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The effects of pH of solution on structural, electrical, and optical properties of CdS thin films prepared by solu-
tion growth method were investigated. With increasing pH of the solution, both erystallinity and transmittance of
CdS thin flm were deteriorated due to impurities and CdS particles, which were produced by homogenecus nu-
cleation and adsorbed on the surface of CdS thin films. The films were strongly adherent to substrates and had
low resistivily of 10~10* Qem regardless of deposition conditions. After annealing at 300°C in Ar atmosphere, the
resistivity decreased due te desorption of impurity ions as well as the formation of S vacancies, but after annealing
above 350°C it increased by an agglomeration of § vacancies. After annealing in air atmosphere, the film resistivity
increased because of the formation of oxide particle in grain boundaries
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I. Introduction

dS is a 1I-VI compound semiconductor, and has an en-

ergy band-gap of 2.42 eV at room temperature. CdS is
ane of important materials for application of electro-aptic
devices, such as photoconducting cells, photosensors, and
transducers.” CdTe and CulnSe, solar cells using CdS thin
films prepared by solution growth method as window lay-
ers showed a solar efficiency of 15%.** For photevoltaic ap-
plications the solution growth method has been usually
adopted. This method hag more advantages than other
ones; it does not require expensive equipments and is ap-
plicable to large area coatings with high reproducibility.
Mareover, various films can be deposited through several
chemical reactions which are controlled by pH, solution
temperature, and concentrations of reactants.

In solution growth method, CdS is formed by a reac
tion of solved Cd™ and §% in a basic selution. It is known
that a precipitation in the solution or a growth of CdS
thin films on the substrates occurs when the ionic pro-
duct of Cd* and 8% exceeds the solubility product (~10%)
of the CdS.” To grow uniform, continuous and specularly
reflecting CdS thin films, a homopgeneous precipitation of
CdS in solution should be depressed to allow a nu-
cleation and growth of CdS on substrates. Alse, to form
efficient CdS/CulnSe, heterojunction solar cells, the CdS
resistivity must be so low that the diode A-factor be near
1 and the Fermi level be close to the eonduction band to
maintain a high V_.°

In this paper, we report effects of pH of solution and
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annealing conditions on the structural, electrical, and
aptical properties of CdS thin films.

Ii. Experimental Procedure

Cd(CH,COO},- H,O (Aldrich, purity 99.99%) 0.01 M, SC
(NH,). (Aldrich, purity 99%} 0.02 M, and complex agent
NH.(CH,COO) (Aldrich, purity 99%) 0.1 M were mixed in
a 250 ml distilled water. Cd(OH){s} in solutions plays a
role of nucleation sites for CdS. If large amount of Cd
(OH)»(s) are formed in a solution, a large fraction of CdS
will precipitate and large particles of CdS will be ad-
sorbed on film surface. And thus, the electrical and opt-
ical properties of the films should be deteriorated. There-
fore, NH,(CH,COO) 0.1 M was added to prevent forma-
tion of Cd(OH).(s), and NH,OH (Aldrich, purity 99.99%)
was mixed to control a pH of solutions between 9 and 10.5.

Soda-lime silicate glass slide (756 mm % 25 mm > 1 mm)
was used as a substrate. The substrates were cleaned in
an ultrasonic cleaner with acetone, aleohol, and a dis-
tilled water in turn for 20 min each. Then the substrates
were placed vertically in the solution of a beaker, which
was located in an eil bath. The temperature of solution
is maintained at 80+2°C during the deposition. After the
deposition, big particles adsorbed on film surface were re-
moved with distilled water in an ultrasonic cleaner.

CdS thin films were annealed in Ar or air atmosphere
in the temperature range of 250°C to 450°C for 1 hr to in-
vestigate effects of annealing on properties of the films.

The film thickness was measured using a stylus (o-
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step 200) after forming a step in the film with 0.3 M hy-
drochloric acid. The crystal structure was characterized
by x-ray diffractometer (XRD)} with Cu Ko of wavelength
1.5406 A. Surface morphology was observed using scan-
ning electron microscope (SEM). Aluminum electrodes
for electrical measurement were formed on the film sur-
face by a evaporating technigque. UV-VIS spectrophoto-
meter was used for the measurement of film transmit-
tance.

