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A tunneling spectroscopy technique to measure the energy level of an electronic state in a 
completely nonconducting surface is demonstrated. Spectroscopy is performed by electrostatic force 
detection of single-electron tunneling between a scanning probe and the state as a function of an 
applied voltage. An electronic state near the surface of a S i02 film is found 5.5±0.2 eV below 
the conduction band edge. A random telegraph signal, caused by sporadic back-and-forth 
single-electron tunneling, is observed as the probe Fermi level passes through the state energy.
© 2006 American Institute o f Physics. [DOl: 10. f063/f .2209886]

The scanning tunneling microscope (STM) provides 
unprecedented atomic-scale access to the electronic proper
ties of materials.1-5 However, the STM requires a tunneling 
current, typically >0.1 pA (~106 e/s), to perform 
measurements. Therefore, the STM cannot directly image or 
perform spectroscopy on any electron state with a lifetime 
>  10-6 s—the state cannot empty fast enough to supply suf
ficient current. Due to the necessity for a finite tunneling 
current, the STM cannot be applied to nonconducting sur
faces. This letter elucidates an approach to scanning tunnel
ing spectroscopy by electrostatic force detection of tunneling 
of a single electron between a scanning probe and individual 
localized electronic states in a completely nonconducting

7 —1 0  * .surface. Spectroscopy is implemented by ramping an ap
plied dc voltage to shift the probe Fermi level with respect to 
the energy of near-surface states. A random telegraph signal 
is observed as the probe Fermi level passes through the en
ergy of the state. The energy level of the state is computed 
from the voltage at which the single-electron tunneling 
occurs.

Recently, single-electron tunneling measurements by 
force detection have been demonstrated in several types of 
systems. Force-detected single-electron tunneling to elec
tronic states in nonconducting surfaces was first demon
strated by Klein and Williams using an electrostatic force 
microscope (EFM) in amplitude mode.7'8 Frequency detec
tion EFM was used to detect and then manipulate single 
electrons to and from states near an insulating surface. J0 
Other researchers have employed force detection to observe 
single-electron tunneling between states within a conducting 
sample and to perform spectroscopic measurements.11”14 
Single-electron charging of a localized state through which 
flows an average tunneling current from a scanning probe tip
to a conducting substrate has also been demonstrated by15 16electrostatic force detection. "  ’ The work reported here 
demonstrates spectroscopic measurements (energy determi
nation) of localized electronic states in a completely noncon
ducting surface by force-detected single-electron tunneling. 
The results demonstrate that the probe itself may serve as the 
electron source/sink in single-electron tunneling spectro
scopic measurements. Under such conditions, spectroscopic 
measurements may be performed with atomic spatial resolu

tion, as in scanning tunneling spectroscopy, but performed 
with single electrons.1 This approach provides a broadly ap
plicable technique for spectroscopic measurement of states in 
completely nonconducting samples, not accessible to the 
STM.

The basic elements of the apparatus, in a lO”8 Torr 
vacuum chamber at room temperature, are shown in Fig. 
f(a). Single-electron tunneling events are detected between a 
metallic probe17 and localized electronic states near the sur
face of 10- and 20-nm-thick silicon dioxide (Si02) films on 
silicon substrates. The thermally grown S i02 films used in 
these experiments are known to contain bulk impurity and
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FIG. 1. (Color online) The experimental apparatus and the energy diagram 
for single-electron tunneling between a platinum (Pt) probe and a Si02 
surface, (a) The basic elements of our apparatus for single-electron tunnel
ing detection, (b) The band alignment between the Pt probe and the Si02 
film under typical conditions for a tunneling measurement. This model treats 
the 10-nm-thick Si02 film (e=3.9) on a lightly doped (1015/cm-’) p-type Si 
substrate. The band gap of Si02 is ~9 eV. Here </>=5.6 eV is the work 
function of Pt. The vacuum gap z is 2 nm. Voltages of ±4 V dc with respect 
to the flatband condition, typical in our measurements, allow tunneling to 
states within a few eV above and below the middle of the band gap. A red 
dash indicates a state occupied by an electron and a black dash indicates an 
unoccupied state. Red arrows indicate the direction of the single-electron 
tunneling, established by the probe Fermi level relative to the state.
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defect related localized electronic states distributed at vari-
18ous energies in the band gap. During measurements, the 

