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a  b  s  t  r  a  c  t

Utility  and  constraints  on using  the  pump-probe  photoelectron  spectroscopy  for  detecting  the  time-
resolved  surface  photovoltage  on  the  semiconductor  surface  are  discussed  by  solving  the  equation  of
motion  for  the  electron  from  the  sample  to  the analyzer.  The  escape  time,  which  is  defined  as the  time
for  the  electron  to achieve  the  99%  of  the  photovoltage,  determines  the  basic  temporal  resolution.  It
can be  derived  from  a simple  formula  with  the  pump  beam  radius  and  the  initial  kinetic  energy  of  the
electron  and  lies  in  a range  of nano  seconds  with  a  usual  experimental  condition  so  far.  However,  an
analysis  revealed  that  a  time  constant  for the  decay  in  the  SPV  can  be  correctly  measured  with  the  decay
in the  kinetic-energy  shift  as  a  function  of  the  pump-probe  time  difference  even  for  a  much  shorter  time
constant  than  the  escape  time.  Meanwhile,  the  value  of  the  kinetic-energy  shift  does  not  agree  with  the
true SPV.  The  relation  between  the  true SPV  and  the  observed  kinetic-energy  shift  is  estimated.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Surface photovoltage (SPV), which is the phenomenon that the
electronic field is provided by the illumination of light at the
semiconductor surface, is one of the key issues which govern the
efficiency of the photoelectric devices and has been extensively
studied theoretically and experimentally for many years [1,2].
Recently, the time-resolved measurement of SPV, particularly by
using a time-resolved photoelectron spectroscopy (PES) of a pump-
probe type, attracts attention since it promises to reveal the carrier
dynamics in the semiconductor [3–13]. In this method, the laser
pulse of a few electron volts is used as a pump beam to produce the
SPV, and the time-delayed photons from the synchrotron radiation
source [3–9] or the higher harmonics of the laser pulse [10–13] is
used as a probe pulse to detect the SPV. Reflecting the development
of the laser technique and synchrotron radiation, this method will
probably be more popular and appealing for many researchers.

The time resolution of the optical pump-probe method is usu-
ally limited by the temporal widths of the pump and probe photon
pulses. Thus, if the pulse laser of, say, 100 fs (it is rather easily
achieved with a TiS-based mode-locked laser system these days)
is used, it is conceivable that the temporal resolution of this range
could be achieved. However, this idea seems questionable in the
case of the detection of temporal change in SPV by the pump-probe
PES, because the change in the electron energy is achieved by the
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acceleration/deceleration during the travel from the sample to the
analyzer and the memory of the potential on the surface at the ejec-
tion time may  be lost during the travel. If the electron with a kinetic
energy of, for instance, 10 eV emits from the sample surface toward
the entrance of the electron spectrometer that is separated by 5 cm
from the sample, it takes about 27 ns. This is much longer than the
pulse width of the femtosecond pulse laser and the temporal reso-
lution might be limited by the travelling time of the electron in the
worst case.

This problem in the detection of SPV by the pump-probe PES
has been discussed by some researchers [7,9]. W.  Widdra et al. cau-
tioned that the onset in their time-resolved SPV measurement at
the negative time-delay does not reflect the true temporal evolu-
tion of the SPV [7].  D. Lim and R. Height stated that the temporal
evolution of the SPV can be accurately investigated as far as its
timescale is longer than “escape time”, which will be discussed
more detail in this paper. It was  2.5 ns in their experimental con-
dition (note that they used a much shorter pulse, that is the higher
harmonics of the 35-femtosecond pulse as a probe) [9].  On the
other hand, much shorter lifetimes (in a range of ps) were exper-
imentally observed in the energy shift in PES as a function of the
pump-probe time difference (�t) [6,10–12]. To resolve this para-
doxical situation, a systematic analysis which allows us to estimate
the utility and constraint of the pump-probe PES when apply-
ing it to the detection of the temporal evolution of the SPV is
highly desired. In this paper, I present a quantitative guideline
for using the pump-probe PES on the time-resolved SPV measure-
ment by systematically resolving the classical equations of motion
of the electron. This will help researchers who  are interested in
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Fig. 1. Schematic drawing of the diagram for the surface photovoltage and its detection by the photoelectron spectroscopy. The solid lines show the energies of the relevant
states,  which are the vacuum level, the conduction band minimum (CBM), the valence band maximum (VBM), the core level, and the surface states, of the semiconductor
without an excitation light. When the excitation (pump) light illuminates the semiconductor, the additional carrier is produced, and the energies of these states are shifted in
energy  �E as shown by dotted lines. The energy of the electron ejected from (for example) the core level by the photoexcitation with the detection (probe) light is analyzed
by  the electron spectrometer after the acceleration or deceleration by the electronic field. When the sample is illuminated by the excitation-light (dotted lines), the kinetic
energy  (Ek) obtained with the electron spectrometer is shifted in energy than that without the photoexcitation (solid lines) in the photoelectron spectroscopy. The initial
kinetic  energy of the electron at the ejection (Eki) is indicated for the case that the sample is photo-excited.

