ampli er to indiviguadidress the SETs of an
array. Although we used this idea to measure SETS, it coulaskd to measure almost
any array of high impedance nanostructures with high bagitivand low noise.

The scanned probe we built is a scanning force microscopkl(Sfased upon a
quartz tuning fork, that operates below 100 mK and in magnetds up to 6 T. The
microscope has a conducting tip for electrical probing @f mlanostructures of interest,
and it incorporates a low noise cryogenic ampli er to meadowoth the vibrations of the
tuning fork and the electrical signals from the nanostrieguAt millikelvin temperatures
the imaging resolution is below dm in a 22um 22 pym range, and a coarse motion
provides translations of a few mm. In the following pages Il sihow data locating an
SET within an array and measuring its Coulomb blockade witemsitivity of 26
10 5e}0 Hz.

There exists a variety of scanned probe techniques thatidereadapted or devel-
oped to study nanostructures and transport at cryogenipetures, including atomic
force microscopy,[93, 94] scanned gate microscopy,[98hsit1g capacitance microsco-
py,[96] and Kelvin probe microscopy.[97] Croekal. recently even reported a technique
for nanolithography using a scanned probe at dilution gefiator temperatures.[98] In
our scanned probe the imaging capability of the SFM locatedricular SET within an
array, and the conducting probe tip provided an electrioahection between that SET

and a cryogenic preampli er.
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5.2 Experimental setup

Figure 5.1 shows the physical layout of the microscope. Tdreef sensor is a
quartz tuning fork (Raltron R38-32.768-12.5) with a shagueW tip glued to one of its
tines.[99] The sub-pW power dissipation of the fork has nasoeable effect on the base
temperature of our refrigerator, and the laser-free pilentiec detection scheme avoids
problems with light sensitive samples. The scanner is a certiad cryogenic STM scan
head (Omicron's CryoSXM[100]) modi ed for SFM and mounted the baseplate of an
Oxford Kelvinox 100 dilution refrigerator.[101] The micsoope incorporates a cryogenic
ampli er for maximum sensitivity and bandwidth. We use a g&docked loop (Nanosurf
easyPLL)[102] to excite the fork.

Piezoelectric quartz tuning forks have been used as forsosgin scanning probe
microscopy for several years now. Mechanical and eledtnzadels predict that forces
acting on a fork change its resonant frequency and Q.[108, 105, 106] Frictional
forces change Q while conservative forces change the fregueéur microscope uses
the frequency shift as the force dependent signal, varjhegtip height to maintain a
constant shift while rastering over the sample surface.

Figure 5.2 shows a block diagram of the microscope's opamnafi he tuning fork
is excited with an ac potential applied to one of its eleatdThe other electrode is
held at virtual ground by the input of a cryogenic transimgreze ampli er, discussed
below. We use a bridge circuit[103] to eliminate the effaftstray capacitance between
the two electrodes. Measuring the current owing betweenttho electrodes with the
transimpedance ampli er is a simple but effective way to suga the motion of the fork.

We use a phase-locked loop (PLL) to monitor the frequencl@fdark and to insure
that it is always driven on resonance.[107] This PLL has ainahsensitivity of 5 mHz
in a 1 kHz bandwidth, but we obtained a sensitivity less thas ih practice, typically a

few tens of mHz. This sensitivity was limited primarily by wdnoise from the cryogenic
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Figure 5.1: Physical layout of the scanning force microscofhe piezoelectric scanner
is attached to the mixing chamber of the dilution refrigerasnd the sample is mounted
on a printed circuit board suspended below the scanner.hAlldads to the sample are
heatsunk to the mixing chamber. The cryogenic ampli eriacted to a 4.2 K nger that
comes down alongside the scanner, and the tuning fork isembed to the ampli er via
25 um diameter wires. The vertical distance between the turangdnd the ampli er is
approximately 20 cm, placing the ampli er outside any apglmagnetic eld. The entire
setup is at cryogenic UHV pressure inside the dilution gefrator vacuum can.
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Figure 5.2: Block diagram of the cryogenic scanning forceroscope. Proportional-
integral-differential circuitry controls the scan piepamaintain a constant frequency shift
of the tuning fork. The fork is driven by the reference outptithe easyPLL with a suit-
able phase shift and automatic gain control. The responseasured with a cryogenic
ampli er and sent to the input of the easyPLL. The cryogemnpéi er is simultaneously
connected to the metallic tip on the tuning fork and to thertgriork electrode.
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ampli er near the resonant frequency.

