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When electrons are confined to a small particle of
metal or a small region of semiconductor, both the
energy and charge of the system are quantized. In
this way such nanometer-sized systems behave like
artificial atoms.* The quantization of energy is
familiar: The solutions of the Schrodinger equation
in an isolated region have discrete energies. In
some ways, however, the quantization of charge is
more mysterious. We are quite comfortable with
the idea that the charge of a collection of electrons
is discrete. However, the charge in any small
volume of a large sample of conductor is not dis-
crete because the electronic wavefunctions are
extended over the entire sample. Only when the
states are localized is the charge quantized.

Artificial atoms have been constructed using metals
and semiconductors, and they have been given a
variety of names: single-electron-tunneling tran-
sistor, quantum dot, single-electron transistor, and
zero-dimensional electron gas. The physics of all
these devices is the same, although the limits in
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which they operate may be quite different. The
goal of our research is to better understand the
physics of these devices in order to optimize their
performance so that circuit design may commence.

2.2 Summary of Recent Work

Our work this year has been successful in two
arenas. First, we have followed up our studies,
reported one year ago,® showing that electrons in a
single-electron transistor in GaAs undergo phase
transitions as a function of magnetic field. We have
recently reported the observation of low energy
excitations which correspond to the critical fluctu-
ations of these transitions. Second, we have
recently fabricated metal oxide silicon SETs
(MOSSETSs) which show single electron phenomena
up to 20 K. We concentrate here on the latter
research.

A single-electron transistor (SET) is an island of
charge which is coupled to leads by tunnel barriers.
There are two energies that are encountered in
changing the electronic state of the SET: the
energy required to add an electron to the island, U,
and the energy required to excite the electrons
already on the island, AE. Both these energies
increase as the size of the island is diminished.
Since the resolution of single electron phenomena
is limited by the temperature of the electrons, we
may increase the operating temperature by

3 |BM Corporation, Thomas J. Watson Research Laboratories, Yorktown Heights, New York.

4 M.A. Kastner, "Artificial Atoms,” Phys. Today 46(1): 24 (1993).

5 0. Klein, C. de C. Chamon, D. Tang, D.M. Abusch-Magder, S.-G. Wen, M.A. Kastner, and S.J. Wind, "Exchange Effects in an
Artificial Atom at High Magnetic Fields," Phys. Rev. Lett. 74: 785 (1995).

49









Chapter 2. Artificial Atoms

voltage difference of up to 2 V between left and
right lower gates.

2.4 Results

We have observed periodic conductance oscil-
lations resulting from CB in a MOSSET, with an
addition energy U = 15 meV, which corresponds to
temperature T = U/kg = 175 K. Figure 3 shows the
conductance as a function of upper gate voltage for
several temperatures in a MOSSET whose
lithographic diameter is approximately 250 nm. We
see the periodic peaks in conductance typical of CB
with a spacing of 200 mV. One of the most striking
features of our data is that the conductance peaks
persist to high temperatures: the traces in figure 3
are taken at 0.315 K, 6 K, and 20 K with an offset
added for clarity. The peaks are still well resolved
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Figure 3. The conductance as a function of upper gate
voltage is shown here for three different temperatures.
Note that the conductance peaks are still sharp at 6 K,
while a periodic modulation of the conductance is still
present even at 20 K. This is consistent with a charging
energy corresponding to 175 K. The measurement was
made using standard lock-in techniques at 8.7 Hz with an
excitation voltage of 65 uV for the traces at 6 K and 20 K
and an excitation voltage of 20 uV for the trace at 0.315
K. The excitation voltage in all our measurements was
chosen to be less than ksT/e so that we measure the
linear response of the system. The curves at 6 K and 20
K are offset by 0.1e%h and 0.2e%h for clarity; the curve at
6 K is shifted by 0.06 V to the left.
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at 6 K, and there is a clear periodic modulation of
the conductance which persists up to 20 K, con-
sistent with a CB charging energy of 175 K.

