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Thin films of CdS and CdSe are deposited on HF-cleaned SiO2 /Si substrates containing �5 nm
thermally grown silicon oxide. x-ray photoelectron spectroscopy �XPS� data of these films are
collected in a dynamic mode, which is based on recording the spectrum under modulation with an
electrical signal in the form of �10 V square-wave pulses. Accordingly, all peaks are twined and
shifted with respect to the grounded spectrum. The binding energy difference between the twinned
peaks of a dielectric system has a strong dependence on the frequency of the electrical stimuli.
Therefore, dynamic XPS provides a means to extract additional properties of dielectric materials,
such as effective resistance and capacitance. In this work, the authors report a new advancement to
the previous method, where they now probe a photodynamic process. For this reason,
photoillumination is introduced as an additional form of stimulus and used to investigate the
combined optical and electrical response of the photoconductive thin films of CdS and CdSe using
dynamic XPS. © 2010 American Vacuum Society. �DOI: 10.1116/1.3289319�

I. INTRODUCTION

Photoconductive materials have gained renewed interest
in recent years due to the advancements in controlling their
electronic and optical properties, which exhibit strong size,
shape, and chemical composition dependence.1,2 Photocon-
ductivity is basically described as a conductivity enhance-
ment or resistivity diminishment under photoillumination,
and CdS and CdSe are well known and widely used photo-
conductive materials.3 x-ray photoelectron spectroscopy
�XPS� has been used for extracting electrical information
from poorly conducting systems or domains.4–10 Further-
more, the use of XPS for probing photovoltaic effects in such
systems has recently been reported by Cohen and co-
workers, where they perform the so-called chemically re-
solved electrical measurements under controlled electrical
conditions.11–15 Our measurements are similar in concept but
differ drastically in implementation since we also introduce
time-dependent measurements, either by recording directly
the time-dependent signals with millisecond resolution or
harvesting information from the frequency dependence of the
response of the system to the external electrical stimuli. We
have named the latter technique as dynamical XPS, which is
basically implemented by recording XPS data while applying
square-wave �or in other waveforms� electrical pulses with
different frequencies to the sample.16–22 In this work, we
introduce another form of stimuli, the photoillumination, and
investigate CdS and CdSe thin films using dynamical XPS
under optical excitation. Although common photovoltage ef-
fect has been detected and reported using XPS,23–25 to our
knowledge, this is the first time that the dynamics of the
process has ever been reported.

II. EXPERIMENT

CdS and CdSe thin films are cast from their slurry acetone
solutions onto Si substrates containing �5 nm thermally
grown oxide layer. A Kratos ES300 photoelectron spectro-
meter with nonmonochromatic Mg K� x rays �at 1253.6 eV�
source is employed for recording XPS measurements. The
pressure in the analysis chamber is kept at around 10−8 Torr
during data recording. The x rays are directed to the sample
with a 45° angle and the electron analyzer is located at the
top of the sample with a 90° orientation with respect to the
surface of the sample plane, so the take-off angle is 90°. The
sample rod is externally connected to either the ground, to a
dc power supply, or to the pulse generator from both top and
bottom sides of the sample, as illustrated in Fig. 1. One more
power supply is used to supply a −3 V potential to the fila-
ment to accelerate the emitted low-energy electrons from the
hot filament. This filament is used as the source of low-
energy electrons to neutralize or negatively charge the
sample. Stanford Research System DS340 is used as the
pulse generator. A continuous wave 180 mW solid state laser
�CrystaLaser� at 405 nm is used for photoillumination to
implement the photodynamic processes, as also shown in
Fig. 1. XPS peaks are curve fitted by a third-party free pro-
gram, XPSPEAK95 version 2.0.26 The binding energy scale of
XPS is calibrated according to the peak positions of Au 4f
�84.0 eV� and Ag 3d �368.3 eV�. A MATLAB

® routine is used
to calculate the dynamical XPS spectra, modulated at any
form and frequency, under electrical stimuli. This program
also plots the calculated binding energy difference between
the twinned peaks against the value of the corresponding
pulse frequency for any arbitrarily assigned resistance �R�
and capacitance �C� values. The solution is obtained by try-
ing a set of arbitrarily chosen R and C values in order to find
a good match between the calculated and the experimentally
measured binding energy differences versus the applied fre-
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quency of the electrical stimuli. Detailed information about
the experimental method and software is available from our
previously published articles.18–22