The scanner was originally designed for STM at 4.2 K in a lmelaxchange gas en-
vironment. We have detached the scan head from its originahting rod and attached
it to the base plate of the dilution refrigerator. The higiltage signals for piezoelectric
control are carried on twisted pairs from room temperatoie2 K and on superconduct-
ing twisted pairs from 4.2 K to the mixing chamber, therebyimizing heat load on the
refrigerator. There is more discussion of our refrigeratoing in Chapter 4. In con-
trast with Omicron's intended con guration of scanning temple, we scan the tuning
fork with the sample xed. This allows us to connect multipgads to the sample and to
control its temperature more easily.

The maximum 135 V scan voltage provided by the Omicron electronics gaves
range of 3%um 35um at room temperature. This decreasesjim/ 7 pum at 4.2 K and
below because there is a smaller piezoelectric respondeh&range is frequently too
small to be useful. Therange similarly decreases from 3uh to 0.5um. To increase
the scan range at low temperatures we have added an adthlighavoltage ampli er
(RHK HVA-900)[108] that provides scan voltages up td50 V, yielding a maximum
scan range of 2@m x 22pum and a maximurz range of 1.8§um below 4.2 K. The scanner
also provides a slip-stick based coarse motion both ixthplane and in the direction.
Motions of a few mm irx andy and up to a few cm iz are possible. However, we have
at times found coarse motion in tikey plane to be unreliable. It would at times get stuck

or move in seemingly random directions.

5.3 Cryogenic ampli er electronics

The microscope requires a transimpedance ampli er to nreake current through
the tuning fork while scanning. The same ampli er measuhescurrent through an SET

while probing. To decrease the unavoidable parasitic ¢egpaes in these measurements
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we have constructedayogenictransimpedance ampli er and placed it near the sample
on a copper rod heat sunk to 4.2 K. As an added bene t the cnjoghy cooled current-
sensing resistor has signi cantly lower Johnson noise thiaais at room temperature. The
ampli er is based upon a low-noise silicon junction eld efft transistor (JFET-Moxtek
MX120, gate capacitance 1.7 pF, input-referred voltagseoi 3 an Hz, 1/f knee
below 1 kHz) that stops working below 60 K.[109] In order to maintain most of the
circuit at 4.2 K while allowing the JFET to heat above 60 K weéddesigned the circuit
with two printed circuit boards. The lower board containssivad the circuit elements and
is held at 4.2 K. The upper board containing the JFET is malitde¢he lower one with
1/16 in. diameter nylon standoffs. All connections betwtentwo boards are made with
25pum diameter stainless steel wire to minimize thermal loadirige ampli er dissipates
20 mW during operation and raises the base temperature céfifigerator by less than
0.5 mK to about 15 mK. To achieve such a small thermal load emtixing chamber it is
crucial that the copper box enclosing the ampli er is le@t, light-tight, and well heat
sunk to the 4.2 K bath. A charcoal sorb inside the box captesadual gas that otherwise
would prevent the JFET from heating properly in such closipnity to the cold walls.
The input to the ampli er is capacitively coupled via a 4.7cdpacitor and a coaxial
cable to one of the tuning fork electrodes, and via the megdibn on the tuning fork to
the conducting probe tip. We capacitively couple the sigaavoid problems with dc
offsets. For thermalization at the mixing chamber the caas@2 cm length of Stycast
2850FT[110] as its dielectric, which contribute48 pF stray capacitance to ground. The
remainder of the coax has a vacuum dielectric to minimizeagsacitance, so that the
total stray input capacitance, including the gate capacéaf the JFET, is only 35 pF.
This means that for a 5SOWMSET the bandwidth of measurement is limited th00 kHz.