IT1. Results and Discussion

1. Properties of CdS thin films with pH

Figure 1 shows the XRD patterns of CdS thin films
prepared at several pH's. The films have a thickness of
about 250 nm. The films prepared at lower value than
pH 10 show a single diffraction peak at 26.5°, which
means that they had a strong preferred orientation. This
peak could be associated with the wurtzite (002} or the
cubiec (111), which are indistinguishable from the each
other because of their same interplanar distance of
3.3613 A. However, no diffraction peak appears for the
film grown at pH 10.5, indicating that the film had a
highly disordered lattice structure. This phenomenon
can be explained on the hasis of adsorption effects on ery-
stal growth, as suggested by Kennan and France.” Thus
it was attributed to the adsorption of impurity ions (NH/,
OH, CH,COO, HCN?, CN;%, etc.) on substrate surface and
to the homogeneously nucleated CdS particles, which pre-
vented Cd* and S° ions from being arranged on CdS nuclei.
Above pH 105 highly disordered CdS thin film was de-
posited since such effect became prominent due to high ion
concentration. But in all deposition condition, CdS thin
films were strongly adherent to substrates.

Figure 2 shows the thickness variation of CdS thin
films with deposition time. In each condition, the thick-
ness was directly propertional to deposition time at the
initial stage of deposition, but it turned into a parabolic
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Fig. 1. Variation of XRD patterns of CdS thin films with
pH: (a) pH 9, (b) pH 9.5, {¢) pH 10, and {d) pH 10.5.
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relation in longer deposition time. This behavior was due
to a reduction of the sources concentration in solutions
with longer deposition time. At the initial stage, suf-
ficient sources allowed the growth rate to be constant in
gpite of high consumption rate. But with longer de-
position time, the growth rate finally changed to a par-
abolic shape due to the source deficit. This result is in
good agreement with those from the previous studies.*

The variation of the initial growth rate of CdS thin
films with pH is shown in Fig. 3. The initial growth rate
increaged in the pH range of 9 to 10. However, heyond
pH of 10.5 it decreased. This result can be explained by
a change of relative ratio of free Cd*' and 8" ions in the
solution. The reactions of CdS deposition in solution
growth method are generally known as follow.”

SC(NH,),+20H" — S§*+CNH,+2H,0 {
Cd(NH,)#* — Cd2 +4NH, (2)
Cd*+8T — CdS(s) (3
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Fig. 2. Variation of deposition thickness of CdS thin films
with pH.
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Fig. 3. Variation of initial deposition rate with pH.
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Fig. 4. SEM micrographs of CdS thin films with pH: (a) pH
9, (b) pH 9.5, (¢) pH 10, and () pH 10.5.

Cd*+20H — Cd{OH),(5) (4)
Cd(OH),(s) + OH- — Cd (OH); (aq) (5)

NH; and OH ion are supplied by NH(CH,COQO) and
NH,OH, respectively. In this experiment, most of Cd*
ions exist in a complexation ion state sinee a con-
centration of NH,(CH,COO) was ten times larger con-
centration than Cd source concentration. As listed in the
above reaction equations, NH,OH, which is added in ord-
er to control pH of a solution, gives two effects on reac-
tions of a solution. If the reaction (1) is dominant, the
released S* ions increased with increasing NH,OH, and
thus, the growth rate of CdS thin films increased. But,
when the reaction (2) is dominant, the growth rate de-
creased sinee a concentration of Cd™ decreased due to an
increase of Cd” complex with an inerease of NH,". From
this we can conclude that up to pH 10.5 the growth rate
increases due to an increase of 8% by the reaction (1),
and it decreases due to a decrease of Cd™ according to
the reaction (2). Therefore, the growth rate for each pH
of the solution should be determined by the relative ra-
tio of Cd™ to 5% ions in the solution.

As shown in Fig. 2, the final thickness of CdS thin
films also varied with pH of the solution. The final thick-
ness of CdS thin films decreased with increasing pH of
the solution since very thin CdS films formed with a lot
of CdS precipitates due to an increase of Cd(OH)(s) by
reaction (4), which provided many homogeneous nu-
cleation sites for CdS. But for pH value higher than 10.5
the amount of the Cd(OH),(s) decreased with an increase
of the hydroxide solubility in the basie solution, resulting
in a decrease of CdS precipitates (reaction (5)). Con-
sequently, the final thickness gradually increased he-
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Fig. 5. Optical transmission spectra of CdS thin films with
pH.
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Fig. 6. Variation of electrical resistivity of CdS thin films
with pH.

cause of a reduction of Cd source consumption.

