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The Si(100)-(2 X 2)-Ga surface was used to investigate time-dependent Ga(3d) core-level shifts by pumping
electrons from the valence to the conduction band. The pump-probe experiments were done by exciting carriers
with 1.59 eV laser pulses and probing the Ga(3d) core level with higher harmonics. The higher harmonics were
generated by focusing laser pulses with 1.4 mJ energy, 30 fs pulse duration, and 779 nm wavelength from a
multipass amplifier at a repetition rate of 1 kHz into argon. For the 23rd harmonic, the time resolution of the
experiment was ~400 fs after a grating monochromator. The band bending of about 110 meV of the p-doped
Si(100)-(2 X 2)-Ga surface is completely lifted by illumination of the surface with the 1.59 eV laser pulses. The
Ga(3d) core level shows a slow time-dependent shift attributed to the rise (~1 ns) and decay (~100 ns) of
the photovoltage. The Ga(3d) core-level shift and broadening in the femtosecond range are determined to be
<15 meV at the used pump-pulse intensity of 19 mJ/cm?”. Experiments with pump pulses of 3.18 eV photon

energy showed similar results.
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I. INTRODUCTION

Higher-harmonic generation provides a table-top femto-
second laser source with photon energies in the extended
ultraviolet range, enabling time-resolved investigations in-
volving, for example, core-level states. Several applications
of time-resolved experiments at surfaces using higher har-
monics have already been demonstrated.'~8

In this paper, a higher-harmonic photon source is de-
scribed and used to investigate the charge screening upon
laser excitation at the Si(100)-(2 X 2)-Ga surface. As for the
screening of charges upon laser excitation, up to now, no
theoretical calculations and also no experimental investiga-
tions exist; the study of this effect is of fundamental physical
interest.

To observe a change in screening upon laser illumination,
high excitation densities are necessary. So silicon was chosen
as substrate for the experiments, as it has long carrier life-
times being an indirect semiconductor. Gallium was chosen
as adsorbate, as it has a relative shallow 3d core level with a
binding energy of about 19 eV. The chosen Si(100)-(2
X 2)-Ga surface has a semiconducting surface,”!? enabling
high excitation densities.

Figure 1 illustrates the concept of the measurement. In
thermal equilibrium, the bands at the surface are bent down-
ward for a p-doped Si substrate. The adsorbed Ga provides a
shallow 3d core level as well as occupied and unoccupied
surface states. Upon excitation with infrared (or visible) light
the excitation of electrons from the valence band (VB) to the
conduction band (CB) reduces the band bending. For suffi-
ciently high intensities, a flat band condition is reached and
the resulting photovoltage Upy corresponds to the initial
band bending. In a photoemission experiment, the energies
are measured relative to the bulk Fermi level Er, and the
illumination shifts all energy levels by an amount corre-
sponding to the photovoltage. The additional shift in the
Ga(3d) core level can be measured using the higher-
harmonic pulses. The measured binding energy corresponds
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to the core hole screened by the surrounding electrons. The
light pulse can also excite carriers from the occupied to the
unoccupied Ga surface state. The changed carrier distribution
should lead to an additional change in screening and thus to
a different kinetic energy of the photoelectrons ionized by
the higher harmonics. The time evolution of the screening
charge can be detected in a pump-probe experiment.

II. EXPERIMENTAL SETUP

The experimental setup (see Fig. 2) consists of a femto-
second Ti:sapphire amplifier system, the vacuum chamber
for generating the higher harmonics, the monochromator
chamber and the ultrahigh-vacuum (UHV) chamber for
sample preparation and examination.

A. Laser system

The Ti:sapphire multipass amplifier delivers laser pulses
with 1.4 mJ pulse energy, 30 fs pulse duration, and 779 nm
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FIG. 1. (Color online) Schematic energy diagram of the
Si(100)-(2 X 2)-Ga surface with unoccupied and occupied surface
states. The band bending (left panel) is lifted by illumination with
light leading to a photovoltage (right panel). The energy of the
Ga(3d) hole might experience an additional shift due to the change
in the screening after excitation of electrons from occupied to un-
occupied surface states.
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FIG. 2. Layout of the experimental setup.

wavelength at a repetition rate of 1 kHz. The design and
performance of the amplifier system is described in Ref. 11.
90% of the output power of the amplifier are used to generate
the higher harmonics, the other 10% are used as pump pulses
for the time-resolved experiments.

