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Tuning the room temperature nonlinear | -V characteristics of a single-electron silicon quantum
dot transistor by split gates: A simple model
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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 2040 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.
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[. INTRODUCTION quantization of the DOS in the leadis this case defined by
the doping profile and charge on the surface of the degvice
The development of gas phase growth methoatsd a  allows the nonlinear structure in theV to survive to higher
variety of other techniqués* have made it possible to pro- temperaturegbut not as high as room temperature addi-
duce silicon quantum dots with sizes of the order of 5 nmtion, these structures have fixed confinement and cannot be
that have spacings between the energy levels of the ordéyned.
k,T at room temperature—a necessary requirement for high- We present a simple model for calculating th&/ and
temperature single-electron transistor operation. A range diémonstrate that strong confinement defined by the split
experimental techniques have been used to probe these zefR€S, results in the nonline&sV surviving to room tem-

dimensional(OD) states, among which transport measure-P€rature. Room-temperature nonlinda¥/ has been mea-
ment$® reveal that the current-voltagé-I/) characteristics sured for a device where the leads consists of narrow wire

e ign noninear. A ypiclexpermertal setp o suay-£1TI%1 AL e 20 VT weowever out oo 68
"?9 thesg t_ransis_tors consists of quantur_n(sdoburigd in I-V response. The survival of’the nonlinelaVV to room
S|I|”cont d'o_i_('hde snuatedt t:etwelt?n a ]P ollysTcon ??'tterhatnhdtemperature is crucial for the construction of industrially vi-
cofiector. The resonant tunneling of electrons throug @ble multistable logic circuits, and other applications such as
discrete staf®) in the dotfs) causes a nonlinear structure to

_ ) | : _ current mixers and multipliers.

appear in thel-V. In addition, a gate is usually situated
above the dot region to control the energies of the discrete
dot(s) statds). Using this setup, nonlinedrV survives up to
150 K! In this paper we demonstrate theoretically, how the The proposed device shown in Fig. 1, consists of a double
temperature range for which nonlindaV/ manifests, can be well quantum wire structure consisting of polysilicon and
extended to room temperature. silicon dioxide layers. The silicon layers form the emitter and

We propose a variation to the standard experimentatollector and the base region is the central oxide layer. The
setup, where the gate above the dot region is omitted ansilicon layers have sides of lengthin thex andz directions,
split gates are grown above the emitter and collector, to deand the confinement in thedirection is defined by the split
fine additional confinement lateral to the electron transporgates. The base has a widthin the z direction. The emitter
direction. The potential of the split gates can be altered t@nd collector are in equilibrium with electron reservoirs
change the lateral confinement, and thus alter the density ¢fvith three-dimensional3D) DOS] provided by metal con-
statedDOY) in the leads, thereby “tuning” the resultingV.  tacts or doped region®ot shown. A single silicon quantum
Previously, a three terminal resonant tunneling digRED)  dot with typical dimension 4—6 nm is buried in the middle of
(Ref. 7 with donors in the base, used gates to alter the laterahe silicon dioxide base region. In tlzeand x directions the
area of the emitter to less than Quin?. Thel-V character- emitter and collector form quantum wells. The split gates are
istic of the RTD(Ref. 8 was found to be sensitive to the gate grown above the emitter and collect@eparated by an insu-
voltage. We use the split gates with similar effect, except wdating oxide layey to define variable confinement in the
produce lateral confinement on a much smaller scale, of thdirection. Given that the silicon dioxide provides a large
order of nanometers for a single lateral direction. Previou$3.15 e\} barrier and the width of the base is of the order 20
calculations for etched structufed' demonstrate that the nm, direct tunneling of electrons from emitter to collector is

Il. THE MODEL AND QUANTITATIVE ASPECTS OF |-V

0163-1829/2002/68.2)/1253096)/$20.00 65 125309-1 ©2002 The American Physical Society



