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By applying voltage pulses to the sample rod while recording the spectrum, we show, for the first time, that
it is possible to obtain a time-resolved XPS spectrum in the millisecond range. The Si 2p spectrum of a
silicon sample containing a ca. 400-nm oxide layer displays a time-dependent charging shift of ca. 1.7 eV
with respect to the Au 4f peaks of a gold metal strip in contact with the sample. When gold is deposited as
C12-thiol-capped nanoclusters onto the same sample, this time the Au 4f peaks also display time-dependent
charging behavior that is slightly different from that of the Si 2p peak. This charging/discharging is related
to emptying/filling of the hole traps in the oxide layer by the stray electrons within the vacuum system guided
by the external voltage pulses applied to the sample rod, which can be used to extract important parameter(s)
related to the dielectric properties of surface structures.

Charging/discharging is one of the fundamental processes
dictating both the thermodynamics and the kinetics of the various
physicochemical changes taking place on surfaces.1 In addition
to the standard electrical measurements, STM, AFM, and Kelvin
probe techniques are widely used to elucidate the structural
changes accompanying these processes.2-6 When chemical
information is also needed, XPS is usually the preferred
spectroscopic technique because all elements, except for hydrogen, and their oxidation state(s) can easily be identified.7
One of the disadvantages of the XPS technique is that additional
positive charges are naturally introduced as a consequence of
the photoemission process. These charges do not interfere with
measurements when the surfaces are electrically conducting but
can cause significant binding-energy shifts for poorly conducting
samples.8-11 Such charges are usually compensated by flooding
the sample with low-energy electrons (or sometimes ions) and
trying to bring the surfaces to a steady state in terms of electrons
going in and out, but the complete elimination of charging is
only an ideal. Surfaces can also be negatively charged if more
electrons are introduced. This modification, dubbed controlled
surface charging (CSC), has been successfully applied to depth
profiling in the 1-10 nm range and/or to the lateral differentiation of mesoscopic layers.12-16 However, prolonged exposure
of the surfaces to intense low-energy electrons can cause
physical and chemical damage.9 It was even reported that the
surface potential that developed from the added charging caused
deintercalation in layered compounds.17 Lau and co-workers
have also utilized the CSC to extract structural and electrical
properties of ultrathin dielectrics on semiconductors.18-22 In a
complementary study, we have recently reported that the positive
charging developed on the SiO2/Si system can also be controlled
simply by the application of an external bias to the sample rod
to affect the measured binding-energy difference between the
Si4+ overlayer and the Si0 underlayer; the positive bias that was
applied attracted stray electrons within the vacuum system,
originating mostly from the X-ray tube, and caused partial
neutralization of the positive charge developed, resulting in a
smaller binding-energy difference. Negative bias acts in the
opposite way.23 By controlling the differential charging with
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external biasing, we were also able to (i) separate otherwise
overlapping XPS peaks of the same atom belonging to different
chemical entities and (ii) derive information related to the
dielectric properties of the layers and the proximity of the atoms
within composite multilayers.24,25
Instead of applying the bias in the dc mode, we can pulse it
for time-resolved measurements, which is the main subject of
the present contribution. Except for the very fast (10-9-10-15
s) laser-induced (optical) processes,26-32 conventional XPS data
is recorded in the 101-104 s range because of the very low
cross section of the photoemission process even with the use
of strong synchrotron radiation sources.33 There are also various
processes taking place in the millisecond range that are of
importance, and the time-resolved mode can easily be implemented using available PC controller cards. The present work
is the first dealing with time-resolved XPS measurements on
solid surfaces in the millisecond range.
Figure 1 depicts schematically our pulse sequences together
with the XPS spectra of the sample (in electrical contact with
a gold metal strip for referencing) recorded under +10 and -10
V dc bias separately. We have chosen a silicon sample
containing a thick (ca. 400 nm) oxide layer to amplify the
charging for a clearer demonstration of the technique. Hence,
only the Si 2p peak of the oxide layer and the Au 4f spinorbit doublet are observable (i.e., the Si substrate is too deep to
be probed by XPS). As also given in the figure, the measured
binding-energy differences between the Au 4f and the Si 2p
are 19.4 and 21.1 eV under +10 and -10 V bias, respectively,
due to the different potential developed (as a result of different
charging) in each case.
The pulses are applied to the sample rod externally using a
digital-to-analog converter (DAC) card, and the photoelectrons
are amplified and counted for a given period (5 ms in this case)
and stored. The kinetic energy axis of the spectrometer is
controlled from the second DAC port of the same card. A
computer program controls the pulses and stores the data. Each
measurement starts by setting the kinetic energy to the first point
and applying +10 V to the sample rod. We then apply four
repetitive steps: (1) wait for 2.5 s for equilibration, (2) suddenly
change the applied voltage to -10 V, and (3) start recording
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Figure 1. Pulse sequences used for recording XPS spectra in 5-ms
time-resolved mode. XPS spectra of the Si 2p-Au 4f region recorded
under -10 and +10 V dc bias separately are given on the side for
illustration purposes. The actual time-resolved spectra are recorded only
when -10 V is applied to the rod.

