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Infrared laser-induced fast photovoltaic effect observed in
orthorhombic tin oxide film*
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The SnO,/SnO with an orthorhombic structure is a material known to be stable at high pressures and temperatures
and expected to have new optical and electrical properties. The authors report a new finding of the infrared laser induced a
fast photovoltaic effect arising from orthorhombic tin oxide film with an indirect band gap (~ 2.4 eV) which is deposited
by pulsed laser deposition. The rising time of the photovoltaic signal is about 3 ns with a peak value of 4.48 mV under the
pulsed laser beam with energy density 0.015 mJ/mm?. The relation between the photovoltages and laser positions along the
line between two electrodes of the film is also exhibited. A possible mechanism is put forward to explain this phenomenon.
All data and analyses demonstrate that the orthorhombic tin oxide with an indirect band gap could be used as a candidate
for an infrared photodetector which can be operated at high pressures and temperatures.
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1. Introduction

Sn0O,/Sn0O is a wide direct-band gap (3.6 eV) semicon-
ductor with high exciton binding energy (130 meV) at room
temperature,!'! and also has an indirect band gap of about
2.6 eV.[? It is a unique material of significant technologi-

(34 and is used as transparent electrodes, so-

cal importance
lar cells, and solid-state gas sensors.>-8! Under normal con-
ditions, it exists in the form of a crystalline phase known
as cassiterite. Another form of SnO; with an orthorhombic
structure is known to be stable only at high pressures and
temperatures. The formation of orthorhombic phase SnO; is
intimately tied to a number of important synthesis parame-
ters such as high pressure and temperature.[®!° By using the
pulsed laser deposition (PLD), we discover a simple way to
fabricate the orthorhombic SnO, thin film only by controlling
the proper temperature and the ambient oxygen pressure dur-
ing deposition.[!!]

In this paper, we present our new successful fabrication
of the orthorhombic tin oxide thin films with an indirect band
gap (~ 2.4 eV) by pulsed laser deposition at an oxygen partial
pressure of 1 Pa and a substrate temperature of 450 °C. Un-
der 1064-nm-wavelength pulsed laser irradiating on the sam-

ple at room temperature, a fast photovoltaic effect is observed
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in each of these films. The influence of oxygen vacancies on
electrical properties is thought to originate from this photo-
voltaic effect. We also present the relations between the mag-
nitude of photovoltage and power density of laser pulse and
between the photovoltaic signals and laser positions on film.
A possible detailed mechanism is put forward to explain this
phenomenon. All data and analyses demonstrate that this or-
thorhombic tin oxide film with an indirect band gap may be
a candidate for an infrared detector which can work at high
pressures and temperatures.

2. Experiments

A KrF excimer laser (A = 248 nm), operating at a repeti-
tion rate of 4 Hz with an energy density of about 3 J-cm™2, was
used to grow tin oxide thin films on sapphire substrates from a
polycrystalline SnO; target. The distance between target and
substrate was kept to be about 5 cm, the substrate temperature
was 450 °C and the ambient oxygen pressure was ~ 0.1 Pa.
The film thickness was fixed at 400 nm with an area of 10 mm
x 10 mm. The crystalline structure of the deposited SnO; thin
film was measured by x-ray diffraction (XRD) using Cu Ko
radiation. The XRD patterns were recorded at a scanning rate

of 1 °/s in the 260 range from 5° to 85°. For the transient photo-
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voltaic measurements, two indium electrodes of 1 mm X 1 mm
area were soldered on the two ends of the sample. A mode
locked Nd: yttrium—aluminium-garnet (Nd: YAG) laser (pulse
duration of 20 ps, repetition rate of 10 Hz) was used to irra-
diate the sample operating at the wavelengths of 1064 nm and
room temperature. A laser spot with a small area of 1 mm in
diameter, which was produced by the pulsed laser beam with
an energy density of 0.015 J/mm?, perpendicularly irradiated
on the film surface. The pulse duration time was ~ 20 ps. The
lateral photovoltage waveform between the indium electrodes
was measured and recorded by a 350-MHz sampling oscillo-
scope terminated into 1 MQ for open-circuit photovoltage at
ambient temperature. The schematic of the experimental set-
up for the photovoltage between two electrodes is shown in
the inset of Fig. 3. All electrodes were always kept in the dark
to prevent the generation of any electrical contact photovolt-
age. The rising time of the photovoltaic signal is about ~ 3 ns,
which approaches to the maximum of the resolution of the os-
cilloscope.