J. K. VINCENT, V. NARAYAN, AND M. WILLANDER PHYSICAL REVIEW B 65 125309

split gates emitter base collector with separable solutionsV ¢ (r) =Y e X) VoY)V enl 2)

and WV (r) =Y. (X)¥.(Y)¥.(2). The effective mass dif-
ference between silicon and silicon dioxide has been ignored
— by using the spatially average value for silicon, thus setting

oxide SidmO oxide m* =0.19m,. The potentials in the emitter and collector in
the transport directioW.(z) andV(z) have the form of

L x finite potential wells with height 3.15 eV, which is the con-
duction band offset for the Si/Sg3ystem. For the potential

silicon oxide silicon Z

in the emitter and collector in thg direction V(X)) and
L N L 4 Vo(X), hard walls are imposed at the silicon-silicon dioxide
interfaces, as stated above, greatly simplifying the calcula-
FIG. 1. The schematic diagram of the proposed devitat  tion by ignoring the relatively small penetration of the wave
shown to scaleconsists of a double well quantum wire structure function into the oxide. The wave function®.(x) and

made from the materials silicon and silicon dioxide. The centrahp  (x) therefore, are analytic functions, where®s,(z)
oxide layer with widthw in the z direction forms the base region, gnqg W .(z) must be found numerically.

and has a silicon dot at its center. The silicon layers with square

cross section with sides of lengthin the x andz directions, form oIhe split gates are kept at equal negative voltage, so that no

the emitter and collector. There are split gates fabricated on top L rrent can flow between the aates. The accurately calculated
oxide layers grown on the emitter and collector, to define variable u W 9 ) u y u

confinement in the direction. The split gate voltages, the split gate POtential defined by the splits gates evolves from a square
separations, and thickness of the oxide layer can be changed We€ll form to a harmonic form with more negative split gate
tailor the confinement in thg direction. The device rests on a voltage'®~?° To model the potential profile defined by the
silicon dioxide layer, below which is the silicon substrate. split gates a harmonic form is usétthe most suitable choice
for a strongly confined systemthusV(y) = VoY) =ay?.
very unlikely and electrons must “hop” through the discrete The constana can be tuned by changing the split gate volt-
states in the dot. A linear potential is applied in the age. The wave function¥..(y) and¥.(y) have the well
direction—the transport direction. The current from the emit-known form for the solution of the quantum mechanical har-
ter to the collector can be tuned by altering the DOS in themonic oscillator, with energy levels separated bE, eV.
emitter and collector by changing the voltage of the splitwe estimate that split gate separation should be of the order
gates. of 100 nm to achieve a useful value farE,, though a

The system is modeled using the Bardeen transfer Hamilgetajled analysis of the electrostatics is necessary to estimate
tonian techniqué; ™" where the total Hamiltonian is ap- e split gate voltage and separation requited.
proximated as a sum of separate Hamiltonians for the emit- |, ine base region, the shape of the quantum dot is set to

ter, the base region, and collector: a cube and the Hamiltonian has the form

In they direction the potential is defined by the split gates.

H=Hy+Hg+Hg, (1)
. : 2y?2
where em and co denotes the emitter and collector regions Hy= +Vy(X)+Vg(y)+ Vy(2) (4)
andd denotes the dot in the base region. The eigenstates of 2m

the separate Hamiltoniang,,, ¥4, and¥., and their en-
ergiesEq,, Eyq, and E., are defined by their respective . . .
Schralinger equations. Previous calculations show that fo ith separable solution®q(r) =Wq(x)¥q(y)¥4(2). The
the emitter and collector sizes we are considering, with typiPOtENtialsVa(x), Va(y), andVy(z) form into finite quantum
cal gate oxides thicknesses and split gates separation, ti¢!lS- However, for simplicity of calculation, we impose
potential defined by the split gates will only vary by a small hard walls Qt thg mterfacg between the ox@e and silicon in
amount along the direction® We shall therefore ignore this thex andy directions. Again, the wave functionBy(x) and
small variation and approximate the potential defined by thél'«(y) are analytical functions, where&sy(z) is found nu-
split gates to a 1D form. This approximation, together withmerically.

approximating the oxide barriers in thedirection as hard Alinear potential drop is applied from the left edge of the
walls, allows the potentials in the emitter and collector to beemitter to the right edge of the collector in telirection.
separated in the Cartesian directions. The Hamiltonians thefhe electrons hop from the emitter to the dot, and then from

have the form the dot to the collector, resulting in a net flow of charge from
the emitter to the collector. The direct hopping between the
h2v2 emitter and the collector is neglected, since such tunneling

