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Abstract. An array of 3x 10’ Ge self-assembled quantum dots is embedded into the active
channel of a Si metal-oxide field-effect transistor. Conductance oscillations with the gate voltage
resulting from successive loading of holes into the dots are observed. On the basis of measurements
of the temperature dependence of the conductance maxima, the charge-transfer mechanism in the
channel is identified as being due to variable-range hopping between the dots, with the typical
hopping energy determined by inter-dot Coulomb interaction. The characteristic spatial dimension
of the hole wavefunctions as well as the charging energies of the dots are determined from the
conductance data.

In a single quantum dot (QD) weakly coupled by tunnelling barriers to two leads, the interplay
of single-electron charging effects and resonant tunnelling through quantized states leads
to conductance oscillations as the electrochemical potential of the dot is tuned [1]. This
phenomenon underlies the working of nanoscale single-electron transistors which have a
number of practical uses, ranging from metrology to computing. Recently, research has
focused on the double-dot systems [2] whose behaviour is found to be mainly affected by
electrostatic coupling between the two dots inside the artificial molecule. The next step is to
create and study large arrays of QDs in close proximity, allowing Coulomb interaction and
tunnelling between them [3]. Such systems can be considered as potential electronic networks
for quantum computers [4], and therefore may be particularly valuable in future high-power
digital processors. The behaviour of a multi-dot structure is expected to be more complicated
for several reasons: (i) the QDs are inevitably not sufficiently identical in size, and that can
cause smearing of their atomic-like properties; (ii) in contrast to the case for a single dot, the
interaction of the dots in an ensemble can be significant; (iii) transport through the system
may be dominated by thermally assisted hopping between the dots rather than by resonant
tunnelling. Thus, a key question to be answered is that of whether there can be conductance
oscillations in large arrays of QDs.

In a previous paper [5], we have reported measurements of hopping transport in a
modulation-doped Si field-effect structure with a layer of Ge QDs embedded in proximity
with the p-type conductive channel. At low temperaturEs* 6 K), a small (~10-20%)
contribution to the conductance which intriguingly oscillated with the gate voltage was detected
and was ascribed to direct hopping of holes between dots. Inthe work reported in this article, we
studied a new device, which contains of about®’ QDs and shows conductance oscillations
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atT < 100 K. For the first time, we have been able to study the temperature dependence of the
conductance maxima and to demonstrate that charge transport in the channel proceeds by hole
variable-range hopping between the dots and is distinctly affected by the inter-dot Coulomb
correlations.

Silicon-on-insulator films prepared from a SIMOX wafer (p-type Si substrate, 400 nm
buried SiQ and 170 nm top Silayer) were used for fabricating the metal-oxide—semiconductor
field-effect transistor (MOSFET) structures (see figure 1). The channel was a quantum dot
layer grown by molecular-beam epitaxy of Ge on Si(001) in the Stranski—Krastanov growth
mode. This produces spontaneous formation (self-assembling) of Ge nanoclusters (quantum
dots) randomly distributed in the plane [5—7]. From STM measurements, the areal density of
the dots was estimated to bg, = 3 x 10'> m~2. The average size of the dot base length
is found around 15 nm, the height4s 1.5 nm, and the dot uniformity is about 20%. The
structure was then capped with 40 nm of i-Si. The channel was patterned by photolithography
to form a Siisland of 10@m width and 10§.m length, etched down to the underlying $iO
Source and drain electrodes were made using Al evaporation and annealing @tia50N,
atmosphere. A plasma-enhanced chemical-vapour-deposition oxide of 60 nm thickness was
deposited as the gate insulator and, finally, a square-shaped<(100 xm?) Al gate was
deposited. The drain currenf;{ as a function of the gate voltag¥,() was measured in the
temperature range from 300 K to 4.2 K with the drain voltage fixetd,at 100 mV which
ensured ohmic conduction at all experimental temperatures.

Al gate, 100x100 pm?
. Ge dots

>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>

Si substrate

Figure 1. A schematic diagram of the
sample structure.

The channel conductanc& (= 1,;/V,) versus the gate voltage is depicted in linear
and semilogarithmic plots in figure 2. At room temperature,@é/, characteristic shows
a shoulder which evolves into a broad conductance peak in the voltage rang@ fvbto
6 V as the temperature decreases. In order to analyse the peak’s structure, we subtract the
smoothly varying background (see below). Afterthe background is subtracted, the conductance
modulation can be very well described by a sum of four Gaussian peaks. Figure 3 demonstrates
the result of decomposition of the various experimental curves into four Gaussians, labelled
as QD6, QD5, QD4, and QD3t. The position of those peaks as a function of temperature is

T We label the dot states in terms of the number of holes in each dot. For example, the peak obsgreed.atV

is labelled QD3 because it corresponds to loading of the third hole into the dots, this hole entering the first of the
excited states with the two ground-state levels already fully occupied. The peak corresponds to a mean loading of 5/2
holes per dot.
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Figure 2. Channel conductance versus gate voltage characteristics shown in linear (a) and semi-
logarithmic (b) plots. The source—drain voltage is 100 mV. The temperature decreases from top to
bottom.
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Figure 3. Dot conductance versus gate potential for four temperatures. Circles show the exp-
erimental data with the background subtracted; solid lines give the result of decomposition into
Gaussians.

