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Femtosecond Extreme Ultraviolet Photoemission Spectroscopy:
Observation of Ultrafast Charge Transfer at the n-TiO,/p-Si(100)
Interface with Controlled TiO, Oxygen Vacancies

Mihai E. Vaida' and Stephen R. Leone* %

"Department of Chemistry and “Department of Physics, University of California, Berkeley, California 94720, United States

YChemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720,United States

ABSTRACT: Wide band gap heterostructures can be accurately
fabricated at room temperature to exhibit remarkable electrical
properties that facilitate the transfer of electrons across the
heterojunction while blocking the transfer of holes. The present
investigation focuses on engineering the electronic structure of a
TiO, overlayer on a p-type doped Si(100) substrate by controlling
the concentration of TiO, oxygen vacancies. TiO, films are deposited
on p-Si(100) in an ultrahigh vacuum setup by evaporation of Ti
atoms at a constant rate in a variable O, atmosphere. The
concentration of oxygen vacancies and consequently the degree of
n-type doping of TiO, is tuned by controlling the oxygen background
pressure during the TiO, formation. To investigate the electronic
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structure and the concentration of defects in the TiO, layer as well as to characterize the TiO,/p-Si(100) band alignment we
used photoelectron spectroscopy employing femtosecond extreme ultraviolet laser pulses produced via high harmonic
generation. Furthermore, using a pump—probe technique in conjunction with photoemission spectroscopy, an ultrafast electron
injection from the p-Si(100) substrate into the defect-rich TiO, layer is observed with a time constant of 450 fs, as well as the
subsequent charge carrier recombination. The latter is revealed to be affected by the oxygen defects when investigated with
femtosecond resolution. No charge transfer is observed when defect-poor TiO, films are prepared on the p-Si(100) substrate.
This might be attributed to a change in the energy band alignment at the TiO,/Si(100) interface that reduces the built-in
potential across the heterojunction and consequently reduces the driving force responsible for the injection of electrons into the

TiO, layer.

1. INTRODUCTION

After photoexcitation, the spatial separation of electrons and
holes is a key factor that impacts the efficiency of solar cells and
photocatalytic materials.' In the particular case of conventional
solid-state solar cells, p—n junctions are widely used as
photovoltaic materials.” Their fabrication costs are relatively
high, because they require high-purity materials, ultra clean
tools, and processing at elevated temperatures.” Recently, it has
been demonstrated that solar cells based on TiO,/Si
heterojunctions with a power conversion efficiency greater
than 7% can be fairly simply and inexpensively fabricated.” Both
Si® and TiOz6 are abundant, inexpensive, nontoxic, and easy to
handle semiconductors. TiO, films grown on Si form a
staggered heterojunction (type II) that exhibits remarkable
electrical properties, allowing a selective separation of charges.
Due to the small difference between the conduction band
minima of Si and TiO,, the photogenerated electrons in Si can
easily migrate to TiO,. However, the large difference between
the valence band maxima of these semiconductors prevents the
migration of holes from Si to TiO,.

Although the selective charge transfer from Si to TiO, has
been demonstrated,” the factors that can impact the power
conversion efficiency of the photovoltaic TiO,/Si hetero-
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junction, e.g,, charge-carrier recombination due to defect states,
have not been investigated thus far. In this work, femtosecond
(fs) extreme ultraviolet (XUV) laser pulses in conjunction with
photoemission spectroscopy are used to investigate the
electronic structure of ultrathin TiO, films on a p-Si(100)
substrate. The femtosecond pump—probe technique allows
time-resolved investigation of the electronic structure and
reveals the critical time constants that characterize the charge
transfer at the surface of the material. Moreover, because the
photoelectrons probed with femtosecond-XUV laser pulses
cannot travel through more than 2—3 monolayers (ML) of
solid materials,” the photoemission technique also offers high
surface sensitivity.

The present work is focused on investigating the electronic
structure of ultrathin TiO, films grown on p-Si(100) and
measures how the relative shifts of the valence band energies
and electron transfer rates are affected by the TiO, degree of
oxidation. Furthermore, electron injection from the p-Si(100)
substrate to the ultrathin TiO, film and the impact of the defect
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states of TiO, on the charge recombination is monitored with
femtosecond resolution by monitoring the ultrafast negative
charging of TiO,.

