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Abstract—In this paper, we present an analysis of the photosen-
sitivity property of electrical resistance of nanostructured porous
tin oxide films �SnO�� deposited on Si substrates using a spray
method. Based on this property, we propose a new application
for this material as an element in a photodetector device. As
we verified that the film photosensitivity is influenced by room
temperature, to develop a photodetector device, we propose a
microcontroller-based algorithm for compensating temperature
changes in a certain range. The morphological and chemical
structure of the sample films revealed by atomic force microscopy
(AFM) and Raman spectroscopy are also discussed. The dynamics
of the photodetector have been tested by varying the frequency
of light excitation and the temperature of the film. The results
show that the device works properly for intermediate ranges
of frequency and temperature, but its response degrades as the
frequency or temperature rises.

Index Terms—SnO�, photodetector, photosensitivity, tin oxide
film.

I. INTRODUCTION

T IN dioxide SnO films has been applied in the last 20
years in devices such as gas sensors [1], [2] and pho-

tovoltaic cells [3], [4]. Flat-panel display devices [5], [6] and
transparent electrodes [7] are among the newest and most useful
applications under investigation. Regarding production, SnO
films may be grown with unique properties, such as low elec-
trical resistivity, high optical transparency, high or low porosity,
and high chemical stability. Recent studies have shown new in-
formations on nanostructured SnO , such as the following: pho-
toresponse of SnO [8], photocurrent gain in SnO nanowires
[9], and nanostructrured photodetectors [10], [11]. However, the
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photosensitivity properties of SnO films have not yet been in-
vestigated in detail. In [12], it was shown that the electrical re-
sistance of SnO films is highly sensitive in low, narrow ranges
of illuminance. This feature opens the opportunity to exploit a
new application for the film as part of a photodetector device.

To build a photodetector, it is necessary to turn the resistance
variation into a useful signal: a voltage. This can be carried out
by two approaches. The first one is to apply a voltage to a net-
work comprised of a reference resistor and the film connected
in series. This method has the inconvenience of measuring the
whole voltage across the film and not only the voltage varia-
tion. Hence, in this paper, we opted to capture this variation by
means of a bridge circuit [13]. As we verified that SnO film
photosensitivity was affected by temperature, we also needed to
developed a compensation algorithm to cope with temperature
variations.

An ideal subsystem application for a microcontroller is the
acquisition, control, and conditioning of analog sensor inputs.
A typical multiple-sensor system usually requires some or all of
the following steps: 1) excitation, 2) multiplexing, 3) filtering,
4) A/D conversion, 5) amplification, and 6) offset and thermal
compensation [14]. Whereas steps 1) to 4) are generic, i.e., no
individual sensor calibration need be accomplished to design
the support circuitry, the gain, offset, and thermal compensa-
tion must be individually tailored to absorb the device-to-de-
vice variations to achieve maximum performance. This is par-
ticularly true if the device variations are large and/or the sensor
thermal sensitivity is high. However, the individual sensors are
manually “tweaked” via trim potentiometer adjustments to re-
move offset errors and gain variations. The temperature com-
pensation is accomplished with a dedicated thermally sensitive
network. This approach is time proven and appropriate for a
single photodetector. Thus, we adopted this method.

This paper describes the photosensitivity characterization of
nanostructured porous SnO films and the development of an
alternative sensor based on a microcontroller to detect a certain
intensity of light in a darkroom. This photodetector can be ap-
plied to event counting, velocity measurements, barrier sensors,
encoders, etc. This paper is organized as follows. The second
section describes the experimental procedures related to the film
deposition process and the measurement systems for the SnO
characterization and for testing the photodetector dynamics. The
third section overviews the photodetection principles used in
this work. The results and discussions are presented in the fourth
section, and conclusions are drawn in the last section.
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II. EXPERIMENTAL PROCEDURES

A. Film Deposition

Silicon wafers (n-type, orientation, 500–550 m thick-
ness, 1–10 cm resistivity) produced by SI-TECH, Inc., and
used in this work were ultrasonically degreased in acetone and
ethyl alcohol, then rinsed in distilled water and dried in hot
nitrogen.

