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a b s t r a c t

The technique of recording X-ray photoemission data while the sample rod is subjected to ±10.0 V (dc)
or square-wave pulses (ac) with varying frequencies in the range of 10−3 to 103 Hz for probing charg-
ing/discharging dynamics of dielectric materials, is reviewed. Application of this technique introduces
charging shifts as well as broadening of the peaks, which depend non-linearly on the polarity, as well as
on the frequency of the pulses applied. These changes have been measured on: (i) an artificially created
dielectric sample consisting of a Au metal strip connected externally to a series resistor of 1 M� and a
esistance
apacitance measurements using XPS

parallel capacitor of 56 nF, and two real dielectric films; (ii) a 20 nm organic polystyrene film spin-coated
on a silicon substrate; (iii) a 10 nm SiO2 inorganic layer thermally grown on silicon. A simple circuit model
is introduced to simulate the charging shifts and the peak broadenings. Although this simple model faith-
fully reproduces the charging shifts in all three cases, and also some of the broadenings for the artificial
dielectric and the polystyrene film, the additional broadening in the negatively charged peaks of the SiO2

dielectric film cannot be accounted for. It is also claimed that these experimental findings can be used
ecific
for extracting material-sp

. Introduction

Control of charge accumulation and dissipation (charg-
ng/discharging) in dielectric materials is the essence of the rational
esign of various devices and sensors [1]. This is especially impor-
ant for SiO2 as the thickness of the dielectric layer is expected
o shrink down to few atomic layers for the next generation of

etal-oxide-semiconductor (MOS) devices [2]. On the other hand,
rganic dielectric materials, are also important class of materials
tilized for various applications, and here again, charge accu-
ulation/dissipation is pivotal for their advanced functionalities

3–5]. Accumulation of charge in a dielectric layer occurs via
arious trapping mechanism(s) and is normally probed by elec-
rical current–voltage and/or current–capacitance measurements
6–9]. Photoemission, utilizing UV, X-rays and lasers, has also
een employed for probing very fast (<10−9 s) charging dynamics
10–12]. Core-level X-ray photoemission, XPS, is especially attrac-
ive since additional chemical information can also be derived from

he line positions of the corresponding peaks. However, the mea-
ured line positions are altered by local potentials developed, due
o the uncompensated charges resulting from photoelectron emis-
ion, especially for poorly conducting samples or regions (layers or
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domains) within such samples [13–19]. Excellent charge compen-
sation methods have been developed using low-energy electrons,
ions and/or photons [20,21].

One can also utilize XPS for understanding the mechanisms
leading to and/or controlling of the charging/discharging processes
in materials, which offer great possibilities for researchers in all
fields [22]. Several applications have been reported, utilizing the
charging, called controlled surface charging, for extracting chemi-
cal, physical, structural, and electrical parameters of various surface
species [23–28]. For example, it was shown that monolayer films are
not affected, but multilayer films are affected by the voltage applied
[29,30]. Recently, using silica-coated gold substrates secondary
electron emission control in XPS has been shown by employing
sample biasing and a top retarding grid to control the photoelectron
current [31]. Islam and Mukherjee have used the positive charging
to derive information about the structure of Langmuir–Blodgett
films of cadmium arachidate on silicon substrate [32]. Using a
slightly different strategy, and by applying voltage stress to the sam-
ple while recording XPS spectra, we have shown that the extent of
charging can be controlled via which a range of analytical and elec-
trical information could be extracted [33–36]. In addition to static
information derived from application of dc voltage stress, dynami-

cal information can also be extracted if the voltage stimuli is applied
in the form of pulses, as we have recently reported [37–42].

In this contribution, we review our recent investigations for
analysis of XPS data, recorded by applying the voltage stress
in the form of bipolar square-wave (SQW) pulses for probing

http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
mailto:suzer@fen.bilkent.edu.tr
dx.doi.org/10.1016/j.elspec.2009.02.003
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harging/discharging dynamics of thin dielectric surface struc-
ures, and we also supplement our experimental data with a
heoretical model. Previously reported dynamical photoemission

easurements have been either in the ultra-fast, sub-pico-seconds
egime using laser excitations [10–12], or in a much longer
ime regimes (101 to 104 min) with conventional XPS measure-

ents [17,24,43–45]. Our measurements fill this gap and provide
nformation on charging/discharging dynamics of dielectric mate-
ials in the range of 10−3 to 103 s, matching those of many
hemical–biochemical processes [46].