There are four important energy scales that deter-
mine the transport in CB: AE is the typical excitation
energy of the island with a fixed number of elec-
trons; I' is the lifetime broadened natural line width
resulting from tunneling between the island and the
leads; U is the charging energy of the island; and
keT is the temperature of the SET. To observe
well-separated CB peaks, ksT < U/5. Past studies
of SETs have been restricted to two different
regimes, both of which have kgT>I. For metal
SETs, where kgT > AE, theory predicts that a con-
ductance peak has full width at half maximum
FWHM = 4.2 kgT/ox, where o = Cy/C;, the ratio of
the gate capacitance to the total capacitance. The
amplitude is predicted to be independent of temper-
ature. In the other previously studied regime,
keT <AE, and the transport is dominated by
tunneling though a single quantum state. Again the
FWHM is linear in temperature, but is now given by
3.5 kgT/«x, while the peak amplitude varies as 1/T.
Thus, by examining both the amplitude and width of
the peaks as a function of temperature we may
determine both the transport regime and the factor
A.

In our data, we find that the width of the peak at
9.8 V is linear in temperature (figure 4a). However,
in contrast to the prediction of the simplest model,
the width extrapolates to a finite value at T=0. This
result suggests that our MOSSET is operating in
the regime where I'>kgT. In this regime, we
expect the line shape to be a convolution of the
natural line shape of the zero-temperature conduc-
tance resonance with the derivative of the Fermi-
Dirac distribution function. If the line shape is
Lorentzian with FWHM = T, the width is predicted
to be linear in temperature, with a finite intercept:
FWHM = (3.5ksT + I')x, which agrees well with the
behavior seen in figure 4a. As discussed below,
we find that T’ = 1.3 meV, corresponding to a tem-
perature of 15 K, for the peak at 9.8 V. Further-
more, in this regime the amplitude is expected to
have a 1/T dependence for kgT > T, and below this
temperature the amplitude is expected to saturate.
Figure 4b shows such a crossover in the amplitude
of the peak at 9.8 V, providing further evidence that
the finite intercept in figure 4a is due to a large
natural line width.

From the slope of the peak width versus temper-
ature (figure 4a), we estimate o = 0.08. The phys-
ical meaning of « is simple: when the gate potential
is changed by AV, the potential of the electron
island is changed by oAV, We thus use o to
convert the gate voltage periodicity of CB peaks to
an energy scale: U=exAV,; = 15 meV, or Uks =
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Figure 4. The full width at half maximum (a) and the
inverse of the peak height (b) are shown as functions of
temperature for the conductance peak at an upper gate
voltage of 9.8 V (see figure 3). Notice that the width
does not have a zero intercept, while the inverse of the
maximum conductance saturates at low temperature.
This behavior is results from the large natural line width
G of the state. The line in (a) is a fit to all the points,
while the line in (b) fits the high temperature points with a
zero intercept.

175 K. Similarly, we use « to convert the peak
widths and find I's of 500 peV, 1.3 meV, and 3.3
meV for the three peaks in figure 3, in order of
ascending gate voltage.

We have also measured the differential conduc-
tance dl/dV, as a function of V the source voltage,
which we call the tunneling spectrum. This spec-
trum (shown in figure 5) is proportional to the
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density of single-particle states on the island which
couple to the leads. The first feature to notice in
figure 5 is the CB gap around zero bias. In addi-
tion, there are several features whose spacing is
reproducible; these are marked with arrows. We
associate these features in the density of states
with excited states of the artificial atom (SET). The
first peak in the spectrum on the right of the plot
(arrow labeled gs N) is the current contribution from
the ground state of the island with N electrons,
while additional features (arrow labeled exc) are
due to excited states of the N-electron island. Simi-
larly, the peak on the left of the plot (arrow labeled
gs N-1) is due to current through the ground state
of the N-1-electron island.

The typical energy spacing of bound states in the
SET is ~ 4 meV; we have converted the voltage
axis in figure 5 into an energy scale by accounting
for the capacitive coupling between the lead and
the island. This large value reflects the very small
spatial extent of the electron droplet. Furthermore,
this direct measurement of AE confirms that
keT <AE, as we have seen in the temperature
dependence data.
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Figure 5. Tunneling spectrum of the SET at T = 0.315 K. The peaks correspond to variations in the density of states of
the island. Peaks marked gs are due to tunneling through the ground state, while those marked exc are due to tunneling
through excited states. The measurement was made using a lock-in amplifier at 8.7 Hz with an excitation voltage of 26
uv.
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