The samples were deposited using the spray pyrolysis system
described in [16]. The experimental setup consisted of a reser-
voir of liquid Sn solution that was fed by gravity into a jet gas
nozzle. The spray was induced by the flow of hydrogen through
a small orifice to the atmosphere. Control valves were placed
to independently adjust the hydrogen and the Sn solution flow
rates. The substrates were mounted horizontally over a steel hot-
plate placed below the jet nozzle to receive a uniform spray
coating. A 0.2 M solution of pentahydrated stannic chloride
SNCl H O in ethanol C H OH was used in the feed reser-

voir. Hydrogen flow was kept at 7 lmin at 1520 Torr pressure,
and the solution spray rate was around 1 ml min . The deposi-
tion temperature, measured by a chromel–alumel thermocouple,
was controlled via the power supplied to the hotplate and was
set to 350 C. After establishing the stability of the deposition
parameters described, the substrates were introduced into the re-
actor for 60 s.

B. Measurement Systems

Surface morphology of the grown layers was exam-
ined by AFM using a ThermoMicroscopes AutoProbe CP.
Micro-Raman spectroscopy was carried out at ambient tem-
perature using a RENISHAW – inVia Raman Microscope,
employing the output of an Ar laser (5-mW power) for
excitation at nm.

Each film sample, with an area of 1 cm and a grain size
around 50 nm, was mounted onto a thermoelectric module in-
side an isolated thermal chamber (Fig. 1). The film temperature
was measured using a precision centigrade temperature sensor
(LM35). A red light emitting diode (LED) source provided the
incident light on the film surface. A Yokogawa DL1700E Os-
cilloscope was used to probe the relevant signals involved in
the photodetection process, a Minipa MFG4200 Function Gen-
erator Signal was used for exciting the red LED circuit and an
Agilent E3646A Dual Output Power Supply was used to bias
the Thermal Electrical Mode (TEM) and control the room tem-
perature. The measurement system is shown in Fig. 1.

A digital controller was implemented in an IEEE-488 envi-
ronment using a computer to set the temperature. The computer
was also used to store the data of the measurement system

III. PHOTODETECTION PROCESS

To build a photodetector, we conceived a circuit that directly
relates the resistance variation provoked by light intensity to an
electrical signal variation. At the same time, we developed an al-
gorithm to cope with temperature variations. This was accom-
plished by means of a microcontroller. Fig. 2 shows the com-
plete schematic block diagram for an alternative photodetector
based on a microcontroller using SnO films. The blocks are in-
dividually described in subsections 1) to 4).

Fig. 1. Typical measurement system used to characterize the photodetector
sensor.

Fig. 2. Microcontroller-based photodetector sensor.

1) SnO Film Block: The top block (SnO film) in Fig. 2
represents the electrical resistance variation of the SnO film
with light intensity and temperature. The superficial resistance
film is an element of a bridge circuit, represented by the bridge
circuit block.

2) Bridge Circuit and Low-Pass Filter Blocks: We used the
bridge circuit shown in Fig. 3 to convert the electrical resistance
variation into a voltage signal. represents the resistance
of a SnO film, which depends on the temperature and the in-
cident light on the film surface. Supposing an ideal operational
amplifier, the bridge output voltage is given by

(1)
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Fig. 3. Bridge circuit followed by a low-pass filter stage.

TABLE I
THRESHOLD SETUP FOR THE MICRONTROLLER

which also can be written as

(2)

where V, and V are parameters
obtained from the bridge resistances.

To reduce noise and to avoid aliasing, the signal
must be filtered. A simple network was used as a
first order low-pass filter with a transfer function given by