The higher harmonics are generated by focusing the am-
plified laser pulses by a mirror with 50 cm focal length into
a gas cell filled with argon. As gas cell, a squeezed stainless
steel tube is used, in which the laser itself drills a hole to
minimize the gas flow to the surrounding vacuum chamber.'?
The gas target length was 2-3 mm and backing pressures up
to 40 mbar are used. To reduce the gas flow to the UHV
chamber, the vacuum chamber housing the gas cell is differ-
entially pumped and the diameter of the tubes between the
different vacuum chambers are chosen as small as possible
according to the respective beam diameter. At the highest
backing pressures used in the gas cell of 40 mbar, the pres-
sure in the UHV chamber rose from <3-107!' to
~1-107'° mbar. To select an individual harmonic, two tor-
oidal gratings in the monochromator chamber can be used
with 250 and 950 lines/mm, optimized for different energy
ranges.'? The selected harmonic is focused by the grating
onto the sample. For time-resolved measurements the 1.59
eV pump pulses, are focused onto the sample by a mirror of
1.5 m focal length. To determine the spatial overlap of the
infrared (IR) and the harmonic pulses a fluorescence screen
can be placed at the position of the sample. To determine the
temporal overlap, a beta barium borate (BBO) crystal is
placed behind the sample outside the UHV chamber. Turning
the grating to the zeroth order, the IR light is transmitted, and
the sum frequency signal generated in the BBO crystal of
this beam and the IR pump beam determines the temporal
overlap at the position of the BBO crystal. The temporal
overlap at the sample position can then be calculated. Be-
tween the vacuum chambers valves with LiF windows are
placed. These valves are kept closed when using the third or
fifth harmonic in order to eliminate the background signal
due to higher harmonics diffracted in higher order.

B. Energy analyzers

For the photoemission experiments, a hemispherical en-
ergy analyzer and a time-of-flight spectrometer can be used

in the UHV chamber for electron detection. The hemispheri-
cal energy analyzer has an energy resolution of 35 meV at 2
eV pass energy and an angular resolution of *=1°. The time-
of-flight spectrometer was designed with a large detection
angle of =17° to achieve a high detection efficiency for non-
dispersing core levels. Alternatively, an anode segment with
a detection angle of =2° can be chosen, if good angular
resolution is desired. The electrons pass a field free flight
distance of about 213 mm and are detected by a chevron pair
of microchannel plates with 120 mm diameter. The amplified
signal then passes a discriminator and is fed to a picosecond
time analyzer,14 which measures the arrival time of the elec-
trons. The start pulse is derived from the Pockels cell driver
of the laser system or a fast photodiode. The time resolution
of the spectrometer was measured as 300 ps, corresponding
to an energy resolution of 18 meV for electrons with 5 eV
kinetic energy and 146 meV for electrons with 20 eV kinetic
energy.

The sensitivity of both electron analyzers normalized to
the same energy interval and angular acceptance is compa-
rable. The time-of-flight spectrometer has a big advantage, if
a large acceptance angle can be used and wide energy spectra
are of interest. In this paper, only the data of Sec. VII were
taken with the time-of-flight spectrometer. For all other mea-
surements, the hemispherical analyzer was used. All photo-
electron spectra were taken in normal emission.

C. Characterization of higher harmonics

For characterization of the experimental setup Cu(111)
and Pd(111) surfaces were used. Photoemission spectra with
higher harmonics up to the 33rd order (52 eV) can be re-
corded with the hemispherical energy analyzer and up to the
39th order (62 eV) with the time-of-flight spectrometer. The
linewidths of the harmonics could be determined by evalua-
tion of the measured linewidths of the occupied Shockley
surface state!® of the Cu(111) surface. The linewidths in-
crease approximately linearly from about 110 meV for the
fifth harmonic (7.8 e€V) to 790 meV for the 29th harmonic
(47 eV) in qualitative agreement with previous reports.'® The
increase is due to the decreasing resolution of the grating
monochromator and the increase in linewidth with the har-
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FIG. 3. Time-resolved measurements for the unoccupied surface
state on Pd(111) using IR pump pulses and the third, fifth, and 23rd
harmonic (4.8, 7.8, and 37 eV photon energy) as probe pulses. The
spectra are normalized to the same maximum above the baseline,
which is offset for clarity. Dashed lines show fits using a Gaussian
function.

monic order.!” The latter contribution depends strongly on
laser parameters, so a quantitative comparison is not pos-
sible.

