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Pt/TiO,/Ti Schottky diodes were investigated by current-voltage analysis, photoresponse, and
transient photocurrent (PC) in a wide temperature range. The compact TiO, as well as the SiO,
passivation layers were prepared by the sol-gel technique. The Schottky-barrier height (1.2—1.3 €V)
was equal to the difference of the work functions of Pt and Ti. The temperature dependence of the
ideality factor was interpreted in terms of a Gaussian distribution of barrier heights [J. H. Werner
and H. H. Giittler, J. Appl. Phys. 69, 1522 (1991)]. Space-charge-limited currents under the
presence of defects with an exponential distribution were observed. Under zero-potential condition,
the PC transients were practically independent of temperature and the electron drift mobility
amounted to 2 X 10 cm?/(V s). A screening dipole layer at the Pt/ TiO, junction was formed under
low forward and reverse potentials. Defects were generated under electron injection. © 2005
American Institute of Physics. [DOI: 10.1063/1.2135890]

I. INTRODUCTION

Wide-band-gap semiconductors are of special interest for
high-temperature electronics,’ sensing of ultraviolet (UV)
light,2 or gas sensing.3 Usually, materials such as SiC or GaN
are used. In the past, TiO, became of great interest for ap-
plications in sensors” or injection solar cells.” However, for
electronic devices, one has to consider that injected charge
may dramatically influence the defect structure of a metal
oxide since electrons are important for the chemical equilib-
rium between oxidation and reduction.’ This effect is used,
for example, in electrochromic metal oxides such as WO3.7

Schottky diodes have been studied extensively in the
past for a large variety of semiconductors.® The barrier
height is the most important characteristic for a Schottky
diode. For ionic semiconductors, the barrier height depends
strongly on the work function of the metal.® For materials
with high electronegativity difference as oxides or most of
the sulfides,” the barrier height depends linearly on the elec-
tronegativity or work function of the metal. TiO, is a wide-
band-gap semiconductor [anatase, Eg:3.45 eV;10 rutile, E,
=3.06 eV (Ref. 11)] and Schottky diodes can be formed with
Pt.'? A value of the Schottky-barrier height of 1.7 eV of the
Pt/nanoporous TiO, contact was published.'2

Many problems concerning charge transport in TiO, thin
films or porous TiO, layers and its electronic nature remain
open. In this work, Pt/TiO,/Ti Schottky diodes serve as a
very sensitive device structure to study related problems. Be-
sides the barrier height at the Pt/ TiO, junction, electron in-
jection into the TiO, and its impact on space-charge limita-
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tion [space-charge-limited currents’ (SCLCs)] of the current
as well as on the behavior of electronic states in the TiO,
have been studied. In the used devices, the TiO, layer has
been produced by highly cost effective low-temperature
techniques such as the sol-gel method."* A disadvantage of
low-temperature processes is the high degree of structural
disorder leading to a low electron drift mobility. For ex-
ample, the electron drift mobility amounts to about 5
X 1070 cm?/(V s) in nanoporous TiO,."

UV photodiodes with a very thin Pt front contact, a thin
TiO, layer, and a Ti back contact are studied by the complex
of current-voltage (IV) characteristics, spectral photore-
sponse, and transient photocurrent measurements. The
Schottky barrier is formed at the Pt/ TiO, interface. It will be
shown, for example, that the Schottky-barrier height of the
Pt/TiO,/Ti diode is equal to the difference of the work func-
tions of Pt [5.65 eV (Ref. 16)] and Ti [4.33 eV (Ref. 16)]
and that the electron drift mobility amounts to 2
X 10~* cm?/(V s). Furthermore, the ideality factor of the
Schottky diode was analyzed on the basis of the model of
Werner and Giittler in which a Gaussian distribution of bar-
rier heights is assumed."”

Il. EXPERIMENT

For all experiments, commercially available UV photo-
diodes of the type tw30sx (sglux GmbH) were used. The
tw30sx Schottky diode consists of a Pt front contact (about
10 nm in thickness), a compact TiO, layer (thickness L
=150 nm), and a Ti back contact. The diode is placed on a
glass substrate and the Ti back contact is connected to the
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cross section
of a TiO, sol-gel layer

FIG. 1. Cross section of the active TiO, sol-gel layer.

metallic housing of the UV photodiode. The Ti and the Pt
contacts were deposited with an electron-beam evaporator in
high vacuum.