. The values of resis-
tance and capacitance determine the time constant of the filter

and the cutoff frequency (in hertz) is given by

(3)

where the cutoff frequency is 2.59 kHz and the static gain is 0.5.
3) Microcontroller Block: The microcontroller is the ele-

ment in which the signals provided by the low-pass filter and the
temperature sensor are processed to supply a binary signal that
should inform whether the light is ON or OFF in a given environ-
ment. To accomplish these functions an algorithm for compen-
sating the variations in temperature had to be developed. Thus,
we started by storing, in the ROM of the microcontroller, the
minimum and the maximum voltage values
obtained from the low-pass filter output for a set of five tempera-
ture values that were also stored in the microcontroller memory,
as shown in Table I. Thus, for instance, taking the temperature
value of 25 C, when the illuminance of the incident light hitting
the film surface is 0 lx, the low-pass filter output is 0.3 V. As the
illuminance rises to 15 lx, the filter output changes to 4.6 V. We
arbitrarily selected a medium value between and
as a threshold to set the light sensor OFF (filter output below the
threshold) or ON (filter output above the threshold). This is a rea-
sonable option because for higher values of illuminance the film

Fig. 4. AFM image of the sample deposited at 350 C, which represents the
typical morphologies of the samples as revealed by AFM.

resistance is not altered significantly, as shown in Fig. 6. A tem-
perature value between 25 C and 40 C imposes a threshold
limit determined by a linear interpolation. For example, a tem-
perature value of 27 C is associated with a threshold limit
of 2.82 V, which is obtained through the expression

(4)

For temperature values above 45 C, the efficiency of the
sensor is lost since and values get closer to each
other. The microcontroller is a Microhip PIC16F877A that oper-
ates at 4 MHz clock frequency and performs 8-bit analog-to-dig-
ital conversions of two multiplexed input channels: channel 1
measures the voltage generated by the temperature sensor cir-
cuit while channel 0 measures the voltage signal from the bridge
circuit. One transistor–transistor logic (TTL) digital output and
a 16x2 LCD provides the measurement results. An RS-232 se-
rial port allows user interface with a PC for the microcontroller
configuration and to store the data history. The microcontroller
reads the temperature first and then determines the threshold
limit.

4) Photodectetor Output: The microcontroller communi-
cates with a 16x2 LCD character via a 4-bit parallel output
port. The film temperature and the light switching frequency
are displayed on the LCD. In addition, a TTL output pulse with
the same light switching frequency is available for the user.
This signal can be applied in an external circuit for any distinct
further processing, such as an external counter.

IV. RESULTS AND DISCUSSION

A. AFM and Raman Spectrum Characterizations of SnO

We deposited SnO samples at temperatures ranging from
250 C to 450 C. All samples were analyzed by AFM and
Raman spectroscopy. We identified that SnO samples were
similar to the grain size, granular morphology, and Raman spec-
trum characterizations. In this way, we chose the SnO samples
deposited at 350 C (average temperature) for the photodetector
development. Fig. 4 shows the three-dimensional morphology
of the SnO sample deposited at 350 C, which represents the
typical morphologies of the samples as revealed by AFM. The
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Fig. 5. Typical room-temperature Raman spectra of Si substrate [curve (a)] and
SnO samples [curves (b), (c) and (d)].

particle size at 350 C is around 50 nm. A higher deposition
temperature contributes to the increase of film roughness and to
the increase in lateral particle size. We observe that the heights
of the particles are nearly equal to their diameters, according to
the results obtained in [15].

Fig. 5 shows the typical room-temperature Raman spectrum
of the Si substrate [curve (a)] and three similar SnO samples
[curves (b), (c), and (d)]. These last three results conform to
those observed in [17]. According to this work, the Raman spec-
trum may be divided into two groups. In the first group, the
Raman peaks are the same as those from single-crystal or poly-
crystalline SnO . The three Raman peaks are located at 470,
636, and 776 cm . These peaks are close to the frequencies
of three active Raman vibrational modes (E , A and B )
of crystalline and microcrystalline SnO tetragonal rutile struc-
tures, which have been experimentally observed at 474, 632, and
774 cm in [18]. The peaks from the second group, observed
in [17], are located at 358 and cm . These two peaks are
not observed in Raman spectra of single-crystal and polycrys-
talline SnO , and they are only observed in nanometer SnO
grains and are attributed to the effect of Raman surface modes
that dominate at the nanoscale [19]. However, we also observe,
in Fig. 5, Raman peaks of SnO, SnO , and OH , OH
among other peaks. The presence of these peaks is probably jus-
tified by the interaction between tin and silicon or tin and silicon
oxide.

