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Abstract: Complete optoelectronic devices present major difficulties to be built by aqueous chemical
deposition. In this work, a ITO/CdS/PbSe heterostructure was developed, depositing CdS over
an ITO-coated substrate via a chemical bath deposition (CBD) technique. The next step involved
the growth of a plumbonacrite film over CdS via CBD, where the film acted as a precursor film
to be converted to PbSe via ion exchange. The characterization of each material involved in the
heterostructure were as follows: the CdS thin films presented a hexagonal crystalline structure and
bandgap of 2.42 eV; PbSe had a cubic structure and a bandgap of 0.34 eV. I vs. V measurements
allowed the observation of the electrical behavior, which showed a change from an ohmic to diode
response by applying a thermal annealing at 150 °C for 5 min. The forward bias of the diode response
was in the order of 0.8 V, and the current-voltage characteristics were analyzed by using the modified
Shockley model, obtaining an ideality factor of 2.47, being similar to a Schottky diode. Therefore, the
reported process to synthesize an ITO/CdS/PbSe heterostructure by aqueous chemical methods was
successful and could be used to develop optoelectronic devices.

Keywords: heterojunction; cadmium sulfide; lead selenide; chemical bath deposition; cost-effective
processes; scalability

1. Introduction

Optoelectronic devices based on the semiconductors CdS and PbSe have been widely
used throughout the technological revolution. The main devices, in the case of PbSe, are
infrared detectors used for different applications [1-6]. CdS, meanwhile, is used in transis-
tors, visible light detectors and, particularly, as a window material for solar cells [7-14].
These materials are produced by several methods with a wide range of costs; of these, being
used mainly, CBD is the lowest cost method for CdS. However, the methods used to deposit
PbSe are expensive, since they mainly use physical techniques [15-17]. These materials are
also compatible to produce heterojunctions and could open a new path in the manufacture
of optoelectronic devices for different applications [18-20]. Usually, heterojunctions are not
synthesized using methods in aqueous solutions; such methods involve a great difficulty
in optimization, which has led to little use despite their low cost and the good quality of
the films that they generate [21-24]. Weng et al. [18] developed a CdS/PbSe heterojunction
for high-temperature mid-infrared photovoltaic detector applications. They deposited
CdS via CBD and PbSe via Molecular Beam Epitaxy (MBE) techniques. Ling et al. [19]
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reported a PbSe/CdS/nitrogen-doped TiO, nanorod array photoelectrode, in which CdS
and PbSe were deposited by the Chemical Vapor Deposition (CVD) technique, using N»
and H; atmospheres, respectively. Qiu et al. [20] reported a PbSe-QDs/CdS/CdSe:In/Si
heterojunction photodiode. They used quantum dots of PbSe instead of a film; however,
the response of their photodiode had promise for the production of infrared devices. Most
of the articles used the CVD technique to create the heterojunction, due to the difficulty
of depositing a bilayer by chemical methods. In this sense, the goal of this work is to
synthesize a CdS/PbSe heterojunction through chemical methods to develop low-cost
and scalable devices. The characterizations carried out for each material were by X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy
(EDS), and UV-Vis techniques, for structural, morphological and chemical composition,
and optical properties, respectively. Finally, the response of the CdS/PbSe heterojunction
was analyzed by current-voltage characterization using the modified Shockley model.

2. Experimental
2.1. Reagents

All reagents were supplied by Sigma-Aldrich. The preparation of the CdS thin films
was carried out using the following reagents: cadmium chloride (CdCl,, purity 98%);
sodium citrate (NasCgHs07, purity 99%); potassium hydroxide (KOH, purity 85%); and
thiourea (CH4N,S, purity 99%). For PbSe films the reagents used were: lead acetate
(Pb(CH3COOQ),, purity 99%); sodium hydroxide (NaOH, purity 98%); triethanolamine
(CeH15NO;3, purity 98%); rongalite (CH3NaOs3S, purity 98%); and selenium powder (Se,
purity 99%).

2.2. Synthesis Procedure

The semiconductor layers used to form the CdS/PbSe heterojunction were the product
of previous work by our research group, which were published separately and have been
presented here as a heterojunction. For more details see the following references [25,26].