The TiO, active as well as the SiO, passivation layers
were prepared by the sol-gel technique. A transmission elec-
tron microscopy (TEM) cross section of the TiO, layer is
shown in Fig. 1. The compact TiO, layer was deposited in
six steps of sol-gel dipping and each step can be identified by
a very thin layer containing TiO, crystallites with a diameter
of about 20 nm. It was shown by Raman spectroscopy that
the TiO, consists predominantly of the amorphous and ana-
tase phases. The final annealing step of the SiO, passivation
layer was performed in air.

1V characteristics were measured with a Hewlett Packard
4140B picoampere meter. For photoresponse investigations
in the spectral region from 0.4 to 4 eV, a quartz prism mono-
chromator (SPM2) with a halogen lamp (150 W) was used.
The light was chopped with a frequency of 8 Hz and the
photoresponse was measured with an EG&G 5210 lock-in
amplifier. The photoresponse spectra were normalized to the
incident light intensity only, i.e., the change in reflectivity
has not been taken into account. Photocurrent (PC) transients
were excited with pulses of the third harmonic of a Nd:YAG
(yttrium aluminum garnet) laser (wavelength 355 nm, dura-
tion time of a pulse 120 ps, EKSPLA SL312) of a relatively
low energy (W) per pulse (W, <1 uJ/cm?). The repetition
rate of the laser pulses was 1 Hz and the PC transients were
measured with a sampling oscilloscope (HP54510B). All
measurements were carried out in a homemade cryostat al-
lowing a variation of the temperature in a wide range (be-
tween —180 and +300 °C for the given conditions).
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FIG. 2. Current-voltage characteristics of a tw30sx photodiode measured in
forward direction at different temperatures (circles). The lines give the fits of
the regions at lower potentials with the diode equation. Note the different
ideality factors (n) at the different temperatures.

lll. RESULTS AND DISCUSSION
A. Schottky-barrier analysis

Figure 2 shows the IV characteristics of the tw30sx pho-
todiode measured in the forward direction at different tem-
peratures. The IV characteristics are given in a log-log scale
in order to get a better visualization of the processes in-
volved. It may be noted that the rectification was better than
three orders of magnitude, even at 240 °C, which makes
these devices also interesting for applications at high tem-
peratures. At lower potentials, the currents depend exponen-
tially on the potential, which is typical for diodes. At poten-
tials higher than a certain value V,, the IV characteristics
follow a power law. The power-law dependence of the cur-
rent on the applied potential is a characteristic for space-
charge limitation under the presence of traps with an expo-
nential distribution.'*'8 Therefore, two regions have to be
considered separately for the analysis of the IV characteris-
tics. The two regions are separated by a characteristic poten-
tial V, which decreases with increasing temperature for 7 up
to about 370 K and remains nearly constant around
0.2-0.3 V at higher temperatures. SCLCs will be analyzed
in a separate section.

The solid lines in Fig. 2 give the fits of the regions at
lower potentials with the diode equation

I=Isat[exp<%>—l], (1)

where I, U, Iy, n, q, k, and T are the current, potential,
saturation current, ideality factor, the elementary charge, the
Boltzmann constant, and the temperature, respectively. In the
case of the diffusion approach,8 one can write for I,

1 q®g
Isat=f;, eXP(‘ kT )» (2)
where f is a function of material parameters, such as dielec-
tric constant, diffusion coefficient, and potential distribution.
The value of the Schottky-barrier height ®; can be obtained
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FIG. 3. Arrhenius plot of the saturation current multiplied with the tempera-
ture. The activation energy amounts to 1.2 eV in a wide region. The insert
shows the spectral response of a tw30sx photodiode measured at 50 °C for
different potentials in the forward direction.

from the Arrhenius plot of the product of I, and 7. This is
shown in Fig. 3. The activation energy is not a constant over
the whole temperature range. This means that, under certain
conditions, the Schottky-barrier height can be masked by the
thermal activation of other processes such as transport. Nev-
ertheless, a maximal activation energy of 1.3 eV holds at
intermediate temperatures over about four orders of magni-
tude and has to be attributed to the Schottky-barrier height.

