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anticipate that analogs in which the disul-
fonate pillars have specific functionality
will have potential as host lattices for op-
toelectronic materials, molecular separa-
tions, and chemical reactions performed in
the nanoscale voids.
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Scanning Single-Electron Transistor Microscopy:
Imaging Individual Charges

M. J. Yoo,* T. A. Fulton, H. F. Hess, R. L. Willett,
L. N. Dunkleberger, R. J. Chichester, L. N. Pfeiffer, K. W. West

A single-electron transistor scanning electrometer (SETSE)—a scanned probe micro-
scope capable of mapping static electric fields and charges with 100-nanometer spatial
resolution and a charge sensitivity of a small fraction of an electron—has been devel-
oped. The active sensing element of the SETSE, a single-electron transistor fabricated
at the end of a sharp glass tip, is scanned in close proximity across the sample surface.
Images of the surface electric fields of a GaAs/Al, Ga, _, As heterostructure sample show
individual photo-ionized charge sites and fluctuations in the dopant and surface-charge
distribution on a length scale of 100 nanometers. The SETSE has been used to image
and measure depleted regions, local capacitance, band bending, and contact potentials
at submicrometer length scales on the surface of this semiconductor sample.

Inspired by the development of the scan-
ning tunneling microscope, a variety of sur-
face scanning probes (1) have been devel-
oped to measure and map properties of ma-
terial surfaces on a microscopic scale. In
particular, surface electrical properties have
been explored with noncontact techniques
such as scanning capacitance microscopy
(2), scanning Kelvin probe microscopy (3),
and electric-field-sensitive atomic force mi-
croscopy (EFM) (4). Indeed, the last has in
one instance (5) shown the remarkable
ability to detect the presence of individual
charges and to obtain images of insulating
surfaces in which a charged spot of one or
two electrons is apparent.

We report the development of a low-
temperature scanning electrometer oper-
ating on a different principle, one which
has one to two orders of magnitude greater
charge resolution and a similar spatial res-
olution (100 nm) compared with the EFM.
This microscope, the single-electron tran-
sistor (SET) scanning electrometer, or

Lucent Technologies, Bell Laboratories, Murray Hill, NJ
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“Present address: Philips Laboratories, 345 Scarbor-
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SETSE, uses the SET as a probe to sense
the electrically induced charge on its small
(100 nm) metal island held in proximity
to the sample surface (Fig. 1C). It can
detect ~1% of an electron charge (0.01e).
Because all of the important geometrical
parameters are known, one can assign a
quantitative interpretation to the SETSE
signal. Also, during operation the SETSE,
unlike the EFM, does not require the ap-
plication of high electric fields (10° V
em™1) between the tip and surface, an
important consideration for many interest-
ing but easily perturbed semiconductor sys-
tems. All of these features enable a broader
class of experiments to be explored.

As an example, we studied the electric
fields at the surface of a semiconductor
GaAs/Al Ga, _ As heterostructure sam-
ple. These fields arise from localized
charges at and near the surface as well as
from the volrage bias and work function of
any underlying electrode. Statistical fluc-
tuations in the density of surface charges are
evident, although the individual charges are
too closely spaced (<10 nm) to be resolved
directly. However, we are able to image the
more widely spaced individual charges that
are produced by brief light exposure. These
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photoinduced charges change the surface
electric field to reveal isolated, well-resolved
sites where dopant atoms or other electron
traps have lost or gained an electron. In
addition, we acquired images (with <1-mV
resolution) of surface potential variations
near biased electrodes, images related to
band bending near sample edges, and images
of surface fields and corresponding local ca-
pacitance. We also describe some measure-
ments of the local work function.

The SET is a submicrometer-sized tun-
neling device whose current flow is gov-
erned by the Coulomb blockade effect (6).
It consists of a small metal island connect-
ed to metal source and drain leads by two
small tunnel junctions. The current tun-
nels through the junctions at a rate deter-
mined by the island’s electrostatic poten-
tial with respect to the source and drain.
This potential is in turn controlled by the
electric field that the island experiences
from external sources, such as fixed charg-
es or capacitively coupled electrodes on a
nearby sample (Fig. 1). At low tempera-
ture and proper voltage bias, the current
flowing through the SET fluctuates peri-
odically as this electric field increases. In
fact, the current passes through a full pe-
riod each time the electric field lines ter-
minating on the island induce a charge of
exactly one additional electron (Fig. 1A)
(7). Hence, monitoring of the current
through the SET as it is scanned over the
sample provides a means of mapping the
electric field emanating from the sample

surface (8).