3. Results and discussion

Figure 1 shows the XRD patterns of the prepared tin ox-
ide thin film. Peaks appearing at 26 = 37.56° and 80.08°
correspond respectively to (1 1 5) and (2 2 10) directions of
SnO; structure, and the (0 0 6) direction of Al,O3 appears
at 20 = 41.73°.
thorhombic cell of SnO,. However, we also note that a peak
centered around 26 = 20.55° clearly belongs to the (0 0 1) di-
rection of orthorhombic SnO structure. This indicates the lack

These reflections can be indexed with or-

of oxygen in the deposited film, which is known to originate
from the surface layers of the SnO; target during laser-induced
oxygen desorption,[!?] thereby leading to the growth of a non-
stoichiometric compound.
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Fig. 1. X-ray diffraction pattern of the tin oxide film.

To investigate the band gap of tin oxide thin film, we carry
out optical absorbance spectrum measurement at room temper-
ature. Figure 2 presents the optical absorbance spectrum of tin

oxide thin film corrected by the attenuation of a sapphire sub-
strate. The absorption edge is located at a wavelength of about
500 nm. At the wavelengths of 600 nm, 700 nm, 800 nm,
100 nm, and 1200 nm, there are some wide and weak peaks
due to the impurity energy levels. Under the assumption of the
parabolic bands, the relation between o and E for an indirect
transition can be written as

a=B(hv—E,)", ey

where B is constant and the absorption coefficient is calcu-
lated from a = 2.303A/t, A being the absorbance and ¢ the
film thickness. We also plot a'/2
film (shown in the inset of Fig. 2) and look for the best linear
fit region at the band edge from which band gap (E; = 2.4 V)
is estimated from the intercept in the AV axis.
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Fig. 2. Optical absorbance spectrum of tin oxide thin film. The inset
shows the plot of all? against hv of tin oxide.

Typical ultrafast photovoltaic curves (solid and short dash
dotted) for the photovoltaic signals are shown in Fig. 3 when
the laser pulse was irradiated on the tin oxide surface (short
dash dotted curve) and substrate (solid curve) respectively.
The schematic of the experimental set-up for the photovoltage
between two electrodes is shown in the inset of Fig. 3. The
rising time of the photovoltaic signal is about 2 ns, which ap-
proaches to the maximum of the resolution of the oscilloscope.
As the film is isotropic, the orientations of photovoltaic signals
are the same when the laser irradiates on the film surface and
the substrate. Owing to the scattering of the substrate, the peak
value of photovoltage with the laser illumination on the tin ox-
ide surface is bigger than that on the substrate at the same laser
intensity. The photon energy of the laser pulse with a wave-
length of 1064 nm (1.2 eV) is below the band gap (2.4 eV)
of tin oxide. But due to the oxygen vacancy energy level and
other impurity energy levels, the oxygen surface vacancy en-
ergy level is about 1.4 eV above the valence band edge at
100°.1131 We also find that there is a wide and weak peak at
a wavelength of about 1000 nm in Fig. 2. This reveals that
the tin oxide thin film can absorb the infrared light. So when
the film is partially illuminated by the infrared laser beam,
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the valence electrons will transfer from the valence band to
the impurity energy levels, then jumping into the conduction
band and becoming free electrons. The holes will be gener-
ated in the valence band correspondingly. A carrier gradient
will form between the illuminated and the nonilluminated ar-
eas. As the carrier mobility in the illuminated zone is much
higher, electrons will flow from the illuminated zone to the
non-illuminated region. At the same time, a transient field and
also photovoltage are therefore built up.
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Fig. 3. (color online) Typical ultrafast photovoltages at the laser pulse
with a pulsed laser energy density of 0.015 mJ/mm? through a 1-mm-
diameter aperture. The inset displays the schematic setup for photo-
voltaic measurement.

The peak value of the photovoltaic response as a func-
tion of power density is plotted in Fig. 4. It is found that the
value increases linearly with laser pulsed energy increasing in
a range from 2 mJ to 6 mJ. This may be caused by separa-
tion of deep-level impurities and the release of electrons in a
deeper part of the film due to the temperature increasing as the
laser energy intensity increases. And the hopping transport
of carriers, which is common in disorder semiconductors like
amorphous Si and organic semiconductors!'#! is also another
contributor to this linearly increasing peak value.
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Fig. 4. (color online) Photovoltaic response of the device as a function
of power density.