The ITO/CdS/PbSe heterojunction was prepared in three stages: the first consisted of
depositing a CdS thin film on ITO, which is an intrinsic n-type semiconductor; then the next
two stages were used to deposit the PbSe film on ITO/CdS, where PbSe was predicted to be
a p-type semiconductor, therefore CdS and PbSe stacked could form a p-n junction [27,28].
In detail, for the first stage the CBD technique was used to grow a CdS thin film (100 nm)
on a commercial glass substrate coated with ITO (500 nm). The substrates were cleaned
using industrial soap and rinsed with deionized water. The recipe used to grow the CdS
thin films in a 100 mL beaker consisted of the following: 10 mL CdCl, (0.05 M); 20 mL
NazCgH507 (0.05 M); 5 mL KOH (0.3 M); 10 mL CS(NH>), (1 M); and 55 mL deionized
water. The reaction temperature was 70 °C and the deposition time was 90 min.

The next stage concerned the deposition of a plumbonacrite film, Pb5(CO3);O(OH),,
on the CdS layer. The recipe used to make the plumbonacrite film in a 100 mL beaker
was as follows: 5 mL Pb (CH3COO), (0.5 M); 5 mL NaOH (2 M); 2 mL C¢H15NO3 (1 M);
and 82 mL deionized water. The reaction temperature and time were 54 °C and 24 h,
respectively, to achieve the CdS/Pbs(CO3)3;0(OH); heterojunction.

The third and last stage consisted of the immersion of the bilayer CdS/Pbs(CO3)3;0(OH),
in a rich selenium ion solution to promote an ionic exchange to achieve the CdS/PbSe
heterojunction. The preparation of the selenium ion solution was carried out at room
temperature by mixing 10 mg of selenium powder in a solution with 10 mL CH3NaO35
(1 M), 10 mL NazgC¢H50y7 (1 M), and 10 mL of deionized water in a sealed tube and shaking
vigorously until a clear solution is obtained. This process took about 5 min. Figure 1 depicts
the heterostructure design that was built as a final product.
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Figure 1. Scheme of the device based on the ITO/CdS/PbSe heterostructure.
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2.3. Characterization

A Rigaku D/max-2100 and Rigaku/Ultima IV X-ray diffractometers, to obtain the
X-ray Diffraction (XRD) patterns of the films. The surface morphology and chemical
composition of the samples were analyzed by Scanning Electron Microscopy (SEM) and
X-ray Energy Dispersive Spectroscopy (EDS), using a field-emission scanning electron
microscope JEOL JSM-7800F equipped with a Bruker XFlash 6160 EDS spectrometer.
Optical characterization was carried out by UV-vis, Cary WIN 60 and JASCO, FT/IR-5300.
I vs. V measurements for the ITO/CdS/PbSe heterostructure were performed by Probing
Solutions PSI200 Test Station.

3. Results and Discussion
3.1. XRD Analysis

Most of the CdS or CdS/PbSe-performed characterizations were carried out on corning
glass substrates to avoid wasting glass substrate coated with ITO. Only I vs. V characteriza-
tion was performed using ITO as a front contact to close the circuit of the CdS/PbSe device.

The XRD diffractograms of synthetized CdS and CdS/PbSe are presented in Figure 2.
A hexagonal crystalline structure was observed in the CdS thin film (PDF# 80-0006, Cu
X-ray source), with a preferential orientation crystalline plane (002) at 26.87° (Figure 2a).
We also observed another diffraction peak at 48.24° corresponding to the same crystalline
structure and the crystalline plane (103). No other diffraction peaks appear, indicating
the absence of impurities during the deposition of CdS. Figure 2b shows the XRD of
the heterojunction CdS/PbSe, obtained by converting plumbonacrite to PbSe by ionic
exchange The XRD pattern match with the mineral phase of PbSe was called clausthalite
(PDF# 65-0327, Cu X-ray source), which corresponded to a cubic crystalline structure with a
preferential orientation crystalline plane (200) at 29°. As can be shown, only one diffraction
peak of CdS was detected and denoted by A, which corresponds to the crystalline plane
(002) as aforementioned. Additionally, two extra diffraction peaks at 20.5 and 34°, labeled
with *, appeared, which correspond to crystalline planes (—101) and (111) of the PbSe
molybdenite monoclinic crystalline phase (PbSe + 403), according to the PDF# 15-0462
(Cu X-ray source). Therefore, the conversion from plumbonacrite to PbSe can be stated as
successful, since no other diffraction peaks related to plumbonacrite appeared [26].
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Figure 2. XRD diffractograms of (a) CdS thin films, and (b) CdS/PbSe.