Higher speeds are possible only at the expense of furthseenoi
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5.4 Scan modes

For the purposes of locating micron-sized pads and contaetilarge number of
them in a reasonable period of time, scan speed rather tlaanrssolution is the crit-
ical factor. We would ideally like to scan the entire g range of the scanner in a
few minutes. We have investigated three different forc@meg or scan modes: a short-
range repulsive force mode, a weaker attractive force mautka long-range electrostatic
force mode. The repulsive mode, corresponding to positeguency shifts of a few Hz,
yielded the highest resolution images but was the leasti@afour purposes. The very
small tip-sample separation and highly nonlinear frequ&ecsus separation dependence
made optimization of the feedback loop dif cult and led teduent tip crashes at reason-
able speeds. Faster scanning was possible with a weakartasttrforce, corresponding
to negative frequency shifts of a few hundred mHz, becaus#iesponds to a larger tip-
sample separation. However, with this scan mode we weresuagessful using smaller,
more sensitive forks that have other disadvantages asiegglaelow in Section 5.7. The
fastest scanning was obtained by charging up the tip thr@udlode, so that it felt a
strong attractive force from the image charges in the safdgl#] The resulting force
is of suf cient range to have easily measured effects eveth Wp-sample separations
greater than 50 nm. This scan mode works on insulating satbst(e.g., Sig) provided
that the dielectric constant of the substrate differs froat bf the vacuum, and yielded

scanning speeds of 20n/s or more.

5.5 Samples and measurement techniques

My samples consisted of a 1én  100um array of about 100 Al-Al@-Al SETs
fabricated with standard e-beam lithography and doubtgesgvaporation.[83] Each SET
had a small (150 nm 50 nm) island weakly coupled to source and drain leads videoxi

tunnel barriers and capacitively coupled to a gate. A schiemé&the sample layout is
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Figure 5.3: Schematic of an array of four SETs showing comgade and drain leads.
Each SET has a contact pad attached to its source terminhbsd thay be measured
with the scanned probe.
shown in Figure 5.3. Within the array, all of the SET gate teais were wired to a single
coaxial lead, and all of the drain terminals to another. Thwee terminal of each SET
was connected to its owniBn 3 ym Pt contact pad.

Sample fabrication involved three layers of lithographyaorundoped Si substrate.
First the common gate and drain leads as well as the sourt¢aactqads were patterned
with photolithography. A trilayer consisting of 3® Ti, 120 A Pt, and 2500A Au was
evaporated using NR7-1500PY resist as a mask. Second, wedhtee Au bond pads
with another layer of photolithography and etched the Auyanear the sample center to
expose the Pt layer.[82] This left a thick Au layer for the dgrads but a thin Pt layer
for the SET array. The metallization for the array needs tbdté thin and oxide free.
Thin metallization allowed us to increase the scan speetiefticroscope, because it
alleviated problems with tip crashes at step edges. Thel swgface must also be oxide
free to insure low resistance contact between it and the Al BRography, as well as
to insure low resistance contact between the contact patitharmicroscope tip during

probing. This means that we could not use my now standardlgilocess, described
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in Chapter 4, if we decided to do more experiments with tharsed probe, because the
probe tip cannot push through native AlQVe would instead have to wirebond from the
Al chip to a separate chip that the scanned probe could dontathe third fabrication
step | used standard e-beam lithography to write the SETasimetl the sample to remove
any residual organics on the metal surfaces. The samplettaated with a spring clip to
a printed circuit board, and Au wires were attached to thegtaphically de ned leads.
It is important that the wires all come off the sample in a Bndjrection, away from
where the scanned probe will be, so as not to obstruct itsomoti

Typical measurements proceeded in two sequential stepst IRvould scan the
surface of the sample until | found an SET of interest. Theroul turn off the tip-
sample feedback loop and establish electrical contactdsetvthe probe tip and the Pt
contact pad (lightly crash the tip). An ac voltage (50-10Gkkas applied to the drain
lead, and the current through the SET was monitored with tpegenic ampli er and a
lock-in.

The only topographic information required for these measuents is the location
of the contact pads. These are large and separated fromrtoeisding lithography by
2 um on all sides. Therefore the required resolution of the SEMnly about 1um.
This fact is important as the probe resolution tends to dwsge over time with repeated

probing and cleaning.