B. Photosensitivity Characterization of SnO

Fig. 6 illustrates the dependence of electrical resistance on il-
luminance for a SnO film. To obtain the curve, a red light-emit-
ting diode source provided the incident light on the film surface,

Fig. 6. Electrical resistance dependence on illuminance and temperature.

Fig. 7. Typical step response of the photodetector sensor with temperature con-
trol (at 25 C).

which served as the excitation for the film. We verified that this
dependence is parameterized by the temperature to which the
film is submitted; three curves associated with the temperature
values of 20 C, 30 C, and 40 C are presented in Fig. 6.

We also note that for the range between 0 and 200 lx the film
shows higher sensitivity. In fact, we have previously demon-
strated that the sensitivity of this kind of films is related to the
temperature needed for efficient thermal decomposition of the
hydroxides to form n-type SnO nanocrystals [12].

C. Photodetector Dynamic

Fig. 7 shows the photodetector response for a step excitation
of current into the LED. The illuminance of the incident light
hitting the SnO surface is proportional to the current inten-
sity (1.5 lx corresponds to 1 mA of current). The film temper-
ature was set to 25 C. Observing the response’s shape going
to 4.5 V, we can infer that the photodetector resembles an over-
damped second-order system associated with a rise-time of ap-
proximately 2 ms and a dead-time of 0.4 ms. For the present
application, this response is adequate.

Fig. 8 illustrates the influence of the room temperature over
the photodetector response for a pulse excitation. The pulse fre-
quency was set at 50 Hz and the illuminance at 15 lx. We can
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TABLE II
EXPERIMENTAL MICROCONTROLLER COUNTING

Fig. 8. Typical photodetector sensor response for a square-wave excitation: (a)
temperature � �� C; (b) temperature � �� C; and (c) temperature � �� C.

note that, as the temperature rises, the lower level of the filtered
voltage drifts upwards while the upper level remains approxi-
mately the same. Because the upper level is obtained when the
light is ON, this suggests that the photosensitivity phenomenon
of the SnO films dominates over the temperature phenomenon.
This is consistent with the results presented in Fig. 6, where the
resistance variation related to temperature variation is greater
under the dark condition (0 lx). For the temperatures ranging
from 25 C to 45 C, the thermal effect poses no problem for
the photodetector’s operation. The difference between the upper
and lower levels is still around 1.0 V, which is enough for the
bit resolution of most microcontrollers. Even so, a temperature
compensation algorithm was developed in this work to cope
with higher temperatures.

Fig. 9 shows the photodetector behavior when the film is sub-
mitted to pulse excitations of three different frequencies. It can
be noted that, at the lower frequency, 10 Hz, the pulse response
(filtered voltage) presents two clearly distinguishable levels. As
the frequency rises to 100 Hz and 1000 Hz, the upper and lower
levels can be misinterpreted by the microcontroller because they
get too close to each other. Therefore, this limitation must be
taken into account for applications that require a fast response.

To show the effectiveness of the compensation algorithm for
temperature variation, the microcontroller was programmed as

Fig. 9. Typical photodetector response for excitations at different frequencies:
(a) 10 Hz; (b) 100 Hz; and (c) 1000 Hz.

a pulse counter. The pulse counter was tested for frequencies of
light input excitation ranging from 20 to 100 Hz and for temper-
ature values ranging from 25 C to 45 C. For each temperature
and frequency value, we ran the pulse counter ten times, each
of them for 2 s. Table II shows the maximum and minimum
values of the counting obtained for the ten times. Observe that
the unit of the counts is Hz. The results
are satisfactory for the considered range of temperatures and
frequencies.

V. CONCLUSION

In this paper, we examined the photosensitivity of the elec-
trical resistance of nanostructured porous tin oxide films. In ad-
dition, we verified that photosensitivity is also dependent on the
temperature. The photosensitivity property allowed us to pro-
pose a new application for these films as part of photodetector
systems. Hence, a microcontroller-based algorithm was devel-
oped to compensate for temperature changes. The results show
that the photodetector response degrades as the temperature of
the film and frequency of the input excitation rise. Nevertheless,
its performance in intermediate ranges of temperature and ex-
citation frequency justifies further research in sensors based on
SnO films.
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