displayedinfigure 4. Clearly, the fourfold structure with a gate voltage separatipr: 0.7 V
between the peaks is well defined and completely reproducible over the whole temperature
range. Very similar fine structure consistent with four maxima has been observed by us in the
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Figure 4. The position of the peaks in figure 3 as a function of temperature.

admittance spectra of Si-based Schottky diodes with Ge quantum dots [8] and ascribed to the
individual charging of the fourfold-degenerate first excited state in the Ge nanoclusters. The

average energy splitting due to on-site hole correlation or charging energy was found to be

AE =29+ 16 meV [8].

To demonstrate that the observed conductance peaks come from charging of the quantum
dots, we first estimate the charge density induced by the change in the gate voliaged
compared this quantity with the density of QDs. A change of gate poteh#falinduces a
changeAn in the two-dimensional carrier density given By: = C, AV, /e, whereC, is the
capacitance per unit area between the gate and the dotday#re electron charge. Taking the
geometrical parameters of the gate, relative permittivity 3.9 for Si0,, AV, = 0.7 V for the
separation of successive peaks, and supposing the electrostatic fields to be one-dimensional,
we findC, = 4.7 x 100* Fm2 andAn ~ 2.1 x 10" m~2. The latter value is consistent
with the density of quantum dotgop, = 3 x 10 m~2, strongly supporting the interpretation
that each constituent conductance peak originates from loadmgedfiolento each dot. The
maximum conductivity occurs when the given level is half-filled as this maximizes the product
of possible initial and final states for the tunnelling process that avoids increasing the on-site
correlation energy.

The above analysis can be checked by uslrfy measurements to verify the electrostatics
necessary for charging of the dots. We measured the capacitance between the source and drain
connected together and the gate. Remember that the source and drain contact the underlying
Si. The 100 kHZC-V, characteristics @ = 300 K and at 4.2 K are shown in figure 5. The
capacitance falls with increasifg corresponding to the increasing depletion layer thicknessin
the Sibelow the gate oxide. At4.2 K, we see, superimposed on the falling capacitance, structure
in the 3—6 V range associated with filling of the p states and also structure in the 8-9.5 V range
which we attribute to filling of the s states. We may use valu&s,dbgether with the acceptor
concentration in the Siyz = 7 x 10?2 m~2 (determined by Hall measurements), to estimate
the electrostatic configuration at various valued/pf At V, = 9.5V, just before the filling
of the ground-state levels,, ~ 3.4 pF which corresponds to the depletion layer extending to
some 88 nm below the dot layer. The corresponding band bending between the deep Siand the
dot layer is 414 mV. Just before the extended states start t6 fily 3.7 pF and the depletion
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Figure 5. Capacitance—voltage characteristics. The capacitance was measured between the source
and drain joined together and the gate. Values have been corrected for an estimated stray capacitance
of about 0.7 pF. Inset: the temperature dependence of the FWHM of the QD3 peak in figure 3 with

a linear fit to the data.

thickness below the dot layer is 62 nm with a corresponding band bending of 220 mV. These
simplistic results are compatible with the known Si—-Ge valence band offset and the expected
energies of the hole bound states [9]. After the excited states are €ljed,4.7 pF implying

that the effective boundary of the depletion region is now at the dot layer. The depletion layer
thicknessd, then continues to fall a¥, is decreased. AV, = 0V, d; = 23 nm and the

dot layer is about 17 nm into the unperturbed Si. The capacitance measurements are thus
consistent with our interpretation of the conductivity results.

At large positiveV,, capacitance only decreases weakly with increasing gate voltage, in
contrast to the conductance which shows a strong rise (see figure 2). Separate measurements
confirm that in this region leakage current through the insulator becomes comparable with
the source—drain current. Therefore we conclude that the apparent increase of background
conductance &, > 6 V is a result of leakage through the gate $iO

The energy level separation €) of the different charge states in the dots can be estimated
by usingAE = ne AV,, where the gate modulation coefficientelates the gate voltage to
the hole energy inside the dot. This coefficient can be determined in two ways. One way is to
calculaten from the temperature dependence of the full width at half-maximum (FWHM) of
the conductance peaks which, for a single dot showing Coulomb blockade oscillations, should
be broadened witll as 35kzT/(ne) [10] (kp is Boltzmann’'s constant). By measuring the
FWHM of the peak QD3 as a function of temperature (figure 5), we obtain3.4 x 102
with a residual FWHM of about 0.37 V which is a result of statistical fluctuation in the dot
ensemble. Another way of calculatimghas been proposed in [5]. When most of the charge
induced by a change of gate voltageV,, is captured by the QDs as discussed above, then
the change in potential of the dotis givenly = e An/Cop = C; AV, /(ngpCop), Where
Cop is the dot self-capacitance. Thys= A¢/AV, = C,/(nopCop). The value oCyp for
a disc-shaped dot with diametBrin classical electrostatics is given 6, = 4eeoD. For



9720 Al Yakimov et al

D =15nm and = €5y = 117, this yieldsCyp = 5.5 aF andy = 3.5 x 10-2. Obviously,

the agreement between the two above estimates of the gate voltage—dot energy modulation
coefficient is very satisfactory. The estimated charging energy, based on these calculations, is
about 23 meV. Again, this value is consistent with our previous admittance experiments [8].