The pulse durations of the harmonics directly after the
generation process are expected to be =30 fs. By diffraction
at the grating, the harmonics are temporally broadened. For a
flat grating, the path difference for laser rays diffracted at
different positions at the grating leads to a temporal broad-
ening of ArocN-N\/c for diffraction in the first grating order,
where N is the number of illuminated grating grooves. The
dependence on N can be checked by using the third harmonic
in positive and negative order, which leads to an illumination
of the grating differing by a factor of two. The cross corre-
lation with the IR pulse measured for the image-potential
state on Cu(111) (Ref. 18) varies indeed by the same factor.
The pulse duration should vary proportional to the wave-
length and thus indirectly proportional to the harmonic order.
Figure 3 shows measurements for the third, fifth, and 23rd
harmonic using the two-photon signal of the unoccupied
Shockley surface state'® of the Pd(111) surface. The surface
state is excited with the IR pulses and ionized with the har-
monics. Fits using a Gaussian function yield values for the
pulse duration of 3.3+0.2, 1.2*0.1, and 0.34+0.03 ps, re-
spectively. The expected dependence inversely proportional
to the harmonic order is found within the error bars. Note
that the data in Fig. 3 are scaled to maximum intensity above
the baseline. In particular, for the fifth harmonic, the back-
ground intensity due to one-photon photoemission is rather
large leading to a poor statistics. For the seventh and higher
harmonics, the pulse duration and thus, the time resolution of
the experiment is in the femtosecond range. The proportion-
ality factor in the equation for Ar depends on the beam pro-
file and the shape of the toroidal grating. It could be esti-
mated using ray-tracing methods. The beam profile of the
higher harmonics is not easily accessible in experiment and
known to be narrower than that of the IR beam.?”
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II1. Si(100)-(2X2)-Ga SURFACE

The Si(100)-(2 X 2)-Ga surface is obtained by evaporat-
ing half a monolayer of Gallium onto the clean Si(100)-(2
X 1)-surface. The Si(100)-Ga surface shows a (2X2) low-
energy electron diffraction (LEED) pattern at coverages from
0.40-0.55 monolayers.?!

At the coverage of half a monolayer, all the dangling
bonds of the Si(100)-(2 X 1)-surface are saturated. Each Gal-
lium atom forms two Ga—Si bonds and one Ga—Ga bond. The
Ga dimers are aligned parallel to the underlying Si dimers
forming Ga dimer rows perpendicular to the Si dimer rows.
Details of the geometric structure of the Si(100)-(2 X 2)-Ga
surface can be found in Refs. 22 and 23. As the Ga atoms are
sp3-like hybridized, one empty sp* orbital is remaining at
each Ga atom, forming an unoccupied surface state, which
can be imaged by scanning tunneling microscopy.!®?* The
electronic structure of the occupied surface bands was inves-
tigated in Ref. 9 by angle-resolved photoemission and inter-
preted further in Ref. 25, showing 5 occupied bands at ener-
gies of 1-2 eV below the Fermi energy. The unoccupied
surface state was observed by scanning tunneling spectros-
copy 1.44 eV above the Fermi energy.'?

Si(100) samples were cut from p-doped wafers (B,
7-13 Qcm) and the sample preparation followed the proce-
dures described in Refs. 26 and 27. The clean Si(100)-(2
X 1)-surface always showed a sharp (2 X 1) LEED pattern at
room temperature. The preparation of the Si(100)-(2
X 2)-Ga-surface  followed the procedures described
before.??!28 Half a monolayer Gallium was evaporated from
an alumina crucible, followed by annealing the sample at
390 °C for 10 min. A sharp (2 X2) LEED pattern was ob-
served, if the evaporation time was chosen correctly. All
measurements were done at room temperature.

IV. SURFACE STATES

As described in the introduction, an excitation of carriers
into the unoccupied Ga surface state could lead to a very
effective screening of Ga(3d) core holes. To clarify this pos-
sibility, one-photon photoemission spectra with the higher
harmonics and two-photon photoemission spectra with the
third harmonic and the IR light were recorded. The IR power
was typically 2 mW in order to ensure saturation of photo-
voltage and limit multiphoton photoemission background
(see Sec. V).

