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Tuning the room temperature nonlinear I -V characteristics of a single-electron silicon quantum
dot transistor by split gates: A simple model

J. K. Vincent, V. Narayan, and M. Willander
Physical Electronics and Photonics, Department of Physics, Fysikgra¨nd 3, University of Go¨teborg and Chalmers University

of Technology, S-412 96 Go¨teborg, Sweden
~Received 2 March 2001; revised manuscript received 10 December 2001; published 11 March 2002!

We propose an experiment that potentially allows a single-electron silicon quantum dot transistor to operate
at room temperature. The emitter and collector of the device consist of silicon quantum wires and the base
contains a single silicon dot buried in silicon dioxide. We suggest that split gates are added to the usual
experimental situation, to provide additional and variable confinement perpendicular to the transport direction
in the emitter and collector regions. The current-voltage curve is calculated using the Bardeen transfer Hamil-
tonian method. The potential defined by the gates is approximated to a harmonic form. We predict the nonlinear
structure in the current-voltage curve, will survive to room temperature for systems with an emitter and
collector with dimensions of the order 20–40 nm, and where the harmonic potentials have subband level
spacing of the order 4–8.5 meV. Furthermore, we predict that the peak positions and peak to valley ratios in
the current-voltage curve can be ‘‘tuned’’ by changing the split gate voltage.

DOI: 10.1103/PhysRevB.65.125309 PACS number~s!: 85.35.Gv
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I. INTRODUCTION

The development of gas phase growth methods1 and a
variety of other techniques2–4 have made it possible to pro
duce silicon quantum dots with sizes of the order of 5 n
that have spacings between the energy levels of the o
kbT at room temperature—a necessary requirement for h
temperature single-electron transistor operation. A range
experimental techniques have been used to probe these
dimensional~0D! states, among which transport measu
ments5,6 reveal that the current-voltage (I -V) characteristics
are highly nonlinear. A typical experimental setup for stud
ing these transistors consists of quantum dot~s! buried in
silicon dioxide situated between a polysilicon emitter a
collector. The resonant tunneling of electrons through
discrete state~s! in the dot~s! causes a nonlinear structure
appear in theI -V. In addition, a gate is usually situate
above the dot region to control the energies of the disc
dot~s! state~s!. Using this setup, nonlinearI -V survives up to
150 K.1 In this paper we demonstrate theoretically, how t
temperature range for which nonlinearI -V manifests, can be
extended to room temperature.

We propose a variation to the standard experime
setup, where the gate above the dot region is omitted
split gates are grown above the emitter and collector, to
fine additional confinement lateral to the electron transp
direction. The potential of the split gates can be altered
change the lateral confinement, and thus alter the densit
states~DOS! in the leads, thereby ‘‘tuning’’ the resultingI -V.
Previously, a three terminal resonant tunneling diode~RTD!
~Ref. 7! with donors in the base, used gates to alter the lat
area of the emitter to less than 0.1mm2. The I -V character-
istic of the RTD~Ref. 8! was found to be sensitive to the ga
voltage. We use the split gates with similar effect, except
produce lateral confinement on a much smaller scale, of
order of nanometers for a single lateral direction. Previo
calculations for etched structures9–11 demonstrate that the
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quantization of the DOS in the leads~in this case defined by
the doping profile and charge on the surface of the devi!,
allows the nonlinear structure in theI -V to survive to higher
temperatures~but not as high as room temperature!. In addi-
tion, these structures have fixed confinement and canno
tuned.

We present a simple model for calculating theI -V and
demonstrate that strong confinement defined by the s
gates, results in the nonlinearI -V surviving to room tem-
perature. Room-temperature nonlinearI -V has been mea
sured for a device where the leads consists of narrow w
channels that are 20 nm wide.12 However, our proposed de
vice is much easier to fabricate, and allows the tuning of
I -V response. The survival of the nonlinearI -V to room
temperature is crucial for the construction of industrially v
able multistable logic circuits, and other applications such
current mixers and multipliers.13