2. EXPERIMENTAL SETUP

A new experimental setup that will be described in detail
elsewhere is employed to prepare and characterize TiO, films
on a p-Si(100) substrate as well as to investigate the ultrafast
photoinduced charge transfer at the n-TiO,/p-Si(100) inter-
face. Briefly, the experimental setup consists of two main parts:
(i) the femtosecond laser system in conjunction with a pump—
probe setup that includes a high-order harmonics generation
(HHG) source and a monochromator and (ii) an ultrahigh
vacuum (UHV) surface science chamber. The femtosecond
laser light is produced with a Ti:sapphire oscillator continu-
ously pumped by a 6 W frequency-doubled Nd:YVO, laser.
The laser pulses are amplified with a Nd:YLF laser pumped
Ti:sapphire amplifier to yield 24 fs pulses in the infrared (IR)
spectral domain, at a central wavelength of 800 nm, a typical
power of 2.2 W, and a repetition rate of 1 kHz. The amplified
laser beam is divided into two arms to produce the pump and
the probe laser beams. In the present investigation, the
fundamental wavelength, ie, 800 nm, is used as a pump
pulse. The probe pulse is produced via high harmonic
generation (HHG) in rare gases. The high harmonic source
and the monochromator used in this work are similar to one
used in our laboratory for gas-phase investigations® but provide
a better temporal resolution, a broader range of harmonics, and
UHV compatibility.

For the HHG process, the laser beam at 800 nm is focused to
10'*—10" Wcm™ at the exit of a semi-infinite gas cell filled
with Ar at 25 Torr. Odd harmonics ranging from the 7th to
29th order are produced. To obtain a single harmonic, the high-
harmonics beam is dispersed by a plane grating in first-order
diffraction at grazing incidence. Subsequently, the high-
harmonics beam is focused on the sample surface inside the
UHV chamber by a combination of a cylindrical and a toroidal
mirror to a spot size of about 0.2 mm. A slit mounted at the
laser beam entrance of the UHV chamber allows a single
harmonic to enter the UHV chamber and blocks all the other
harmonics. This slit also allows an efficient differential pumping
of the vacuum apparatus. The pump and the probe laser beams
are overlapped on the sample surface by an aluminum mirror
installed inside the vacuum apparatus a few millimeters above
the XUV laser beam. For the present investigation, only the
27th harmonic (41.85 V) with a spectral width of about 1 eV
is used.

The IR-pump laser beam is passed through a computer-
controlled optical delay stage. When the delay stage is moved,
the optical path of the pump beam is varied, changing the time
delay between the pump and the probe pulses. To determine
the zero time delay between the pump and probe laser pulses,
the plane grating of the monochromator is rotated to the zero
diffraction order so that IR laser beam that produces the HH is
directed onto the surface and overlapped with the IR-pump
laser beam. The zero time delay is subsequently obtained from
the peak maximum of the integral transient photoemission
produced by both IR pump and probe laser beams. The same
result is obtained with the IR-pump and XUV-probe laser
beams from a molybdenum surface using the laser-assisted
photoelectric effect (LAPE) reported by Saathoff et al.” Based
on the LAPE and other transient surface photovoltage
measurements, an instrumental time response function of
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about 80 fs is obtained, which is shorter than the duration of
the processes measured in the present experiment.

The UHV surface science chamber contains specific tools for
surface preparation and characterization such as an Ar ion gun
for surface cleaning, a Ti oven used for the preparation of Ti
and TiO, films, and an Auger electron spectrometer to
investigate the surface composition and cleanliness. A time-
of-flight photoelectron spectrometer (TOF-PES), consisting of
a 1 m long, double wall mu-metal tube, is employed to
investigate the surface electronic structure. Electron detection is
accomplished by a microchannel-plate amplifier in conjunction
with a § GHz multichannel scaler electronics unit for data
acquisition. During the photoemission experiments, the sample
surface is positioned 5 mm from the TOF-PES entrance with
the surface normal parallel to the spectrometer axis. A negative
bias of typically 5—10 V is applied to the surface to prevent
cutting off the low-energy electrons due to the work function
difference between the substrate and the spectrometer. The
laser beam incidence angle is 45°.

The sample surface is attached to a liquid nitrogen cryostat,
which is mounted in the center of the UHV chamber. The
surface sample—cryostat assembly can be vertically translated
and horizontally rotated by 360° via a mechanical manipulator.
Furthermore, an xy-horizontal translation stage allows move-
ment of the assembly by +12 mm from the midpoint. The
crystal position can be reproduced with an accuracy greater
than 0.02 mm and 0.5°.

The base pressure of the UHV surface science chamber is 1.5
X 107'° Torr. During the XUV photoemission experiments, the
pressure in the UHV chamber rises to 2.0 X 107'° Torr due to
the residual Ar gas originating from the HHG source.