Figure 4 shows a one-photon photoemission spectrum re-
corded with the fifth harmonic [the spectrum is corrected for
the band bending (see Sec. V)] and three two-photon photo-
emission spectra recorded with the third harmonic and the IR
light for different time delays. The spectrum of the fifth har-
monic shows a peak 1.0 eV below the Fermi energy. The
two-photon spectrum at nearly zero time delay (dashed line)
clearly shows a peak 0.8 eV above the Fermi energy, which
is assigned to the unoccupied Ga surface state. The surface
state is excited by the IR light and ionized with the third
harmonic, as the time dependence of the peak intensity
shows (see also Fig. 5). For negative time delays (third har-
monic first) no peak is visible (dotted line) and for positive
time delays the intensity of the peak decreases according to

205424-3



MELZER et al.

600  5H Y IR+3H (xd)
HEN|
,‘. +0.7 ps
@ 400
c
=] Y :
o) L :
O FA L +41.4 ps
200 P VN
H JN 0
H !
B \,-5.3ps
0 e, b R

T T T T T T T T
-16 -12 -08 -04 00 04 08 1.2
Energy rel. E¢ (eV)

FIG. 4. One-photon photoemission spectrum of the Si(100)-(2
X 2)-Ga surface, recorded with the fifth harmonic (7.8 eV) and
two-photon photoemission spectra for different time delays of the
third harmonic (4.8 eV) and the IR light. An occupied state is ob-
served 1.0 eV below the Fermi energy and the unoccupied state 0.8
eV above the Fermi energy.

the lifetime of the state. For a positive time delay of ~40 ps
(dash-dotted line) the intensity of the peak has decreased
significantly. The remaining intensity is mainly due to a
slowly decaying background always observed between the
Fermi energy and an energy of ~0.95 eV above the Fermi
energy. The background might be attributed to the occupa-
tion of defect states in the band gap, which have at the clean
Si(100) surface lifetimes in the ns range.”’” For energies
above Er+0.88 eV, electrons excited into the bulk conduc-
tion band might play a role that show time scales of 200
ps.?>30 Fig. 5 presents time-resolved measurements for the
unoccupied surface state at Er+0.8 eV. The data can be
fitted by a biexponential decay with lifetimes of 2.7+ 0.5 ps
and =150 ps. The latter value matches quite well with the
time scale for electrons excited into the bulk conduction
band that are subsequently scattered into surface states.>* The
shorter value is assigned to the lifetime of the unoccupied Ga
surface state. Similar values are observed for the unoccupied
surface state on the clean Si(100) surface.?

The measured energy of the unoccupied Ga surface state
is considerably lower than the energy of 1.44 eV above Ep
from the measurements in Ref. 10. This can partly be due to
a different sample doping. Furthermore the field of the scan-
ning tip can introduce a band bending at the surface, leading
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FIG. 5. Time-resolved measurement with the third harmonic and
the IR light for the unoccupied Ga surface state 0.8 eV above Ep.
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FIG. 6. Photoelectron spectrum from the Si(100)-(2X2)-Ga
surface excited with the 23rd and 25th harmonic (37 and 40 eV
photon energy). The inset shows the Ga(3d) lines on an enlarged
scale. Data taken with IR light overlapping with the 25th harmonic
only are plotted as a dashed curve and exhibit a shift due to the
photovoltage created by the IR light.

to an energy shift in unoccupied states to higher energies,
which was observed for similar conditions in Ref. 31. The
measured energy of the occupied surface state is consistent
with the previous photoemission results taking into account
that no information on the band bending and the position of
the Fermi energy with respect to the valence band maximum
is given in Ref. 9.

The measurements in Fig. 4 show, that at the used photon
energy of 1.59 eV an excitation into the unoccupied Ga sur-
face state is possible and at a photon energy of 1.8 eV a
resonant excitation would be possible. The measurements are
supported by reflectance anisotropy measurements of Ref.
32, where also a resonance at 1.8 eV was observed.