Hem= 5 T Ver(X) + Ven(y) + Ven(2), (2)  events are relatively unlikely, given the large and wide bar-

rier presented by the base oxide. The matrix elements
M emicoq fOr the transitions from the emitter/collector to the
uantum dot within the Bardeen transfer Hamiltorfah’
T VedX) + Ve y) + Vel 2) © f[qec:hnique has the form

#°v?

oo™ Zme
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h2 2 collector. This can give rise to nonlinear features in Ithé.

ﬁ) j (‘I’em/coV‘I”J_‘I”JV‘I’em/cc)de% Furthermore, as the dot stéde sample the different sub-
bands in the emitter and collector with different number of

X 8(Eemics— Ea), (5  nodes in their 3D wave functions, with either odd or even

. . symmetry in thex-y plane, the matrix elements for hopping
whereEemc,andEy are the energies of the emitter/collector into and out of the dot can fluctuate rapidly with voltage,

alndtdot ?tateih SlgmtIe:r (tar>l<press_,t|;)n7 eﬁlsttfor_ltlr:)ppl?g Ofl tth%ausing further nonlinearity in tHeV. Given the complexity
electron from he dot to the emitter/coliector. The integraltoq¢ o expression for the current, we cannot predict the po-

generate the matrix elements is performed in the plan_e W|t|gition of the peaks in the-V using a simple picture, and they
constantz halfway from the center of the dot to the emitter/ :

. . ; must be found numerically.
collector. The discrete states in the emitter and collector are
phenomenological broadened, to account for the disordered
guasicrystalline nature of polysilicon. This is achieved by
selecting an exponential form for the delta function, with the

broadening parameter setkgl at 50 K. The current into the The quantum dot is modeled as a cube with sides 4 nm

Memicod= ‘

Ill. RESULTS

dot I;, from the emitter and collector has the form across. The-V is first calculated for a device with param-
etersL =80 nm and subband spacing in theélirectionAE,
| =(1—P f': E. M dE+J F(E. M .. dE} set to 2.1 me_V. The DOS in the ¢m|tter anq colllector shoyvn
in=( o) (Eem!Mema (EcoMeo for various sizes and spacings is shown in Fig. 2. In Fig.

2(a), the DOS is approaching the nonoscillatory form for a
D system, and we have effectively 3D-0D-3D tunneling, as
in the standard experimentst should be noted that the DOS
is proportional toE in this case and no{/E as is normally
seen for a 3D free electron DOS, due to the parabolic con-
finement in they direction. Thel-V is then considered for a

smaller device with parametets=40 nm andAE,=4.21
J [1-F(Eem) IMgendE meV. The DOS in the emitter and collector shown in Fig.

2(b) exhibits nonlinear fluctuations, and clearly does not

where Pp is the occupancy of the quantum dot state an
F(Eemico are the Fermi-Dirac occupation factors of the elec-
trons in the emitter/collector. Similarly, the current leaving
the dotly is given by

l'ou= Pp

have the form for a 3D system. Finally, we consider a
+f [1—F(Eco) JMa.codE|. (7) strongly confined system with parametdrs-20 nm and
AE,=8.42 meV where the DOS in the emitter and collector,

These integrals in energy are evaluated by considering th@s shown in Fig. @), is highly oscillatory.
appropriate discrete energy levels in turn. The integrals over The following calculations have emitter and collector
the x-y plane to generate the matrix elements are evaluatellermi levelsy, and ug, respectively set to 80 meV, this is
numerically, when a parabolic form is used for the confine-2 parameter in the model. For simplicity, only the ground
ment potential defined by the split gates. If a square welbtate is included in the quantum dot. The calculated
with hard walls is used instead, the integrals become prodeurve in Fig. 3 for a device with parametdrs-80 nm and
ucts of trigonometric functions and can be evaluated analytiAE,=2.1 meV is compared with the graph when a square
cally. The dot occupancy and current from emitter to well of length 80 nm replaces the harmonic potential. The
collector| are calculated by applying the steady state condicurves show similar nonlinear features to the features seen
tion I;,=1,,; and solving the simultaneous Ed8) and(4). experimentally, and a similarly small current. Th&/ in Fig.

