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Photocatalysis has widespread applications from solar cells to photolithography. We studied the
photocatalytic properties of TiO2 films of thicknesses down to 2 nm, grown on n-type and p-type
silicon wafers, using the oxidation of isopropanol as a model system. Direct in vacuo mass
spectrometry measurements were performed under irradiation above the TiO2 bandgap. We present
a model consistent with our experimental results, which indicate that only near-surface electron-hole
pair generation is relevant and that the reaction rate can be controlled by varying the substrate Fermi
level in going from n-type to p-type silicon, by approximately a factor of 2. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3196314�

There has been extensive research in the past 35 years on
the photocatalytic oxidation of compounds on ionic oxide
surfaces, particularly titanium dioxide, following the work
by Fujishima and Honda1 in 1972, on the photocatalytic
cleavage of water. Photocatalysis has widespread potential
applications2,3 from the cleavage of water under solar irra-
diation to oxidative mineralization for pollutant remediation.
More recently, there has also been interest in photocatalytic
lithography4,5 and in the use of photocatalytic materials as
capping layers in the fabrication of extreme ultraviolet li-
thography self-cleaning optics.6

In this letter we examine the photocatalytic properties of
ultrathin films of TiO2 grown on Si substrates. Using direct
in vacuo mass spectrometry measurements of the photoca-
talysis of isopropyl alcohol to acetone as a model system, we
find that the photocatalytic effect is observed in TiO2 films
with thicknesses down to 2 nm. In addition, the substrate
Fermi level has an effect on the photocatalytic efficiency:
lowering the Fermi level using a p-type Si substrate �as op-
posed to an n-type substrate� increases the photocatalytic ef-
fect by approximately a factor of 2. Our results indicate that
only near-surface electron-hole pair generation is relevant for
the photocatalysis. We further show evidence that the photo-
catalytic reaction rate on the TiO2 surface is limited by the
annihilation rate of surface or subsurface oxygen vacancies.

Titanium dioxide films with thicknesses from 2 to 50 nm
were deposited at 300 °C on Si �111� wafers, in an ultrahigh-
vacuum �UHV� molecular beam epitaxy system. The wafers
were treated with an HF dip prior to loading into the vacuum
chamber to create a native-oxide-free silicon surface. A trans-
mission electron microscopy �TEM� image of a typical
sample is shown in the lower inset of Fig. 1. The TiO2 films
are polycrystalline with an ultrathin ��1.8 nm� amorphous
interfacial SiOx /TiOx layer created between the TiO2 film
and the Si substrate during the TiO2 film formation. This
amorphous layer, due to its much larger bandgap, is not ex-
pected to participate in the photocatalytic process, as it
would require light of a very short wavelength ��150 nm�.
The few structural defects that are found in the oxide are also
not expected to influence the results in a significant manner,

as the measurements are performed on whole wafers and
nondefective sites will dominate. The photocatalytic experi-
ments were carried out in vacuum, using the setup shown in
the top inset of Fig. 1. The Si /TiO2 substrates faced a nozzle,
which is used to introduce isopropyl alcohol �IPA� through a
UHV leak valve, as well as a guide tube leading onto a mass
spectrometer. The incident light came from a strobe system
with a Xe lamp pulsed at 55 Hz. The mass spectrometer
analog signal was fed into a lock-in amplifier tuned to the
strobe frequency in order to enhance the sensitivity of the
detection. All measurements were carried out at room tem-
perature, and the typical pressures during the experiment
were in the 10−7 Torr range. The IPA molecules arriving on
the TiO2 surface possess a certain residence lifetime, after
which they desorb. Under UV illumination above the TiO2
bandgap, some of the IPA molecules resident on the TiO2
surface will photocatalytically dissociate, with subsequent
desorption of the dissociation products �acetone, in this
case�. We tracked the oxidation of IPA to acetone by mea-
suring atomic mass unit �amu� 43 �CH3CO–� through the
mass spectrometer in order to monitor the photocatalytic ac-
tivity.