V. BAND BENDING AND PHOTOVOLTAGE

Semiconductor surfaces generally show a band bending at
the surface. By illumination with photons of an energy larger
than the band gap, electron-hole pairs are created, which
separate in the electric field of the space-charge layer and
lead to a compensation of the band banding, denoted as pho-
tovoltage (see Fig. 1). As the band bending causes an ener-
getic shift in the electron states at the surface, it is necessary
to know the value of the band bending or to have flat bands,
to be able to refer the measured energies to the valence band
maximum in the bulk.

Figure 6 shows a photoelectron spectrum taken with the
23rd and 25th harmonic illuminating the sample at different
points observed simultaneously by the spectrometer. The
low-energy cutoff is dominated by secondary electrons emit-
ted from the vacuum level of the sample. The valence band
at high kinetic energies is smeared out because of the use of
two-photon energies separated by 3.2 eV. The Ga(3d) lines
appear also twice at kinetic energies around 13 and 16 eV.
Due to the bandwidth of the laser pulses and the chosen
analyzer resolution the 3ds, and 3ds, doublet is not re-
solved.

The inset of Fig. 6 shows the Ga(3d) lines on an enlarged
scale. The dashed curve was measured with the IR light over-
lapped with the 25th harmonic. Only the peak excited with
the 25th harmonic is shifted by the simultaneous illumination
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FIG. 7. Measured IR-power dependence of the photovoltage.
The photovoltage was determined by evaluating the low-energy cut-
off of spectra recorded with the 23rd harmonic and different power
of the IR light. The 23rd harmonic causes no photovoltage (lower
dashed line). The photovoltage is saturated (upper dashed line) at
IR-power levels <3 mW before the multiphoton photoemission is
observed. The solid line shows a fit using the model of Monch (Ref.
35).

with the IR light. This proves that the photovoltage is caused
by the IR light.

As p-doped samples are used the bands at the
Si(100)-(2 X 2)-Ga surface are shifted to lower energies. The
band gap of silicon is 1.12 eV at room temperature and the
valence band maximum at room temperature is 0.24 eV be-
low the Fermi energy as calculated from doping. Illumina-
tion with the higher harmonics causes no photovoltage at the
Si(100)-(2 X 2)-Ga surface, as was seen from measurements
with different intensities of the harmonics. By illumination
with the intense IR pulses, the band bending is completely
lifted at IR power larger 0.5 mW (see Fig. 7), leading to a
saturated photovoltage and flat bands. For the data of the
photovoltage as function of IR power shown in Fig. 7 the
low-energy cutoff of spectra recorded with the 23rd har-
monic was evaluated. The zero level of the photovoltage in
Fig. 7 is set to the low-energy cutoff of spectra measured
with the 23rd harmonic only (lower dashed line). The IR
light causes multiphoton photoemission processes®>3* at in-
tensities larger ~3 mW. The low-energy cutoff of this mul-
tiphoton background coincides with the saturated photovolt-
age (upper dashed line). As the harmonics cause no
photovoltage the saturated photovoltage corresponds to the
initial band bending of the sample. From measurements for
different sample preparations, we obtain a mean value of
11048 meV for the band bending of the Si(100)-(2
X 2)-Ga surface.

The intensity dependence of the photovoltage can be de-
scribed by a model of Moénch,? yielding following relation
between the laser power P and the photovoltage Upy(P)
=upy(P)-kgT/e:

upy(P) _
‘ L _..p. (1)

Vugg = upy(P)

Ugp=upp-kgT/e here is the band banding without laser illu-
mination and c¢ is a constant, which can be calculated from
experimental parameters:

4 «
AR ho

Here, Ay=ekim*/(2m°h%) is the effective Richardson con-
stant, m” the effective mass of the majority carriers, « the

€€k
—0=8 s, 2)
N, T
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absorption coefficient, and R the laser beam radius at the
sample. With the known values of the parameters, the con-
stant c is calculated as 1.3-1075 W1,

The constant ¢ can also be determined from a fit of Eq. (1)
to the measured intensity dependence of the photovoltage.
The fit is shown in Fig. 7 as solid line and yields a value of
¢=0.7-10> W', in quite good agreement with the calcu-
lated value. The difference of the two values can be attrib-
uted to uncertainties of the experimental parameters.