5.6 Results and discussion

Figure 5.4 is an image taken at millikelvin temperature shgwpart of an SET
array. The image clearly demonstrates resolution belpmw ;at a scan speed of 1#n/s
and a scan range of 3in. Although we observe no extra heating of the refrigerator
while the scan piezo is held motionless, there was enouginigesuring scanning to raise

the temperature of the sample from 15 mK to 190 mK. The amoluhéating depends
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Figure 5.4: SFM scan showing Pt (orange) and Al (red) featlitieographically de ned

on an oxidized silicon substrate (blue). The scan was takn\Wy, = -40 V andDf =

-0.5 Hz at a speed of 1ffim/s. During scanning the sample temperature rose to 190 mK
and the mixing chamber temperature rose to 35 mK. Thm3 3 pum Pt square near the
center of the image is the contact pad of the SET.
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strongly on the scan size and speed. For example, scannengga of 10um at a few
um/s keeps the temperature well below 100 mK. In practiceltbaing should not cause
problems because the piezo is held motionless while pramngET.

| have electrically probed several SETs on multiple samplegure 5.5 shows
characteristic Coulomb blockade oscillations of one. Tetawbthis data a 100 kHz,
100 uv rms voltage was applied to the drain lead, and the in-phasgonent of the
resulting ac current was measured by a lock-in. The SET wpsikehe normal state
by a 1 T magnetic eld. The current never drops all the way twzen the modulation
curve because the 1@ rms drain-source voltage was larger than the Coulomb laldek
plateau for this SET.

| also made measurements of the charge sensitivity of thée®ili er con gu-
ration. Applying a known amount of charge to the gate of th& &Bd measuring the
response at the output of the lock-in calibrates the gainm@oing this gain with the
noise measured at the output of the lock-in gives the chagsitsvity. For a different
device than the one in Figure 5.5, with resistan@&® KW, | measured a charge sensitivity
of26 10 ° e}D Hz near 10 kHz. This sensitivity was limited by the Johnsois@of
our feedback resistor (20 nE/m) and by the input-referred voltage noise of our ampli-
er. The equivalent current noise values are ZOF%AE and 38 fAIIO Hz, comparable to

the intrinsic 10 fA/p Hz shot noise of the SET.

5.7 Experimental challenges

There are several challenges that this technique for megsarlarge number of
SETs still faces for it to become practical. As | mentionedieg the coarse positioning
capability of our Omicron scan head was very unreliable, thigl kept us from really
being able to measure a large number of SETs in an array. éssitdly measured three

SETs in an array, but never more than that. However, this engimeering problem, and
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Figure 5.5: Coulomb blockade oscillations of the currenbtigh a single electron tran-
sistor, as measured with the cryogenic scanned probe. Taevdae measured at 60 mK
with B =1 T andVgs= 100V rms at 100 kHz.
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| believe it can be xed with a custom-designed scanner ancdeemarefully designed
coarse motion drive.

A more serious issue is that of which scan mode, repulsivgctitve, or electro-
static (see Section 5.4) to use for imaging. While the repeilsiode gave the highest
resolution, it was very slow, because it forced the tip takravery detail of the sample
surface without crashing. Instead | was able to get fastarsasing the weak attractive
mode by following the advice of Giessibl.[112] In this casgsked smaller forks with an
entire prong glued down. The smaller spring constant ofetlsesaller forks should yield
higher force sensitivity, and gluing down an entire prongwt give a Q independent of
the mass of the tip, while for a fork glued only at its base ihetass breaks the symmetry
of the tines and leads to dissipation. However, even thowghiines obtained beautiful
images with these smaller forks, they had a greater probldiound that tuning forks
with an entire prong glued down exhibited a strong couplimdhte piezoelectric scan
tube. This manifested itself as seemingly random shifthefork resonant frequency
when the scan tube expanded or contracted, making scanifiogjtcor impossible. |
observed no similar shifts using forks glued only at the bpsesumably because in this
case the vibration is decoupled from its support. In cohteaork with its entire prong
glued down incorporates its support structure into theesgsand we should expect that
small changes in the support structure could strongly aftecvibrations. The larger
forks glued at the base are not sensitive enough to feel th& attractive forces that are
present before tip-sample contact. This explains why exlyt| was forced to charge
up the tip to obtain a stronger electrostatic tip-sampledoiThis electrostatic mode has
problems of its own in that the 40 V | applied to the tip was oftethal to the SETs if
it got too close. More than one time | allowed the tip to get¢tase to an SET and the
entire sample was destroyed from the discharge.