the counts for 5 ms in separate columns for 200 data points.
After the completion of data recording for 1 s, the voltage is
returned to +10 V, followed by (4) incrementing the energy to
start the cycle for the next kinetic energy. One spectrum scan
is completed only after repeating these cycles for the entire XPS
region (Si 2p and Au 4f in this case). Because only ca. 10-50
counts are collected in the peak, signal averaging is necessary.
Typically, 50-250 scans are recorded and added, which lasts
3-15 h. The resultant is a collection of 200 spectra recorded
with 5-ms time resolution (and averaged over 100 scans in this
case) as given in Figure 2, adding a new dimension (time) to
the XPS analysis. A multitude of surface chemical/structural
parameters can now be derived from the time correlation of
different atoms, which is similar to powerful 2D NMR, Raman,
or IR spectroscopic techniques. In principle, the time resolution
is limited only by the rise time of the applied pulses, which is
on the order of 0.01 ms for the DAC card we used in this work.
However, in our case the 5-ms resolution limit was dictated by
a combination of the counting statistics and the software we
used.
As shown in Figure 2a, the Si 2p peak undergoes completely
reversible (because this is a collection of 100 different spectra)
time-dependent charging whereas the Au 4f of the gold metal
strip does not. In addition, no measurable broadening or any
other inhomogeneous response could be detected on the Au 4f
peaks as a result of recording in the time-resolved mode. In
Figure 2b, we also display another 200 time-resolved spectra
of the same SiO2/Si sample onto which C12-thiol-capped gold
nanoclusters are deposited from an aqueous medium.34 In this
case, the Au 4f peaks of the gold clusters also display timedependent charging that is slightly different from that of the Si
2p of the oxide underlayer as shown at the top of Figure 2c. A
reversal of the polarity of the applied pulses leads to discharging
curves with similar time behavior.
The initial photoemission and subsequent filling of the
photohole are extremely fast (shorter than 10-12 s) processes.
Therefore, what we observe in the millisecond range is mostly
related to the trapping and detrapping of the holes in the valence
band of the oxide layer by the low-energy stray electrons.35

Figure 2. Time-resolved XPS spectra (200) of the Si 2p-Au 4f region
of (a) a silicon sample containing a ca. 400-nm oxide layer and a gold
metal strip connected to it and (b) the same sample onto which C12thiol-capped gold nanoclusters are deposited. Resultant binding-energy
shifts, which are obtained by curve fitting of the individual time-resolved
spectra of b, are shown for the Si 2p and Au 4f peaks in Figure 2c.

Because of the detrimental effects of X-rays on the performance
of metal oxide-semiconductor (MOS) systems, such processes
have long been studied by measuring the time-dependent leakage
current36-38 and recently by scanning capacitance microscopy
(SCM). The time constant we derive from our measurements,
in the 100-200 ms range, is in agreement with the lower end
of the values reported (0.1-103 s) using the scanning capacitance technique.39 The main purpose of the present contribution
is the introduction of the technique. Hence, chemical/structural
parameters derivable using this technique will be the subject of
our future investigation(s).
In conclusion, by implementing voltage pulses applied
externally to the sample rod, we were able to record XPS spectra
in time-resolved mode (in the millisecond range) to investigate
the charging/discharging of the oxide layer on silicon and the
gold clusters on top of them. In addition to the conventional
chemical information derived from XPS analysis, time-dependent measurements can now be used to extract important
parameters related to dielectric properties (capacitance, relaxation constant, etc.) of surface structures.
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