A typical acetone signal response to the UV irradiation
of a fresh TiO2 surface is shown in Fig. 1. We observe an
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FIG. 1. �Color online� Typical acetone signal response upon UV irradiation.
The initial peak in the signal is followed by a transient decay. A schematic of
the measurement setup is shown in the top inset, while a TEM image of a
typical sample is shown in the bottom inset.
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initial peak in response to the light irradiation, followed by a
transient decay to a steady state. This is related to an accu-
mulation of adsorbed oxygen on the surface of the TiO2 as
will be discussed later. Figure 2 shows the results of experi-
ments, in which the mass spectrometer response to 43 amu
was tracked under illumination and IPA injection, as a func-
tion of oxygen presence in the vacuum system. In the ab-
sence of oxygen, as the UV irradiation is turned on, an initial
peak followed by a transient decay is observed in the acetone
signal, followed by a return to the baseline signal upon turn-
ing off the light source. When oxygen is now deliberately
bled into the system and the UV irradiation turned on, the
acetone signal rises to a higher level compared to the case
without oxygen. This clearly indicates an oxygen-mediated
enhancement in the conversion of IPA to acetone in the pres-
ence of oxygen. The role of oxygen also explains the initial
transient peak in the response upon irradiation when the
sample has been left idle for long periods of time. The initial
peak is due to the buildup of adsorbed oxygen on the sample
surface resulting in a higher rate for the reaction. During
irradiation, the adsorbed concentration of oxygen on the sur-
face drops, reaching a steady state that depends upon the
arrival rate of oxygen from the ambient. Subsequent figures
will show the steady-state signal after the initial surface
oxygen-induced transient peak has decayed, as in Fig. 1.

In Fig. 3 we show the response of the acetone signal as
a function of the UV light source irradiation, for a set of
samples with TiO2 thicknesses of 50, 5, and 2 nm on n-Si, as

well as a bare n-Si wafer for control. All three samples with
the TiO2 layer exhibit a clear photocatalytic response, which
is absent in the bare silicon control wafer case. The response
occurs only for above bandgap illumination in TiO2, as
filtering the UV light to ��436 nm �below TiO2 EG
�3.2 eV� led to no response. Importantly, the photocatalytic
responses of the films are within a factor of three for films
with thicknesses from 50–2 nm �a factor of 25�, implying
that the conversion is controlled by surface or near-surface
processes rather than the bulk, since in the latter case one
would have expected much higher conversion for the thicker
films.

There is a clear and repeatable dependence of the pho-
tocatalytic rate upon the Fermi level of the silicon substrate,
which can be changed by altering the doping in the silicon.
Figure 4 shows the photocatalytic response tracked by moni-
toring amu 43 for 2 and 5 nm thick TiO2 films grown on
n-type �phosphorus doped, 0.0016–0.0034 � cm� and
p-type �boron doped, 10–20 � cm� Si substrates, under oth-
erwise identical conditions. It is clear from Fig. 4 that there
is a significant enhancement in the photocatalytic rate for the
p-type substrate for both thicknesses. We tie together the
above observations to put together a simple model based on
three observations. First, as is known7,8 and further con-
firmed by us, increase in the ambient oxygen content pro-
motes the photocatalytic reaction. Second, it appears that the
presence of near-surface oxygen vacancies is necessary for
the photocatalytic reaction.8,9 Finally, we note that the oxy-
gen vacancy concentrations in thin films of ionic oxides can
be increased when the oxide is in contact with a high work

FIG. 2. �Color online� Smoothed lock-in amplifier response for acetone,
showing the mean amplitude increase in the signal in increased presence of
O2 in the chamber.

FIG. 3. �Color online� Steady-state response of the acetone signal upon UV
light irradiation for ultrathin TiO2 samples, as well as a bare n-type Si �111�
wafer for control. The dashed line shows when the light is on.

FIG. 4. �Color online� Comparison of the effect of n-type and p-type sub-
strate doping on the photocatalytic response for 2 and 5 nm thick TiO2 films.
A simplified band diagram of a TiO2 / p-Si system is shown in the inset.
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function electrode whose Fermi level lies below the energy
level of the neutral oxygen vacancy in the oxide.10–12 In our
case, the Si substrate acts as the electrode, with the Fermi
level dependent on the substrate doping, as shown in the
inset of Fig. 4. Electron transfer from the neutral oxygen
vacancy level into the metal electrode enables charged oxy-
gen vacancy formation by the following reaction expressed
using Kröger-Vink notation as:

O0
x = V0

•• + 2e + 1
2O2, �1�

with the free oxygen either absorbed into the electrode, or
released into the ambient—the process is discussed in detail
by Guha and Narayanan10 and Shiraishi et al.12 If the metal
electrode Fermi level lies below the neutral oxygen vacancy
level, then the process for charged oxygen vacancy creation
is favored—it may be interpreted as being due to the energy
gain in the transfer of electrons from the neutral oxygen level
to the metal. The superscripts “x” and “••” refer to neutral
and doubly positively charged species, respectively. O0 is an
oxygen atom on an oxygen site and V0 is an oxygen vacancy.
We now consider this possibility for TiO2, whose conduction
band is nearly aligned to that of Si.13 The oxygen vacancy
level in TiO2 is found to be between 0.75–1.18 eV below the
conduction band edge.9,14 Consider now the case of TiO2
layers on n- and p-types silicon. For the case of highly doped
n-type Si, the Fermi level lies close to the conduction band
of the TiO2 layer and is therefore expected to be above the
vacancy level in the oxide. However for p-type Si substrates,
the Fermi level could lie below the oxygen vacancy energy
level in the TiO2 layer, �see inset of Fig. 4� favoring the
generation of oxygen vacancies. Thus, very thin TiO2 layers
on p-type substrates are expected to have higher charged
oxygen vacancy concentrations compared to n-type ones. In
order to directly measure these concentrations, x-ray photo-
electron spectroscopy �XPS� was attempted, but the results
were inconclusive as the oxygen vacancy concentrations are
insufficient for the XPS Ti 2p3/2 peak to show vacancy-
related features.15,16

Using the same notation, we can now write the reaction
for generation of oxygen by a photogenerated hole in the
TiO2 as:

2h + O0
x = V0

•• + O, �2�

so that holes react with oxygen in the oxygen sublattice, to
create a positively charged oxygen vacancy and nascent oxy-
gen, which is available for the oxidation of the IPA. The rate
for reaction �2�, R2, will have a dependence R2=k2G, where
G is the electron-hole generation rate under irradiation. The
oxygen vacancy is in turn replenished by oxygen that has
been adsorbed on the TiO2 surface from the ambient as:

O2�g� = O2�ads�, �3�

2V0
•• + 4e + O2�ads� = 2O0

x , �4�

with the electrons available from the n-type TiO2 layer. Pho-
togenerated holes thus result in the generation of nascent
oxygen and the creation of oxygen vacancies on the surface;
the oxygen vacancies are then replenished by adsorbed oxy-
gen from the ambient for the process to continue.

The rate for reaction �4�, R4, will have a dependence
upon the concentration of the adsorbed oxygen molecules
and the probability that there are two vacancies within a

characteristic capture distance for reaction �4� to proceed.
Since TiO2 is n-type, we assume that the electron concentra-
tion is high enough that it does not limit the reaction. Keep-
ing in mind that the concentration of adsorbed oxygen mol-
ecules is proportional to the oxygen partial pressure, R4 is
then given by:

R4 = kpO2

0.5�V0
••� . �5�

If the electron-hole pair generation rate is higher than the rate
at which the created oxygen vacancies are annihilated, i.e.,
R2�R4, then the overall rate for the photocatalysis will be
limited by R4. In that case the photocatalytic rate will depend
both upon the oxygen vacancy concentration as well as the
oxygen content in the ambient. All of our observations are
consistent with this model. The photocatalytic rates are en-
hanced when oxygen is introduced into the system, as shown
in the data of Fig. 2. The enhancement in the photocatalytic
rates observed for the p-type Si substrates �compared to
n-type Si� is also consistent with the higher vacancy concen-
trations expected in the TiO2 due to the lowering of the
Fermi level as discussed earlier.

In conclusion, we have examined the photocatalytic ac-
tivity of TiO2 thin films on silicon using in situ mass spec-
trometry and the IPA to acetone conversion as a test reaction.
Correlating the experimental data, we have developed a
model that points out the relevance of the oxygen vacancy
concentration in the near-surface region of the TiO2 and
shown that when the electron hole pair generation rate is
high enough, the reaction is controlled by the rate at which
surface oxygen vacancies are annihilated. Finally, we have
shown that by using semiconductor-TiO2 structures, one can
use the Fermi level of the semiconductor to control the pho-
tocatalytic reaction.
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