3.2. SEM and EDS

Figure 3 presents SEM micrographs of the surface morphology of the upper layer of the
heterojunction before and after the ionic exchange with selenium. Figure 3a,b shows a flake-
like morphology, corresponding to plumbonacrite film at 50 and 5 pm scale, respectively.
Meanwhile, Figure 3c,d exhibits the change in morphology after transformation to PbSe,
where the “flakes” of the precursor film disappear, showing a composite surface consisting
of a flat background plus a roughness with different shapes. As can be observed in
Figure 3d, there are cubic crystalline shapes with sizes around 1-2 um, agreeing with the
XRD results for PbSe.
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Figure 3. The surface morphology of the upper layer of the heterojunction with: (a) and (b) plumbonacrite film, (c) and
(d) PbSe film.

A cross-sectional view of CdS/Pbs(CO3)30(OH), was used to estimate its thickness,
which was found to be about 3.5 um (Figure 4a). This value is similar to that obtained
when plumbonacrite is deposited on corning glass substrates, as we have previously
reported [26]. Figure 4b shows a perspective view of EDS elementary mapping of the
CdS/PbSe heterojunction, with only a qualitative assessment of the present elements
and their distributions. It evidences the presence of CdS thin film as the first layer of
the heterojunction, followed by a second layer formed from PbSe in agreement with
XRD results. On the other hand, the elemental mapping analysis of EDS exhibits a high
concentration of sulfur in the upper layer, which does not correspond to the chemical
composition of the PbSe film. Nonetheless, this result is due to the superposition of the Ko
band of sulfur with the Ma band of lead, whose values are 2.309 and 2.342 keV, respectively.
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Figure 4. (a) SEM micrograph showing the cross-sectional view of the CdS/Pbs(CO3);O(OH),
heterojunction to estimate its thickness, and (b) perspective view of EDS elementary mapping of the
CdS/PbSe heterojunction to analyze its elemental composition and their distribution.

3.3. Optical Absorption

One of the main characterizations for semiconductors is the energy bandgap. Figure 5
exhibits the result of Tauc procedure to calculate the direct energy bandgap for each
involved material deposited on glass: (a) CdS and (b) PbSe. To measure the energy
bandgap for CdS and PbSe, it was necessary to use two different spectrophotometers, one
for UV-Vis and one for medium-far infrared regions, respectively. For CdS thin film, the
value obtained was 2.42 eV, which agrees with values reported in the literature; for the
PbSe film, the bandgap was 0.34 eV, which is slightly higher than the 0.27 eV reported
value for PbSe bulk bandgap.
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Figure 5. Energy direct bandgap calculated by Tauc procedure for each involved material of the heterojunction: (a) CdS;

and (b) PbSe.

3.4. Electrical Response

The final structure to produce the diode was carried out using a substrate coated
with ITO as a transparent conductor for frontal contact to produce the ITO/CdS/PbSe
heterostructure. Subsequently, silver electrodes were deposited on the PbSe as rear contacts
to perform the I vs. V characterization under darkness conditions (Figure 6).

Figure 6. Photograph of ITO/CdS/PbSe heterostructure (real device).

The first measurement presented an ohmic behavior, meaning that the p—n junction
CdS/PbSe did not form a depletion zone, possibly because there was no full coupling
among them (Figure 7a). Thus, an annealing treatment was performed to promote the
layers’ diffusion, with atmospheric conditions of 150 °C for 5 min. The result of the
thermally annealed heterostructure was the forward bias response of a typical diode
behavior (Figure 7b). It is important to mention that the effect of mild thermal annealing
was to change the response from ohmic to diode behavior, since only 5 min at a relatively
low temperature was needed to produce a better diffusion between the semiconductors to
improve the p-n junction.
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Figure 7. I vs. V characterization under darkness conditions for the ITO/CdS/PbSe heterostructure: (a) ohmic response
(without annealing); and (b) diode response (annealing at 150 °C at 5 min).

According to Figure 7b, the forward bias of the diode response was in the order of
0.8 V, and the current-voltage characteristics were analyzed by using the modified Shockley

model [29-31]:
_ V — R¢I
I=1I {exp( v ) 1} (1)
Iy = A, AxT? exp<—¢

Vj) %)

where I; is the saturation current, V = kT /g is the thermal voltage, k is the Boltzmann’s
constant, g = e is the elementary charge, T is the absolute temperature (300 K), # is the
ideality factor, R; is the series resistance, A, is the effective area of the diode (625 mm?), Ax
is the effective Richardson’s constant and ®p is the barrier height. The diode parameters
were extracted by fitting this model to the experimental curve, as shown in Table 1.