Another challenge was the establishment of low-resistaocgacts reliably and

repeatably between the Pt contact pads and the probe tipd inoalerate success with
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both Ptlr and W tips and repeatably achieved contact resissaless than 1W, although
| was most successful using W tips. | expected to have no difies with Ptir tips due
to the lack of native oxide, but | found that they were contzated easily. Therefore
| inevitably needed to clean the tip with eld-emission intee sample before making
the rst contact after cooldown. To clean a tip | would positiit 1 nm away from a
grounded area of the sample surface and apply successieed/magative voltages until
| saw an abrupt increase in the tip-sample current, indigadi clean tip. To maintain
a clean sample surface while cooling the refrigerator | toate to maintain the sample
temperature above that of the walls of the vacuum spacesingsthat any contaminants
condensed on the walls instead.[94] Nevertheless, | ofiend that | had to push much
harder with the tip into the contact pad than | would have etquk and | believe that this
is due to a residual layer of contamination, perhaps frozatervthat was still present
on the sample surface. | suspect that the sample would ndszllieated to a very high
temperature while the refrigerator was cooled to reallypkiée surface clean, and this
might be detrimental to the SETSs or to the refrigeratorftsel

As a nal challenge, my newest recipe for SETs on Si (see Glrapt only uses
Al for the source and drain leads instead of Pt. This is ingrdrtbecause it allows a
nal fabrication step to passivate the Si/Si€urface with a 450°C anneal in forming gas,
without having any eutectic formation between the Al andeotimetals. Nevertheless,
such a recipe is probably incompatible with the scannedeneéasurement scheme out-
lined here, because the scanned probe may not be able tolposigh the native AlQ
without damaging the tip. This problem could be circumvdriig one of two methods.
The easiest would be to nd a metal that doesn't react with élblav 450°C, and that also
has no native oxide, but so far | have been unable to nd sucle@lnThe more dif cult
method would be to have two separate chips, or perhaps twalywdisparate regions on a
single chip, one with SETs and one with contact pads. The twmsacould be connected

with wirebonds or traces, one per SET. While the SET chip @atill be restricted to Al

141



metallization, the other chip could have Pt or Au contactspasibefore.

5.8 Summary

In conclusion, | have successfully modi ed a commercial lmmperature STM for
use as a tuning fork based scanning force microscope, andibg a metallic tip it acts
as a cryogenic scanned probe. Because the instrument aretep a cryogenic ampli er,
it is capable of measuring SETs with at least a 100 kHz bantiveiimillikelvin temper-
atures. | showed an image of an SET taken with the microscog&aulomb blockade
peaks from an SET measured with the probe at 60 mK. This denates the possibility

of using a scanned probe to measure large arrays of nantsesin a cryostat.
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Chapter 6
Summary and future directions

6.1 Conclusions

| have presented, analyzed, and begun to pursue one of maginafble routes
toward the electrostatic control of an individual impurélectron in Si. As outlined in
Chapter 2, this level of control is an important rst step e evaluating the true feasi-
bility of constructing a quantum computer based on donayarin semiconductors, as
well as representing an interesting experiment on its ownitsees a test of semiconductor
physics at the atomic level. | outlined the challenges suatxperiment would face, chief
among them that of aligning an individual donor with a detectuch as an SET, to sense
its ionization. While there are a number of other groups waykoward alignment of a
donor with an SET, we chose to pursue the measurement usidgmdy doped samples.

Measuring a single donor with an SET on a randomly doped saipVery low
doping raises the issue of how to measure a large enough mwhB&T/donor combi-
nations to nd one properly aligned. | addressed this cimgjéeby constructing a mil-
likelvin scanned probe, described in Chapter 5, capableinciple of measuring hun-
dreds of SETs in an array with low noise and high bandwidtld, edemonstrated the
probe's abilities by imaging an SET in an array and measuitsi@€oulomb blockade.
The measurement bandwidth was limited to about 100 kHz witharge sensitivity
of 226 10 ° e}D Hz near 10 kHz, limited only by the measurement electronidsis
scanned probe was one of the world's rst scanning force asicopes operating at mil-
likelvin temperatures.

