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Single-Electron Capacitance Spectroscopy of Discrete Quantum Levels

R. C. Ashoori, H. L. Stormer, J. S. Weiner, L. N. PfeiN'er, S. J. Pearton, K. W. Baldwin, and K. W. West
ATc% T Bell Laboratories, Murray Hill, 1Ve~ Jersey 07974

(Received 2 March 1992)

We observe the capacitance signal resulting from single electrons tunneling into discrete quantum lev-

els. The electrons tunnel between a metallic layer and confined states of a single disk in a microscopic
capacitor fabricated in GaAs. Charge transfer occurs only for bias voltages at which a quantum level

resonates with the Fermi energy of the metallic layer. This creates a sequence of distinct capacitance
peaks whose bias positions directly reflect the electronic spectrum of the confined structure. From the
magnetic field evolution of the spectrum, we deduce the nature of the bound states.

PACS numbers: 73.20.Dx, 7 l.50.+t, 71.55.—i, 72.20.My

Man-made microstructures which confine electrons ar-
bitrarily in all three spatial dimensions provide uniquely
simple model systems for the study of few particle phys-
ics. Direct spectroscopy of the quantum states of indi-
vidual microstructures has been sought as a probe of their
electronic properties. McEuen et al. [1] have demon-
strated a transport spectroscopy on a small system con-
taining —100 electrons which is sensitive to charging
effects [2] (Coulomb blockade) as well as to quantum
level splittings. Others have studied quantum dots fabri-
cated from double barrier resonant tunneling structures
and report the observation of quantum level splittings [3]
and single-electron charging effects [4]. However, this
latter technique is di%cult to exploit as a spectroscopic
tool since the devices operate far from equilibrium. Far-
infrared [5] and conventional capacitance [6,7] spectros-
copies have been performed but require large arrays of
nominally identical nanostructures in order to provide
measurable signals. As it turns out, the interpretation of
such data suffers from unavoidable structure to structure
inhomogeneity [8].

This Letter describes capacitance spectroscopy on a
GaAs tunnel capacitor [9] containing only a single micro-
scopic region for charge accumulation. The charge in

this region can be varied from zero to several thousand
electrons. We observe discrete peaks in the device capac-
itance as a function of voltage across the capacitor. The
peaks are caused by single electrons tunneling between
a metallic layer and discrete quantum levels laterally
confined in a quantum well. The gate bias positions of
these peaks are determined by the energetics of electron
charging and the quantum level structure in the tunnel
capacitor [8]. Moreover, the gate bias scale can be
directly converted to an energy scale in the quantum well.

The tunnel capacitor is fabricated from a GaAs/Al-
GaAs multilayer wafer grown by molecular beam epi-
taxy. The layer sequence is as follows: 1-pm undoped
GaAs buffer layer; 3000-A n+ (4X 10' cm ) GaAs;
150-A undoped GaAs spacer layer; 85-A Alo3Gao7As
tunnel barrier; 150-A GaAs quantum well; 150-A Alo3-
Gao7As undoped setback; 350-A n doped Alo3Gao7As
region; 300-A undoped GaAs cap layer. The conduction
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band profile in these layers is pictured in Fig. 1(a), and a
cross section through a processed device is shown in Fig.
1(b). A I-pm-diam CrAu disk is fabricated using elec-
tron beam lithography. After a 300-A dry etch, a 2-pm-
diam CrAu disk, shown in Fig. 1(c), is patterned to cover
the 1-pm disk. A narrow lead connects the 2-pm disk

(gate) to nearby electronics. Depletion under the etched
surface confines electrons to the region of the well under
the I-pm disk [10].