III. RESULTS AND DISCUSSION

The basic phenomenon responsible for our measurements
is the charging of dielectric materials or domains due to the
photoemission process. This charging, or surface charging,
has been an important experimental obstacle and tremendous
effort has been directed to minimize it. However, as was also
mentioned in the Introduction section, several published re-
ports show that this surface charging can also be utilized to
get additional chemical, electrical, and physical
information.4–10,13,18–20 Along these directions, we have re-
cently developed a technique for recording the shifts in the
binding energy positions of the XPS peaks in response to
different forms of electrical stimuli for probing dynamics of
charging/discharging processes in thin dielectric films, which
we have named as dynamical XPS and is schematically rep-
resented in Fig. 1.18–22 In this technique, dielectric layers are
modeled as an electrical unit of parallel connected resistor
and capacitor pairs, as illustrated in Fig. 2. In this circuit,
while part of a typical resistor, R, and capacitor, C, couple
represents the thermally grown SiO2 layer, a photoresistor,
Rph, and another capacitor, Cph, couple represents the photo-

conductive CdS or CdSe thin films. Ix ray and Ifil are the two
main current sources, which correspond to the photoemitted
electrons and the low-energy electrons from the hot filament,
respectively. They are incorporated in this lumped electrical
circuit as a voltage controlled current source �VCCS� unit. If
the response of the circuit is calculated, the time variant volt-
age on the pairs of resistor and capacitor unit provides the
dynamical behavior of charging/discharging of dielectric
films for any form and frequency of the electrical stimuli.18

We now present the photoillumination as an additional
form of stimuli and investigate the combined optical and
electrical response of the CdS and CdSe thin films. In Fig.
3�a�, the XPS spectrum of the Si 2p region of a pure HF-
cleaned Si wafer is shown when the sample is under both
positive and negative 10 V dc bias. Since Si has enough
conductivity, the position of the Si 2p peak exhibits only the
trivial shifts of +10.0 and −10 eV with respect to its
grounded position. However, for another Si sample contain-
ing �100 nm thermally grown silicon oxide, the correspond-
ing oxide Si 2p peak exhibits smaller than 10.0 eV shifts due
to charging, as shown in Fig. 3�b�. Hence, a measurement of
less than 20.0 eV binding energy difference is an experimen-
tal evidence of charge accumulation on the surface of the
dielectric layer under investigation �SiO2 in this case�.

Upon application of the square-wave excitation, all XPS
peaks are twined due to the application of positive and nega-
tive potentials successively several times in the same record-
ing. Since a time-dependent stimulation is operative, the
measured binding energy difference between the twinned
peaks of the dielectric systems exhibit strong frequency de-
pendence as well. At low frequencies, since the sample has
enough time to charge and/or discharge, a smaller than
20.0 eV is recorded; on the other hand, the binding energy
difference between the twinned Si 2p peaks of the SiO2 layer
recovers at higher frequencies because the sample does not
have enough time to charge and/or discharge, as displayed in
Fig. 3�c�.
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FIG. 1. �Color online� Schematic representation of the photoilluminated dy-
namic XPS measurements.

FIG. 2. �Color online� Circuit used for the simulation of the dynamics of
charging/discharging behavior of the dielectric film�s�. The SiO2 dielectric
layer is approximated by a capacitor �C� and a resistor �R�, and another
parallel connected photoresistor, Rph and Cph, unit represents the photocon-
ductive CdSe and/or CdS layer�s�. VCCS is the voltage controlled current
source.