Fabrication of the SET involves the
evaporation of three separate areas of a
thin (10 to 20 nm) aluminum film onto a
specially shaped glass fiber. The end of the
fiber has a shallow conical taper that ter-
minates at the tip in a flat, nearly circular
area ~100 nm in diameter (Fig. 1, B and
C) (9). A circular patch of film covering
the tip constitutes the field-sensitive is-
land. The films for source and drain leads
spread out from the edges of the tip and
extend up the sides of the fiber to electri-
cal contacts. The source and drain leads
are deposited first by separate evapora-
tions from the side and rear. After an in
situ exposure to oxygen that creates the
oxide tunnel barriers, a final end-on evap-
oration deposits the island and forms the
tunnel junctions. The three electrode
shapes are defined by natural shadowing.

The sample described in this work has
electrostatic features on a variety of length
scales. It is a GaAs/Al Ga,__As hetero-
structure grown by molecular beam epi-
taxy (Fig. 1C). A &-doped layer of Si
atoms of density 5 X 10'? cm™? is grown
22 nm below the sample surface within an
Al Ga, _, As region. Many of these Si at-
oms ionize and act as electron donors.
Most of the electrons are trapped in states
at the GaAs surface, whereas a small frac-
tion go to the GaAs/Al Ga,_, As interface
located 60 nm below the sample surface.
Here they form a metallic sheet, a two-

dimensional electron gas (2DEG) (10). To

Source

Si dopants

2DEG

Fig. 1. (A) Typical current oscillations /ge(V,,) of a SET. (The zero of /4 is offset; the amplitude is
actually ~20% of the average). (B) Schematic depiction of the SET probe tip suspended above the
GaAs/Al,Ga, _,As heterostructure near a gate. (C) Magnified view of the tip and a cutaway view of the
sample. (D) /ger(V,,) versus y for a 2-um line scan: (top) 3D representations after (A); (bottom) 2D color
representation of the same data. The wiggling of the stripes is caused by variations in the electrical
charge density of the surface. (E) Color representation of a complete data set of Ig(V,) versus x and
yfora2 pm by 2 um raster scan over a nongated region. The top of the data block maps the electric
field of the sample surface as detected by the SETSE. The side of the block is taken from (D).
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describe its electrostatic behavior, the
sample may be regarded as a conductor
(the 2DEG) topped by 60 nm of insulator
(with a dielectric constant of 13) contain-
ing the donor and surface charge layers
(11). Potential fluctuations on short
length scales are produced by these charge
layers. Electric fields on a larger scale may
be produced by the application of a volt-
age between the 2DEG and a series of
1-pm-wide, 30-nm-thick metal stripes
evaporated upon the sample surface. A
sufficiently negative voltage applied to
one of these gates depletes the 2DEG,
driving the electron gas laterally away
from its edge.

The SET-tipped fiber is installed in a
low-temperature scanning microscope probe
stage, allowing three-dimensional position-
ing of the tip near the sample with sub-
nanometer precision and stability. For best
resolution and signal, the tip is held as close
to the surface as possible without contact,
typically at a height of 25 nm. Electrical
contacts (Fig. 1B) enable the application of a
voltage V, between the SET and the 2DEG
(or other electrodes) on the sample and also
provide the means of biasing the SET and
monitoring its current.

The electric field between tip and sam-
ple is monitored by recording the SET
current Igp as the probe is scanned with-
out feedback in a plane at a fixed height z
above the planar sample surface. Collec-
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Fig. 2. Capacitance versus scan height. (A)
lser(Vy) at fixed location (x, y) along a sequence
of heights z above the 2DEG. The convergence
of the stripes is caused by proximity to the sur-
face. Arrows indicate the contact potential volt-
age, from which the local work function can be
obtained. (B) Inverse capacitance 1/C(z) as ex-
tracted from the period of the data in (A} (solid)
and as predicted by parallel plate model
(dashed).
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tion of a typical data set involves position-
ing the probe over the surface and sweep-
ing the 2ZDEG bias voltage V, by an
amount sufficient to cause the induced
charge on the island to vary by several
electrons. This charge variation in turn
causes Iger(V,) to oscillate through sever-
al full cycles, one for each electron (Fig.
1A). A sequence of such curves is taken as
the tip is scanned along a line in the y
direction (Fig. 1D). Finally, a raster scan
in x and y results in a complete Iggr(x, ¥y,
V) data set (Fig. 1E); contour lines in the
xy plane indicate lines of constant electric
field, with successive contour lines repre-
senting electric fields that differ by a fixed
amount corresponding to an induced
charge of one electron. Acquisition of
such a data structure is typical of our
measurements.