In Chapter 3 | presented a model to describe the transiti@naflectron between

a donor site and a Si/Sidnterface 30 nm above it. At 100 mK the electron is localized
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within less than 3 nm from the donor site when there existslectéc eld. When an
electric eld of order 20 kV/cm is applied the electron shduhove abruptly toward the
interface where it should stop, con ned to about 3 nm in thection perpendicular to
the interface and to about 15 nm in the direction paralleh®ihterface. This transition
should happen on the timescale of 1 ns or faster. For an SHT amitisland 50 nm
50 nm the associated charge motion should induce a sigrakQell within the limits
of our sensitivity.

There must be a gate to bias the SET to its operating point airman charge
sensitivity, but changing the voltage on this gate will alpathe electric eld on a nearby
donor unless the system is engineered carefully to screemburity. In Section 3.2.1 |
outlined a good gure of merit to evaluate the screeningafieness of a given SET/gate
geometry. | also presented a novel design consisting of k ¢aie and SET with wide
leads above it that should shield a donor beneath the istanddt least 90% of the elec-
tric eld from the biasing gate. In Chapter 4 | discussed mgipe to fabricate prototype
devices of this geometry using ion implantation to createliack gate and an Al SET
on the surface. The fabrication incorporates two key iddésst, it combines e-beam
and photolithography into a single Al evaporation step,chitallows for subsequent high
temperature processing without the formation of interfieteompounds. Second, Ge
is used as the mask for this evaporation instead of the uddlIA because it is strong
enough to support the fragile, high aspect ratio structnessled to make an SET with
wide leads.

In Chapter 4.3.3 | presented the results of several expatsneith SETs looking
for evidence of charge motion in the underlying Si substrestowed how | could track
the amount of dc charge accumulated on an SET island of imadltdesign by using a
feedback circuit connected to a gate above the substratglyiAg an electric eld near
the SET, | compared the amount of charge moving in threerdiffesubstrates: one free

of dopants, one implanted with P at thetigcn? level, and one implanted at 1%/cm?.
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While | saw little difference in the behavior of the rst twaistrates, the 18 /cn?
substrate showed a signi cantly larger induced charge tharothers, which difference |
attribute to donors ionizing under the applied electriad.eUsing an ac electric eld and
lock-in detection | found resonances that | attribute toviailial electrons. | was not able
to identify signals due to the ionization of single donorswkver, presumably because
the doping density was high enough in this case to form ayeariduction region.

| then gave results from SETs built to my new design incorfiogavide leads on
two different substrates. By measuring the density of Collblockade peaks | was able
to show a direct correspondence between CV measurements onaa large capacitor
and CV measurements made with an SET. | was also able to ga&Hh with a planar
gate above the surface and found good agreement betweamegptand a parallel plate
model for the capacitance in this case. These results ptheethe SET was sensitive to
the charge con guration in the substrate and that the ovelattrostatics of the device
were well understood. Again using a lock-in technique, leslaed greater noise by a
factor of 3 in an SET fabricated above an area implanted witih 62 /cmm? compared
with one above an area without any P implant, but as in thdteeBom the traditional
SETs | could not distinguish an effect from a P implant at}1enm?.

By carefully initializing the sample in a nearly identicaéate each time | was able
to take a series of data tracking the position of severalgeharctuators in four SETS as
a function of the charge residing at the Si/Si@terface. | also tracked the uctuators
as a function of voltage on the SET biasing gate and studegdltehavior with different
driving amplitudes. The data conclusively eliminated the@strate as the source of
these uctuators. Instead, the data suggested that somgetim the surface was respon-
sible. My best guess is that the charge motion was due torefecshuttling onto and
off of isolated Al grains near the SET island. This theorylddue tested by shrinking or

eliminating these grains, perhaps by cooling the sampigesiaring the Al evaporation.
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6.2 Problems and future directions