II. THE MODEL AND QUANTITATIVE ASPECTS OF I -V

The proposed device shown in Fig. 1, consists of a dou
well quantum wire structure consisting of polysilicon an
silicon dioxide layers. The silicon layers form the emitter a
collector and the base region is the central oxide layer. T
silicon layers have sides of lengthL in thex andz directions,
and the confinement in they direction is defined by the spli
gates. The base has a widthw in the z direction. The emitter
and collector are in equilibrium with electron reservo
@with three-dimensional~3D! DOS# provided by metal con-
tacts or doped regions~not shown!. A single silicon quantum
dot with typical dimension 4–6 nm is buried in the middle
the silicon dioxide base region. In thez andx directions the
emitter and collector form quantum wells. The split gates
grown above the emitter and collector~separated by an insu
lating oxide layer! to define variable confinement in they
direction. Given that the silicon dioxide provides a lar
~3.15 eV! barrier and the width of the base is of the order
nm, direct tunneling of electrons from emitter to collector
©2002 The American Physical Society09-1
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very unlikely and electrons must ‘‘hop’’ through the discre
states in the dot. A linear potential is applied in thez
direction—the transport direction. The current from the em
ter to the collector can be tuned by altering the DOS in
emitter and collector by changing the voltage of the s
gates.

The system is modeled using the Bardeen transfer Ha
tonian technique,14–17 where the total Hamiltonian is ap
proximated as a sum of separate Hamiltonians for the e
ter, the base region, and collector:

H5Hem1Hd1Hco, ~1!

where em and co denotes the emitter and collector reg
andd denotes the dot in the base region. The eigenstate
the separate HamiltoniansCem, Cd , andCco and their en-
ergies Eem, Ed , and Eco are defined by their respectiv
Schrödinger equations. Previous calculations show that
the emitter and collector sizes we are considering, with ty
cal gate oxides thicknesses and split gates separation
potential defined by the split gates will only vary by a sm
amount along thex direction.18 We shall therefore ignore thi
small variation and approximate the potential defined by
split gates to a 1D form. This approximation, together w
approximating the oxide barriers in thex direction as hard
walls, allows the potentials in the emitter and collector to
separated in the Cartesian directions. The Hamiltonians
have the form

Hem5
\2¹2

2m*
1Vem~x!1Vem~y!1Vem~z!, ~2!

Hco5
\2¹2

2m*
1Vco~x!1Vco~y!1Vco~z! ~3!

FIG. 1. The schematic diagram of the proposed device~not
shown to scale! consists of a double well quantum wire structu
made from the materials silicon and silicon dioxide. The cen
oxide layer with widthw in the z direction forms the base region
and has a silicon dot at its center. The silicon layers with squ
cross section with sides of lengthL in the x andz directions, form
the emitter and collector. There are split gates fabricated on to
oxide layers grown on the emitter and collector, to define varia
confinement in they direction. The split gate voltages, the split ga
separations, and thickness of the oxide layer can be change
tailor the confinement in they direction. The device rests on
silicon dioxide layer, below which is the silicon substrate.
12530
-
e
t

il-

it-

ns
of

r
i-
the
l

e

e
en

with separable solutionsCem(r )5Cem(x)Cem(y)Cem(z)
and Cco(r )5Cco(x)Cco(y)Cco(z). The effective mass dif-
ference between silicon and silicon dioxide has been igno
by using the spatially average value for silicon, thus sett
m* 50.19m0. The potentials in the emitter and collector
the transport directionVem(z) and Vco(z) have the form of
finite potential wells with height 3.15 eV, which is the co
duction band offset for the Si/SiO2 system. For the potentia
in the emitter and collector in thex direction Vem(x) and
Vco(x), hard walls are imposed at the silicon-silicon dioxid
interfaces, as stated above, greatly simplifying the calcu
tion by ignoring the relatively small penetration of the wa
function into the oxide. The wave functionsCem(x) and
Cco(x) therefore, are analytic functions, whereasCem(z)
andCco(z) must be found numerically.

In they direction the potential is defined by the split gate
The split gates are kept at equal negative voltage, so tha
current can flow between the gates. The accurately calcul
potential defined by the splits gates evolves from a squ
well form to a harmonic form with more negative split ga
voltage.18–20 To model the potential profile defined by th
split gates a harmonic form is used~the most suitable choice
for a strongly confined system!, thusVem(y)5Vco(y)5ay2.
The constanta can be tuned by changing the split gate vo
age. The wave functionsCem(y) andCco(y) have the well
known form for the solution of the quantum mechanical h
monic oscillator, with energy levels separated byDEy eV.
We estimate that split gate separation should be of the o
of 100 nm to achieve a useful value forDEy , though a
detailed analysis of the electrostatics is necessary to estim
the split gate voltage and separation required.18