The Schottky-barrier height was obtained also from pho-
toresponse measurements, i.e., from the internal photoemis-
sion of electrons from the very thin Pt front contact into the
conduction band of the TiO, layer. In such a case, the mea-
sured photoresponse R is approximately8

VR =~ (hv - q®p), 3)

where hv is the photon energy. The filled circles of the insert
of Fig. 3 show the logarithmic plot of the photoresponse of
the Pt/TiO, Schottky contact for zero-bias condition at
50 °C. The band gap (E,) with the exponential tails below
the band gap of the TiO, is clearly indicated by the steep
increase of the photoresponse around 3.0 eV (E,~3.2 V).
A similarly steep increase can be seen around 1.1 eV. This
part of the photoresponse is related to the photoemission of
electrons over a barrier of about 1.2—1.3 eV. It should be
pointed out that the internal photoemission limits the so-
called visible blindness of the Pt/TiO, Schottky diode in
general.

The value of the Schottky-barrier height &y
~1.2—-1.3 eV obtained in our experiments agrees very well
with the difference of the metal work functions of Pt and Ti.
Further, it is significantly less than the value for the Pt/por-
TiO, Schottky diode on a SnO,:F substrate [Pz=1.7 eV
(Ref. 12)]. The morphology as well as the presence of TiO,
and gaseous phases greatly influence the characteristics of
the Pt/por-TiO, Schottky diode.

For the IV characteristics given in Fig. 2, the ideality
factors of the Schottky diodes change strongly with tempera-
ture from 1.0 (at 240 °C) to 4.5 (at —40 °C). According to
Werner and Gl'jttler,17 the value of n~'=1 can be plotted as a
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FIG. 4. Dependence of the ideality factor in the form of n~'~1 on the
inverse temperature (stars). The solid line represents the fit at the higher
temperatures.

function of the inverse temperature. This plot is shown in
Fig. 4. At higher temperatures, n~'—1 depends linearly on
1/T while n~'~1 tends to saturate at lower temperatures.
Werner and Giittler proposed a model in which the ideality
factor can be described by a Gaussian barrier distribution."’
In this model, the parameters p, and p; (using the same
symbols as in the original work) describe the potential-
dependent change of the mean value of the barrier and of the
standard deviation, respectively,

-1 P3 1
—l=—py+ 2T 4
n [25) 2_k 4)

q

Equation (4) followed from the fact that a voltage-
independent ideality requires a linear increase of the barrier
height. At the higher temperatures, the n~!~1 can be well
fitted by Eq. (4) with p,=—0.82 mV and p;=75 mV. These
values are quite large in comparison to Schottky barriers of
conventional semiconductors.'” The reason for these large
values is related to a high density of electronic states in the
exponential tails at the Pt/TiO, junction.

B. Analysis of space-charge-limited currents

As mentioned above, the IV characteristics follow a
power law at the higher potentials. In Fig. 2, the exponents
are 6, 11, 8, and 5 for the temperatures of —160, —40, 80, and
240 °C, respectively. The exponents suggest SCLCs in the
presence of traps with an exponential distribution. The power
law can be written as'®

£€, )1 9 Ga)

Izq,uNc<m W, (5)

where u, N¢, Ny, €, and kT are the electron mobility, the
density of states at the conduction band, the trap concentra-
tion, the relative dielectric constant, and the characteristic
energy of the exponential trap distribution, respectively, and
£,=8.85X107'2 A s/V m. The exponential trap distribution
is given by
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FIG. 5. Temperature dependence of the exponential tail (E,) near the band
gap (triangles) and of the k7, parameter (stars), which corresponds also to an
exponential defect distribution. The values of E, and k7, were obtained from
the photoresponse and analysis of the SCLCs, respectively.

E-E
N(E) =N, exp( T ) (6)
where E and E are the energy and the edge of the conduc-
tion band. The power coefficient / is determined as the ratio
between 7, and 7,

T,

I= T (7)
Figure 5 shows the temperature dependence of the values of
kT, (stars). The values of kT, increase with temperature from
50 meV (at 110 K) to 280 meV (at 310 K). Between ~310
and ~370 K, k7, decreases from 180 to 170 meV and re-
mains nearly constant with a further increase of 7.