In Fig. 5, the pulsed laser beam with an energy density of
0.05 mJ/mm? passes through a 1-mm-diameter aperture. The
inset displays the schematic setup for LPV measurement. The
dependence of peak value of lateral photovoltage (LPV) on the
position of the laser spot irradiated on the tin oxide surface is
shown in Fig. 5. The inset displays the schematic of setup for
LPV measurement. The pulsed laser beam has an energy den-
sity of 0.05 mJ/mm?. The peak values of LPV are observed on
the tin oxide surface between two electrodes. It is clear that
the peak value of LPV depends on the position of the spot on
the x axis. We find that the peak values of LPV show section-
alized monotonic linear change as the spot is scanned away
from the contact. When the laser spot is close to the contact,
the peak value of LPV is different. We ascribe this to the con-
tact effect.['>-181 When the light spot is in the center between
two electrodes, the peak value of LPV is not zero; when the
spot is near the A and B contacts, the sign of the LPV is not
changed. This unusual infrared LPV can be attributed to the
oxygen vacancy energy level and the trapping effect of the im-
purity level.
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Fig. 5. (color online) Dependence of the peak value of LPV on the
position of the laser spot irradiated on the tin oxide surface.

For a better understanding, a quantitative interpretation is
given in the ideal one-dimensional model.!'”) According to the
diffusion equation, the distribution of the light induced elec-

trons in the semiconductor can be calculated from [1°]
N0 =NOexp (-1 ). @
Az

where r is the distance from the laser spot, and Ay is the elec-
tron diffusion length in SnO; film, and can be written as

koT 0777
—_— 3)

nogq

)LZ =Dzt =

According to the Einstein relation, Dy is the diffusion
constant and 7z is the lifetime of the non-equilibrium electrons
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of the tin oxide layer, o7 is the conductivity of the tin oxide
film, and ny is the area density of electrons at the equilibrium
state.

substrate
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Fig. 6. (color online) Schematic profile diagram of the excess carrier
diffusion on tin oxide surface under a spot illumination.

So the peak value of LPV depends on carrier diffusion
length A (or film conductivity o) significantly. To explain
the LPV observed in tin oxide film, we propose the follow-
ing physical model. Figure 6 shows the schematic profile dia-
gram of the excess carrier diffusion on tin oxide surface under
a laser spot illumination. When the film is illuminated by the
infrared laser beam (the square light spot area is equal to an
area of a circle of about 1 mm in diameter), the electrons will
be trapped by the trap level (E;) such as the vacancy energy
level. Then some of these electrons will jump into the con-
duction level, but some still remain in the trap level which can
cause additional electrical conductivity. This additional elec-
trical conductivity needs a long time to decay. When the laser
illuminates on the film from A to the center of the film then
to B, the additional film conductivity o) caused by the laser is
bigger than 0 in the case without laser irradiation. Then N(r})
reaching A is bigger than N(r;) reaching B, so the LPV value
is produced. As the laser moves from A to O, the more laser ir-
radiations lead to a bigger o7, thus inducing the peak value of
the photovoltage to increase. When the laser spot size reaches
—2 mm in diameter on the x axis, the peak value reaches its
maximum ~ 2.24 mV. After that, the competition between G
and A, leads to the decrease of the value. when the laser illu-
minates the center O of the film, that is, r; equals r,, but the
additional o is still bigger than o, then N(r) is bigger than
N(rp), so the LPV value is not zero. When the laser spot size
reaches 2 mm in diameter on the x axis, the peak value reaches
its minimum ~ 1.78 mV. As the laser moves from O to B, r; is
bigger than r,, but o is still bigger than o,, so N(r) is bigger
than N(r;) as the additional electrical conductivity is the main
factor to the photovoltage. This is why the LPV value is still
positive but it decreases. A similar relationship between pho-
tovoltaic peak values and the laser positions is obtained when

the laser spot moves from B to A, which proves our explana-
tion is reasonable. In fact, A and ¢ are autocorrelated and both
relate to the film thickness and microstructure of the material
including crystal size, orientation, etc. In this polycrystalline
film, the study of the dynamic process of carriers flowing un-
der high pressures and temperatures is still progressing. Also,
the further measurements of the LPV response of this film un-
der high pressure and temperature are still needed. The prelim-
inary results show that the polycrystalline tin oxide film could
be used as an infrared photodetector under 2 MPa pressures.

4. Conclusions

In this study, the indirect band gap (~ 2.4 eV) orthorhom-
bic tin oxide film is found to exhibit an infrared (IR) laser-
induced photovoltaic effect, which is ascribed to the oxygen
vacancy energy level, other impurity energy levels and the dif-
ference in carrier concentration between the illuminated and
the non-illuminated regions. The photovoltage increases lin-
early with pulsed laser energy in a range from 2 mJ to 6 mJ.
When the laser spot scans along the line between the two elec-
trodes, the peak value of LPV changes unusually with the laser
position compared with the previously reported results. A pos-
sible mechanism is put forward to explain this effect. Our re-
sults demonstrate the orthorhombic tin oxide film can also be
a candidate for a new type of infrared detector device which
can be used at high pressures and temperatures.
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