To measure the capacitance signal from single elec-
trons moving back and forth across the tunnel barrier, we

have incorporated our device into a "bridge on a chip,
"

with a standard capacitor and detector located very close
to the tunnel capacitor. The circuit is shown schematical-
ly in Fig. 1(d). ac excitation voltages differing in phase

by 180' are applied to the n+ layer of the tunnel capaci-
tor, CT, and to one plate of the on-chip standard capaci-
tor, Cq. The gate of CT and the other plate of Cq are
electrically connected, and the signal is measured at this
"balance point" of the bridge. As a detector, we use a
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FIG. 2. The rms signal at the input of the HEMT as a func-
tion of gate bias using a 0.33-mV excitation. A linear back-
ground has been subtracted. Inset: Device capacitance mea-
sured at 0.9-mV rms excitation. The arrow indicates the posi-
tion of the first peak of the main figure.

cryogenic high electron mobility transistor (HEMT) with

input shunt capacitance Cg of =0.3 pF. It is positioned
within 2 mm of the bridge and mounted in a fashion
which leaves its characteristics practically unaffected by
an applied magnetic field. The bias on the gate of the
transistor is established through a nearby 20-MO thin-
film resistor, Rg.

The transistor can be thought of as an impedance
matcher operating around unity voltage gain. With a low

capacitance input, it drives high capacitance lines. To
obtain high sensitivity, care was taken to minimize the
shunting capacitance C@„„&(the sum of Cs, CT, C6, and
stray capacitance C~), from the balance point. The sig-
nal from the HEMT is further amplified and fed into a
lock-in amplifier. Initially, the on-chip bridge is balanced

by adjusting the ac voltage amplitude on the standard
capacitor. The experiment consists of monitoring the
off-null signal at the balance point as the dc bias across
the tunnel capacitor is varied. All data are taken with a
210-kHz excitation at pumped He temperatures.

With a 20-MQ gate bias resistor, the RC time constant
at the balance point is =20 ps. This is much longer
than the I/r0=0. 8 ps of the ac excitation. Therefore our
bridge is sensitive to charge induced on the gate of the
tunnel capacitor resulting from electron tunneling be-
tween the n+ layer and the quantum well in synchrony
with the ac excitation. The noise level for detection of
charge on the balance point is =3x10 e/vHz, rival-

ing that of early double junction single-electron devices
[2l.

The inset of Fig. 2 shows the capacitance of the tunnel
capacitor as a function of gate bias after subtraction of a
linear background of = 1 fF/V. This background results
from a small depletion of the metallic n+ layer under

negative gate bias. A sharp rise in the capacitance is ap-
parent around —450 mV. The same feature is observed
in measurements on a large area device fabricated from
the same wafer. This capacitance step develops as elec-
trons from the n+ layer fill up the quantum well, reduc-
ing the eA'ective distance between the capacitor plates.
At high (positive direction) gate biases, the device con-
tains a disk of electrons of 1 pm diam in the quantum
well, whereas at low gate biases this area is totally deplet-
ed. The calculated capacitance step height from this
filling is =0.25 fF, which calibrates the vertical scale of
the inset and yields C,h„„& 0.9 ~ 0. 1 pF.

Figure 2 shows the device capacitance as measured
with high resolution at gate biases below the capacitance
step. We observe a sequence of well-resolved and repro-
ducible capacitance peaks whose positions only change
upon thermal cycling. In the example of Fig. 2, the first
peak appears at —614 mV, and there exist no such
features at lower voltages. The small peaks of Fig. 2 are
of similar height (15-20 nV rms) and width (=1 mV)
with taller peaks of variable width and height increasing-
ly appearing at higher gate bias. The small capacitance
peaks arise from single electrons tunneling into the lowest
energy discrete quantum states of the gated region in the
quantum well. The taller peaks are caused by near or ac-
tual degeneracies in gate bias at which several electrons
tunnel into the disk. The positions of these peaks reflect
directly the energetics of the quantum levels.