The values of kT, obtained from the SCLC analysis can
be compared with the characteristic energy of the exponen-
tial tails obtained from the photoresponse measurements (E,)
since both values are related to electronic defect states close
to the band gap. Figure 5 depicts also the temperature depen-
dence of E, under noninjecting condition (triangles). Under
zero-bias condition, the values of E, are independent of the
temperature (E,=70-75 meV) up to about 400 K. Above
500 K, E, increases strongly up to 170 meV at 573 K. Sur-
prisingly, the values of kT, and E,(U=0 V) are nearly equal
only at the very low and very high temperatures. At the in-
termediate temperatures, the values of k7T, and E,(U=0 V)
may be very different. Under strong injection, the photore-
sponse spectra may change dramatically as demonstrated in
the insert of Fig. 3 for U=1.53 V at 50 °C. In this case, one
exponential spectrum with E,(U=0 V)=300 meV has been
formed over the whole investigated spectral range. The value
of E(U=0 V)=300 meV is even larger than the maximal
value of kT, and may be considered as an upper limit for
electronic defects with an exponential distribution in TiO,.

The strong increase of E, and the decrease of the overall
photoresponse under strong injection as well as the tempera-
ture dependence of k7, are related to the formation of addi-
tional disorder accompanied by increased recombination due
to the defect formation. The formation of additional disorder
or defects under strong electron injection is not very surpris-
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FIG. 6. Transient photocurrents measured at different temperatures and ex-
citation intensities under zero-bias condition. The arrows mark the transit
times.

ing since electrons participate generally in the chemical equi-
librium of metal oxides as mentioned above.® For example,
trapping of electrons at Ti** changes the oxidation state to
Ti** and therefore the whole chemical environment around
the trapped electron. Under the presence of injected elec-
trons, thermal activation of reactions leading to both forma-
tion and healing of defects has to be taken into account.

C. Photocurrent transients

In equilibrium, i.e., for U=0 V, a homogeneous electri-
cal field can be assumed in the compact TiO, layer. The
value of the electrical field is given by the TiO, thickness L
and by the difference of the work function of Pt and Ti
(AU=1.3 V) and amounts to about 10° V/cm. Therefore, PC
transients can be measured in a time-of-flight (TOF) regime
for TiO, under equilibrium conditions as well as under ap-
plied potential. For a homogeneous field, the electron drift
mobility can be obtained from the transit time (z,) by the
following expression: 1

L2
- t, AU’

Iz (8)
Figure 6 shows the PC transients measured at different tem-
peratures and excitation intensity under zero-bias condition.
For the given light intensities, the dynamic regime of the
SCLCs is not reached. The PC transients decay by one to two
orders of magnitude within 1-10 us. The PC transients are
practically independent of the temperature up to about
200 °C for low excitation intensity. Further, the PC tran-
sients show a well-pronounced plateau until they decay. This
gives evidence for predominantly nondispersive transport. At
high excitation intensity and higher temperatures, the trans-
port becomes slightly dispersive, as can be indicated from
the power-law dependence of the PC transient at times less
than t[r.lg

The transit time is not exactly defined since the experi-
ment has not been carried out under strong light absorption
condition. The value of #, was determined from the time at
the kink position of the PC transients. The values of ¢, in-
creased with increasing power, W. The reason for this is an
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FIG. 7. Transient photocurrents measured at 50 °C for different potentials
(0, =0.42, —1.54, 0.98, 1.4, and 1.54 V [(a)—(f)] respectively). The arrows
mark the onset of the laser pulse.

increasing disturbance of the electrical field by trapped ex-
cess charge carriers, which cannot be extracted from the
TiO, within 1 s (the repetition rate of the light pulses is
1 Hz). At low excitation intensity, the value of the electron
drift mobility amounts to about u=2X 10 cm?/(V s). This
value is larger by more than one order of magnitude than for
nanoporous TiO, (Ref. 15) but it is much smaller than the
electron mobility in anatase-sputtered layers [4 cm?/(V s) at
room temperaturezo] or rutile crystals [of the order of
0.25 cm?/(V s) Ref. 21].

