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ABSTRACT
We report the fabrication and measurement of silicon quantum dots with tunable tunnel barriers in a narrow-channel field-effect transistor.
Low-temperature transport spectroscopy is performed in both the many-electron ( ~100 electrons) regime and the few-electron (  ~10 electrons)

regime. Excited states in the bias spectroscopy provide evidence of quantum confinement. These results demonstrate that depletion gates are
an effective technique for defining quantum dots in silicon.

All electrically measured single-electron devices and quan- reported in this paper, polysilicon gates have been used to
tum dots require tunnel barriers. These barriers fall into two define a single- and double-island single-electron transistor
broad categories: those in which the transparency is fixed (SET) electrostatically? Significantly, however, a reproduc-
during fabrication, and those where the transparency can beible technique to produce quantum confined dots with tunable
tuned in situ between opaque and highly conducting. Tunablebarriers in silicon has not been demonstrated previously.
tunnel barriers are particularly desirable in quantum dOtS, |n th|s paper‘7 we report transport measurements of
Where |t iS Often necessary to Control the tunnel rate acrOSSquantum dots Created by tunab'e barriers in a s”icon narrow-
a barrier, or to manage the interaction between electron channel field-effect transistor. Partial oxidation of a lower
occupancy and barrier transparency. Recent achievementgayer of aluminum barrier gates creates a very thin, localized
in controlling and measuring spin in GaAs-based semicon- |ayer of aluminum oxide, which enables the deposition of
ductor quantum dots® have been substantially facilitated 4 isolated top gate. This technique, which is based on a
by a tunable gate architecture. Electrostatically tunable native aluminum oxide, has not previously been utilized in
barriers have also been used to create well-defined quantumjjicon devices. This geometry allows the electrostatic
dots in other low-dimensional systems (for example, semi- creation of small, well-defined dots in silicon with a diameter
conducting carbon nanotutiésand InAs nanowires. of ~50 nm, resulting in quantum confinement, as evidenced

~ Silicon is a particularly attractive material for use t0 py excited-state bias spectroscopy. We have measured several
investigate quantum dots, because of the expected longyevices and report here on two such dots.

electron-spin coherence time. This is a result of the small
spin—orbit coupling in silicon and the primarily spin-zero

nu;:leatr bbackgrounti_i.Hctméeyer,_lfslngle—ele(;tron ds;;nns have contacts. A 5-nm-thick Si@gate oxide was thermally grown
" Recently, here has been considerable progress foward thid ("8 Surface. The lower aluminum barrier gates were
oal Couxllc,)mb blockade has been obs:rvgd in etched Siﬁabricated using electron-beam lithography (EBL), thermal
g'Gé heterostructurésand. more recentl antum dots evaporation, and liftoff. These gates were then partially
: ucturesand, . y, quantum oxidized using a plasma oxidation technique. The aluminum
have been defined in Si/SiGe using a Schottky split-gate gates were exposed 1o a low-pressure oxygen plasma (0.15
o . .
technique®1? Fixed tunnel barriers, such as local dopant . . :
g 1415 . mbar) for 3 min at a temperature of150 °C. This causes
modulatiort® or etching4!® have been used to fabricate . : )
L . . " the aluminum to form a layer of aluminum oxide (a few
guantum dots in silicon-on-insulator material. Silicon nano- nanometers thick) at the surfa&eMany test samples were

wires have also been shown to confine a quantum dot, with . :
. . fabricated for the purpose of breakdown tests, which
the source and drain contacts forming the tunnel bartfers. ) : s
confirmed that the partial oxidation of the lower layer

Electrostatic tunnel barriers have been created using Varioussufficientl insulates it from the ubper laver of aluminddn
double-gated structurés?® In a structure related to that y PP Y :

A similar process has been used previously in multilayer
* Author to whom correspondence should be addressed. E-mail: aluminum S_ET%‘? and also Ca_rbon hanotube deviéé3he .
susan.angus@student.unsw.edu.au. upper aluminum gate was aligned to the lower gates during

High resistivity (- 10 kQ/cn?) near-intrinsic silicon wa-
ferg® were used, with phosphorus-diffused regions as ohmic

10.1021/nl070949k CCC: $37.00  © 2007 American Chemical Society
Published on Web 06/14/2007



Ll
Annealed
*_Qf{‘q,ﬁt'.-ﬁ g )
o

A

T~100mK

| ' |
1.0 iy Unannealed
| Py Q_.,\""‘«*t

h""(‘

2DEG 4y
d

near intrinsic Si substrate I n+ ohmic regions 1l Si0y 0.0
8 aluminium upper and lower gates oxidised aluminium 0.0 1 '0

