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In this work we report the assembling and electrical characterization of ITO/CdS/PbS/C
heterostructured photosensor. The assembling of the photosensor was done completely by solution
processing, employing the chemical bath deposition (CBD) technique to deposit both semiconductor
layers in the device, CdS and PbS. ITO-coated glass was used as substrate and graphite ink electrodes
as back contacts. The electrical output response of the photodevices was analyzed in dark and under
illumination at different intensities. Its sensitivity was examined working as photodiode at zero volts.
The results showed the rectifying character of the heterostructure and light sensitivity with linear
photoresponse under illumination. The measured photoresponsivity of the photosensor was 1.22 A/W,
which is around 50 % of an ideal characteristic of a sensor for a given spectral range.
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1. INTRODUCTION

Every year the technological gadgets become more powerful and faster due to the advances in
the new electronic components included in them such as transistors, diodes, sensors, etc. These
advances are related with the large amount of research on processing and characterization of
semiconductor materials to optimize their properties for a wide variety of technological applications.
One of the main applications of semiconductor materials is the photovoltaic conversion to generate
energy from sunlight by means of thin film solar cells. In this aspect, the current semiconductor
photovoltaic technologies are still far to achieve the theoretical solar cell maximum efficiency for a
single p-n junction (33.7%) given by the Shockley-Queisser limit [1]. According to this, the maximum


http://www.electrochemsci.org/
mailto:rrbon@cinvestav.mx

Int. J. Electrochem. Sci., Vol. 13, 2018 3453

theoretical efficiency of solar cells can be reached with semiconductor materials with energy band gap
around 1.34 eV, decreasing in solar cells with semiconductors with either higher or lower energy band
gap. Lead chalcogenides are compound semiconductor materials with energy band gap lower than 1
eV, so the expected performance in solar cell is poor in comparison with other semiconductor
materials. However, this issue has not discouraged the research on heterostructures based on lead
chalcogenides for solar cells applications. For example, there is still a great interest on thin film solar
cells based on the CdS-PbS heterostructure. According with H. Mohamed [2] this heterostructure can
reach a maximum theoretical efficiency of 4.13% and experimental works shows an efficiency of
1.63% [3]; the efficiency can be improved by modifying the grain size until they can be treated as
quantum dots, as a result the band gap will increase and therefore the efficiency can increase up to
3.3% [4].

The application of p-n heterojunctions for the detection of light with photodiode devices is
another important option to apply semiconductor materials, which has been much less studied. It is
well known that photodiodes have enhanced photosensitivity when operate at reverse bias. Even at
zero volts, due to the photovoltaic effect, photodiodes have the capability to detect light by measuring
the short circuit current. This way we can obtain a photo sensor with an operation voltage of 0 volts,
which is very important for low energy consumption applications. The spectral response of the
photosensors depend on the energy band gaps of the semiconductor layers in the heterostructure,
mainly that of the absorbent one. Lead sulfide (PbS) is a low energy band gap semiconductor material
with properties for a lot of applications, including photosensors. One of the main advantages of this
material is its solution processability by means of CBD. This is a simple, convenient and cost-effective
deposition technique to obtain nanocrystalline PbS thin films [5, 6]. In our group we have developed
PbS thin films deposited by CBD and successfully applied them in thin film solar cells and thin film
transistors [7]. In this work we assembled CdS-PbS heterostructures on ITO-coated glass substrates
employing the CBD technique for the deposition of both semiconductor layers. The CdS and PbS films
were deposited at 70 °C and room temperature (25°C), respectively employing ammonia-free solutions.
No additional thermal treatments were performed on the semiconductor layers. As back contacts,
graphite ink electrodes were painted on the PbS layer. We report here the main characteristics of the
electrical photoresponse of the Glass/ITO/CdS/PbS/C photodiodes assembled completely in solution at
low temperature.