Despite the successes outlined above, observing the mattiomdividual dopant
charges still faces some real challenges. Although a largg af SETs could in principle
be measured with the scanned probe | designed, there wesgsalved problems with
making low resistance contacts between the probe tip an8Eiepads. | suspect these
arose from residual frozen contamination or water on thespaf@ces that remained, even
under high vacuum conditions. There were also serious gnoblvith the coarse motion
capability required to move between devices in the arrayjianas dif cult to image the
sample quickly enough without damaging the SETS.

| believe a much simpler way to measure many SETs would besigal@n electri-
cal multiplexing circuit to connect a given SET to the cryogdransimpedance ampli er.
This multiplexer could be placed on a different nearby chigvhich the SETs were con-
nected with wirebonds, or if it were composed of Si MOSFETtould be placed directly
on chip and connected to the SETs with metallic intercormect

There are con icting requirements for the density of img&hdonors. On one hand
we need a reasonable density of donors to ensure that soaidesfraction of SETs will
lie properly aligned above an impurity. For example, at aidgplensity of 181 /cn?,
my wide lead SETs (island dimensions 50 nm50 nm) have on average 2.5 donors
beneath each island. Furthermore, | never characterizetiith density of defects at my
Si/SiO; interface, although the value could easily be as high a8 /té?. Both of these
considerations kept me from reducing the implant densitghmu

On the other hand, the lateral size of the wave function (sger€& 3.8) is 15 nm
(for an electron at the interface above an ionized donor 3@way). To really be con-
dent that there is no overlap between adjacent donor edestiat the interface would
require a nearest neighbor separation much greater thaml1Say at least 30 nm, cor-

responding to an implant density less thad/@m?. Clearly, the experiment is walking
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a ne line between forming a 2DEG at the interface and not hgwenough donors to
measure. While we could decrease the implant density whdesasing the SET island
area to compensate, this has the disadvantages that thenaEje sensitivity scales in-
versely with island dimensions and that we will not be ablsitoultaneously decrease
the interface defect density.

While it clearly seemed a good idea when we rst tried it, | nbalieve that creat-
ing the donor gating structure via ion implantation was atatis, because it introduced
too many other impurities and defects into the vicinity of thionors. When using this
structure as a gate there was a huge amount of hysteresig thue long tail of the ac-
ceptor distribution all the way up to the wafer surface. Fegd.22 makes this clear, as it
shows that we never operated the back gate in a regime wheeeteptor tail was fully
depleted. There were also problems with unanticipatedaligalat higher voltages (see
Figure 4.24 and accompanying text). While a back gate iadcte because it shields
the donors and makes the electrostatics easier to undeygtaill only work well if the
transition from metallic conduction to intrinsic Si is maaheichsharper, a goal that will
be dif cult to achieve via doping. On the other hand, traalil SETs with a side gate on
the surface, which provide a very sharp transition from tiet# insulating regions, do
not effectively shield charges underneath, and more inapdst they don't provide any
mechanism for xing the Fermi level in the substrate. We mhete a way to x the
Fermi level at the interface to ensure that the donors thereaupied.

The combination of a wide lead SET, Schottky gates on thesarfand metaliza-
tion on the back of the wafer, rather than just a nearby dope#t gate, may provide a
good compromise: shielding can be achieved with such a gepitieough careful de-
sign, and a Schottky contact should provide a channel foadlaétion and subtraction of
carriers from the system, yet it should be abrupt enoughdadtie problems of hystere-
sis present with a doped gate. However, care must be takeoitblaakage when using a

Schottky gate. Furthermore, the electric eld in thg plane must not be too great, or the
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donor electron, once ionized, will escape. For a donor afpghdef 30 nm, the interface
electron is bound by an electric eld 0:5 kV/cm at a radius of 15 nm. It will probably
be necessary to keep the eld componentsg andy signi cantly smaller than this.