probe oscillates normal to the sample surface at its natural 
resonance frequency (~300 kHz) and a fixed amplitude 
(20-40 nm), driven by an external amplitude/frequency 
regulating circuit. During the oscillation cycle, the probe ap
proaches the sample surface to a minimum vacuum gap z 
which is controlled on a subangstrom scale. A dc voltage V is 
applied to the Si substrate with respect to the grounded 
probe. The S i0 2 surface is prepared to eliminate adsorbed 
surface contamination by chemical cleaning and heating to 
500-600 °C for 30 min in 10“8 Ton' vacuum.7-10'19

In these measurements, single-electron tunneling is de
tected by frequency detection EFM. Frequency detection 
EFM detects a change in the electrostatic force gradient act
ing on the probe apex as a shift in the resonance frequency of 
the oscillating force probe. Under the conditions of these 
measurements, the resonance frequency shift A/  is directly 
proportional to the electrostatic force gradient F '? A single
electron tunneling event changes the net surface charge, 
causing an abrupt quantized step in A/. The charge sensitiv
ity is limited to ~0.04 e/H z1/2 by charge fluctuation in the 
S i02. Since the 3 dB bandwidth of a typical measurement is 
10 Hz, the electron must remain localized under the probe 
apex (nominal radius ~40 nm) for a time >0.015 s to be 
detected. Electrons that hop or tunnel quickly away from the 
electronic state at the surface cannot be observed. Thus, this 
method is complementary to the STM, in that the STM can 
only make direct measurements on states with short lifetimes 
(CIO""6 s), while this approach works only on states with 
long lifetimes (>0.015 s).

Direct single-electron tunneling through a vacuum gap 
provides unique capabilities. Since the tunneling probability 
is a strong function of z, varying by almost an order of mag
nitude per angstrom, an electron may be deposited with na
nometer, or possibly subnanometer precision, as with the 
STM.1 In addition, by adjusting V to tune the probe Fermi 
level EF with respect to the energy of a near-surface state, an 
electron can be manipulated between probe and state.10 
Figure 1(b) shows an energy diagram of the system consist
ing of the platinum metal probe and the 10-nm-thick S i02 
on a /?-type Si substrate under typical measurement condi
tions. The band bending is calculated using a simple one
dimensional (ID) electrostatic model and published values of 
the relevant physical parameters.18 The model suggests that 
these tunneling measurements can access states within a few 
eV above or below the middle of the S i0 2 band gap. The 
time scale to establish electronic thermal equilibrium at room 
temperature in S i02 is long compared to the time scale of our 
measurements, due to its large band gap (~ 9  eV).18 In addi
tion, a 10-nm-thick S i0 2 film is sufficiently thick that the
tunneling rate between the Si substrate and near-surface elec-

20tronic states is negligible.‘ Therefore, when the probe is 
within tunneling range of the S i0 2, the occupation of near
surface states is largely determined by tunneling to or from 
the probe. When EF is higher than an unfilled state in the 
surface, an electron will tunnel from the probe to the insula
tor. Whereas, when Ef  is lower than a filled state, an electron 
will tunnel from the insulator to the probe. By careful mea
surement of the voltage at which tunneling occurs, to and 
from the state, its energy level can be calculated.

Frequency detection single-electron tunneling force 
spectroscopy is performed by fixing the probe-sample gap

FIG. 2. (Color online) Single-electron tunneling spectroscopy of SiC)2. (a) 
Four consecutive measurements acquired at one location near a 10-nm-thick 
SiC)2 film. The tunneling event steps are shown at the bottom of Fig. 2(a) 
with the smooth background subtracted by a least-square fit. The state in the 
sample is occupied for Af-0  Hz and unoccupied for Af =0.8 Hz. Curves (I) 
and (0) were acquired at 1 nm, and curves (III) and (TV) were acquired 
at s ~ 0.8 nm. (b) A random telegraph signal produced by sporadic tunneling 
of an electron back and forth between the probe and sample. The state in the 
sample is occupied for A/=0 Hz and unoccupied for Af=2 Hz. (c) Spec
troscopy acquired at another site near 10-nm-thick SiC)2 showing that at 
some locations electrons may only tunnel either to or from a state and never 
return to their original configuration during the measurement. This may be 
caused by a post-tunneling energy relaxation process, or a movement of 
charge to nearby states inside the sample, but outside the tunneling range of 
the probe.