3. RESULTS AND DISCUSSION

3.1. Preparation of TiO, on Si(100). For the present
investigations, a p-doped Si(100) substrate with a resistivity of
100 Q-cm is used. The clean Si(100) surface is prepared by
several cycles of Ar* sputtering (0.5 keV, 7 uA) for 20 min
followed by S min of annealing at 600 K until no oxygen,
carbon, or other contaminates are observed in Auger electron
spectroscopy (AES) (Figure 1a).

For the preparation of the TiO, films, a home-built Ti metal
evaporator that contains a Ti filament with purity of 99.99% is
employed. The TiO, ultrathin films are synthesized by
evaporation of Ti metal in an oxygen atmosphere on the
Si(100) substrate held at room temperature. An Auger electron
spectrum recorded after the deposition of 3 ML TiO, on
Si(100) is shown in Figure 1b. This spectrum shows that the
Sipyy peak at 91 eV decreases after TiO, deposition while new
Auger transitions specific for oxygen and titanium appear, ie.,
Tipym at 385 eV, Tipyy at 417 eV, and Oy at 510 eV.

Auger electron spectroscopy is also employed in the
investigations to calibrate the Ti deposition rate from the
oven and subsequently the TiO, film thickness. The inset in
Figure 1 shows the Ti/Si AES ratio as a function of the Ti
evaporation time. A gradual increase of the Ti evaporation time
on the Si(100) surface leads to a break-point in the intensity
ratio of the Tipy, AES signal at 385 eV to the Sijyy AES signal
at 91 eV, which corresponds to the amount of Ti needed for the
completion of the first Ti layer on Si(100). The resulting Ti
evaporation rate is determined to be 0.35 ML/min.

3.2. XUV Photoemission Spectroscopy. In general, to
study the oxidation of a metal surface under UHV conditions,
the AES technique is employed.'” A previous report using the
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Figure 1. Auger electron spectra recorded from (a) Si(100) surface
and (b) 3 ML Ti evaporated on Si(100) in oxygen atmosphere (5 X
1077 Torr O,). The inset shows the Ti to Si(100) Auger electron
intensity ratio as a function of Ti deposition time. The break point in
the AES ratio plot corresponds very closely to the initial appearance of
the TiO, second layer.

AES method investigated the satellite features of the Tijypy
transition to study the formation of TiO, and to gain insight
about the titanium degree of oxidation.'' AES investigations
were also performed in our laboratory to investigate the TiO,
formation. However, we observed that the XUV-photoemission
spectroscopy technique is much more sensitive than AES to the
electronic structure changes that occur during the Ti oxidation,
which is discussed in more detail here. As described below,
XUV-photoemission spectroscopy is able not only to
investigate the formation of TiO, but also to detect the defect
electronic states in the TiO, band gap and to estimate their
density. Moreover, the XUV-photoemission measurements are
also able to establish information about the band alignments
and energies for defect-rich and defect-poor TiO, films
attached to silicon, when coupled with existing data in the
literature.

Figure 2 displays the valence band photoemission spectra
recorded with the 27th harmonic of the p-Si(100) substrate, of
a 3 ML Ti film grown on p-Si(100) without oxygen admission,
and of 3 ML Ti films evaporated on p-Si(100) at various O,
background pressures. The binding energy in Figure 2 is
referenced to the Fermi level (Ex = 0), which is determined
from the photoemission onset of the Ta clips that hold the
Si(100) substrate and from the Ti layer evaporated on p-
Si(100) (cf. Figure 2b). The photoemission spectrum obtained
from the p-Si(100) substrate in the binding energy region of 0
eV to —2 eV is shown in Figure 2a. The valence band maximum
(VBM) of the p-Si(100) substrate, which is —0.40 eV below the
Eg, is determined as the intersection point where the
extrapolation of the linear portion of the Si(100) rising edge
intersects the straight line describing the background.'” After
the evaporation of 3 ML Ti on p-Si(100) at room temperature
at a pressure of 2 X 107'° Torr, the onset of the photoemission
spectrum  shifts to Ez (0 eV binding energy), which is
characteristic for photoelectrons originating from a metal
electronic structure (cf. Figure 2b). When 3 ML of Ti is
evaporated on p-Si(100) at room temperature in an O,
atmosphere of 1 X 1077 Torr, the photoemission spectrum
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Figure 2. Photoemission spectra recorded with the 27th harmonic
from (a) p-Si(100) substrate, (b) 3 ML Ti on p-Si(100), and 3 ML Ti
evaporated on p-Si(lOO) at room temperature and various O,
background pressures: (c) 1 X 107~ Torr, (d) 7.5 X 107 Torr, (e)
1.5 x 107® Torr, and (f) 2 X 1077 Torr. (g) Photoemission spectrum
of 3 ML of Ti evaporated on p-Si(100) at $75 K and an O,
background pressures of 2 X 107> Torr. The linear extrapolation of
the O-2p rising edge (dotted lines) used for the determination of the
VBM as well as the error of 0.02 eV in the determination of the VBM
are displayed, as an example, for one of the photoemission spectra.
The inset shows the percentage value of the surface area of the defect
peak relative to the area of the O-2p photoemission peak obtained in
the case of the low-defect TiO, film obtained at an O, background
pressure of 2 X 1075 Torr (g).