. Experimental

For the case of inorganic dielectric material we have chosen a ca.
0 nm silicon oxide layer grown thermally on HF-cleaned Si (1 0 0)
ubstrates at 500 ◦C in air. For organic dielectric we have used a thin
lm (20–60 nm thick) of polystyrene (PS) spin-coated on a clean sil-

con substrate from a solution in chlorobenzene. Chlorobenzene is
hosen since it is known not to have a strong influence on the surface
omposition [47]. Average thicknesses of the films are measured
sing a stylus profilometer. A Kratos ES300 electron spectrometer
ith Mg K� X-rays (nonmonochromatic) is used for XPS analysis. A

ypical sample is a ca. 0.5 mm-thick silicon wafer with dimensions
f 4 mm × 12 mm. In the standard geometry the sample accepts
-rays at 45◦ and emits photoelectrons at 90◦ with respect to its sur-

ace plane. The sample can also be rotated to decrease the emission
ngle (electron take-off angle) in order to enhance surface sensitiv-
ty while keeping the X-ray-sample-analyzer angle always at 45◦.
alibration of the energy scale was carried out using standard sil-
er and gold samples and referencing to the C 1s peak at 285.0 eV.
esolution of the spectrometer was better than 0.9 eV measured in
he Ag 3d peaks and we used standard curve fitting routines with
.6 eV spin–orbit parameter for the Si 2p peak.

For probing charging or electrical properties, the sample sub-
trate is subjected either to ±10 V dc stress or to SQW of ±10 V
mplitude with varying frequencies in the 10−3 to 103 Hz range,
hile recording XPS data.

Samples are electrically connected both from the top (the oxide
ayer or the polymer film) and also from the bottom (the silicon
ubstrate) to the sample holder, which is electrically isolated from
he spectrometer ground, through which the external voltage stress
an be applied. For controlling the charging sate of the sample via
he applied external voltage stress, a simple hot tungsten filament
s placed near the sample. Typically 3.0 A current is passed from the
lament, which is kept ca. −2 V with respect to the ground. Typical
urrents are ca. 10 nA due to photoelectrons going out of the sample
nto the spectrometer, and ca. 20 nA going into the spectrometer
rom the X-ray gun and/or stray electrons from the other features
ike ion-gauge, etc. However, the largest supply of electrons is the
lament where the currents as high as 10 �A can be obtained when

he sample is positively biased [38,39].

. Results

.1. Control of charging/discharging properties by application of
c stress

When an external voltage stress is applied to the sample
ubstrate, while recording an XPS spectrum of a poorly con-
ucting/dielectric material, the binding energies shift in a very

on-linear fashion due to variation of the electron current pass-

ng through the sample. This is best exemplified by measurements
arried out on a very thin SiO2 overlayer (<10 nm), since the Si 2p
eaks of both the oxide and the silicon underlayer can be observed
imultaneously as shown in Fig. 1 for a sample with ca. 5 nm oxide
Fig. 1. Si 2p region of the XPS spectrum of a silicon wafer sample containing ca. 5 nm
thermal oxide layer when the sample is grounded and under +10 and −10 V external
bias, and when it is subjected to additional low-energy electrons from a filament
nearby. The inset on the top right depicts the experimental setup.