2. EXPERIMENTAL DETAILS

The scheme of the assembled CdS-PbS heterostructure is shown in Fig. 1a). The layers were
deposited in sequence, starting with the CdS films, which were grown by CBD on ITO-coated glass
substrates with 1x1 inches dimensions. For this, the substrates were immersed vertically in a 100-ml
beaker containing the following reaction solution: 15 ml CdCl; (0.05M); 15 ml Na citrate (0.5M); 15
ml KOH (0.5M), 5ml pH10 buffer and completed with deionized water. The beaker was placed in a
thermal bath at 70 °C and the substrates with the CdS layer were removed after 60 minutes [8, 9]. See
for details our proceeding deposition [10, 11] or other reports about PbS synthesis [12-17].
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Subsequently, the PbS films were deposited on the Glass/ITO/CdS substrates by immersion in 100 ml
beaker with the reaction solution of: 5 ml Pb(C,H30,), (0.5M); 5ml NaOH (2M); 6 ml CS(NH.), (1M);
2ml Triethanolamine (1M) and the volume was completed with deionized water. The deposition
process was realized in darkness at room temperature, then, the substrate was removed after 180 min.
Finally, ohmic contacts were deposited upon the PbS film using a graphite conductive paint and drying
in a furnace at 60 °C for 5 hours. X-Ray diffraction (XRD) patterns of the films were recorded in a
Rigaku D/MAX-2000 diffractometer, using a Cu-Ka radiation for the CdS films and a Co- Ka
radiation for the PbS ones. The Current-Voltage (I-V) curves of the assembled photosensors, in dark
under variable illumination, were recorded with a semiconductor parameters analyzer Keithley model
4200-SCS. A commercial tungsten-halogen lamp was used as the illumination source. Transient
photocurrents were measured using a 2401 Source Meter Keithley Instrument, exciting with pulses of
light with 20, 40, 60, 80 and 100 mW/cm? intensity

3. RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns of both types of chemically deposited films are shown in Fig.
1 b) and c). At the top, the pattern of the PbS film displays diffraction peaks which completely matches
with the pattern of the Galena phase of PbS (PDF 05-0592). Meanwhile, the diffraction peaks in the
pattern of CdS films corresponds to those of the hexagonal crystalline phase of CdS (PDF 41-1049,
CdS Greenockite). The PbS diffraction peaks evidence the polycrystalline nature of the films, with
some preferred crystalline orientation along the (200) direction. On the other hand, the cadmium
sulfide films have preferential orientation along the (002) orientation, according to the high intensity of
the (002) diffraction peak. This crystalline characteristic is typical of chemically deposited CdS films
obtained from the ammonia-free, cadmium-citrate system CBD formulation [8, 9].
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Figure 1. a) Scheme of the Glass/ITO/CdS/PbS/C device layers configuration and X-Ray Diffraction
patterns of b) lead sulphide and ¢) cadmium sulphide layers.
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These results show that both films in the device are polycrystalline, the lead sulphide layer
presents a cubical structure (Galena) with a lattice parameter a=5.93 A and the cadmium sulphide layer
has a hexagonal structure with lattice parameters a=4.14 A and ¢=6.71 A. It is noteworthy that the lead
sulphide layer grown on cadmium sulphide is not an epitaxial layer due to the difference of lattice
parameters, crystalline structure and polycrystalline nature of cadmium sulphide layer.

The current density versus voltage (J-V) characteristics of the Glass/ITO/CdS/PbS/C
photodiodes were measured under dark and various illumination intensities from 0 to 100 mW/cm?
with intensity steps of 20 mW/cm?  The results are shown in Fig. 2 a), where the J-V curves are
plotted in semi-log scales. These measurements show the typical rectifying behaviour of a diode with
electrical response modified by the incident radiation. The lowest part of the J-V curves shifts to higher
voltage as the illumination intensity increases, due to the photovoltaic effect [10, 18, 19]. Therefore, at
zero voltage the short circuit current, Jsc, due to the photovoltaic effect is determined. The values of
Jsc changes from 1.37, 66, 92, 114, 140 and 164 mA/cm? for 0, 20, 40, 60, 80 and 100 mW/cm?,
respectively. That is, as expected in a photodiode device, the current density at zero volts increases as
incident illumination increases. The current density, at zero volts, increases 3 orders of magnitude,
something that does not happen at any other applied voltage. Under illumination, the photogenerated
electron-hole pairs are separated more effective at zero voltage than either at forward bias or reverse
bias. This observation is based on the sensitivity showed at zero voltage (Fig. 2b).
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Figure 2. a) Current density-voltage characteristics of the Glass/ITO/CdS/PbS/C photodiode in dark
and under illumination at different intensities and b) Photosensitivity versus applied voltage of
the CdS/PbS photodiode. The inset shows the radiation spectra of the source light

The photosensitivity usually is obtained by a simple relation between the dark current and
photocurrent:

5= ""‘*:rfﬁxmﬂ (1

i

where lq is the dark current and Iy is the photocurrent. This method is used by several authors
[20-26]. The dark current is the electrical current measured when the device is in dark and the
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photocurrent is the current when the device is illuminated. The photosensitivity as a function of the
applied voltage of the Glass/ITO/CdS/PbS/C photodiode is shown in Fig. 2b). In this case the
illumination source was a tungsten-halogen lamp at 100 mW/cm? intensity (the inset in Fig. 2 b)
displays the emission spectrum of this light source). The photosensitivity has a narrow peak at zero
volts and decreases at reverse and forward bias. In the -1 to +1 volts range, it is observed clearly the
typical photodiode behavior with higher photosensitivity at reverse bias than at forward bias.
Therefore, it can be taken advantage on the photovoltaic effect produced by the CdS-PbS
heterostructure to detect light with high photosensitivity with a device working at zero volts. It is not
necessary to apply any voltage because the device can supply electrical current by itself from the
incident irradiation.
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Figure 3. a) Transient photocurrent measurements of the photodiode as a function of illumination
intensity and b) Output current density of the photodiode as a function of pulsed light
illumination intensity.