farther changes (cf. Figure 2c). The photoemission onset shifts
to —0.36 eV below Eg, and an intense peak at low binding
energies with a maximum at —1.2 eV appears. Moreover, a
photoemission feature becomes visible between —5.5 and —9.5
eV. Increasing the O, background pressure to 7.5 X 107° Torr
leads to further major changes of the photoemission spectrum
(cf. Figure 2d). The photoemission onset slightly shifts to
higher binding energy, and the peak at low binding energies
decreases in intensity and shifts its maximum at —1.38 eV while
a broad photoemission feature that appears as a double-peak
structure with maxima at —5.5 and —7.5 eV becomes apparent.
Further increasing the O, background pressure to 1.5 X 107°
and 2 X 1077 Torr during Ti evaporation at room temperature
leads to a decrease of the photoemission intensity of the peak at
low binding energies as well as a shift of this peak maximum
toward higher binding energies (cf. Figure 2e,f). In addition, the
broad, double-peak structure photoemission feature shifts to
lower binding energy with increasing O, background pressures.
There are no further significant changes in the photoemission
spectrum if the O, background pressure is increased by another
order of magnitude. However, a considerable decrease of the
peak at low binding energies is obtained when Ti is evaporated
at higher substrate temperatures. Figure 2g displays a
photoemission spectrum of Ti evaporated on the p-Si(100)
substrate held at 575 K in an O, background pressure of 2 X
107 Torr. The TiO, preparation at elevated substrate
temperatures leads to fully oxidized films."

The photoemission spectra obtained from Ti evaporated on
Si(100) in O, background pressures higher than 7.5 X 107°
Torr resemble the main features obtained in previous
photoemission investigations of TiO,.'* The photoemission
peak that shifts from —1.22 to —1.7 eV and diminishes as the
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O, background pressure is increased during Ti evaporation is
attributed to defect states, i.e., occupied electronic states located
within the band gap of TiO,. These defects are derived from Ti-
3d states as a result of oxygen vacancies resulting in the
formation of Ti**(d')."* Pacchioni and co-workers investigated
by means of density functional theory (DFT) the electronic
structure in the bulk of anatase TiO, containing oxygen
vacancies.”> They found that the defect states in the band gap
of TiO, are located between 2.60 and 2.88 eV above the VBM,
which perfectly matches the energy location of the defect
photoemission peak observed in the present experiments.
Consequently, in our investigations, the intensity of the
photoemission peak observed in the band gap of TiO, is
directly connected to the density of defect states. The broad
double-peak structure photoemission feature is due to the O-2p
states that make up the valence band of TiO,. Thus, the states
at —5.5 eV are assigned to the Ti-3d—O-2p #-bonding states
while the peak at —7.25 eV is assigned to the O-2p—Ti-3d o-
bonding states."*

Based on the previous discussion, the photoemission spectra
shown in Figure 2, and the literature reports,m’15 as Ti is
evaporated on Si(100) at various background O, pressures, four
situations are distinguished. (i) Ti evaporation without O,
admission leads to the formation of a Ti layer, and the
photoemission onset in this case coincides with the Eg. (ii) The
evaporation of Ti at an O, background pressure of 1 X 107°
Torr leads to the formation of a minimally oxidized Ti layer. In
this case, the photoemission spectrum is different than the one
obtained from a Ti or a TiO, surface, i.e., the photoemission
onset is below Eg and there is a low density of states at binding
energies between —5.5 and —9.5 eV, which indicates that the
valence band of TiO, is not formed yet. (iii) When Ti is
evaporated on Si(100) at an O, background pressure of 7.5 X
10~ Torr, a defect-rich TiO, film is formed. In this case, the
intense photoemission at binding energies between —5.5 and
—9.5 eV indicates the formation of the O-2p states and hence
the formation of the TiO, valence band. Moreover, the
photoemission from the occupied states in the band gap of
TiO, indicates the existence of a defect-rich TiO, layer. Further
increases in the O, background pressure lead to better-oxidized
films and consequently fewer defect states in the band gap of
TiO,. (iv) A defect-poor TiO, film is obtained when Ti is
evaporated on Si(100) at 575 K at an O, background pressure
higher than 2 X 10~ Torr.