FIG. 3. �Color online� XPS spectra of the Si 2p region of the Si samples
which are �a� HF-cleaned and ��b� and �c�� containing �100 nm thermally
grown silicon oxide layer. Olive-colored spectra belong to when the samples
are connected to ground, and red and blue-colored spectra belong when
samples are subjected to +10 and −10 V dc bias, respectively. Cyan and
magenta-colored spectra belong to the SiO2 sample when it is subjected 40
and 0.02 Hz square-wave pulses.
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While applying the square-wave excitation in the
10−3–103 Hz range to the photoconductive thin films of CdS
and CdSe, we record the spectra twice at the laser-off and
laser-on modes. As shown in Fig. 4�b�, the binding energy
difference, between the twinned Cd 3d spin-orbit doublet
peaks of the CdSe layer, under 0.001 Hz square-wave exci-
tation and laser-off mode, is measured as 12.6 eV, corre-
sponding to a severely charged sample. When the laser illu-
mination is switched on, and at this same lower frequency,
the binding energy difference increases to 13.9 eV due to a
decrease in the effective Rph of CdSe. At high frequencies,
the system’s response is recovered, and a 20.0 eV difference
is recorded, as shown in Fig. 4�a�, but this time there is an
offset in the positions between the laser-on and laser-off data.
As was thoroughly discussed in our previous paper, this off-
set is also related to a decrease in the effective Rph upon
illumination through the voltage drop produced as a result of
the average current passing from the sample, which we name
it as Itot ·Rph drop.22 The Si 2p region is also recorded to
ensure that photoconductive behavior is specific only to the
thin films of CdS or CdSe. In addition, as shown in Fig. 4�c�
the Si 2p peak of the SiO2 layer displays a charging shift but
the photoillumination does not produce any measurable
change in this shift, due, most probably, to the fast recombi-
nation processes of the photoexcited electron-hole pairs.24,27

Hence, neither the Si nor the SiO2 layers respond to photo-
illumination, but the dielectric SiO2 layer exhibits slight
charging shifts, as evidenced by its measured binding energy
difference of 19.7 eV at 0.001 Hz, while the underlying Si
layer exhibits exactly 20.0 eV difference.

In order to get a more detailed electrical information, a
full set of frequency dependence data is collected in the
range of 10−3–103 Hz, which are shown in Fig. 5, as plots of
the binding energy differences between twinned Cd 3d peaks
of the CdSe layer under photoillumination and without pho-
toillumination versus the logarithm of the frequency. The
effective values of photoresistance and capacitance are ob-
tained by fitting the data. As a result, �7.5 M� resistance
and 40 nF capacitance are obtained in the laser-off mode for

the CdSe layer. As expected, a smaller value of �4.0 M�
resistance and the same value of 40 nF capacitance in the
laser-on mode are calculated. It is clear that while the effec-
tive capacitance value of the photoconductive CdSe layer is
constant, the effective Rph changes significantly upon photo-
illumination.

The same experimental data are collected and a similar
calculation is conducted for the photoconductive thin film of
CdS, as shown in Fig. 6. As a result, 6.5 M� resistance and
20 nF capacitance values are calculated for the laser-off
mode and �4.0 M� resistance and 20 nF capacitance values
are obtained for the laser-on mode. Similar to the CdSe case,
when the sample is excited with photoillumination, the effec-
tive resistance value has a significant decrease, but the value
of capacitance remains unchanged.

IV. CONCLUSIONS

In summary, by subjecting samples to square-wave exci-
tation at a range of 103–10−3 Hz, while recording XPS data,
the electrical information with chemical specificity is ex-
tracted by the dynamic XPS technique. Moreover, photocon-
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FIG. 4. �Color online� Dynamic XPS spectra of the thin film of CdSe on
SiO2 under square-wave excitation and with �red lines� and without photo-
illumination �black lines� of the Cd 3d region at �a� 1000 Hz and �b�
0.001 Hz and �c� Si 2p region at 0.001 Hz.
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FIG. 5. �Color online� Measured binding energies �b� and the binding energy
differences �a� between the twinned Cd 3d peaks of the CdSe layer together
with the calculated data with and without photoillumination. �c� The points
represent the experimental data, and the solid lines represent the results of
the calculation for the values of R and C indicated.
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FIG. 6. �Color online� Binding energy differences between twinned Cd 3d
peaks of the CdS layer under photoillumination �red� and without photoil-
lumination �black� at different frequencies. The points represent the experi-
mental data, and the solid lines represent the calculated results for the values
of R and C indicated.
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ductive behaviors of the CdS and CdSe thin films are as-
sessed by recording similar data with and without
photoillumination.
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