thickness. As can be seen from the figure the changes in the mea-
sured positions of the Si 2p peaks as a function of the applied
potential to the sample of silicon are very different with respect
to the polarity of the voltage stress. After correcting for the simple
potential shifts, the peak of the underlying substrate (Si0) aligns per-
fectly, however, the peak of the oxide layer (Si4+) shifts non-linearly,
leading to different measured chemical shifts due to the differences
in the electrical potential built-up as a result of charging. The Si 2p
binding energies of the substrate and a truly uncharged oxide layer
(at the zero-point-charge state, ZPC) are 99.5 and 103.2 eV, respec-
tively [24]. Hence, a measured binding energy larger than 103.2 eV
corresponds to a positively charged oxide layer, and a smaller value
is the sign of a negatively charged oxide layer. Accordingly, as shown
in Fig. 1, both in the cases where the sample is grounded and when
a −10 V potential is applied externally, the oxide layer is positively
charged, due to the uncompensated photoelectrons leaving the
sample. Only after application of +10 V, the oxide layer becomes
negatively charged due to a relatively larger electron current flow-
ing through the sample, since more electrons from the filament are
attracted to the positively biased sample. As we had shown in our
previous time-dependent XPS measurements, the charging state of
the oxide layer can easily be controlled by changing the polarity of
the external bias, and the fully charged (or discharged) state in the
oxide layer is achieved within few seconds [36,38].

3.2. An artificial dielectric layer: Au (m) + external RC

The simplest model system for relating the experimentally mea-
sured charging shifts in the binding energies (BE), and equally
important, in the full-widths-at-half maximum (FWHM) of the cor-
responding peaks, to the charging/discharging capacities, and/or
electrical properties of the dielectric sample(s) under considera-
tion, might be considered as the dielectric layer having a series
resistance (R) and a parallel capacitance (C). For that reason, we first
took a Au metal strip and measured both the BE and the FWHM of
the Au 4f spin–orbit doublet, under different experimental condi-
tions as shown in Figs. 2 and 3. First type of measurements involve
application of −10 and +10 V dc to the sample, which simply shifts
the Au 4f position at 84.0 eV to higher and lower 10.0 eV values

exactly, since the gold metal is perfectly conducting. However, the
shifts are quite asymmetrical when an external series resistance
of 1.0 M� value is incorporated into the circuit. Although no sig-
nificant shift is observed in the case where −10 V applied, since
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ig. 2. XPS spectra of the Au 4f region of a Au metal strip under +10 and −10 V exter
etup is also shown schematically.

ll low-energy electrons are effectively repelled, and only emit-
ed ca. 10 nA photoelectrons remain as the current source to yield
0 nA × 1 M� = 0.01 eV shift, a significant additional IR potential
rop develops as measured from the 4.1 eV difference between the
u 4f levels with and without the external resistor, when +10 V is
pplied (Fig. 2). This is due to the enhanced low-energy electron
urrent flowing, stemming, mostly from the filament, and passing
hrough the sample. Note that the negative charges causing the shift
f 4.1 eV are all accumulated on the external circuit (R in this case),
nd as a result the Au (m) is uniformly shifted, as manifested with
o significant changes in the measured FWHM of the Au 4f peak.

his situation is quite different from the case of the SiO2 layer, as
ill be pointed out below.

The application of an ac stress in the form of square-wave pulses
o the Au (m) sample splits the Au 4f doublet into two components

ig. 3. XPS spectra of the Au 4f region when the metal is connected externally to a
.0 M� series resistance and a 56 nF parallel capacitance under various SQW pulses.
ariations in the FWHM of the twinned peaks are also shown on the right hand side.
bias, and also without and with a 1.0 M� series external resistor. The experimental

appearing simultaneously at correspondingly −10.0 and +10.0 eV
with respect to its original position, since the sample now spends
50% of its time at 10.0 V higher and lower potentials in the nega-
tive and the positive cycles, respectively. For the case when Au (m) is
connected externally to a series resistance, R = 1.0 M�, and a parallel
capacitance, C = 56 nF, as shown in Fig. 3, the situation becomes dif-
ferent. The Au 4f peak is also split but the shifts are not only smaller
than ±10.0 eV, but they also exhibit strong frequency dependence,
due to dynamical charging/discharging through the external RC cir-
cuit under the influence of the voltage stimuli. At low frequencies,
the difference between the two components is smaller than 20.0 eV,
and towards higher frequencies the 20.0 eV difference is recovered.
Furthermore, the FWHMs of both the positive and negative com-
ponents go through a maximum around 5 Hz and starts declining
afterwards, resuming their original values at high frequencies. But
the measured FWHM values of the positive and the negative com-
ponents track each other very closely (see also Fig. 7), differing from
the case of the SiO2 layer, as will also be pointed out later in the text
(see also Fig. 9).