In our tunnel capacitor, near an isolated capacitance
peak, at most one electron is induced to tunnel between
the n+ layer and the discrete state in the well. The elec-
tron travels only a fraction, I/rl, of the distance between
the plates of the tunnel capacitor. Therefore the amount
of charge induced on the gate due to a single electron
tunneling is —e/ri, which translates to a voltage change
at the balance point of —e/riC, h„„,. We refer to ri as the
"lever arm. " Its value is given by rl =4.0 as determined
from the molecular beam epitaxy (MBE) growth param-
eters and capacitance measurements on large area mesas.
The lever arm also sets the reduction factor between
externally applied voltage Vti and the voltage drop be-
tween the n+ layer and the quantum well. This estab-
lishes the energy scale E eVti/ri for the well as is evident
from Fig. 1(a).

For an electron, the mean time for tunneling between
the n+ layer and the well is less than 0.1 ps. During one
cycle of the excitation an electron can tunnel many times
back and forth through the barrier. Although each tun-
neling process transfers a complete electron charge, the
occupation of the quantum level appears to be continuous
and reflects the Fermi distribution in the n+ electrode.

In order to convince ourselves of the validity of this
picture, we analyze in detail the behavior of an individual
peak as the excitation amplitude is varied. The top curve
of the left inset of Fig. 3 shows the voltage change at the
balance point due to tunneling as the bias voltage is
scanned through a capacitance peak. It is just the Fermi
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FIG. 3. The rms signal at the HEMT input for a sequence of
sinusoidal excitation voltages. The smallest excitation is 0.056
mV rms. In each subsequent curve the excitation amplitude V„
increases by a factor of 2. Left inset: Representation of the
voltage response at the HEMT to ac excitations of varying am-
plitude. For details see text. The sinusoids depict the different
ac excitation amplitudes used in the experiment. Right inset:
Results of the model calculation for the different excitation am-
plitudes used in the main figure, assuming Cshggt 0.9 pF.

distribution function multiplied by —e/ ICr, „„
hwtith the

abscissa expanded by g. Consider the dc bias Vo to be set
at the center of a capacitance peak. Then, with added ac
modulation, the quantum level in the well tends to be oc-
cupied during positive portions of the ac excitation and
unoccupied during negative portions. Therefore, at zero
temperature, the signal at the balance point &s simply a
square wave of variable duty cycle depending on the posi-
tion of Vo with respect to the center of the step.

At zero temperature, the signal after lock-in detection
is a peak in the shape of half an ellipse [IO) of height
%2e/xr)C, h„„twith a base width of twice the amplitude of
the ac excitation, V„, At nonzero temperatures and for
I'„&rlklrT/e, the height of the peak drops and becomes
amplitude dependent. For V,,»rikaT/e the peak height
saturates at J2e/zr)C, h„„t,and only its width increases.

Calculated line shapes for various values of V„., are
shown in the right inset of Fig. 3. These curves are con-
volutions of amplitude-dependent hemi-ellipses with the
derivative of the Fermi distribution function scaled by g.
In successive curves, V„., is increased by a factor of 2.
Our experimental data from a single isolated capacitance
peak, shown in the central portion of Fig. 3, closely repro-
duce this dependence on V,, In order to achieve a satis-
factory agreement between model calculation and experi-
ment we had to adopt in Fig. 3 a sample temperature of
T=0.6 K, somewhat ~armer than the surrounding He
liquid at =0.35 K. It is likely that the 25 p% of po~er
dissipated by the transistor which is thermally connected

MAGNETIC FIELD (Teala}

FIG. 4. (a), (b) Gray scale images of the sample capacitance
as a function of energy and magnetic field. The vertical axis is
derived from the gate bias. It corresponds to —600 mV at the
bottom of the figure and to —500 mV at the top. Curve 8 is
the theoretical result for the field dependence of a central 0
state, and curve E represents the field dependence of the lowest
Landau level, hto„/2.

to the sample is responsible for this slight temperature
rise in the tunnel capacitor.