If it is assumed that the photoemission cross section does not
change significantly as a function of energy in the spectral range
shown in Figure 2, an estimate of the density of states (DOS)
in the band gap of the TiO, films relative to the O-2p DOS as a
function of O, background pressure can be performed. The
inset in Figure 2 displays the percentage value of the
photoemission surface area in the binding energy region from
0 to —3.5 eV relative to the area of the defect-poor O-2p peak
(cf. spectrum g in Figure 2) as a function of O, background
pressure. As can be observed in the inset of Figure 2, the DOS
within the band gap of TiO, films can be precisely tuned and
varied from 0.07% to 6% relative to the O-2p DOS by
controlling the O, background pressure during the Ti
evaporation.

Another feature that is observed in the TiO, spectra
displayed in Figure 2 is the shift of the O-2p rising edge as a
function of the O, background pressure. The VBM of TiO, is
determined from the extrapolation of the linear portion of the
O-2p rising edge as explained above for the case of Si(100).
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The VBM of the defect-poor TiO, is —3.65 + 0.02 eV while for
the defect-rich it shifts to —4.00 + 0.02 eV. The error of +0.02
eV in the determination of the VBM is due to inaccuracy in the
extrapolation of the linear portion of the O-2p rising edge.
Based on the photoemission spectra displayed in Figure 2, both
the defect-rich and defect-poor TiO, films investigated in this
work are n-type doped, because Ey is located close to the CBM,
i.e., Ep is 0.6 and 0.95 eV below the CBM of TiO, for defect-
rich and defect-poor films, respectively. The shift of the VBM
toward higher binding energies when the density of defects in
TiO, is increased indicates that the defect-rich TiO, is more n-
type doped than the defect-poor TiO,. This result is in
agreement with the previous investigations by Onda et al,'¢
which show that the TiO, becomes n-type doped after
generation of oxygen vacancies. Consequently, the concen-
tration of oxygen vacancies and the degree of n-type doping of
TiO, can be tuned by controlling the oxygen background
pressure during the TiO, formation.

The experimental setup used in this investigation does not
contain tools to measure the energy of the conduction band
minimum (CBM); hence, a direct determination of the TiO,
band gap is not possible. Nevertheless, similar investigations
performed by Jhaveri et al,'” in which ultrathin TiO, films of
1—4 nm are deposited on Si substrates, have found the VBM of
TiO, located at 3.8 eV below E and measured a band gap of
4.6 eV. DFT investigations also found that the band gap of
anatase-TiO, containing oxygen vacancies is 3.9 and 4.4 eV at
the I" and X points, respectively.”” These energy values of the
band gap are in perfect agreement with the present
investigation. Previously reported values of the TiO, band
gap range from 3.0 to 3.8 eV depending on crystal structure and
preparation method, which are smaller than the one obtained
by Jhaveri et al. for an ultrathin TiO, film on Si."” Jhaveri et al.
attribute this discrepancy to the fact that the electronic
structure of ultrathin films is different than the electronic
structure of thicker TiO, samples previously investigated by
other researchers.

Figure 3 displays a tentative energy band diagram of the
defect-poor and defect-rich n-TiO,/p-Si(100). The energy
band alignments are constructed using the VBM energies of p-
Si(100), and of defect-poor and defect-rich n-TiO, measured in
this work, the band gap energy of ultrathin TiO, films reported
by Jhaveri et al,'” and the literature value of the Si band gap.'®
For a defect-rich n-TiO,/p-Si(100) sample, the CBM of p-
Si(100) is higher than the CBM of TiO, by 0.15 + 0.02 eV,
while in the case of defect-poor n-TiO, on p-Si(100) the CBM
of p-Si(100) is lower than the CBM of TiO, by 0.20 + 0.02 eV.
In the energy band diagrams displayed in Figure 3 it is
considered that the band gap energy of TiO, does not change
with the defect density, and the band gap energy just shifts by
0.35 + 0.02 eV as observed in the photoemission spectra shown
in Figure 2. However, the band gap energy of TiO, might
change as the defect states are formed.