2.0
. . . . Vy (V)
Figure 1. Device structure. (a) Scanning electron microscopy

S/S’Egﬂg dr\n/lcroetigrrea?h i?:gl? iyg(i)cﬁlmdsv\ilécewlﬁe Iowerr bt?rge“;fgiates, Figure 2. Two-terminal conductance characteristics of sample 1
481nm Tltg12e’ widtr)llg of t%e - MOeSFET aast:g?(gf ?he WO atT ~ 100 mK, meas_ured using a _Iock-in AC excitation voltage
deviceé reported here weregpeso and 100 nrg‘rjw. The plunger gate ck)fgloohuv. E_ach ohmlc contact ;yplcally has a resstance«jf

(Vp) was not used in the experimgnts reported _here. (b).Schern.atic(S_h; Seiéy p}ﬁagl,;QSX;?EQB&OE#;'}{VO;S;TTL,M(gSCFOEn:pieri\Qgﬁs
cross section of a device, illustrating the 2DEG induced in the high of the turn-on characteristic of annealed and unannealed devices;

resistivity silicon l_Jy the upper MOSFET gate and locally depleted the annealed devices have a reduced threshold voltage, increased
by the lower barrier gates. transconductance, and an increased maximum conductance, and the
uctuations in the annealed devices are reproducible. (b) The

. I

a} second EBI_‘ stage, and agaln thermally evaporated ano‘conductance response of each barrier gate, measured while the upper
lifted off. The final step of processing was a low-temperature- MOSFET gate and the other barrier gate were well above the
forming gas anneal (15 min at 40Q in 95% Ny/5% H). A threshold value\(c = Vsy = 3.5 V). The barriers both have a
scanning electron microscopy (SEM) image of a device is steeper turn-on than the MOSFET channel. Some resonances can
provided in Figure 1, along with a schematic cross section. P& observed in each barrier.
The lower barrier gates are typicaly80 nm wide, separated
by a distancel of <40 nm. The widths of the upper gates events at the unannealed Si/gifterface or within the Si@
of the two devices reported here were 60 nm and 100 nm.A forming gas anneal is well-established in standard Si

Electrical transport measurements were performed on MOSFETSs for reducing the Si/SiOnterface trap density,
several silicon quantum dots at the base temperatus® ( and we emphasize the importance of this step for noise
mK) of a dilution refrigerator, at an electron temperature of reduction in low-temperature measurements. This anneal also
~100 mK. Standard low-frequency lock-in techniques were improved the performance of our samples by decreasing the
used to measure the two-terminal conductance and dif-threshold voltage, increasing the transconductance, and
ferential conductance through the dot. Measurements wereincreasing the maximum conductance. Each of these effects
performed in zero applied magnetic field. is visible in the comparison of the annealed and unannealed

To measure the turn-on characteristic, a voltage was samples in Figure 2a.
applied to all three gates simultaneously, resulting in an  The conductance characteristic of each of the barrier gates
approximately continuous field along the length of the is shown in Figure 2b. To isolate the effect of each barrier
nanowire. At 4 K, because of the high resistivity of the wafer, gate, these characteristics were measured with both the upper
the source-drain conductance is zero until the applied gateMOSFET gate and the other respective barrier gate well
voltage is equal to the threshold value. As the applied gate above the threshold value. These results demonstrate that
voltage is increased above the threshold value, the sourceeach of the lower gates may be used to tune its associated
drain current increases smoothly toward a maximum con- barrier from highly transpareny( > €’/h) to completely
ductance. At millikelvin temperatures, conductance fluctua- opaque G = 0). Some conductance fluctuations are observed
tions occur in the MOSFET turn-on characteristic. As shown in each barrier, which are probably due to variations in the
in Figure 2, these fluctuations are reproducible over several potential and resonances in each barrier. At 4 K, these
sweeps. These fluctuations may result from Coulomb block- fluctuations are not observed; the source-drain conductance
ade in the MOSFET channel or universal conductance increases smoothly with the applied barrier gate voltage.
fluctuations; further experiments are needed to confirm their  The combined effect of both the upper MOSFET gate and
origin. This is in contrast to devices made in the same batch,the lower barrier gates on the source-drain conductance is
but without the final forming gas anneal. The fluctuations illustrated in Figure 3. The constant period and varying
in these samples were not reproducible over different sweepsamplitude of the Coulomb oscillations, as shown in Figure
and were time-dependent, which is consistent with switching 3a, are typical of transport through a semiconducting island.
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Figure 3. Characterization of sample 2 (during two thermal cycles). 407"
A lock-in AC excitation of 5QuV was used. (a) Single trace é; 12 13 14 15 16 17
= 0.43 V, Vg = 0.37 V, showing the Coulomb blockade V. (V)
oscillations. (Thermal cycle 2.) (b) Differential conductance as a
function of the upper MOSFET gat¥() and the barrier gate¥#; Figure 4. Bias spectroscopy of two different samples, both in the