In the base region, the shape of the quantum dot is se
a cube and the Hamiltonian has the form

Hd5
\2¹2

2m
1Vd~x!1Vd~y!1Vd~z! ~4!

with separable solutionsCd(r )5Cd(x)Cd(y)Cd(z). The
potentialsVd(x), Vd(y), andVd(z) form into finite quantum
wells. However, for simplicity of calculation, we impos
hard walls at the interface between the oxide and silicon
thex andy directions. Again, the wave functionsCd(x) and
Cd(y) are analytical functions, whereasCd(z) is found nu-
merically.

A linear potential drop is applied from the left edge of th
emitter to the right edge of the collector in thez direction.
The electrons hop from the emitter to the dot, and then fr
the dot to the collector, resulting in a net flow of charge fro
the emitter to the collector. The direct hopping between
emitter and the collector is neglected, since such tunne
events are relatively unlikely, given the large and wide b
rier presented by the base oxide. The matrix eleme
Mem/co-d for the transitions from the emitter/collector to th
quantum dot within the Bardeen transfer Hamiltonian14–17

technique has the form
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TUNING THE ROOM TEMPERATURE NONLINEARI -V . . . PHYSICAL REVIEW B 65 125309
Mem/co-d5US \2

2mD E ~Cem/co¹Cd* 2Cd* ¹Cem/co!dxdyU2

3d~Eem/co2Ed!, ~5!

whereEem/coandEd are the energies of the emitter/collect
and dot states. Similar expressions exist for hopping of
electron from the dot to the emitter/collector. The integral
generate the matrix elements is performed in the plane w
constantz halfway from the center of the dot to the emitte
collector. The discrete states in the emitter and collector
phenomenological broadened, to account for the disorde
quasicrystalline nature of polysilicon. This is achieved
selecting an exponential form for the delta function, with t
broadening parameter set tokbT at 50 K. The current into the
dot I in from the emitter and collector has the form

I in5~12PD!F E F~Eem!Mem-ddE1E F~Eco!M co-ddEG
~6!

where PD is the occupancy of the quantum dot state a
F(Eem/co) are the Fermi-Dirac occupation factors of the ele
trons in the emitter/collector. Similarly, the current leavi
the dotI out is given by

I out5PDF E @12F~Eem!#Md-emdE

1E @12F~Eco!#Md-codEG . ~7!

These integrals in energy are evaluated by considering
appropriate discrete energy levels in turn. The integrals o
the x-y plane to generate the matrix elements are evalua
numerically, when a parabolic form is used for the confin
ment potential defined by the split gates. If a square w
with hard walls is used instead, the integrals become pr
ucts of trigonometric functions and can be evaluated ana
cally. The dot occupancyPD and current from emitter to
collector I are calculated by applying the steady state con
tion I in5I out and solving the simultaneous Eqs.~3! and ~4!.

The electrostatic fringing edge effect caused by the fin
size of the split gates in the transport direction has b
neglected in the model. The fringing effect becomes less
portant with increasing split gate length in thez direction,
and for the sizes considered can almost certainly be
glected, as the corrections to the DOS in the leads would
relatively small. We suggest that the split gates could
extended by 2–4 nm out of the emitter and collector, th
moving the fringing potential into the surrounding are
away from the leads where the electron density is high
The 1D harmonic potential used, should then be an e
more reasonable approximation to the true potential pro
in the emitter and collector regions.

As the voltage is swept to measure theI -V, for certain
voltages the dot state~s! will be aligned with a maximum or
with maxima of the 0D DOS of the emitter and collecto
whereas for other voltages the dot state~s! will be aligned
with a minimum or minima of the 0D DOS in the emitter an
12530
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collector. This can give rise to nonlinear features in theI -V.
Furthermore, as the dot state~s! sample the different sub
bands in the emitter and collector with different number
nodes in their 3D wave functions, with either odd or ev
symmetry in thex-y plane, the matrix elements for hoppin
into and out of the dot can fluctuate rapidly with voltag
causing further nonlinearity in theI -V. Given the complexity
of the expression for the current, we cannot predict the
sition of the peaks in theI -V using a simple picture, and the
must be found numerically.