VI. TIME DEPENDENCE OF THE PHOTOVOLTAGE

The rise of the photovoltage takes place on a time scale
<1 ps, as was shown in Ref. 36 by reflective electro-optic
sampling measurements at a GaAs(100) surface and by the-
oretical calculations. In photovoltage measurements using
photoemission spectra, care in interpreting the results must
be taken as macroscopic effects influence the measurement.
The build-up of the photovoltage causes a sudden potential
change in the illuminated sample area. This macroscopic po-
tential influences electrons on a macroscopic length scale,
that means it influences also electrons that have left the sur-
face before the photovoltage is built up. The magnitude of
the potential change transferred to the electrons depends on
their distance from the surface. This effect may lead to a
clearly slow rise of the photovoltage in time-resolved photo-
emission experiments.3”3 As electrons with higher kinetic
energy move faster away from the surface, they experience a
larger potential change than slower electrons emitted at the
same time and thus, a faster rise time of the photovoltage is
measured. The decay of the photovoltage for the used surface
is expected to take place on a ns-time scale. For similar
surfaces, as, for example, the SiO,/Si(100) surface, decay
times in the range of 100 ns were found.’”-*

To determine the time dependence of the photovoltage on
the Si(100)-(2 X 2)-Ga surface, spectra of the Ga(3d) core-
level state with the 25th harmonic and the IR light for dif-
ferent time delays on a ps-time scale were recorded, and for
each spectrum the position of the Ga(3d) peak was evalu-
ated. The Ga(3d) peak and not the low-energy cutoff was
used, because the rise of the photovoltage takes place on a
shorter time scale for electrons with higher kinetic energy
and can thus be better observed with our setup.

The obtained time dependence of the photovoltage for a
pump power of 20 mW is shown in Fig. 8. The zero point of
the photovoltage is obtained from spectra measured with the
25th harmonic alone. For positive time delays (IR first) up to
100 ps, no change in the photovoltage is observed, in agree-
ment with the expected decay time on a time scale of
~100 ns. For negative time delays, due to the above de-
scribed macroscopic effects, also a photovoltage is mea-
sured. The increase in the photovoltage takes place on time
scale of ~1 ns. In Ref. 37, an increase in the photovoltage
on a time scale of ~400 ps on a Si0,/Si(100) surface was
measured. In this reference, an analytical model for the shape
of the potential in front of the sample is given, whereby the
potential shape depends only on the laser beam radius at the
sample and the distance of the electrons from the sample at
the time of the photovoltage build-up. The distance of the
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FIG. 8. Time dependence of the photovoltage, obtained by
evaluation of the Ga(3d) peak position of spectra recorded for dif-
ferent time delays of the 25th harmonic and the IR light.

electrons can be converted into a time, from which the tem-
poral evolution of the photovoltage is derived. This model
could explain the results of Ref. 37. Using this model to fit
the data of Fig. 8 gives a beam radius of 3.7 mm, about 16
times larger than the real beam radius of 225 wm. The rea-
son for this discrepancy is not known. A residual photovolt-
age of the previous laser pulse can be excluded, as the pulse
separation is 1 ms and the photovoltage has fully decayed
after this time. A residual photovoltage of a prepulse can also
be excluded. The prepulse of the Pockels cell was suppressed
for the measurement and the parasitic prepulse, that hits the
sample 6.8 ns before the main pulse, has a more than
10° times smaller intensity than the main pulse.!!

For GaAs(100), much shorter time scales have been ob-
served using Ga 3d core-level shifts.* These time scales were
confirmed by two-photon photoemission experiments.*’ The
short time scales for the rise and fall time of the photovoltage
can be attributed to a much faster recombination of surface
and bulk carriers for GaAs.

VIL. INVESTIGATION OF THE CHARGE SCREENING

A change in charge screening upon laser excitation should
take place on a femtosecond time scale. If the screening of
the Ga(3d) core hole is dominated by the Ga surface states,
core-level shifts should be observable for a few picoseconds
after excitation by an IR pulse (see Sec. IV and Fig. 5). As
the photovoltage shows a time dependence on a time scale of
several 100 ps (see Fig. 8), it can be considered as constant
on a femtosecond time scale. The macroscopic effects lead-
ing to the slow dynamics of the photovoltage do not occur
for the local screening, which is almost immediate.