The photodetection capability of the Glass/ITO/CdS/PbS/C photodiode was also measured by
the light On/Off method. For this, no potential voltage was applied to the device (0 V), meanwhile
light pulses produced with the same halogen-tungsten lamp impinged on the heterostructure, and the
changes of current density against time were recorded. This procedure is better known as transient
photocurrent measurements. We observe in Fig. 3 a) the proper on/off response of the photodiode, the
current density increases when the light is turned on, and when it is turned off it drops to its original
value. When the device is illuminated (light on), the number of free charge carriers increases
producing a photocurrent in excess, which is appreciated as the sudden increase in the current density.
While the illumination on the device is maintained, the current density remains constant until the light
is turned off when it abruptly decreases to its previous value. In this case, the decrease in the current
density is due to the recombination of the photogenerated charge carriers. It is observed that the
photocurrent increases with illumination intensity in a linear way as it is shown in Fig. 3 b), where is
plotted the photocurrent as a function of light illumination intensity. This is the calibration curve for
the CdS-PbS photodiode and can be used to determine its sensitivity as light sensor. The data fit very
well to a straight line (dashed line in the graph) with slope 1.22 A/W, which is the photoresponsivity of
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the device, that is, the output current of the photodiode per watt of incident light. The
photoresponsivity of the device is a useful figure of merit to determine the device performance and to
make comparisons with other similar photodevices. These results show the capability and sensitivity of
the CdS-PbS heterojunction to work as light sensor at zero volts.

By using the photoresponsivity as figure of merit we can conclude that 1.22 A/W of the CdS-
PbS photodiodes is a rather high value as compared with other inorganic or hybrid photodevices.

For example, inorganic heterostructured photodevices have shown photoresponsivity of ZnO/Si
0.34 A/W at -2 V [27], ITO/p-GaN 0.04 A/W at -5V [28], p-Si/GaN 29 mA/W at -4 V [29], ZnO / Si
0.5 A/W at -4 V [26], ZnO / n-Si 3.06 A/W at -20 V [30], ZnO / n-Si 0.11 A/W at -5 V [41], n-ZnO/p-
Si 1.8 A/W [34]. On the other hand, for organic and hybrids photodevices the following
photoresponsivity values were found: PEDOT:PSS/P3HT:PCBM 310 mA/W at -2 V [34], PbS
QDs:P3HT:PC;:BMBH 160 mA/W at -5 V [36], PEDOT:PSS/PbS:P3HT:PCBM 177 mA/W at -1 V
[33], Spiro-TDP:CdSe 130-500 mA/W at -5 V [34]. It should be noticed that all these photodevices
works in reverse bias with a functional value of applied voltage.

The responsivity is another photosensor property which is a function of the wavelength of the
incident radiation. A simple expression for the responsivity, R, which is related with the amount of
energy from the optical source that is converted into an electric current is [40,41]:

Ar,
R = Y [ ,
n hf nl.ﬂﬁ'}BE {pm IE} (2

where 7 is the quantum efficiency, q is the fundamental electric charge, h is the Planck’s
constant, f and A are the frequency and wavelength of the optical signal. R has units of amperes per
watt. Thus, for the case of PbS we can use A=3 um (corresponding to its band gap of 0.4 eV), and for
n=1 (maximum efficiency) we get R =2.42 A/W. Therefore, our photodiodes have about 50% of the
maximum possible photoresponsivity

4. CONCLUSIONS

The Glass/ITO/CdS/PbS/C photosensor was achieved successfully by a simple and cheap
technology based on the chemical bath deposition of both semiconductor layers in the device. The
advantages of this technique include simplicity, low cost and easy reproducibility with no need of
special equipment. The characteristics of the photosensor working at zero applied voltage show a
higher sensitive at 0 V than in reverse bias, a proper on/off behavior under illumination with a linear
dependence on the radiation intensity. The measured photoresponsitive was 1.22 A/W, value which is
comparable and even higher to other values reported in literature for similar heterostructured
photosensors working in reverse bias. The photosensor reached the half of the theoretical maximum
photoresponsivity.
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