and Vgz). A constant source-drain bias of 1.5 mV was applied. many-electron regime: (a) sample 1, takerVat = Vg, = 0.85
(Thermal cycle 2.) (c) Enlarged section of panel b, highlighting v, with a lock-in AC excitation voltage of 2@V, N ~ 100
the diagonal lines of constant occupancy of the dot; the slope of glectrons; (b) sample 2 (thermal cycle 2), takeVgt = 0.43 V,
these lines results from the capacitive coupling of the dot to both \/,, = 0.37 Vv, with a lock-in AC excitation voltage of 5V, N ~
the upper MOSFET gate/g) and the barrier gated/¢, andVgy). 30 electrons on the left; (c) total capacitance of sample 2, as a

(d) Differential conductance as a function of each barrier g&te ( function of the applied MOSFET gate voltagés].
andVg,) at Vg = 1.3 V, measured using a constant source-drain

bias of 1.5 mV. (Thermal cycle 1. . . . . .
( y ) are likely to result from this same disorder in the barriers.

We note that, in Figure 3d, there is some capacitive coupling
Figure 3b displays the relationship between the upper andbetween these barrier resonances and the central island,
lower gates. The current through the device is zero when which may be suggestive of double dot charging. However,
the applied MOSFET gate voltaged) is below the threshold ~ when the upper MOSFET gat&/d) is used to probe the
value, and also when opaque barriers are created by the loweCoulomb diamonds, a constant Coulomb blockade period is
gates Vg1 or Vgy). When the source-drain current through observed over a wide range (for example, see Figure 4b).
the device is nonzero, Coulomb blockade with constant This is indicative of a single dot in the centrally defined
period is observed over a large region, demonstrating that aisland.
single island is formed by the tunable tunnel barriers over a Various devices have been measured, with consistent
large range of applied biases. The fine diagonal lines in the results across different samples. Figure 4 shows Coulomb
plot, which are enlarged in Figure 3c to be more easily diamonds belonging to two different samples: sample 1 in
visible, correspond to regions of constant electron occupancyFigure 4a (with a dot area of 30 nsn 105 nm), and sample
of the dot. 2 in Figure 4b (dot areas 35 nm x 65 nm). The dot in

The independent control of each barrier is demonstratedsample 1 has a charging energyedfCs = 2.5 meV. This

further in Figure 3d. Diagonal lines in the plot indicate gives a total capacitance value for the defined quantum dot
Coulomb blockade that is equally coupled to each barrier of 64 aF, which is consistent with a simple parallel plate
gate and, therefore, is due to the central island. Also visible capacitance calculation of 61 aF, based on the lithographic
are vertical and horizontal lines, which are evidence of dimensions of the dot, including the contribution of the
Coulomb blockade that is strongly coupled to the first and barrier gates. The gate capacitance (determined by the period
second barrier gates, respectively. The very small cross-of oscillations) is determined to be 13 aF, which, again, is
coupling shown makes it likely that these resonances are dueconsistent with the parallel-plate capacitor estimation of 21
to the imperfect potential in each of the barriers. Irregularities aF. The ratio of the gate capacitance to the total capacitance
in the transport through the dot, as observed in Figure 3b,is a = Cg/Cs = 0.20.
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The dot in sample 2 (Figure 4b) has a charging energy, a