Table 1. Diode parameters were obtained by fitting the experimental I vs. V curve.

Ideality Factor Saturation Current (eV) Barrier Height Series Resistance
1 I (1077 mA) P (V) R ()
247 0.36 1.08 712

The ideality factor obtained was 2.47 for the synthetized device, while Weng et al. [18]
reported an ideality factor of 1.79 for the same CdS/PbSe p—n heterojunction but placed on a
Si wafer with ultrathin CaF, (2 nm). They grew CdS thin film via CBD in the method as used
in this study, while their PbSe film was set down via the MBE technique, which is a more
expensive, complex, and non-scalable technique compared to our deposition method. The
difference in the ideality factor may be attributed to the diffusion between ITO (500 nm) and
CdS (100 nm) layers, which could form a deep combination among the metallic oxide and
semiconductor behaving as a metal oxide semiconductor (MOS) hybrid layer, that together
with PbSe produce a heterostructure with an ideality factor # > 2, that is categorized
as a Schottky diode according to the literature. Also, ideality # > 2 can be attributed
to defects and imperfections that affect the recombination current, which does not flux
homogeneously at the junction and to the presence of trapping levels within the depletion
region, interfacial states, or the existence of other conduction mechanisms [29,31-33].

Furthermore, according to the literature, there are two types of contacts for a metal-
semiconductor junction: ohmic and rectifier (Schottky) [34,35]. With this in mind, the simi-
larity of the ITO/CdS/PbSe heterojunction with a Schottky diode suggests that the ohmic
behavior initially obtained is due to the formation of a tunnel ohmic contact. Figure 8a
shows the suggested energy band diagram for this type of contact, which forms a very
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narrow potential barrier at the interface, thus allowing the electrons to tunnel through the
thin barrier [34]. While rectifying behavior was achieved by thermal annealing, this was
attributed to better diffusion between the layers of the ITO/CdS/PbSe heterostructure,
resulting in well-interlaced interfaces (Figure 8b).

a) Before thermal annealing b) After thermal annealing
,- - -
/
Ec
@, /_
W
= N - E F
# ¥ E
g .-/ q)B |4
Metal p-semiconductor Metal p-semiconductor
Tunnel ohmic contact Schottky contact

Figure 8. Suggested energy band diagram of the ITO/CdS/PbSe heterojunction as a metal-
semiconductor (p-type), (a) before and (b) after thermal annealing, assimilating the ohmic and
rectifying electrical response obtained, respectively.

On the other hand, Qiu et al. [20] reported a PbSe-QDs/CdS/CdSe:In/Si hetero-
junction. They proposed a possible application of their heterojunction as an uncooled
midwave infrared device. However, the electrical characterization was limited to dark
current density—voltage annealed at various temperatures and the Shockley model was not
used to analyze the diode parameters; therefore, their results cannot be comparable with
the results of this work. In the same manner, Ling et al. [19] built a PbSe/CdS/nitrogen-
doped TiO; nanorod array photoelectrode. They did not synthesize a homogeneous layer
CdS/PbSe heterojunction while they used CdS and PbSe nanoparticles deposited by CVD
on TiO,:N nanorods, and their electrical characterization was related to the properties of
photoelectrodes; consequently, their results are also not comparable with ours.

4. Conclusions

1. The heterojunction CdS/Pbs(CO3);0(OH), was deposited on glass and glass/ITO
substrates via CBD, to which an ion exchange process with selenium ions was applied
to obtain the heterojunction CdS/PbSe.

2. The films evolved were uniform and had a good adhesion on the heterostructure
ITO/CdS/PbSe, which was characterized by I vs. V, obtaining an ohmic response.

3. Thermal annealing was necessary to improve the diffusion between the layers of the
ITO/CdS/PbSe heterostructure and to obtain well-interlaced interfaces, changing
from an ohmic to a diode response in the I vs. V characterization.

4. The turn-on voltage and ideality factor under the darkness condition of the diode
after thermal annealing were 0.8 V and 2.4, respectively. The ideality factor value
may be due to diffusion between ITO/CdS caused by the annealing treatment, which
behaved as a MOS hybrid layer, suggesting a Schottky diode response.

5. AnITO/CdS/PbSe device made by aqueous solution methods represents a good,
scalable, and promising alternative to produce cost-effective devices.

5. Patents
This research is in the patent process in Mexico under the ID MX/a/2018/008668.
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