Photovoltaic performance of an alternating cold—hot method deposited CdSe
thin films
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Cadmium selenide (CdSe) thin films were prepared on indium tin oxide substrate by an alternating cold—hot method, in which cadmium nitrate
solution was used as a cold deposition solution, while sodium selenite and potassium borohydride mixed solution was used as a hot deposition
solution. The influences of the preparation conditions such as the concentration of Cd(NOj3),, the number of deposition cycle and the cycle
time, on the photoelectric performance of the sample under simulated sunlight were explored. The results show that the CdSe thin film
prepared under the reaction conditions of 0.06 mol/l Cd(NOs), at the tenth deposition cycle (30 s per cycle) reaches the highest
photovoltage of 0.285 V. Under the simulated solar illumination, the open-circuit voltage and short-circuit currents are 0.419 V and
5.57 mA/cm?, respectively. X-ray diffraction indicates that the strongest diffraction peak at 42.215° of the (111) crystal plane is
corresponding to 15.15 nm CdSe nanocrystals. Scanning electron microscopy observation shows that the thickness of the CdSe film is

about 200 nm and the size of the spherical and uniformly dispersed nanocrystals is around 50 nm.

1. Introduction: Owing to their unique optical and electronic
properties [1-3], cadmium chalcogenides (CdX, X=S, Se and Te)
have attracted great attention in many fields [4]. Cadmium
selenide (CdSe) nanoparticles are classified as an n-type [I-VI
semiconductor with 1.74 eV direct bandgap [5, 6]. Therefore,
CdSe are used to make thin film solar cells [7, 8], photovoltaic
detectors [9], biological fluorescence labelling [10] and other
optoelectronic devices [11, 12]. The crystalline forms of CdSe
include cubic and hexagonal structures. However, the cubic
structure is unstable and converts to the hexagonal form as the
annealing temperature reaches 520°C [13]. There are several
methods to prepare CdSe thin films such as thermal evaporation
[14-16], electrodeposition [17-19], molecular beam epitaxy [20—
22], chemical bath deposit [23-25], sol-gel method [26, 27] and
hydrothermal method [28-30]. Recently, chemical bath deposit
method is very popular because the thickness, chemical
compositions and structure of the CdSe thin films are much easier
to control. Choi et al. [31] fabricated sandwich-type quantum
dot-sensitized solar cells (QDSSCs) (CdSe/CdS/ZnO) on
fluorine-doped tin oxide substrate by chemical bath deposit [32].
Here, we propose an improved chemical bath deposition of CdSe
thin films by alternating use of cold and hot deposition solutions.
This alternating cold-hot method utilises cold cadmium nitrate
(Cd(NOs),4H,0) solution and hot sodium selenite (Na,SeO3)
and potassium borohydride (KBH4) mixed solution as deposition
solutions. Indium tin oxide (ITO) substrate is repeatedly soaked
and lifted in such cold and hot solutions in sequence to form
continuous Cd*' and Se?” ion layers, i.e. CdSe nano-films are
synthesised under the hot and cold temperature difference. The
proposed alternating cold-hot method presents several
advantages, including low cost, non-pollution, good repeatability
and simple operation. The better optical and electrical
performances of the CdSe thin films can be achieved by adjusting
the concentration of reactants and the number of deposition cycle.

2. Experimental results: Analytical-grade Na,SeO3, Cd(NOs),-4H,0

and KBH, were used directly without further purification. An ITO
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substrate with dimensions of 60 x 10 x 1 mm was ultrasonically
cleaned with acetone, ethanol and deionised water for 10 min in
sequence, then quickly dried in air. About 8°C cold solution A [20
ml 0.06 mol/l Cd(NOs),] was prepared by immersing in the ice
water. A colourless mixture of 10 ml 0.6 mol/l Na,SeO5 and 10 ml
0.06 mol/l KBH, was heated to 80°C and designated as the hot
solution (B). The clean ITO was first vertically immersed into the
solution A for 15s and then into the solution B for 15s to
complete one deposition cycle. CdSe was deposited on the ITO as a
red-brown solid. After deposition, the substrate was removed from
the solutions, rinsed with deionised water and dried at room
temperature. To study the effects of the cycle number, the
concentration of Cd(NO3), and the cycle time on the properties of
the CdSe thin films, three series of samples were prepared. In the
first series, the properties of the films obtained under the cycles of
4,7, 10, 14 and 20 were compared. In the second series, the effects
of the Cd(NOj3), concentrations of 0.03, 0.04, 0.06, 0.08 and
0.10 mol/l were compared. Finally, in the third series, the effects
of the cycle times of 10, 20, 30, 40 and 60 s were compared.