Because Igpr varies nearly sinusoidally
with V, (12), we can characterize Igr at
each point by a period and a phase. The
period (e/C,) (Fig. 1A) is determined by the
capacitance C_ between the tip and the
sample electrode and varies primarily with
height z. The phase, which essentially
counts the number of electrons induced on
the tip, contains most of the information
about the spatial distribution of electric
fields. It can be regarded as resulting from
an effective surface potential V.. That is,
one may model the SET current as

21Q - 2mC(V, + V)
= n—
e e

Iser = A sin si

. (1)
Here Q is the total charge induced on the
probe tip by the sample, expressed as a part
C,V, due to the electrode bias and a part
C,V, that accounts for the charge induced
by all other sources. Least squares fits of
I4er(Vy) at each tip position yield maps of
the effective potential V_ and the local
capacitance C, (13).

The surface potential V_ can be under-
stood as the sum of two contributions: the
work function difference (contact poten-
tial) between the probe and sample (14)
and the potential from charged centers dis-
tributed across and below the surface. For
every charge beneath the tip, only a frac-
tion f of the total electric flux terminates
on the island (15): An individual electron
charge produces a contribution fe to Q and
fe/C, to V.. The fraction f increases with
both lateral and vertical proximity of the
probe to the charge, approaching a maxi-
mum of 10% for typical scan height of 25
nm. A single electron charge on the surface
can then induce 0.1e on the probe island (a
change in V_ of ~2.5 mV), about 10 times
the noise level.

The capacitance C_ depends on the
height of the tip above the surface and is
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used to measure and set this height. A
parallel-plate picture predicts that the ca-
pacitance varies as 1/ when the scan
height is small compared with the tip di-
ameter. At large z, a weaker 1flog(z) de-
pendence is expected (16). The period of
the oscillations in Igzr(V,) (Fig. 2A), giv-
en by e/C,, decreases sharply as the tip
approaches the sample surface. Because
the capacitance is infinite for zero separa-
tion between the tip and 2DEG, the loca-
tion of the sample surface can be deter-
mined to within 2 nm, allowing for dielec-
tric corrections, by extrapolation of the
curve of inverse capacitance versus scan
height (Fig. 2B). Fits to the z dependence
also give estimates for the tip diameter of

Fig. 3. Surface potential V in A
the xy plane (relative to the
average value of each image)
showing fluctuations from
dopants and surface charg-
es as seen at scan heights of
(A) 95 nm, (B) 50 nm, and (C)
25 nm. The spatial resolution
and sensitivity improve with
reduced height.

“““ e REPORTS

order 100 nm.

The local contact potential of the sam-
ple can also be extracted from the data of
Fig. 2A. An examination shows that there
is a bias voltage for which the induced
island charge does not vary as the tip is
lowered to the sample surface. At this volt-
age (here ~0.6V), the work function differ-
ence between the SET and sample has been
nulled. For most SETSE measurements, we
operate with a bias approximately nulling
the contact potential, which minimizes any
perturbation of the sample by electric fields
from the tip.

Maps of V, constructed from xy scans of
the same 2DEG region initially show in-
creasingly fine random structure with de-

50

Vs (mV)

-50

Fig. 4. Photoactivity of single dopant atoms and surface traps shown in xy maps of changes in V (AV),
induced by exposure to (A) no light and light at (B) 850 nm, (C) 770 nm, and (D) 690 nm. Individual
photo-ionized (neutralized) sites with a single electron charge are seen as light (dark) spots; that is, light
spots mark new positive charges, and dark spots, new negative charges. The sensitivity of the color
scale is about an order of magnitude greater than that in Fig. 3.
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Fig. 5. (A) Effective surface potential V, {27) measured along a line extending over the cleaved edge of
the sample. (Inset) An xy map of Is(V,) showing this edge region. (B through D) /s xy maps at fixed
V,, showing electric field contours produced along a metal gate stripe (outlined by dashed lines) biased
at0, —367, and —733 mV, respectively. (E) Surface potential and (F) capacitance xy maps derived from
a single set of I5r(V,,, X, y) data, showing two metal gate stripes and the intermediate 2DEG region.
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creasing z (Fig. 3), eventually revealing
100-nm features. This resolution is limited
by the tip diameter. The fluctuation ampli-
tude also increases as the tip approaches the
surface, reflecting the enhanced coupling
between the SET and sample charges. Typ-
ically there are about 300 surface and ion-
ized dopant charges underneath the tip. We
believe that the statistical fluctuations in
this number across the sample are imaged in
Fig. 3C; however, numerical simulations in-
dicate that a random placing of these do-
pants and trapped charges would produce
fluctuations in V| nearly twice as large as
those observed in Fig. 3C, which suggests a
more uniform distribution. Such fluctua-
tions in the potential play an important role
in limiting the mobility of the underlying
2DEG and give a means of characterizing
the disorder.