The electrostatic fringing edge effect caused by the finite3 calculated at 300 K shows a little nonlinear structure, this
size of the split gates in the transport direction has beestructure vanishes when the emitter and collector size is in-
neglected in the model. The fringing effect becomes less imereased and we effectively have 3D-0D-3D tunnelingt
portant with increasing split gate length in tkelirection, shown. A harmonic potential in the direction defined by
and for the sizes considered can almost certainly be nehe gates is used for remaining calculations, which is more
glected, as the corrections to the DOS in the leads would bphysical for strong confinement in the emitter and collector.
relatively small. We suggest that the split gates could be Figure 4 shows the calculatddV as a function of tem-
extended by 2—4 nm out of the emitter and collector, thugperature for a device with parametdrs-40 nm andAE,
moving the fringing potential into the surrounding area,=4.21 meV. The low temperatureV has, as expected, a
away from the leads where the electron density is highesthreshold voltage which must be applied before sizeable cur-
The 1D harmonic potential used, should then be an everent can flow from emitter to collector. Furthermore at high
more reasonable approximation to the true potential profilevoltage, a current peak survives to room temperature. As the
in the emitter and collector regions. temperature is raised, states at lower voltage previously fully

As the voltage is swept to measure thé&/, for certain  occupied in the emitter and collector become partially occu-
voltages the dot stat® will be aligned with a maximum or pied, and a current can flow at lower applied voltage gener-
with maxima of the OD DOS of the emitter and collector, ating additional peaks. Figure 5 shows the calcul&tétas
whereas for other voltages the dot statewill be aligned a function of temperature for a device with parameters
with a minimum or minima of the 0D DOS in the emitter and =20 nm andAE,=8.42 meV. The peaks are very sharp
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FIG. 3. The calculated-V at 300 K for a device with lead with
/ sides of lengtl.=80 nm andAE,=2.10 meV((solid lineg com-
f’é’ - pared with thel -V for when an infinite square well with width 80
2 nm replaces the harmonic potential in the emitter and collector de-
£ fined by the split gate&otted line. The two curves are not radi-
E / cally different.
8 /
& compared to peaks observed in previous graphs, and the cor-
5 responding peak to valley ratios also increase with stronger
‘.3 confinement in the emitter and collector. The graphs reveal
& clear trends: the separation of the peaks inlthéincreases
in voltage and becomes sharper and thermally more robust in
P energy as we reduce the size of the emitter and collector and
‘ ‘ , impose stronger confinement from the gates, reflecting the
0.00 0.05 0.10 0.15 0.20 transition of the DOS in the emitter and collector from an
(b) Energy, eV almost 3D to a 0D fornt?
. In Fig. 6, we show the change in the room temperature
I-V when small changes are made to the split gate voltage.
The -V curves for parabolic energy level spacingsidE,
T / =9.35, 8.41, and 7.65 meV arid=20 nm are shown. The
c
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FIG. 2. Variation in the form of the energy dependence of the
density of states in the emitter and collector with sides of length and
energy level spacing in thg direction given by(a) L=80 nm and 0-% 00 0.20 0'40 0.60

AE,=2.10 meV, (b) L=40 nm andAE,=4.21 meV and(c) L
=20 nm andAE,=8.42 meV. Note that the wide contacts and nar-
row energy spacing shown i), the 3D similar to the DOS is
proportional toE not E due to the parabolic potential well in tiye
direction.
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introducing more dots in the base region as in some experi-
ments, or by reducing the width of the base region. The
magnitude of current as suggested by E8). is partially
determined by the product of decaying exponentials of the
wave functions in the transport direction, thus reducing the
width of the base region, will increase the magnitude of the
current exponentially.