measuring the time-resolved photoelectron spectroscopy with a
newly developed pulsed light source such as the free electron laser.

2. The electron energy shift due to the static SPV

Fig. 1 shows a simple schematic drawing for the picture of the
SPV formation and detection. When the light creates the addi-
tional carriers both at the valence and conduction bands of the
semiconductor, these carriers move due to the electronic field in
the space-charge region of the semiconductor and these separated
positive and negative carriers (partly) compensates the band bend-
ing by the provided potential which is indicated as �E  in Fig. 1.
This is the so-called SPV. The photoelectron spectroscopy, which is
commonly used for the investigation of the electronic state of the
semiconductor and its surface, can be used for monitoring the SPV
as discussed below. Since the escape depth of the photoelectron is
usually much shorter than the length of the space-charge-region,
the energy of the ejected electrons is only determined by the poten-
tial near the surface. It is usually assumed that the band structure
is not significantly changed by the light illumination, thus the elec-
tron binding energy with referred to the valence band maximum
(VBM) is assumed to be unchanged. The initial kinetic energy of
the electron Eki is defined as the difference between the vacuum
level and the electron energy of the photoexcited state and does
not change by the illumination. However, the position of the vac-
uum level changes with respect to the Fermi energy (EF) by the
added SPV (�E). Therefore, the photoelectron spectrum is shifted
in kinetic energy by �E  without changes in the peak shape. Let me
describe it from the viewpoint of flying electrons from the sample
to the electron analyzer. Without the illumination, since the equi-
librium in energy between the sample and the analyzer is achieved

with respect to the EF, the sample surface can be considered biased
by the difference in the work functions between the sample and the
electron analyzer. The electrons are thus accelerated (or deceler-
ated) accordingly during the flight from the sample to the entrance
of the analyzer, and changed in the kinetic energy according to
the bias voltage. When the new potential change �E  is added at
the light-spot area on the sample due to the SPV, the accelera-
tion/deceleration energy is additionally changed by �E,  and thus
the kinetic energy of the electrons is changed by �E, enabling the
measurement of the SPV.

According to this picture, the most important matter for mea-
suring the temporal evolutions of the SPV with the PES seems the
time when the acceleration (or deceleration) is completed. If the
SPV changes earlier before completing the acceleration, it is not
expected to monitor the SPV accurately. This was referred to as
“escape time” by D. Lim and R. Height [9].  They considered it as a
temporal resolution of the method, since the accuracy in the tem-
poral evolution longer than this time is guaranteed. The first aim of
this paper is a quantitative estimation of this quantity by evaluating
the potential near the surface.

First, the two-dimensional SPV distribution on the sample sur-
face is analyzed. The photon intensity as a function of the distance r
from the spot center is I(r) = I0 exp

(
−2r2/R2

0

)
where the Gaussian

profile is assumed, I0 is the intensity at the spot center, and R0 is
the spot radius. According to the previous studies [8,14],  the SPV
�E  is approximately shown as �E  = ˛kBT ln[1 + �I], where I denotes
the photon intensity,  ̨ and � denotes the parameters that can
vary with the sample and wavelength of the photon. Therefore,
SPV on the sample surface (i.e., z = 0) as a function of the dis-
tance r from the spot center can be written as �E(r) = �Ec/ ln(1 +
�) ln

[
1 + � exp

(
−2r2/R2

0

)]
, where �Ec denotes ˛kBT ln[1 + �I0]
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