The band banding at the n-TiO,/p-Si heterojunction
displayed in Figure 3 indicates the formation of a space charge
region at the interface, across which a gradient of free charge
carriers occurs. Such a space charge region usually forms when
n- and p-type semiconductors are coupled to form a junction."’
The gradient of free charge carriers across the space charge
region leads to the formation of a built-in electric field."” In
general, photoexcited charge carriers at the n—p heterojunction
are separated by this built-in electric field, electrons being
accelerated toward the n-type semiconductor, and the holes
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Figure 3. Schematic energy level diagram illustrating the band
alignment of (a) defect-rich and (b) defect-poor n-TiO,/p-Si(100)
and the assignment of the different excitation processes that lead to the
observed transient photoemission signals of Figure 4. The energy
values measured in the present investigation are written in black while
the literature values are written in red. The red and blue arrows
represent the IR-pump and XUV-probe laser pulses, respectively. The
dashed curved arrows represent the possible trajectories of the charged
carriers. The Ti**(d") defect states in the band gap of defect-rich n-
TiO, are represented by a blue rectangle.

toward the p-type semiconductor.”” The built-in electric field
across the TiO,/Si heterojunction can inject photoexcited
electrons from the p-Si(100) substrate into the n-TiO, layer.
To explore this further, the photoinduced charge separation
and migration at the TiO,/Si heterojunction can be
investigated in the present experiment using the pump—probe
photoemission technique.

3.3. Ultrafast Charge Transfer Across the n-TiO,/p-
Si(100) Heterojunction. As mentioned above, previous
investigations on TiO,/Si heterojunctions demonstrated that
electrons excited in Si can migrate into the TiO,, while the hole
migration from Si to TiO, is prevented because of the large
hole-barrier at the interface.*>'” This charge transfer across the
TiO,/Si(100) heterojunction has not been investigated with
femtosecond resolution thus far. Therefore, to gain insights into
the time scale of this charge transfer, defect-rich and defect-
poor TiO, films with a thickness of 3 ML were prepared in
UHV on p-Si(100). The TiO, film thickness was chosen to be
3 ML for a number of reasons. (i) A 3 ML film is much thinner
than the space charge region that is formed at the surface of a
doped semiconductor, ie, tens of nanometers or more;
therefore, in the present experiment (ii) the effect of a charge
injected from the Si(100) substrate into the 3 ML TiO, film
can be considered to be already at the TiO,/vacuum interface.
Its effect would be easily detected via XUV-photoemission
spectroscopy, because the mean free path of the photoelectrons
created with the XUV-probe laser pulse in our experiment is 1—
3 ML.” (iii) Moreover, the electronic structure of a 3 ML TiO,
film resembles the main features of the TiO, bulk, i.e., the
energetic location of the Ti-3d—O-2p m-bonding, O-2p—Ti-3d
o-bonding, and Ti**(d") states. However, the band gap energy
measured in the present experiment from the 3 ML TiO, is
slightly larger than the value measured for bulk TiO,. Our
result is in agreement with other investigations performed on
ultrathin metal oxide films, which show that the electronic
structure of a 3 ML film resembles the main characteristic of
the bulk material.'®

To investigate the time-resolved charge carrier dynamics at
the TiO,/Si(100) interface, the following pump—probe schema
is employed. The IR-pump laser pulse at the central wavelength
of 800 nm (1.55 eV) is used to excite electrons from the
valence band into the conduction band of p-Si(100), leaving
holes in the valence band. Subsequently, the photogenerated
electrons and holes will separate in the space charge region at
the n-TiO,/p-Si(100) heterojunction by the built-in electric
field. The electrons are accelerated toward the n-TiO, while the
holes are accelerated toward the bulk of the p-Si(100)
substrate. The electrons that migrate across the heterojunction
will slightly negatively charge the TiO, ultrathin film and
consequently the surface of the sample. The excess electrons at
the surface will act as a small negative bias potential applied on
the sample that will increase the kinetic energy of the
photoelectrons ejected from the surface. Subsequently, the
XUV-probe laser pulse that produces the photoemission from
the TiO, surface is used to monitor the kinetic energy shift of
the photoemission spectrum as a function of the pump—probe
time delay.

For the pump—probe measurements, the IR-pump laser
fluence is maintained at 5 X 10° W/cm? (10 mW, 25 fs, spot
size of 1 mm). At this pump laser fluence a very small
photoemission signal of a few counts per 1000 laser pulses is
produced by the IR pump laser beam alone. This, however,
clearly indicates that the pump laser pulse is producing
multiphoton excitation, and most likely the excitation of both
the direct and indirect band gaps of silicon is occurring at the
pump laser fluences used in the present investigation.