To investigate the charge screening upon laser excitation,
spectra of the Ga(3d) core level with the harmonics
(237"-29"") and the IR light for different time delays on a
femtosecond time scale were recorded. To reduce the multi-
photon background, the IR pulses were temporally stretched
to about 250 fs by letting the IR beam traverse 11 cm of
water. The time resolution of the experiment of ~400 fs
results from the pulse duration of the harmonics and the IR
light. The pump power of the IR light was 10 mW. For each
time delay, the first and the second moment of the Ga(3d)
peak was evaluated as measure of the energetic position and

FIG. 9. Energy (first moment) and width (second moment) of
the Ga(3d) peak as a function of time delay between the 23rd har-
monic and the IR light.

width. The results are shown in Fig. 9. From the measure-
ments, only an upper limit for the Ga(3d) core-level shift and
broadening of 15 meV at the highest used IR intensity of
19 mJ/cm? could be determined. At higher IR intensities, a
measurement was not possible as the multiphoton back-
ground causes a disturbing background signal at the position
of the Ga(3d) peak. Furthermore, the IR multiphoton back-
ground causes space-charge effects,*'*? leading to a shift and
broadening of the Ga(3d) peak. To obtain a higher carrier
excitation, experiments using the second harmonic instead of
the IR light as pump pulse were performed, but no significant
effect was observed as well.

The failure to observe significant core-level shifts induced
by changing the screening charge can have different reasons.
(i) The effect is too small to be detected experimentally. As
for the investigated effect, no quantitative theoretical calcu-
lations exist, its size is not known. However, the effect may
be larger for other surfaces. Therefore, in future measure-
ments, the investigation of another system would be reason-
able. For example, germanium on Si(100) could be used, as
germanium has a core-level state with a binding energy of
~30 eV, which can be probed with the higher harmonics.
(ii) The screening of the core hole is dominated by all va-
lence electrons around the Ga atom and the contribution
from the surface states is negligible. (iii) Not enough carriers
were excited to induce a detectable change in screening. A
higher excitation density could on the one hand be obtained
by using an optical-parametric amplifier, allowing a resonant
excitation on the Si(100)-(2 X?2)-Ga surface at 1.8 eV into
the unoccupied Ga surface state (see Sec. IV). On the other
hand, the pump-pulse intensity would have to be increased.
Higher pump-pulse intensities in principle are available, but
due to the multiphoton background in the spectra, these
could not be used. For detecting the Ga(3d) core-level state
at energies above the multiphoton background at larger
pump-pulse intensities, the use of higher photon energies
would be necessary.

VIII. SUMMARY AND CONCLUSIONS

We have presented an investigation of time-dependent
Ga(3d) core-level shifts on the Si(100)-(2 X 2)-Ga surface
using a higher-harmonic photon source in combination with
1.59 and 3.18 eV pump pulses. The band bending of the
Si(100)-(2 X 2)-Ga surface of 110+48 meV can be com-
pletely lifted by illumination with intense IR pulses. The

205424-6



TIME-RESOLVED PHOTOEMISSION AT THE Si(100)-Ga...

induced photovoltage shows a time dependence with an on-
set on a time scale of about 1 ns and a decay on a much
longer time scale. The measured rise time is much slower
than the expected build-up of the photovoltage on a time
scale of <1 ps, which can be explained by the macroscopic
potential change in the sample linked to the photovoltage
build-up. Due to the time dependence on a time scale of
several 100 ps, the photovoltage can be considered as con-
stant on the expected fs time scale of the core-level screen-
ing. As result of the study of the Ga(3d) core-level screening
upon laser excitation on a fs time scale, only an upper limit
for the Ga(3d) core-level shift and broadening of 15 meV
could be determined. Using the second harmonic instead of
the IR light for carrier excitation, no significant effect was
observed as well. Different reasons for the absence of sig-
nificant core-level shifts induced by changing the screening
were discussed.

PHYSICAL REVIEW B 80, 205424 (2009)

Pump-probe experiments using a higher-harmonic source
rely on a strong IR pump pulse because the weak higher
harmonics can serve only as probe pulses. The main problem
is the multiphoton photoemission background created by the
pump light, which restricts the achievable excitation densi-
ties. This fundamental limitation can be alleviated by the use
of higher photon energies for the probe pulse. This shifts the
photoelectron peaks away from the multiphoton photoemis-
sion background toward higher kinetic energies at the ex-
pense of a decrease in energy resolution.
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