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We  describe  application  of  two  different  data  gathering  techniques  of XPS for  probing  the  dynamics  of
surface  voltage  and surface  photovoltage  (SPV)  developed  in  microseconds  to  seconds  time-domain,  in
addition  to  the  conventional  steady-state  measurements.  For  the  longer  (seconds  to  milliseconds)  regime,
capturing  the  data  in  the  snapshot  fashion  is  used,  but  for the  faster  one  (down  to  microseconds),  square
wave  (SQW)  electrical  pulses  at different  frequencies  are  utilized  to induce  and  probe  the  dynamics  of
various  processes  causing  the  surface  voltage,  including  the  SPV,  via  the  changes  in  the  peak  positions.
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The  frequency  range  covers  anywhere  from  10 to 10 Hz for probing  changes  due  to  charging  (slow),
dipolar  (intermediate),  and  electronic  (fast)  processes  associated  with  the  external  stresses  imposed.  We
demonstrate  its  power  by application  to n- and  p-GaN,  and  discuss  the chemical/physical  information
derived  thereof.  In addition,  the  method  allows  us  to decompose  and identify  the  peaks  with  respect  to
their  charging  nature  for  a composite  sample  containing  both  n- and  p-GaN  moieties.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

GaN is a wide band-gap compound semiconductor with supe-
ior optoelectronic properties utilized in numerous devices for high
ower light emitting diode and sensor applications [1]. Surface and
efect structures of the materials used completely determine many
f the device performance, hence control over these properties are
f utmost importance. Surface photovoltage (SPV) [2,3], is one of the
roperties measured to evaluate the quality and the performance of
uch materials and devices, and has recently been combined with
icroscopic techniques such as the Kelvin Probe (KP) [4,5]. SPV
easurements relate electrical information to band structure, as
ell as to the nature of surface moieties, and most importantly

o the nature of impurities and defects. However, even though
 superb (sub-micron) lateral resolution is achievable, the KP is
ased on electrical measurements, hence does not have chemical
pecificity. On the other hand, X-ray Photoelectron Spectroscopy
XPS), which has also been used for probing SPV, provides excel-
ent chemical information, in addition to the electrical potentials

eveloped on surface structures, although the precision for mea-
uring the latter is much lower (∼20 meV) when compared to that
f KP measurements (∼1 meV) [2].

∗ Corresponding author. Tel.: +90 312 2901476; fax: +90 312 2664068.
E-mail address: suzer@fen.bilkent.edu.tr (S. Suzer).

ttp://dx.doi.org/10.1016/j.apsusc.2014.06.089
169-4332/© 2014 Elsevier B.V. All rights reserved.
Earlier SPV measurements were mostly synchrotron based due
to the needed brightness of the source [6–10], but combined with X-
ray microfocusing and fast accumulation tools, the new generation
commercial XP spectrometers can also provide critical information
about such materials and devices [11,12]. In a recent publication
we reported on capturing of the transient surface photovoltage in
n- and p-GaN by XPS where new information about the mecha-
nism of the transients formed by illumination with a ∼50 mW violet
(405 nm)  laser was brought out and discussed [13]. However, faster
measurements are not possible in this mode, therefore, we had to
introduce other modulation techniques [14–19].

XPS is a widely used chemical analysis technique for probing
chemical and physical composition of surface structures. In con-
ventional data gathering mode the sample is grounded, and the
position as well as the intensity of the peaks are recorded in a static
fashion [20]. Although several reports have appeared in the liter-
ature related to dynamical XPS measurements in the two  extreme
ends, very fast (nanoseconds to attoseconds) [21–24], and very slow
(minutes to hours) [25–27]. The intermediate domain (microsec-
onds to seconds) has been overlooked. The very fast measurements
require either synchrotron facilities and/or specialized instru-
mentation which are not easily accessible to many researchers.

The intermediate domain is important especially for testing and
improving performance of various materials and devices used for
charge storage, photovoltaics, ferroelectrics, chemical and bio-
chemical sensing, etc. Recently, our group and others have reported

dx.doi.org/10.1016/j.apsusc.2014.06.089
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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tron and a hole from surface states into bulk for the n- and p-GaN,
respectively, resulting in partial flattening of the bands.
6 H. Sezen et al. / Applied Su

hrough various publications, the basic principles and techniques
or implementing such measurements employing very simple mod-
fication to conventional instruments [28–39].

Herein, we report such XPS measurements on n- and p-GaN
amples, covering time intervals from kilo-seconds (10−3 Hz) down
o microsecond (106 Hz), and discuss the results obtained pertain-
ng to electrical properties of the sample as reflected by the binding
nergy shifts of the Ga core-levels. Some of the measurements
ncluded in the present paper have already been published in our
revious papers, but they are reproduced here for the sake of clar-

ty and to provide a continuous flow of the presentation [13,40].
he next section describes the experimental details and is followed
y our results and discussions. We  finish the presentation by our
onclusions, to be followed by acknowledgements and references.