In the experimental situation the dst cannot be placed
accurately or manufactured with identical shape and dimen-
sions, thus one cannot manufacture identical deviegth
identicall-V) as demanded by industry. However, given the
peak positions and peak to valley ratios may be tuned by the
value of the split gate voltage, we have the possibility of
“tuning” a population of devices to have the same or very
similar |-V relations for a given interval of voltage. This
scheme may nullify the need to make identical devices, thus
simplifying the industrial exploitation of the proposed de-
vice.

FIG. 5. The calculated temperature dependence of-ttidfor a
device with leads with sides of length=20 nm and AE,
=8.42 eV. IV. DISCUSSION

peak to valley ratios and the peak positions are very sensitive We have pregented a simple model for calculgtmg the
to changes in the parabolic potential, thus th¥ can be current of a device where thg 0D DOS of the e”.““er and
tuned by varying the split gate voltage. The peaks in Fig. 6collector can be tuned by Sp|lt gates. The_ calculatlo_ns show
move to higher voltage as the parabolic subband spacin at room temperature nonllneb_u‘\/ can exist for relatively

increases. As the parabolic subband spacing is decreased b tong conflr!ement in the emitter anq collector. We_ have
relatively small amount, the emitter state below the Ferml.sed approxmgte form; for'the cqnf.m.eme.nt potentlal de-
level decreases in energy. Therefore, a larger voltage must t%'ed by the split gates, ignoring their finite size in the trans-

applied before this state lines up with the dot state, to allowPO't direction. However,_a calculation of the potential pr_o_file
a sizable current to flow. However. if we consid’er Iargeand energy levels that includes all the boundary conditions

changes to the parabolic subband spacing, then the state p}/(\_/‘,ould be computationally involvett,and is best performed

viously above the Fermi level could move below the Fermi" pafa”‘?' With.future experimental Wo.ﬂ%We are confiden't
level. and this will allow a sizable current to flow at low that the inclusion of split gates to define additional confine-

voltage, altering thé-V, this we believe is not observed for ment in the leads, should facilitate the survival of nonlinear
the small changes in parabolic subband spacing considerédv to room temperatures, or at the very least push up con-

in Fig. 6.

siderably the maximum temperature at which nonline&t

The current in the calculations can be increased either bgccurs. We note, one could use square datestead of split

20.0 T T

—-— 9.35meV
— 8.41 meV
---- 7.65meV

15.0

10.0 N

Current (pA)

50 | 7

0.0 ¥ L L
0.00 005 0.10

0.15

0.20

0.25

0.30

0.35

ates. The square gate will defifa zero voltage from emit-
ter to collectoy a tunable harmonic potential in theeandy
directions.

We have only formulated a single particle model, whereas
in reality many electrons can occupy the silicon dot. Typi-
cally for small dots with radii 1-3 nm, the energy difference
between the ground state energy for when two electrons oc-
cupy the dot instead of one is between 0.48—0.13%hus
for a given dot size below a threshold voltage, the single
particle model will be accurate, since it would be energeti-
cally impossible for two electrons to occupy the silicon dot
at equilibrium. Beyond this threshold voltage, more than one
electron can occupy the silicon dot and the Coulomb inter-
action will change the energies of the dot states, thereby
altering the peak positions in theV.

The experimental and theoretical investigation of funda-
mental processes in condensed matter physics that can be
carried out, using the proposed device includ@s the

Voltage (V. . ! )
ottage (V) electron-phonon interaction which can reduce the peak to

FIG. 6. Tuning of thel-V at 300 K by altering the split gate Valley ratio in thel-V, but should be less important with
voltages. The calculations are shown i, =9.35, 8.42, and 7.65 higher confinement in the leads afig the interaction of the
meV. The device has leads with sides of length 20 nm. device with electromagnetic radiation and an applied ac volt-
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age, which again will depend on theV and the DOS in the crete state in the d@f), making the system unsuitable for
leads and dds). The device is compatible with the existing high temperature applications. We hope this paper will
silicon technology, however, similar devices can be fabri-stimulate related experiments and further theoretical analysis
cated using IllI/V materials by a combination of molecularfor both silicon/silicon dioxide and 11/ systems.

beam epitaxy(MBE), self-organized growth of quantum

dot§4‘26.and split gate techniqué$The latter system, given ACKNOWLEDGMENTS
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