In a typical synthesis process, oxidation—reduction can take place
in a hot solution of Na,SeO3; and KBH,, the forming intermediates
then react with Cd** to deposit CdSe on the surface of the ITO
substrate. The reaction process can be simply expressed by the
following equations

2Se03” 4 3BH, — 2Se’~ + 3BO; + 6H, (1)
Cd** + Se?™ — CdSe )

The alternating cold—hot method promotes the facile absorption of
Cd*" onto the ITO surface under low temperatures according to the
Gibbs equation [33]. High temperatures are also highly beneficial to
the reduction of the surface tension of the solution and the induction
of rapid oxidation—reduction [34].

3. Results and discussion: Scanning electron microscopy (SEM,

S-4800, Netherlands) and X-ray diffraction (XRD) with
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monochromatic high-intensity Cu Ka radiation (4 =0.15406 nm)
were applied to characterise the fabricated CdSe thin films. The
photoelectrochemical properties of the films were investigated by
using a conventional three-clectrode system linked to an
electrochemical workstation (CH Instruments, Model CHI660E).
The ITO substrate containing CdSe was used as working
electrode, platinum wire was used as counter electrode and
calomel electrode was used as reference electrode. Photovoltage
—time (@—tign) and photocurrent-voltage (J-¥) measurements
were carried out in 0.5 mol/l Na,SO, solution under the dark and
illuminated conditions. A solar simulator (590 W Model 9115X,
Newport) with an Air Mass (AM) 1.5 spectrum distribution was
used as irradiation source and calibrated against an National
Renewable Energy Laboratory (NREL) reference cell to
accurately simulate one full-sun intensity (100 mW/cm?) [35].
Photovoltage, the photovoltaic effect of solid surface, is the result
of optical electronic transitions and can be calculated through the
difference between the voltages under the illumination and in the
dark (3) [36, 37]. Moreover, in a common photovoltaic
measurements, the series photovoltage (Upp) can be defined as

Uph = PoN — PorF (3)

@on is the voltage under the illumination, @orr is the voltage in the
dark, and fjp is the response time of the visible open-circuit
potential.

The crystal structure and phase purity of the product are charac-
terised by XRD. The XRD patterns of the deposited CdSe thin films
showing a cubic zinc blende structure are illustrated in Fig. 1. Two
dominant diffraction peaks are observed at 260 of 25.480° and
42.215°, one reflects the (111) plane and another reflects the
(220) plane. A sharp peak at 26 of 32.480° is attributed to
the selenium oxidation by oxygen in the air. According to the
Debye—Scherrer equation, the average size of the nanocrystals can
be calculated by the equation D= xA/f cos 6 [38] (where D is the
average crystallite size of the nanocrystals, 4 is the wavelength of
the X-ray radiation, in this case 0.15406 nm, f is the full-width at
half-maximum (FWHM) intensity of the peak, € is the angle at
which the diffraction peak occurs and x is a constant with a value
of 0.94 for CdSe [39]). XRD analysis reveals that each spherical
particle contains several nanocrystals and the average size of the
nanocrystals is 15.15 nm.