The SETSE can image individual elec-
tron charges on and within the semicon-
ductor sample (Fig. 4). In the absence of
light, maps of V, (Fig. 3) are repeatable to
within 1%. This precision allows one to
image isolated photo-ionized or neutral-
ized sites (Fig. 4) by subtracting maps
made before and after brief, low-intensity
illumination. The differences show up as a
few small circular spots, presumably donor
atoms or traps, whose apparent size (~100
nm) is limited by the spatial resolution.
Sufficiently energetic photons create free
carriers that can transfer electrons be-
tween various sites, primarily the silicon
dopants and the surface traps, converting
some neutral sites into charged ones and
vice versa. The more intense signals are
likely from higher (surface) sites, and the
weaker signals, from lower (donor layer)
sites. Simulations of the charge-coupling
fraction f for a single charge of *e buried
at these levels predict changes in V, of
about 1.5 to 2.5 mV, as observed. The
sample is markedly more photoactive for
wavelengths above the band gap (760 nm)
of the Al,;sGa,45As layer. Here greater
absorption and a larger number of photo-
generated carriers within the Al Ga;_ _As
in the region of the donors are responsible
for the increased response.

The SETSE has also been used to mea-
sure other electrostatic potentials on larger
length scales. For example, the electric
fields of the charged surface states are re-
sponsible for band bending and can be de-
tected externally by the SETSE. The elec-
trostatic potential produced at such an edge
of the test sample is shown in Fig. 5A, along
with an I image of the electric field
contour lines {(as in Fig. 1E) taken across
the same region. The SETSE can also map
electrostatic potentials induced by applied
gate voltages (Fig. 5, B through D). With
successively higher gate voltages (Fig. 5, C
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and D), more electric field contour lines
appear bordering the gate, spreading to
nearly 1 pm away, well beyond the expect-
ed (17) depletion length of 80 nm. Surface
potential changes at such distances from
the gate are sometimes observed to be hys-
teretic and may result from charge injection
into the surface or dopant layers.

Local capacitance measurements from
the SETSE provide topographical infor-
mation complementary to electric field
data. As an example, we mapped the sur-
face potential (Fig. 5E) and local capaci-
tance {Fig. 5F) extracted from the phase
and period of Igg(V,)) acquired across the
surface as described for Fig. 1. The two
gate stripes seen traversing the image were
held at the same potential as the 2DEG. In
Fig. 5F, the increased proximity of the
SET probe passing over the 30-nm-high
gates causes a 20% rise in the capacitance
signal; in contrast to other capacitance-
based scanned probe techniques and be-
cause of the small well-defined island size,
there is less stray capacitance background,
enabling a more quantitative measure-
ment. Furthermore, the SETSE can be
operated at frequencies approaching dc,
permitting the study of systems with slow
response.

Further improvement of the SETSE will
involve development of SETs and probes
with higher sensitivity or smaller dimen-
sions. The resolution of the present SETSE
could be increased to perhaps 10 nm (18)
with smaller fibers and tips and somewhat
thinner films. This design would increase
the operating temperature in proportion.
Even room-temperature operation, al-
though ambitious, is conceivable, requiring
the development of molecular- or even
atomic-sized SET tips.

There are a number of fundamental and
applied problems that might benefit from
this microscopic technique with its sensitiv-
ity to potential, charge, capacitance, con-
tact potential, conductance, and dielectric
composition. For instance, the properties of
the electrons in the quantum Hall regime
and their edge states (19) are attractive
subjects for SETSE experiments. In princi-
ple, single-electron capacitance spectrosco-
py (20), which is a powerful technique for
recording the complete electron energy
structure of mesoscopic systems, could be
implemented with the SETSE to add spatial
mapping capability.
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