III. RESULTS

The quantum dot is modeled as a cube with sides 4
across. TheI -V is first calculated for a device with param
etersL580 nm and subband spacing in they directionDEy
set to 2.1 meV. The DOS in the emitter and collector sho
for various sizes and spacings is shown in Fig. 2. In F
2~a!, the DOS is approaching the nonoscillatory form for
3D system, and we have effectively 3D-0D-3D tunneling,
in the standard experiments.1 It should be noted that the DOS
is proportional toE in this case and notAE as is normally
seen for a 3D free electron DOS, due to the parabolic c
finement in they direction. TheI -V is then considered for a
smaller device with parametersL540 nm andDEy54.21
meV. The DOS in the emitter and collector shown in F
2~b! exhibits nonlinear fluctuations, and clearly does n
have the form for a 3D system. Finally, we consider
strongly confined system with parametersL520 nm and
DEy58.42 meV where the DOS in the emitter and collect
as shown in Fig. 2~c!, is highly oscillatory.

The following calculations have emitter and collect
Fermi levelsmL andmR , respectively set to 80 meV, this i
a parameter in the model. For simplicity, only the grou
state is included in the quantum dot. The calculatedI -V
curve in Fig. 3 for a device with parametersL580 nm and
DEy52.1 meV is compared with the graph when a squ
well of length 80 nm replaces the harmonic potential. T
curves show similar nonlinear features to the features s
experimentally, and a similarly small current. TheI -V in Fig.
3 calculated at 300 K shows a little nonlinear structure, t
structure vanishes when the emitter and collector size is
creased and we effectively have 3D-0D-3D tunneling~not
shown!. A harmonic potential in they direction defined by
the gates is used for remaining calculations, which is m
physical for strong confinement in the emitter and collect

Figure 4 shows the calculatedI -V as a function of tem-
perature for a device with parametersL540 nm andDEy
54.21 meV. The low temperatureI -V has, as expected,
threshold voltage which must be applied before sizeable
rent can flow from emitter to collector. Furthermore at hi
voltage, a current peak survives to room temperature. As
temperature is raised, states at lower voltage previously f
occupied in the emitter and collector become partially oc
pied, and a current can flow at lower applied voltage gen
ating additional peaks. Figure 5 shows the calculatedI -V as
a function of temperature for a device with parametersL
520 nm andDEy58.42 meV. The peaks are very sha
9-3
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FIG. 2. Variation in the form of the energy dependence of
density of states in the emitter and collector with sides of length
energy level spacing in they direction given by~a! L580 nm and
DEy52.10 meV, ~b! L540 nm andDEy54.21 meV and~c! L
520 nm andDEy58.42 meV. Note that the wide contacts and n
row energy spacing shown in~a!, the 3D similar to the DOS is
proportional toE notAE due to the parabolic potential well in they
direction.
12530
compared to peaks observed in previous graphs, and the
responding peak to valley ratios also increase with stron
confinement in the emitter and collector. The graphs rev
clear trends: the separation of the peaks in theI -V increases
in voltage and becomes sharper and thermally more robu
energy as we reduce the size of the emitter and collector
impose stronger confinement from the gates, reflecting
transition of the DOS in the emitter and collector from
almost 3D to a 0D form.12

In Fig. 6, we show the change in the room temperat
I -V when small changes are made to the split gate volta
The I -V curves for parabolic energy level spacings ofDEy
59.35, 8.41, and 7.65 meV andL520 nm are shown. The

e
d

-

FIG. 3. The calculatedI -V at 300 K for a device with lead with
sides of lengthL580 nm andDEy52.10 meV~solid lines! com-
pared with theI -V for when an infinite square well with width 80
nm replaces the harmonic potential in the emitter and collector
fined by the split gates~dotted lines!. The two curves are not radi
cally different.

FIG. 4. The calculated temperature dependence of theI -V for a
device with leads with sides of lengthL540 nm and DEy

54.21 meV.
9-4
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TUNING THE ROOM TEMPERATURE NONLINEARI -V . . . PHYSICAL REVIEW B 65 125309
peak to valley ratios and the peak positions are very sens
to changes in the parabolic potential, thus theI -V can be
tuned by varying the split gate voltage. The peaks in Fig
move to higher voltage as the parabolic subband spa
increases. As the parabolic subband spacing is decreased
relatively small amount, the emitter state below the Fe
level decreases in energy. Therefore, a larger voltage mu
applied before this state lines up with the dot state, to al
a sizable current to flow. However, if we consider lar
changes to the parabolic subband spacing, then the state
viously above the Fermi level could move below the Fer
level, and this will allow a sizable current to flow at lo
voltage, altering theI -V, this we believe is not observed fo
the small changes in parabolic subband spacing consid
in Fig. 6.