In this work, transient signals have been recorded from the
most relevant two cases, i.e., TiO, films with the lowest and the
highest density of oxygen vacancies to monitor the charge
carrier dynamics. In Figure 4 are displayed two transients
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Figure 4. Transient shift of the photoemission spectra obtained from a
defect-rich (open circles) and a defect-poor (open squares) 3 ML n-
TiO, grown on p-Si(100) as a function of the pump—probe time
delay. The open symbols represent the measured data while the red
solid line is a fit to the measured data by an exponential rise followed
by a double exponential decay convoluted with the instrumental time
response function. For each data point, a photoemission spectrum is
summed using 500 000 laser shots. Insets: (a) Rising region of the
measured transient signal form the defect-rich p-TiO,/p-Si(100). (b)
Valence band photoemission in the binding energy (BE) range of 0 to
—2 eV, recorded from a 3 ML n-TiO, film grown on the p-Si(100)
substrate at a pump—probe delay time of —1 ps (red) and 1.5 ps
(black).
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recorded from defect-poor and defect-rich 3 ML TiO, films
grown on the p-Si(100) substrate, in which the kinetic energy
shift of the TiO, photoemission is plotted as a function of the
pump—probe time delay. This shift can be clearly observed in
the inset of Figure 4, which shows the valence band
photoemission in the binding energy range of 0 eV to —2
eV, recorded from a 3 ML defect-rich n-TiO, film grown on the
p-Si(100) substrate at pump—probe delay times of —1 and 1.5
ps. At negative time delay the XUV-probe laser pulse arrives at
the sample surface before the IR-pump laser pulse, while at
positive time delay the sequence of the laser pulses is
exchanged, i.e., IR-pump is followed by the XUV-probe.

The defect-poor TiO, film is prepared by Ti evaporation on
p-Si(100) at 575 K in an O, background pressure of 5.5 X 107°
Torr. The defect-rich n-TiO, is prepared by Ti evaporation on
p-Si(100) at room temperature in an O, background pressure
of 7.5 X 107 Torr. The energy shift axis in Figure 4 is relative
to the photoemission spectra recorded at negative time delays.

For each data point displayed in Figure 4, a photoemission
spectrum is summed using 500 000 laser pulses. Due to the
long time necessary to record a transient signal, the stability of
the laser system and data acquisition reproducibility is checked
by recording a reference spectrum at —3 ps pump—probe time
delay after every two photoemission spectra. The errors
obtained in the binding energy shifts are below +15 meV.
Moreover, to obtain these transient signals, the photoemission
spectra are recorded with randomly distributed delays rather
than in an ascending or a descending temporal sequence. The
error bars in Figure 4 are obtained by calculating the standard
deviation from two sets of measured data.

As mentioned above, the transient shift observed in the case
of defect-rich n-TiO, film (cf. Figure 4) is attributed to an
injection of electrons from the p-Si(100) substrate to the
defect-rich n-TiO, layer due to the built-in electric field present
in the space charge region of the n-TiO,/p-Si(100)
heterojunction. The electron injection from p-Si(100) to the
defect-rich n-TiO, layer is expected to be energetically possible
because the CBM of n-TiO, lies lower in energy than the states
that are photoexcited by the pump laser pulse in the conduction
band of p-Si(100). Due to the excess electrons that are present
at the defect-rich n-TiO, surface, which act as a repelling
potential for the photoemitted electrons, the photoemission
spectrum at positive delay times is shifted to lower binding
energies, ie., higher kinetic energy, with respect to the
spectrum recorded at negative delay time (cf. Figure 4).

In the case of defect-rich TiO,/p-Si(100), an apparent
transient signal is obtained. In this case, the transient signal
rises from the zero time delay, reaches a maximum at 1.2 ps,
and subsequently decays. The best fit to the measured data by
an exponential rise followed by a double exponential decay
convoluted with the instrumental time response function leads
to a time constant of 7;(;,.y= 450 £ S0 fs for the rise as well as a
Ty(decay) = 2 & 0.5 ps and a T3(gecay) = 50 + 10 ps, for the decay
(cf. Figure 4). The fast rise of the transient signal with a time
constant of 450 fs is attributed to the ultrafast migration of
electrons created in the space charge region of the p-Si(100)
substrate to the defect-rich n-TiO, ultrathin film. A similar
ultrashort transport time of 500 fs was measured in a pump—
probe experiment on p-GaAs and attributed to the migration of
electrons from the bulk to the sample surface.”’ The
subsequent decay of the transient signal is due to the charge
carrier recombination. Previous investigations have demon-
strated that the charge carrier recombination at the surface of
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clean, defect-free silicon occurs within hundreds of nano-
seconds.”” The recombination time in the bulk of defect-poor
TiO, occurs in hundreds of picoseconds.”® Therefore, we
consider that the recombination time constants (2 and S0 ps)
obtained in the present experiments are strongly influenced by
the presence of defect states in the TiO, layer. The fast decay of
the transient signal with the time constant of 2 ps is attributed
to the trapping of the charge carriers at the defect sites of n-
TiO, accompanied by some recombination. The subsequent
slow decay of the transient signal with the time constant of 50
ps is attributed to the charge carrier recombination at the
surface of n-TiO,. Because this recombination time constant of
just 50 ps is much shorter than the one reported for a clean
silicon surface or TiO, bulk, we consider that it is also affected
by the defect states.