1 nm and ramping the applied probe-sample dc voltage V 
while recording A/. Figure 2(a) shows four such spectro
scopic measurements at one location above a 10-nm-thick 
S i0 2 film. In each measurement, as the voltage is ramped 
downward, a state undergoes a transition from occupied to 
unoccupied near V ~ -3 .7  V. As the voltage is ramped up, 
the state becomes occupied again in the same voltage range. 
The transition may occur abruptly, as a single step (I), or it 
may happen in a series of sporadic steps (II) as an electron 
tunnels back and forth between the probe and the state, pro
ducing a random telegraph signal (RTS). Similar RTSs, due 
to random occupation of charge traps in oxide layers, have
been observed in the drain current of field-effect transistors

21and other devices/ It is interesting to note that the RTS 
fluctuation rate is a few seconds, which appears to be set by 
the tunneling rate. If the probe-sample gap is reduced, the
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RTS rate increases considerably, appearing as increased 
noise in the transition region as seen in Fig. 2(a) curves (III) 
and (IV). This effect is caused by the strong dependence of 
the tunneling rate on the probe-sample gap. Also, the voltage 
at which the transition occurs shifts to about -4.1 V because 
the fraction of the applied voltage dropped between the 
probe and the sample surface is decreased with the reduction 
in z. By fixing z and V to align the probe Fermi level with a 
state, RTS noise can be observed for up to 1 min or more. 
Figure 2(b) shows such a RTS measured at another location 
near a 10-nm-thick S i0 2 film with fixed s~ 1  nm and 
V=-5 V. The state is occupied for A /=0 Ffz and unoccupied 
for A /=2 Ffz. The 2 Ffz frequency shift associated with 
single-electron tunneling is greater than the frequency shift 
measured in Fig. 2(a) because the frequency shift depends 
upon both the applied voltage and the amplitude of probe 
oscillation, which are different for the two measurements.

The ID electrostatic model places the energy level of 
the state observed in the measurements in Fig. 2(a) at 
5.5 ±0.2 eV below the S i02 conduction band edge. The un
certainty is due to the ±0.3 nm uncertainty in the tunneling 
gap. The contact potential difference between the probe and 
sample is minimized prior to measurements by tuning the dc 
voltage to minimize the probe’s frequency shift (fiatband 
condition). The ~0.5 V width of the transition region corre
sponds to an —0.15 eV uncertainty in the state energy. This 
transition energy width becomes smaller as the tunneling gap 
is reduced. The width of the Fermi distribution of the probe, 
the phonon broadening of the state, and the tunneling rate 
may all contribute to this transition width. The width of the 
transition is not fully understood and requires further study.

The results of spectroscopic measurements vary from 
place to place on the S i02 sample. At some locations, no 
tunneling is observed—indicating that no state is accessible 
by tunneling from the probe at that location. At other loca
tions an electron tunnels in only one direction, and never 
returns, unless a large reverse bias is applied. Figure 2(c) 
shows two spectroscopy measurements near a 10-nm-thick 
S i02 film wherein an electron tunnels out of a state and does 
not return as the voltage ramp is reversed. This effect is 
likely caused by a post-tunneling change of the energy of the 
state (involving electron movement to or in nearby states) or

a lattice relaxation. Evidence for energy relaxation on the 
order of 1 eV in S i0 2 defects has been reported.“

In summary, we have demonstrated a single-electron 
tunneling force spectroscopy method to directly measure the 
energy of an individual electronic state in a completely non
conducting surface. We also report the observation of a ran
dom telegraph signal by single-electron tunneling force spec
troscopy. This method opens for exploration a whole class of 
materials and nanometer scale structures not accessible to 
conventional I-V scanning tunneling spectroscopy.
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