We may ask why we do not observe conductance maxima associated with filling of the
hole ground states (QD1 and QD2 maxima) as we did with our earlier structures [5]. The
probable explanation is that the gate leakage currei, at= 9 V, where the capacitance
measurements show the s states to be filling, prevents sufficient accuracy for measurement of
hopping conductivity through the s levels, which is expected to be smaller as a result of the
reduced localization length of the wavefunctions.

A useful way to identify the mechanism of carrier transport is to study the temperature
dependence of the conductance. In the regime of resonant tunnelling through discrete energy
levels, conductivity depends weakly on temperature. The current peak height should increase
as the temperature is reduced due to diminished thermal broadening of the resonance. In
contrast, hopping conduction is thermally activated and usually described by

G(T) = Goexp[—(To/T)"] 1)
where, in the two-dimensional case and in the absence of long-range Coulomb interaction, the
exponentc = 1/3 andTp « [g(EF)€%]71, g(EF) being the density of states in the vicinity
of the Fermi levelE and¢ the localization length. When the Coulomb interaction between
charges localized on remote centres is signific@nf;) should follow a different dependence
with x = 1/2 andTp o e?/egel [11]. Figure 6 shows the temperature dependence of the four
conductance peaks, QD3-QD6. For all maxima (symbols) we see a temperature-dependent
activation energy reminiscent of variable-range hopping. A best fit to these curves (dotted
lines) indicates that below 100 K the temperature dependence can be described by equation (1)
with x >~ 0.5 andTy = 395-565 K (see table 1).
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Figure 6. The temperature dependence of the conductance maxima (symbols). Dotted lines are the
best fit of the experimental data to equation (1). Broken and solid lines represent the temperature
dependence of the conductance in the test samples A and B, respectively (see the text).



Oscillations of hopping conductance 9721

Table 1. Fitting parameters for the variable-range-hopping conduction through the quantum dots.

Conductance maximum x To (K) £ (nm)

QD6 049+0.11 565+ 58 154+ 1.6
QD5 049+ 0.14 395+48 214431
QD4 051+0.14 40549 211+22
QD3 051+0.10 536+£52 162+15
Sample A 050+0.01 1176+ 36 76+0.2
Sample B b1+ 0.01 581+ 37 150+0.9

We can check the hopping model for our structure and extract a value of the local-
ization radius? by making a quantitative comparison with the theoretical prediction. With
kpTo = 6.2¢%/(4meegl) [11] the spatial dimension of the wavefunctions is found to be
¢ =15-21 nm (table 1). For variable-range tunnelling to be occurring, the temperature-
dependent optimum hop distangg,; = 0.25¢(Ty/ T)*? must be larger than both the local-
ization length and the inter-dot distance (3—4 nm).7At+ 10 K and withTy = 395-565 K,
we haveRr,,, = 29-34 nm. Therefore these conditions are satisfied.

To obtain further evidence to support a hopping mechanism in the MOSFET, we have
fabricated two test samples without any oxides or gate. Both samples contain a remotely
doped layer of Ge QDs grown on a semi-insulating Si(001) substrate. In sample A the doping
level is such that only the ground state contains holes, there being 3/2 holes per dot taken from
impurities, while in sample B, the ground state is full and the first excited state is partially
occupied with a total of 5/2 holes per dot. The results5@f") measurements for the two
samples are shown in figure 6 by solid and broken lines, respectively. For both samples, best
fits again givex ~ 0.5, with To = 1176 K for sample At andy = 581 K for sample B. The
latter is close to the value found for the corresponding state (QD3) in the MOSFET structure (see
table 1). Moreover, the actual values®(T) for sample B match the temperature dependence
of conductance maximum QD3. These results provide strong support for the assertion that
the observed conductance oscillations do originate from hopping of holes through the discrete
energy levels of the first excited state.

In summary, we have described a set of experiments in which we have studied hopping
transport in a field-effect transistor containing some 30’ quantum dots. We demonstrate
that below~100 K this system is able to show conductance oscillations associated with single-
electron charging of each dot. From the temperature dependence of conductance maxima, we
identify the conduction mechanism as variable-range hopping in a density of states determined
by Coulomb interaction between the dots.
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T The characteristic length of the ground state turns out to be less than that of the excited state by a factor of 2—3.
This is consistent with our previous magnetoresistance measurements [5].
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