The content of Figs. 2 and 3 establishes our ability to
perform single-electron capacitance spectroscopy on dis-
crete quantum levels. We find that the low-energy spec-
trum of our 1-pm disk consists of discrete electronic
states with a characteristic energy spacing of a few me Y,
Such a large splitting cannot be caused by lateral
confinement under the 1-pm disk. Instead, potential fluc-
tuations in the quantum well must create local minima
which localize the electrons into puddles. At high gate
bias, the puddles merge and form the lowest two-

dimensional band of the quantum well.
We now use our new spectroscopic tool to study the

magnetic field evolution of the quantum states in the tun-
nel capacitor. Complete gate bias scans are taken at a se-
quence of fixed magnetic fields. After subtraction of a
smooth background, we obtain a two-dimensional array
of the sample capacitance as a function of magnetic field

and gate bias. The capacitance is plotted in gray scale in

which black represents the peaks. This representation al-
lows us to follow the position of individual peaks with

magnetic field. Figures 4(a) and 4(b) show such data
from two separate runs between which the sample was

thermally cycled.
All peaks of Figs. 4(a) and 4(b) start out with nearly
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zero slope and move monotonically to higher gate bias
with increasing magnetic field. The curves fall into two
distinct classes characterized by their high-field slope.
Most curves are of the steep-slope type. At high 8 fields
the steep traces run nearly parallel to the line E = Aro, /2,
with co, being the cyclotron frequency. This is the mag-
netic field evolution of states which ultimately develop
into the lowest Landau level. Their parabolic dependence
at low fields reflects the lateral confinement of these lev-

els. Most states cross over to a straight line at fields 0.5
T &B &4.0 T suggesting lateral confinement on the
scale of the corresponding magnetic lengths ln of 360
A & ln & 130 A. At these length scales the energy for the
repulsion between two electrons in the same potential
minimum is greater than —10 meV. Since the traces of
Fig. 4 are much more closely spaced, they likely result
from individual electrons tunneling into laterally separat-
ed unoccupied minima of the disorder potential.

We use a simple approximation to estimate the
strength of the confining potential. The energy of the
first electronic state in a cylindrically symmetric parabol-
ic potential, of characteristic frequency mo, in a magnetic
field is given by [ll] E=h[(ro, /2) +dhoti]'~. We fit
several of the curves in Fig. 4 by this expression and find
in most cases that 0.3 meV (Aron(2. 5 meV. The po-
tential minima are probably created by fluctuations in the
Si donor concentration.

The second class of curves, with a roughly parabolic
dependence over the entire field range, follow closely the
behavior of the lowest electronic state bound to residual
hydrogenic impurities within the quantum well. These
donors are probably Si dopant atoms which migrated up
from the n+ layer into the quantum well during MBE
growth. Greene and Bajaj [12] have calculated the ener-

gy of these D states in a GaAs quantum well. We ob-
serve several states whose field dependence agrees well
with calculations for a D state in which the impurity
atom is near the well center [see Fig. 4(a)]. Others show
a somewhat steeper field dependence consistent with
states bound to impurities closer to the walls of the well.

There exists an intriguing feature of the data which is
particularly apparent in Fig. 4(b). In several cases at
zero magnetic field, two electrons enter the well at the
same gate bias. This is apparent in curves 8, C, and D
which split into doublets at higher fields. This behavior
may reflect accidental degeneracies. However, the fact
that this phenomenon is observed for all those low-lying
levels in Fig. 4(b) that are not bound to impurities, sug-
gests a physical mechanism. Usually, electrons avoid
entering the same potential minimum due to electron

repulsion (Coulomb blockade). We observe the reverse.
The transfer of one electron into the well causes a second
to folio~, although we cannot determine whether they oc-
cupy the same potential minimum. This behavior is rem-
iniscent of an Anderson negative-U system [13],although
we are unable to point to its origin.

In summary, we have demonstrated a spectroscopic
tool for the study of discrete quantum energy levels. Ap-
plication of this method to a small GaAs tunnel capacitor
has yielded a measure of potential fluctuations in the de-
vice, the characterization of levels of individual impurity
atoms, and the observation of unexpected degeneracies.
Our single-electron capacitance spectroscopy will be ap-
plicable to a number of physics problems such as quan-
tum dots, quantum rings, and defect levels.
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