3.3. An organic dielectric layer: polystyrene (PS)

When a thin film (∼20 nm) of polystyrene, deposited on a clean
silicon wafer by spin coating, is subjected to external dc stress, the
position of the C 1s peak also shifts to lower or higher binding ener-
gies as displayed in Fig. 4. In this case, although the extent of the
charging shift is different, no significant broadening is observed.
When the sample is subjected to SQW pulses with varying frequen-
cies, in addition to the charging shifts, variations in the FWHMs are
also observed as shown separately in Fig. 8.

3.4. An inorganic dielectric layer: 10 nm thermal SiO2 layer

In Fig. 5, we display the Si 2p region of the XPS spectra of a

Si wafer containing ca. 10 nm thermal oxide layer, recorded under
SQW pulses at three different frequencies, as well as at +10 and
−10 V dc potentials. In addition to the charging shifts, the observed
FWHMs show polarity, as well as frequency dependence, which are
displayed separately in Fig. 9. Under +10 V dc and also at low fre-
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ig. 4. C 1s region recorded when grounded and under ±10 V dc external bias, and
nder SQW pulses of 0.001, 0.01 and 40 Hz of a ca. 20 nm PS film on a silicon wafer.

uencies, the negatively charged component is always broader, and
ecomes narrower only at high frequencies. The positively charged
omponent is narrow at both ends but goes through a maximum
round 0.02 Hz. Furthermore, the O 1s peak exhibits exactly the
ame frequency dependence both in position and also in FWHM.

. The model

A simple circuit model of a dielectric film having a resistance
, and a capacitance C can be constructed as shown in Fig. 6(a),
here the electron gun and the photoelectron currents are mod-

led by a voltage controlled current source (VCCS). The non-linear
oltage–current curve for the VCCS is extracted through analysis
f a series of XPS measurements by applying DC voltages to the
old sample in series with a known external resistor. The VCCS

urrent–voltage dependence is assumed to be the same for the
ther samples, and throughout the entire dynamic measurements.
he excitation voltage source VEX(t) can be a time varying voltage
ith any arbitrary shape. In order to calculate the XPS spectra, we

ig. 5. Si 2p spectrum of silicon wafer sample containing ca. 10 nm thermal oxide
ayer recorded, when grounded and under ±10 V dc external bias, and when sub-
ected to 10 V square-wave pulses at 0.01, 0.02 and 0.1 Hz.
Fig. 6. (a) The circuit used for simulation of the frequency dependence measured
and given in Figs. 7–9. (b) Calculated line shapes for the 1.0 M� and 56 nF RC circuit.

need to solve the differential equation describing the change of the
surface potential VS(t) given by

C
d(VS − VEX )

dt
+ VS − VEX

R
+ IS(VS) = 0 (1)

where R and C are, respectively, the effective resistance and the
capacitance between the surface and the source as shown in
Fig. 6(a), and IS(VS) is the surface potential dependent current of
the electron flood-gun. Solutions can be obtained by numerical
integration for arbitrary excitations VEX(t). For a periodic excitation
of period T, one can calculate a line-shape function that gives the
intensity of the XPS signal at a voltage shift of v as

g(v) = 1
T

∫ T

0

ı[VS(t) − v]dt (2)

Note that
∫ ∞

−∞ g(v)dv = 1 and hence the line-shape function is
properly normalized. The XPS spectrum recorded by the spectrom-
eter SXPS(v) can now be calculated by convolution of the line-shape
function g(v) with the original spectrum S0(v) obtained by ground-
ing the sample:

SXPS(v) =
∫ ∞

−∞
g(v − �)S0(�)d�. (3)

By solving numerically Eq. (1) for the values of R = 1.0 M� and
C = 56 nF for the square-wave excitation, we calculate the line-
shape functions through Eq. (2) as shown in Fig. 6(b). It can be

seen that, depending only on the period of the excitation and
charge–discharge time constants of the sample system, the left and
right peaks of the line-shape function shift differently. If the excita-
tion signal period is much higher than the sample time constants,
we are working in a regime similar to dc In this case, the peaks are
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voltage stimuli, in the form of square waves, to dielectric materials,
when recording their XPS spectra, it is possible to probe the dynam-
ics of their charging/discharging properties. The method twins each
peak, and the measured binding energy difference between the
twinned peaks, and the variations in the FWHM exhibit strong
ig. 7. Frequency dependences of the measured FWHM and binding energy dif-
erence of Au metal with a 1.0 M� series resistance and a 56 nF parallel capacitance
sing the model described in Fig. 6. The solid lines are theoretically calculated and the

ine + symbol are the experimentally measured values plotted in a semilog fashion.