. Experimental

GaN samples were grown on double polished c-plane sapphire
y low-pressure MOCVD (AIX 200/4 RF-S). The Mg doped p- and Si-
oped n-GaN samples have conductivities of 0.8 and 58 S−1 cm−1,
espectively. A Thermo Fisher K-Alpha electron spectrometer with
onochromatic AlK� X-rays is used for XPS analysis, which is

lightly modified for imposing external voltage stress (D.C. or A.C.)
o the sample during data acquisition. The spectrometer is also
quipped with a low energy flood-gun facility for charge neutraliza-
ion, utilizing only electrons or both electrons and Ar+ ions. Sample
urfaces were cleaned by sputtering with a low energy (200 eV)
r+ ion beam for avoiding damage by the Ar+ ions, until the C1s
eak fell below detection limits. No annealing of the samples was
erformed after cleaning. To induce surface photovoltage a 50 mW
05 nm (violet) CrystaLaser laser is employed either in the C.W.
ode, or through a chopper with a frequency range of 10−1–103.

or probing the dynamics of charging/discharging properties, the
ata is gathered either in the fast snapshot mode with 0.1 s time
esolution or the sample is subjected to square wave pulses (SQW)
f ±10 V amplitude with varying frequencies in the 10−3–105 Hz
ange using a Stanford Research System DS345 pulse generator,
hile the data is gathered in normal scanning mode. In general the

ccuracy of our measurements are better than 20 meV  in the peak
ositions. However, since we allow the samples to charge and dis-
harge, through the application of the SQW modulation, the peaks
re broader. Even in such case, we can still claim an accuracy of
0 meV, since this time we measure the difference between two
eaks positions, which is inherently more accurate when compared
o absolute peak position measurements.

. Results and discussions

.1. Photoresponse of n- and p-type GaN

.1.1. Steady-state measurements
A survey spectrum of the p-type GaN has an intense Ga2p3/2

eak at 1118.49 eV and 3s, 3p, 3d peaks at 161.41, 106.48, and
0.15 eV, respectively as shown in Fig. 1. In addition, Ga has a num-
er of LMM  Auger lines spanning the interval from 380 to 630 eV.
nfortunately, a broad LMM  Auger line of Ga at 397 eV is overlap-
ing with the N1s peak, so it is not possible to follow individual
1s region with our XPS instrument using AlK� X-ray source. We
enerally follow the Ga2p if we need high intensity (in the snapshot
ode), but the Ga3d peak is recorded for better energy resolution.
When exposed to electromagnetic radiation, materials respond
n a variety of ways depending on the wavelength, intensity, and
uration of the exposure. The Ga2p3/2 spectra of the n- and p-
aN samples, recorded with and without violet laser illumination,
re shown in Fig. 2. The highest steady-state SPV for the n- and
Fig. 1. A survey XPS spectrum of the p-GaN sample together with the experimental
set-up.

p-GaN, are measured as +0.15 eV and −0.39 eV, respectively, while
the flood gun is not employed. When the flood gun is functioning,
the response of especially the p-type GaN is significantly altered
and provides additional information about the electrical properties
of the semiconductor, as was discussed in our previous paper [13].

When the samples are introduced into the spectrometer, elec-
trons flow from the n-type and holes from the p-type GaN so that
they are charged differently, due to their sign and extent of doping.
But, the charges on the surfaces are screened by band bending and
by accumulation of opposite-sign charges near the surface. When
light with sufficient energy is incident on the sample additional
charge carriers are introduced which normally return the bands to
their flat-band condition [5,10,13,40–45]. GaN has a band-gap of
3.4 eV, therefore the violet laser, which has only an energy of 3.1 eV
is not expected to cause any band–band excitation. Presence of sur-
face states, just above the valance band, as well as defects, aided by
thermal energy at room temperature must be the reason for this
band-flattening. As depicted by the schematics shown in the lower
panel of Fig. 2, these processes must involve an excitation of an elec-
Fig. 2. Ga2p3/2 region of both samples recorded without and under illumination
with a C.W. Violet Laser (405 nm)  of ∼50 mW power. The lower panels show
schematically flattening of the band-bending under illumination.
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ig. 3. Variation of the position of Ga2p3/2 peak of p-GaN with respect to the power
f  the illumination source, controlled by Neutral Density Optical Filters (NDF).