Figure 7 shows some PC transients measured at 50 °C
for different potentials in reverse and forward directions. Un-
der reverse bias, the electrical field is expected to increase
with increasing potential. However, as can be seen from Fig.
7(b), the transit time increased (!) by about one order of
magnitude at —0.42 V. This was also the case at even much
smaller values of reverse bias. Additionally, the amplitude of
the PC transients decreased by about one order of magnitude.
Since there is no physical reason to assume a strong reduc-
tion of the electron drift mobility under respective condi-
tions, the decrease of the transit time can be explained only
by a decrease of the electrical field over the thickness of the
TiO, layer, i.e., by partial screening of the electrical field in
a narrow region close to the Pt/TiO, contact. At higher re-
verse potential [Fig. 7(c)], the transit time becomes shorter
again and the amplitude of the PC transients increases.

The PC transients became longer and the amplitude
smaller at low forward potential since the electrical field de-
creased [Fig. 7(d)]. Under injection, an electrical field with
an opposite sign is created beginning from the injecting Ti
contact. The distribution of this electrical field is determined
by the injected electrons. The sign of the PC transients
started to change at the longer times around U=1 V [Fig.
7(e)]. The different components within one PC transient
demonstrate the nonhomogeneous field distribution in the
TiO, layer. Under strong injection, the PC transients changed
completely to a positive sign [Fig. 7(f)]. The offset of the PC
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FIG. 8. Potential dependence of the offset current (a), of the absolute value
of the photocurrent maximum (b), and of the time at the half maximum (c).
At the higher potentials in forward direction, the value of 7, was deter-
mined for the positive part of the photocurrent.

transients increases strongly and is significantly larger than
the amplitude of the PC transients under strong injection.
Therefore, the distribution of the electrical field is only
slightly affected by the photoinjected excess charge carriers
under strong injection.

Figure 8 summarizes the dependencies on the potential
of the offset current (/). the absolute value of the PC
amplitude (PC,,,,), and of the time at which the PC transients
decayed to %(Tl 1).22 At zero potential, I, and PC,,, show
a pronounced peak, while 7y, exhibits a sharp drop by 20
times in comparison to even very low reverse and forward
potentials. Therefore, the electrical field decreased by about
20 times in the compact TiO, layer under nonequilibrium
conditions. This is caused by the fact that the electrical field
is mostly screened in the contact region by the formation of
an additional dipole layer. The formation of a dipole layer at
the Pt/TiO, interface under nonequilibrium conditions is
caused by charge exchange at the Schottky barrier with de-
fect states at the TiO, side. Under injection, I g, increases
strongly while PC,,, decreases and 7, increases with in-
creasing U for U up to 1.2—-1.3 V, which corresponds to the
flatband potential. Under strong injection, the electrical field
increases with increasing injection current which leads to the
observed increase of PC,,, and to the decrease of 7y,.

IV. CONCLUSIONS

A photoelectronic device based on the Pt/TiO,/Ti
Schottky diode was studied by a complex of electrical and
photoelectrical methods. The Schottky-barrier height was ob-
tained from IV characteristics (activation of the saturation
current), spectral photoresponse measurements (onset of
photoemission from Pt into TiO,), and PC photocurrents
(flatband potential) and ®; amounts to 1.2—-1.3 eV. Since
this value corresponds to the work-function difference be-
tween Pt and Ti, it can be concluded that the barrier at the
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TiO,/Ti contact can be neglected and the electric field ex-
tends over the whole TiO, layer under equilibrium condi-
tions. Under already slightly nonequilibrium conditions, an
additional dipole layer is formed at the Pt/TiO, interface.
This dipole layer screens the electrical field in the TiO, com-
pact layer. The formation of the dipole layer should have also
a great impact on the distribution of barrier heights, i.e., on
the temperature dependence of the ideality factor. However,
further detailed investigations are needed to get a deeper un-
derstanding about the formation of the barrier at the Pt/ TiO,
contact, especially with respect to the generation of defect
states under nonequilibrium conditions. Further, space-
charge-limited currents have to be considered already at rela-
tively low potentials in the forward direction. For operation
of Pt/TiO,/Ti Schottky diodes under high electron injection
or at very high temperatures, one has to take into account the
generation of defects. This limits strictly the operation mode
of related UV photodiodes. The electron drift mobility is
quite low in the compact TiO, layer [of the order of
10™* cm?/(V s)] which gives the principal limitation of the
time response of electronic devices based on TiO, prepared
by the given sol-gel technology.
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