€’/Cs, which increases from 2 meV to 4 meV, as the applied (d;l_i?:)
MOSFET gate voltage/s, decreases. This charging energy o 0-4
is larger, which is consistent with the smaller dimensions of
this device. The total capacitance determined from the E
charging energy is 4680 aF, and this finding again agrees 0 P | 3xt0

with the calculated capacitance of 41 aF. The total capaci->~
tance is approximately linearly dependent on the applied -5
MOSFET gate voltag&/s, as shown in Figure 4c, because
the capacitance increases as the size of the dot increase: -10
The gate capacitance is determined to be 12 aF, from the 110 112 114 116 1.18 120 122 124
period of oscillations, which is consistent with the calculated b Ve V)

value of 16 aF. The gate capacitance does not change felif,f)
significantly over the applied voltage range, presumably 4 .6x10"
because, as the dot extends under the barrier gates, it is

electrostatically screened from the applied MOSFET gate < 4

voltage. This results in a gate capacitance ratio. f 0.30 E , | 3x10

at Vg = 1.2 V. The consistency of regular diamonds over >3
such a large gate range confirms that this sample contains ¢
single, electrostatically defined quantum dot, because mul-

tiple islands result in overlapping diamonids. o I
By varying the voltages applied to the upper gate and the 112 114 \}-1&) 1.18 1.20
lower gates, it is possible to measure transport through the G

quantum dot in different regimes: the upper MOSFET gate Figure 5. Bias spectroscopy of sample 2, taken in the few-electron
(V) is used to alter the number of electrons in the dot; and regime, during thermal cycle 1, where a lock-in excitation of 50

the lower barriers gates control the coupling between the #V was used: (a) the number of electrons were reduced by

dot and the leads. We chose to investigate the few-electrondécreasing the voltage applied to the MOSFET top gate (the
Coulomb diamonds shown here were the last visible, takafyat

regime and also the many-electron regime in a weakly — Vg2, = 0.754 V); (b) the lines of conductance parallel to the

coupled .dOt- o Coulomb diamond edges in this enlarged view are evidence of
Both bias spectroscopy plots shown in Figure 4 were taken excited states in the device. These diamonds were again taken at

in the many-electron regime. We estimated the number of Ver = Vez = 0.754 V.

electrons in the dot using two different methods. The first ) . _
method used the period of Coulomb oscillations, which Wheregis the degeneracyy* the effective mass, and the

represents the addition of a single electron. The relative €@ of the dof? If both spin and valley degeneracies are

voltage applied to the top gate, with respect to the threshold INcluded, them\E = 275.eV. Energy-level spacings up to
voltage, is divided by the Coulomb oscillation period, giving 600 #€V are observed in Figure 5, which is broadly
an estimate of the number of electrons in the dot (assumingConsistent with the predicted value. In the few-electron
zero free electrons in the dot below the threshold voltage). '€9ime, there are also many anomalies in the Coulomb
The second method simply used the measured electrondiZmonds, such as the gap in conductance ¥ege= 0 mV
density of a similar MOSFET devidé.Both methods give and alsq the brighter lines of conductance that are not pa'rallel
consistent estimates, within a few electrons. The number of 10 the diamonds. We understand that these are mostly likely
electrons ) in each of the dots shown is thus estimated to du€ to imperfections in the barriers.

beN ~ 100 in Figure 4a andll ~ 30 at the left of the long Detailed quantitative analysis of the excited-state energy
diamond sweep in Figure 4b. levels is not included in this paper, although it is interesting

To investigate transport phenomena in the few-electron to note several features. Significantly, the spacing of the

regime, the applied MOSFET gate bids was reduced to excited states changes considerably for different electron

just above the threshold value. Figure 5 shows data obtained®ccupancy of the dot, which is consistent with the excited
with Ve = 1.10 V, where we estimats ~ 10 electrons. states of a dot in the few-electron regime. States in the

There are indications of excited states (shown in Figure 5 barriers or leads are expected to remain at a constant spacing

by brighter lines of differential conductance parallel to the OVer several diamonds. It is not clear whether the excited
edges of the Coulomb diamonds outside of the blockaded States of the qlot are due_t(_) orbital excited states alone or
region) in the many-electron regime; however, these statesWhether there is also a splitting of the 2D valley degeneracy,
become far more pronounced in the few-electron regime, as@S 1S anticipated in strongly confined 2D structures in
observed in Figure 5b in particular. The approximate energy Silicon?’

level spacing in a two-dimensional (2D) dot can be calculated R€cently, progress in GaAs quantum dots has advanced
significantly because of optimization of surface gate geom-

using k , .
etry, in particular, enabling measurements to be performed
AE = 27h? on lateral quantum dots occupied by a single electron. Results
gnrA reported here are significant motivation for similar work to
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be performed in regard to optimizing surface gates in silicon.  (8) Klein, L. J.; Lewis, K. L. M.; Slinker, K. A.; Goswami, S.; van der
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