We  have also carried out measurements by varying the intensity
f the excitation source to obtain a relationship between the mea-
ured value of the SPV and the logarithm of the intensity of light as
iven in Fig. 3. The most important finding of these measurements,
s that it reveals a saturation behavior toward the high intensity
egion of the photo excitement. This power dependency of the p-
aN indicates that the responses we measured are mostly due to
urface-states and defects’ related processes, which is also in good
greement with our mechanistic explanation of the partial band
attening phenomenon involving the sub-band gap excitations.
.1.2. Transient measurements using the snapshot mode
The K-Alpha spectrometer allows us to record, with reasonably

igh signal-to-noise ratio, a narrow spectral region with less than
.1 s intervals. In Fig. 4(a) and (b), the time-resolved Ga2p3/2 spectra

ig. 4. Variations of the center of the Ga2p3/2 peaks recorded with 0.1 s intervals using the
n;  for (a) n-GaN, and (b) p-GaN. (c) Schematics of formation of the SPV transients for the
cience 323 (2014) 25–30 27

are shown for the two samples while the laser is turned on and
off every 50 s, where we  observe that the SPV develops in a much
shorter time interval (<0.1 s) than we are able to measure, but it gets
severely screened by the flood-gun electrons for the p-GaN. This
indicates that when the flood gun is operative an additional mech-
anism is triggered just after the change of the state of the laser, as a
result of interaction between the electrons of the flood gun and the
surface of the p-GaN sample. This can be explained as follows. The
p-GaN develops a certain magnitude of downward band-bending
at its surface. This downward band bending at the laser OFF state
provides a proper well to capture the flood-gun electrons at or near
the conduction band, as schematically shown in Fig. 4(c) to cause
an opposite shift to lower binding energy as expected and mea-
sured. When the state of the laser is changed to ON, the downward
band-bending is immediately flattened and the well disappears.
Hence, the accumulated electrons during the previous state are
quickly swept away to the bulk, because now the conduction band
of the bulk has many favorable energy levels for the electrons as
also indicated in Fig. 4(c). This event is observed as a further shift to
a higher binding energy. Moreover, the time constants of electron
accumulation and electron sweeping away from the surface of the
p-GaN sample are different and are 6.3 and 0.85 s, respectively. This
difference arises from the different nature of the two mechanisms.
The impinging electrons take longer time to be accommodated,
since each accumulated electron contributes to the build-up of the
negative sheet of charge at the surface, which in turn suppresses
the rate of accumulation of further negative charge. However,
when the laser is turned on, the sweeping of accumulated electrons
to the bulk is very effective and quick due to its large volume of
the bulk compared to the surface. Note in passing that when the

flood-gun is operative the SPV are smeared out, and under certain
conditions, might be completely unobservable by the normal
scanning mode of the spectrometer due to the time-averaged
data acquisition. Only, through the careful implementation of the

 snapshot mode, as the laser is turn ON and OFF, with the flood-gun turned-off and
 p-GaN, and the exponential fits are given for the Laser ON and OFF periods.
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Fig. 6. Measured peak positions at +10 V and −10 V cycles of the Ga3d peak as a
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ig. 5. Ga3d peak of the n- and p-GaN sample recorded; (i) grounded, and under
he  SQW modulation at (ii) 2 MHz, and (iii) 10 kHz frequencies, without and under
hotoillumination.

napshot mode with respect to the time windows we used were
e able us to recover the full magnitude of the SPV [13].

.1.3. Application of SQW pulses
Since neither the snap-shot mode nor utilization of an opti-

al chopper can be used in the shorter microseconds regime, we
ake use of application of electrical voltage stresses in the form

f SQW pulses. In Fig. 5, we display the Ga3d peak of the n- and
he p-GaN sample recorded while the samples are grounded, as
ell as under 2 MHz  and 10 kHz SQW modulations, and without

nd with violet laser illumination. SQW modulation of the sample

esults in twinning of all the peaks, since the samples experience
ither +10 V or −10 V electrical stress during the up (positive) and
he down (negative) cycles, respectively. If the sample is conduct-
ng the result is trivial shifts of the peak positions to +10.00 and

ig. 7. Ga3d peak of a composite sample formed by placing the n- and p-GaN samples s
nd  (iii) 10 kHz frequencies, without and under photoillumination. The inset depicts the e
function of the frequency of the applied SQW excitation, without and under photo-
illumination. The lower part plots the difference between the twinned peaks.

−10.00 eV, respectively, and with a binding energy difference mea-
surement of exactly 20.00 eV between them. However, if the sample
is poorly conducting, a difference of less than 20.00 eV results,
since charge neutralization is different under +10 and −10 V biasing
cycles [14–19]. This measured negative deviation from the 20.00 eV
is larger at low frequencies since more time is allocated for the
sample to charge or discharge, and approaches zero as the SQW
modulation frequency increases, depending on the mechanism of
the operating processes. Hence, a plot of the measured binding
energy difference as a function of the applied SQW frequencies is

highly informative (see below Fig. 6) [14–19].