In addition, it will most likely be necessary to mask the P lamp further, restricting
the implant to a small region beneath the SET island. If thisat done, there will be a
large number of donors between the gate and island of the B&Tidnize before the
donor that lies directly beneath the island. If there areughoof these they may form a
2DEG at the surface, and again it will not be possible to teaah donor as an isolated
system.

| also have not shown experimentally that our new device geggnwill shield a
donor from the gate. While the FEMLAB simulations from Clep8 and data from
Chapter 4.3.3 support the notion that it should do just tivathave not shown it with a
direct measurement. In fact I've seen just the oppositetfose signals that | attribute
to single electrons in Figures 4.19 and 4.31 the shieldirggfector of at least three or
four worse than predicted. Furthermore the gate acts ireatitin opposite what would be
expected for a donor underneath the island. Both obsenssigpport my conclusion that
the signals do not come from donor electrons. We will not be ebexperimentally verify
that the shielded design behaves as expected withoutfigiagtsome signal as coming
from charges beneath the SET island. Another route towaeddétg substrate charges
from the effects of the biasing gate could be to signi cantigrease its coupling to the
SET island while not changing its coupling to charges bels could be achieved via a
gate made to overlap with the island but separated from itthyna strong and insulating
dielectric.

Despite the dif culties outlined above, I still rmly beliee that measuring the spin
of a donor using an SET on the surface is possible. Each oftiegms can be addressed
with current technology. To eliminate electronic wave flioie overlap at the interface

will probably require an implant density around'®@cn?. Let me discuss how to solve
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the issues in this case.

If the SiO trap density were reduced below®@cn?, then we could reduce the P
implant density to 18 /cnm? without traps capturing a signi cant fraction of donor elec
trons. Achieving such a trap density is de nitely possif36] It would also be important
to characterize the density of unwanted impurities neaSiif&iO, interface, especially
impurities that may be introduced during oxidation. A P iemgl density of 1&° /cn?
corresponds to a bulk density of 210*® /cm® (see Figure 4.4). The background impurity
density should be kept well below this value. However, Siexsfre available commer-
cially with background densities 10'3 /cm?, so this problem reduces to ensuring an
extremely clean thermal oxide growth.

With an implant density of 1% /cn? there would be a P donor beneath only one in
four SETs. Measurement of at least 10 and perhaps 100 devadd then be required
for reasonable statistics, so that an SET multiplexing #ipawould become important.
| have already mentioned at least one multiplexing tectmol@ cryogenic MOSFET
multiplexer) that could enable measurement of 100 devio&éernative technologies
include a scanned probe or frequency multiplexed rf-SETs.

Regardless of the implant density, it will be necessary lially establish a given
electric eld at a donor site beneath the SET. This shoulddssiple with Schottky gates.
Lastly, masking the P implant to a narrow region beneath &gsSwill be dif cult, but
certainly possible using e-beam lithography and carefghatent.

An immediate priority should be to establish the quality of thermal oxides and
the purity of the Si beneath them. The next priority shouldabeexperiment that estab-
lishes the at band condition under an SET with Schottky gabecause the electric eld
there cannot be determined without knowledge of this unispre point. This data point
will in turn enable future experiments to concentrate oneatly reduced range of gate
potentials, i.e. only those that are near the at band caoonlitFlat band determination

can only be made by placing a large number of free electrotied®i/SiQ interface and
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then depleting them until they are gone; this depletion camieasured with the SET.

Such an experiment was dif cult to do with gates only on thédexsurface, as | had in

my earliest design, because in this con guration there isla breated for every electron
during sample illumination, and keeping these oppositebrged carriers well separated
is a challenge. It was also dif cult to do with the implanteddk gate, because the long
tail of impurities in these substrates washed out the atb@ansition.

The next priority should be to study the Coulomb blockadeksgeacing between
at band and about 50 kV/cm, even without any doping in thesstdie. Any variation
in the peak spacing with gate voltage, whether uniform odoam, would be interesting
physics by itself, and there have been a number of theolatigdies on the expected
statistical distribution of these peak spacings. Variaim peak spacing would also tell
us about unknown charges moving in the sample, charges #hwaillyneed to understand
before we search for signatures of donor ionization. Onlgmthese two experiments
have been well characterized would it make sense to implaatgle with donors for
comparison. At that point it would also make sense to constternative SET multi-
plexing technologies, and to investigate techniques faking the P implant to a smaller

region beneath the SET.
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