The current in the calculations can be increased eithe

FIG. 5. The calculated temperature dependence of theI -V for a
device with leads with sides of lengthL520 nm and DEy

58.42 eV.

FIG. 6. Tuning of theI -V at 300 K by altering the split gate
voltages. The calculations are shown forDEy59.35, 8.42, and 7.65
meV. The device has leads with sides of lengthL520 nm.
12530
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introducing more dots in the base region as in some exp
ments, or by reducing the width of the base region. T
magnitude of current as suggested by Eq.~3! is partially
determined by the product of decaying exponentials of
wave functions in the transport direction, thus reducing
width of the base region, will increase the magnitude of
current exponentially.

In the experimental situation the dot~s! cannot be placed
accurately or manufactured with identical shape and dim
sions, thus one cannot manufacture identical devices~with
identical I -V) as demanded by industry. However, given t
peak positions and peak to valley ratios may be tuned by
value of the split gate voltage, we have the possibility
‘‘tuning’’ a population of devices to have the same or ve
similar I -V relations for a given interval of voltage. Thi
scheme may nullify the need to make identical devices, t
simplifying the industrial exploitation of the proposed d
vice.

IV. DISCUSSION

We have presented a simple model for calculating
current of a device where the 0D DOS of the emitter a
collector can be tuned by split gates. The calculations sh
that room temperature nonlinearI -V can exist for relatively
strong confinement in the emitter and collector. We ha
used approximate forms for the confinement potential
fined by the split gates, ignoring their finite size in the tran
port direction. However, a calculation of the potential profi
and energy levels that includes all the boundary conditi
would be computationally involved,21 and is best performed
in parallel with future experimental work.22 We are confident
that the inclusion of split gates to define additional confin
ment in the leads, should facilitate the survival of nonline
I -V to room temperatures, or at the very least push up c
siderably the maximum temperature at which nonlinearI -V
occurs. We note, one could use square gates21 instead of split
gates. The square gate will define~at zero voltage from emit-
ter to collector! a tunable harmonic potential in thez andy
directions.

We have only formulated a single particle model, where
in reality many electrons can occupy the silicon dot. Ty
cally for small dots with radii 1–3 nm, the energy differen
between the ground state energy for when two electrons
cupy the dot instead of one is between 0.48–0.12 eV.23 Thus
for a given dot size below a threshold voltage, the sin
particle model will be accurate, since it would be energe
cally impossible for two electrons to occupy the silicon d
at equilibrium. Beyond this threshold voltage, more than o
electron can occupy the silicon dot and the Coulomb int
action will change the energies of the dot states, ther
altering the peak positions in theI -V.

The experimental and theoretical investigation of fund
mental processes in condensed matter physics that ca
carried out, using the proposed device includes~i! the
electron-phonon interaction which can reduce the peak
valley ratio in theI -V, but should be less important wit
higher confinement in the leads and~ii ! the interaction of the
device with electromagnetic radiation and an applied ac v
9-5
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age, which again will depend on theI -V and the DOS in the
leads and dot~s!. The device is compatible with the existin
silicon technology, however, similar devices can be fab
cated using III/V materials by a combination of molecu
beam epitaxy~MBE!, self-organized growth of quantum
dots24–26and split gate techniques.27 The latter system, given
the relatively small band offsets of, e.g., GaAs/AlGaAs, w
allow a sizable direct current to flow from emitter to colle
tor, in addition to the current through the quantum dot~s!.
This material system therefore, will allow a larger current
flow compared to the silicon/silicon dioxide system. T
emitter to collector current is likely to be linear at high tem
perature, and would be expected to overwhelm the nonlin
features caused by the tunneling of electrons though the
a,

T.

,

de

tt

P.

P
W

e

L.

12530
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crete state in the dot~s!, making the system unsuitable fo
high temperature applications. We hope this paper w
stimulate related experiments and further theoretical anal
for both silicon/silicon dioxide and III/V systems.
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