Recent femtosecond-transient absorption experiments per-
formed by Sun et al. on undoped and doped TiO, films show
that the charge recombination dynamics can be described, as in
the present experiment, by a double exponential decay
function.”® The fast decay component obtained in the transient
absorption experiments is attributed to charge carrier
recombination that occurs because of the electron trapping at
defect states located just below the CBM of TiO,. The
recombination time constant of 2—8 ps obtained in the
transient absorption experiments decreases progressively as the
doping concentration is increased. The slow decay component
obtained in the transient absorption experiments in the case of
an undoped TiO, sample is 471 ps and corresponds to charge
carrier recombination in the bulk of the material. This time
constant decreases to about 40 ps when the TiO, is doped,
which clearly indicates that defect states decrease the charge
recombination time. The results obtained in transient
absorption experiments by Sun et al.*® are in agreement with
the results obtained in the present experiment.

Multiphoton excitation of the defect-rich n-TiO, layer by the
IR-pump laser pulse is also possible. As revealed by the
photoemission investigation shown in Figure 2, the energy of
two or more IR-pump photons is necessary to excite electrons
from the occupied defect states present in the band gap to the
conduction band of the defect-rich n-TiO, (cf. Figure. 3).
However, due to the limited number of atoms in the ultrathin
n-TiO, layer, the number of charge carriers excited in TiO, is
much smaller than the number of photoexcited charge carriers
in p-Si(100), and consequently these charge carriers would
have just a minor influence. Moreover, the excitation of an n-
type semiconductor would lead to a surface photovoltage effect
that would have an opposite result to the one observed in our
experiment, ie. holes are accelerated to the surface and
electrons toward the bulk. However, this is not observed in our
experiment, posssibly due to the small number of atoms of the
TiO, layer.

As mentioned above, no transient signal is observed when
defect-poor TiO, is grown on the p-Si(100) substrate (cf.
Figure 4, squares). This can be attributed to the change of the
energy band alignment at the TiO,/Si(100) interface (cf.
Figure 3) that reduces the built-in electric field across the space
charge region of the TiO,/Si(100) heterojunction and
consequently leads to a reduction of the electron injection
into the TiO,/layer. As revealed by the photoemission spectra
in Figure 2 and schematically represented in Figure 3, a shift in
TiO, band structure to lower binding energies is observed as
the number of oxygen vacancies in TiO, is reduced. This shift is
in agreement with a reduction of the built-in electric field across
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the space charge region of the TiO,/Si(100) heterojunction."”
Therefore, in the case of defect-poor TiO, film, even though
the excited photoelectrons in Si have enough energy to
overcome the barrier at the TiO,/Si(100) heterojunction, they
are not accelerated toward the TiO,. Consequently, no electron
accumulation at the surface and transient signal is observed in
the case of defect-poor TiO,.

4. CONCLUSIONS

Femtosecond-XUV photoemission spectroscopy was employed
to investigate the electronic structure of defect-rich and defect-
poor ultrathin TiO, films synthesized on a p-Si(100) substrate
by Ti atoms evaporation in O, atmosphere. The concentration
of oxygen vacancies was precisely tuned by controlling the
oxygen background pressure during TiO, formation, as
experimentally revealed through the photoemission yield of
the occupied electronic states found in the band gap of TiO,.
The energetic location of these defect states is in excellent
agreement with the theoretical predictions of Pacchioni and co-
workers."> Using the pump—probe technique in conjunction
with photoemission spectroscopy, the ultrafast transfer of
electrons excited in p-Si(100) by an IR-pump laser pulse is
observed in the defect-rich TiO, layer by the XUV-probe laser
pulse that monitors the shift of the photoemission spectra due
to the transient charging of the TiO, surface. The injection of
the electrons from p-Si(100) into the TiO, layer occurs with a
time constant of 450 fs. Subsequently, the charge recombina-
tion is best described by a double exponential decay function, in
which the fast decay component with a time constant of 2 ps is
attributed to electron trapping at defect states resulting in a
rapid recombination there, which is in perfect agreement with
the transient absorption data available in literature. The slow
decay component with a time constant of 50 ps is attributed to
the charge carrier recombination at the surface of TiO,. No
charge transfer is observed when defect-poor TiO, films are
grown on the p-Si(100) substrate, most likely due to a decrease
of the built-in electric field across the space charge region of the
TiO,/Si(100) heterojunction and consequently the reduction
of the electron injection into the TiO, layer.
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