Accordingly, as shown in Fig. 5, the binding energy difference
is closer to 20.00 eV, yet slightly lower at 2 MHz, from which we

ide-by-side, recorded; (i) grounded, and under the SQW modulation at (ii) 2 MHz,
xperimental set-up.
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an now deduce that n-GaN is much more conducting compared to
he p-GaN sample, in agreement with the measured values given
n the experimental section. This simple agreement is actually an
mportant proof of the validity of our methodology, which could
ead to numerous analytical applications for harvesting dielectric
roperties of both simple and composite surface structures [28,46].

n addition, the measured difference of 19.81 eV at the lower fre-
uency of 2 MHz  is lower than 19.98 eV measured at 10 kHz, while
he latter is within the experimental uncertainty of the theoreti-
al value of 20.00 eV. The situation is very different for the p-GaN,
hich is drastically charged, and the measured value is 16.74 eV

t 2 MHz, and approaches (19.93 eV) to the theoretical value at
0 kHz, but does not quite reach it. What one learns from these mea-
urements is that, especially for the p-GaN, charging/discharging
roperties are strongly affected by a multitude of processes opera-
ive in the microseconds all the way up seconds range.

In the same figure, data recorded under light illumination are
lso given. For the n-GaN, the magnitude of the photoresponse
s small, and is the same irrespective of the mode of data gath-
ring, which reveals that photoresponse of the sample is much
aster (<10 �s) than we can measure even if we employ the SQW

odulation up to the frequency of 105 Hz. The magnitude of the
hotoresponse of the p-GaN is much larger, and, similar to the case
f the electrical charging, has multiple (slow, intermediate and fast)
omponents, as can be deduced from the fact that even at 10 kHz
odulation, the measured binding energy difference of 19.97 eV,

nder illumination is larger than that (19.93 eV) without it.
A comprehensive set of measurements for the p-GaN is dis-

layed in Fig. 6, where the measured positions of the twinned
eaks of the Ga3d peak, as well as the difference between them
re plotted as a function of frequency of the SQW pulses, both with
nd without C.W. violet laser illumination. The measured charging
hifts are significantly altered in two domains; (i) 0.2–20 Hz, and
ii) 0.2–10 kHz, and continue to persist even at higher frequencies.

e  must emphasize that all the charging shifts we have reported so
ar in our previous studies on various dielectric materials like SiO2,
dS and polymers have always been in the lower frequency range of
0−1–102 Hz, and this is the first time we are able to record them in
he kHz range, which are too fast for the usual charge compensation
rocesses involving several cascading processes, and must some-
ow be related with electronic processes. Accordingly we propose
hat at least for the p-GaN, we have successfully demonstrated that
ith a combination of the snap-shot measurements and utilization

f SQW pulses, XPS is able to probe and distinguish among the slow
ionic), intermediate (dipolar), and the fast (most likely due to elec-
ronic) charging processes of materials and their photoresponses.

A simple analytical extension of our method is demonstrated
n Fig. 7, where we analyze a composite region consisting of both
- and p-GaN samples placed side-by-side in an ad-hoc p–n junc-
ion fashion. The Ga3d peak of the composite sample appears as

 single one, when recorded with the sample is grounded, and
he photoresponse is not strong enough to distinguish between
he differently doped domains. However, when the SQW pulses
ith 10 kHz modulation are applied, the peaks decompose to two
istinct components, assignable to the n- or the p- domains, respec-
ively. At the lower frequency the decomposition happens only for
he +10 V cycle, while still only one overlapping composite peak is
bservable in the −10 V cycle. The photoresponses of the n- and
he p- components are not as strong, but nevertheless are also
ndicative of the nature of the doping as can also be seen from figure.
. Conclusions

By utilizing different optical and/or electrical modulation tech-
iques, XPS spectroscopy, which is conventionally used in the

[
[
[

[

cience 323 (2014) 25–30 29

static scanning fashion, can also be used for probing the dynam-
ics of surface structures. A combination of time-resolved XPS
with 0.1 s intervals, incorporation of SQW modulation, and use of
photoillumination provides us new ways of investigating surface
electronic structure and other surface properties of semiconduct-
ing and dielectric materials in a chemically specific fashion, in
the microseconds to seconds time domains, which has not been
reported before. One particular advantage of the method is its abil-
ity to distinguish and identify the peaks representing their doping
nature for composite surface structures, using their responses to
electrical, electromagnetic stresses, as well as to a combination of
both.
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