hifted almost to the positions that would be obtained by applying
10 or +10 V (dc) to the sample, respectively. Also, the broadening is
lmost zero. If the excitation frequency is high, the average surface
otential is shifted due to the non-linear nature of the VCCS, but
he separation between the left and right peaks is closer to 20 V.

. Discussion and conclusions

When applied to nonconducting dielectric samples, our method
easures an effective time constant comprised of an effective resis-

ance and capacitance of the films under X-rays and low-energy
lectrons exposure. The charging and discharging of the films are
on-linearly dependent on the surface electrical field created since
hey are described by tunneling or hopping processes. The fre-
uency dependence of the difference in the binding energy between
he left (+cycle) and the right (−cycle) peaks varies like an S-type
urve. Also, there are variations in the broadening of the peaks. It is
een through calculations that, for the square-wave case, the peaks
ave maximum broadening as 1/4 of the period of excitation coin-
ides with the charging/discharging time constant of the sample,
hich corresponds to the inflection point of the S-curve. As we have

iscussed and advocated in our previous work, we believe that this
-curve is material specific.

For the case of the artificial dielectric of Au (m) + RC, the time
onstant should be 0.056 s (1.0 M� × 56 nF), and this would corre-
pond to 4.5 Hz [1/4 × 1/(0.056 s)] for the maximum broadening,
hich matches the experimental results perfectly, as depicted in

ig. 7. Similar measurements for the 20 nm PS film yield the time
onstant of 17 s using the fit to the experimental frequency data in
he binding energy difference, and determine the inflection point
t 0.015 Hz, as shown in Fig. 8. As was shown in our previous work,
thicker PS (ca. 55 nm) film exhibits larger binding energy shifts,
ut the frequency dependence is surprisingly similar to that of the
0 nm PS film, as judged by the coincidence of their inflection points
40]. In the same work, we also showed that another organic dielec-
ric PMMA film exhibited a different frequency dependence, which
ncouraged us to advocate that this measured frequency dependence
s material specific.

In the case of the 10 nm SiO2 the time constant is estimated as

2 s, again using the experimentally determined inflection point
n the binding energy shifts as shown in Fig. 9. Accordingly the

aximum broadening is predicted to be around 0.02 Hz, again in
erfect agreement with experimental data measured for the −cycle.
owever, as also mentioned above the extra broadenings appearing
Fig. 8. Measured and calculated frequency dependences of the measured FWHM
and binding energy difference of the 20 nm PS sample.

when the dielectric bears negative charging (at low frequencies and
only on the +cycle) cannot be accounted for by our simple model.

The simple RC model can be replaced with a more accurate
model that takes into account of the distribution of charge-traps.
However, the ultimate model has to include E-field and position
dependent charge–discharge rates as well as local density of trap
states. For the case of the SiO2 layer, the charging and discharg-
ing processes we probe are related with trapping and detrapping
of the holes created in the valence band of the oxide following
the very fast (<10−12 s) photoemission process [24]. Therefore, the
time constants we measure are comparable to the time constants
derived by time-dependent leakage currents determined for MOS
systems under X-ray exposure [6–8] and/or using scanning capaci-
tance microscopy [9]. For the case of organic dielectric materials, the
situation is even less understood, and thus more important [4,5].

In conclusion, we show that by application of time-dependent
Fig. 9. Measured and calculated frequency dependences of the measured FWHM
and binding energy difference of the silicon sample with a ca. 10 nm thermal oxide
layer.
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requency dependence. We believe that through careful analyses
f these frequency dependencies it is possible to extract vari-
us material-specific dielectric properties, like effective resistance and
apacitance, dielectric breakdown behavior, etc.
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