Fig. 2 shows the diffraction patterns under different deposition
cycles. Four mainly diffraction peaks at 23.513°, 25.354°,
42.249° and 49.682° are corresponding to the (100) crystal faces
of hexagonal CdSe (powder diffraction file database (PDF) #
19-0191) and the (111), (220) and (311) crystal faces of cubic
CdSe (PDF # 08-0459). Among them, the diffraction peak of the
(311) crystal face of cubic CdSe exists all the time. When the depos-
ition cycles is four, only the diffraction peak of the (111) cubic

Se(011)
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Fig. 1 XRD pattern of CdSe thin films
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Fig. 2 XRD pattern of CdSe thin film [0.06 mol/l Cd(NO;3),, 30 s/cycle]
under different deposition cycles

a 4 Cycles

b 7 Cycles

¢ 10 Cycles

d 14 Cycles

e 20 Cycles

CdSe shows stronger. When the deposition cycles are up to
seven, the mixed crystal of hexagonal and cubic CdSe appears.
With the deposition cycles on the increase, the diffraction peak of
the (100) hexagonal CdSe gradually strengthens, whereas the
(111) and (220) cubic CdSe gradually weakens. When the cycles
reach ten, the diffraction peak of Se crystal begins to appear.
When the cycle number is between 14 and 20, the diffraction
peaks of the (111) and (220) cubic CdSe disappear and the diffrac-
tion peak of the (011) crystal face of Se becomes much stronger.
This indicates that with the increasing of the cycles, the deposited
film becomes thicker. The longer staying time in the air, the more
element Se precipitates, which leads to the impure film and pro-
motes the growth of the (100) hexagonal CdSe and inhibits the
growth of the (220) cubic CdSe. Therefore, the crystal type,

M4

22+ y=8.2604 +0.6761x
r=0.99722

20

nanocrystal size, nm

8 L s L L L '
0 4 8 12 16 20 24

deopsition cycles

Fig. 3 Relational function between the number of deposition cycles and the
size of CdSe nanocrystals
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Fig. 4 SEM image of CdSe thin films [0.06 mol/l Cd(NO3), 30 s/cycle]
under

a 4 Cycles

b 7 Cycles

¢ 10 Cycles

d 14 Cycles

e 20 Cycles

f Thickness of the films obtained after 10 cycles

thickness and purity of the CdSe films can be controlled by chan-
ging the number of deposition cycle.

As shown in Fig. 3, according to the FWHM data of the (311)
CdSe diffraction peak, the grain size and the number of deposition
cycles of CdSe can be calculated by Debye—Scherrer equation [40,
41]. The average grain size of CdSe increases linearly with the in-
crease of the cycle number.

SEM images of the CdSe thin films are shown in Figs. 4a—f. The
size of the CdSe particles is relative uniform, but the surface of the
thin films is uneven. Owing to agglomeration, the size of the CdSe
particles (about 50 nm) obtained from the SEM images is larger.
Fig. 4f shows the thickness of the films obtained after ten cycles.
As the surface of the CdSe thin films is flat, the thickness of it is
around 200 nm.
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Fig. 5 Effect of deposition cycles on the visible open-circuit voltage of the
sample [0.06 mol/l Cd(NO3),, 30 s/cycle]
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Fig. 6 Effect of the concentration of Cd(NO3), on the visible open-circuit
voltage of the sample [30 s/cycle, 10 cycles]

a 0.03 mol/l

b 0.04 mol/l

¢ 0.06 mol/l

d 0.08 mol/l

e 0.10 mol/l

Fig. 5 shows that the cycles exert a great influence on the photo-
voltage of the films. With increasing of the cycle number, the
photovoltage of the thin films increases to a maximum value and
then decline. The highest photovoltage of 0.285 V can be generated
at the tenth deposition cycles. This might be explained by the
effects of the thickness of the deposited CdSe thin films. When
the cycles are <10, the forming layer is too thin to support a large
number of photon-generated carriers. As the cycle number
increases, the amount of deposited CdSe gradually increases and
the number of photon-generated carriers produced per unit area is
enhanced. Therefore, the photovoltage gradually increases. When
the cycles exceed ten, the thin films become too thick and the resist-
ance of the electrode increases. Consequently, the photovoltage of
the films is gradually reduced.

The concentrations of Cd(NO;), have great effects on the morph-
ology, corrosion and photovoltage of the sample. The open-circuit
voltage response curves under the concentrations of Cd(NO3), 0.03,
0.04, 0.06, 0.08 and 0.10 mol/l were shown in Fig. 6. About 0.06
mol/l Cd(NOs), results in the highest voltage of 0.282 V. The initial
availability of Cd*" ions on the conductive glass substrate is
believed to increase rapidly with increasing concentration of Cd
(NO3), [42]. When the ITO is inserted into a hot solution containing
Se?~, Cd*" reacts promptly to provide more CdSe crystal nuclei,
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Fig. 7 Effect of the different cycle times on the visible open-circuit voltage
of the sample [0.06 mol/l Cd(NO3),, 10 cycles]
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Fig. 8 Photocurrent- voltage (J-V) curve of the sample in the dark and
under illumination

and the surface of the ITO is nearly completely covered with these
crystals. However, if the concentration of Cd(NOs), is excessively
high under isothermal conditions, the reaction rate increases and the
resulting film becomes too thick, causing uneven film surface. This
is harmful to electronic transmission in the film and its photovoltage
decreases.

Fig. 7 shows the influence of cycle time on the photovoltage of
the films. Prolonging the cycle time causes the generated photovol-
tage of the thin films to initially increase to a maximum value and
then decline. The highest photovoltage of 0.284 V is generated,
when the cycle time is 30 s per cycle. If the dipping time of the
ITO substrate in the hot solution is too short (<20 s/cycle), the re-
action of Cd®" and Se®~ is inadequate and a relatively low photovol-
tage is obtained. However, if the dipping time of the ITO substrate
in the hot solution is too long (more than 30 s/cycle), the films split
away off the ITO substrate and the thickness of the layer will de-
crease, which can also cause the photovoltage decrease.

As shown in Fig. 8, the photovoltaic responses dramatically
improved under simulated 1 sun 1.5 AM solar illumination. The
photovoltaic performance parameters of the J—V curve analysis
[43] are summarised by plotting software as shown in Table 1.
The photoelectric conversion efficiency (1) and fill factor (FF)
[44] are important parameters to characterise the film quality and
the load capacity of solar cell, respectively. As a result, the load cap-
acity of the CdSe thin films under the illumination was significantly
higher than that in the dark, and the photoelectric conversion effi-
ciency of the CdSe thin films can reach 1.66% under the illumin-
ation. The solar cell photoelectric conversion efficiency and FF
[45] were being calculated from (4) and (5) as follows

n:Pout:FFstchOC:meVm @)
Pin Pin Pin
J, <V,
FF = Jm > m (5)
JSC X VOC

where P, is the generated optimum output power and P;, is the
optimum input power received by the unit area of the sample
under the illumination. J. and J,, are the short-circuit current and
the optimum operating current generated by the unit area of the

Table 1 Photovoltaic parameters of the CdSe sample in the dark and
under the illumination

VodV. JemA V.V  J,.mA FE% n%

cm™? cm™?
dark 0.049 0.24 0.028 0.14 3458 0.04
illumination 0.419 5.57 0.267 4.54 51.88 1.66
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sample under the illumination. V. is the open-circuit potential
and V, is the optimum operating voltage.

4. Conclusion: A CdSe photoelectric material was successfully
prepared on ITO substrate by an alternating hot—cold method.
The highest photovoltage of 0.285V was achieved under the
reaction conditions of 0.06 mol/l Cd(NO;), at the tenth
deposition cycles with 30 s per cycle. Moreover, under simulated
1 sun 1.5 AM solar illumination, Jy., V. and FF of the films are
5.57 mA cm™>, 0.419 V and 51.88%, respectively. XRD indicates
that the samples are in CdSe pure phase and the crystallinity is
good. SEM shows that the thickness of the film is about 200 nm
and the size of the spherical and uniformly dispersed particle is
around 50 nm. This research could provide experimental and
theoretical foundation for the preparation of CdSe Quantum Dots
(QDs) as well as their associated Positive and Negative (PN)-type
heterojunction.
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