Figure 4 demonstrates the effect of pH on the surface
morphology of 250 nm thick CdS films. More big par-
ticles were adsorbed on the film surface grown at pH 10.5
than lower pH's hecauge of longer growth time. This
regult was also supported by the fact that the films
transmittance decreased due to the light scattering from
adsorhed particles, ag shown in Fig. 5.

The electric resistivity change with pH is shown in Fig.
6. Based on this result, we can conclude that the resis-
tivity of films seemed not to be sensitive to the pH of
solution. However, it was five to six order lower than
those in previous studies.”™ The reason for lower elec-
tric resistivity is not clear, but it is supposed to be due
mainly to the non-stoichiometric composition.

2. Properties of annealed CdS thin films
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It has been known that post-annealing proeess in Ar
or air atmosphere improves electrical properties of chem-
ically deposited CdS thin films.*" The structure and
electrical resistivity of the CdS thin films were charac-
terized to investigate effects of post-annealing process on
the films, The 310 nm thick films, which were deposited
at pH 9 for 120 min, annealed in Ar or air atmospheres
in the temperature range of 250°C to 450°C for 1 hr.

Figure 7 shows the XRD patterns of films annealed at
various temperatures in Ar or air atmosphere. The films
annealed in Ar atmosphere ghows only CdS peak. But
for the films annealed in air atmosphere above 400°C,
(200) and (111) peaks of CdQ appeared in addition to
weak CdS peak. This means that CdS was oxidized part-
ly to form big CdO particles identified by using SEM.

As shown in Fig. 8, the film annealed at 350°C in Ar
atmosphere had the lowest resistivity but its resistivity
increased abruptly after annealing above 400°C, It is sug-
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Fig. 7. Variation of XRD patterns of CdS thin films with an-
nealing condition: (a) as-dep., (b} annealing at 450°C in Ar
atmasphere, {c) annealing at 400°C in air atmosphere, and
(d) annealing at 450°C in air atmosphere.
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Fig. 8. Variation of resistivity of CdS thin films with an-
nealing temperature.
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gested that the lowest resistivity at 300°C is attributed
both to the formation of S vacancies and to the desorp-
tion of impurity ions adsorbed during film deposition.
When S atoms located in Cd-S bonds are evaporated by
annealing, S vacancies are formed to be V¥ in order to
keep charge neutrality in the films. They provide a
donor level in energy hand-gap below conduction band,
in which electrons jump up to conduction band even by a
thermal excitation of room temperature.'® As a result,
the film resistivity decreased due to an increase of
charge carrier concentration. In addition, impurity ions
and oxygen atoms, as mentioned above, are desorbed at
the wvoids and grain boundaries during annealing'”
resulting in a decrease of resistivity. But above 350°C it
is decreased by an agglomeration of S vacancies. The
same phenomenon was also reported for the sputtered
CdS thin films."

In case of annealing in air, though the 8 vacancies
were formed, the resistivity increased by a formation of
oxide at grain boundaries. It is also reported that oxygen
was adsorbed in grain boundaries and formed the oxide
in metal-chalcogenides,”™” and Nair et al.** also reported
an increase of adsorbed oxygen during annealing in air
by using XPS analysis.

Oplical transmittance change during annealing is
shown in Fig. 9. After annealing at the temperature
range of 250°C to 400°C in Ar atmosphere, the transmit-
tance change was not observed, but the transmittance of
the film annealed at 450°C increased in the optical
wavelength range of 500 to 1000 nm, which was ori-
ginated from the thickness reduction to 250 nm due to
evaporation of CdS or Cd and S atoms of the film. Also
the surface roughness increased due to grain growth as
shown in Fig. 10(b). In case of annealing up to 350°C in
air, the transmittance was not changed, but that of the
films above 400°C was deteriorated due to rough surface,
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Fig. 9. Optical transmission specira of CdS thin films with
annealing condition.
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Fig. 10. SEM micrographs of CdS thin films with various
annealing condition: (a) as-dep., (b) annealing at 450°C in Ar,
(b) annealing at 400°C in air, and (d) 450°C.

of which SEM micrograph is shown in Fig. 10{c) and (d).
The surface roughness increased by the oxide particles
and voids on the film surface.

1V. Conclusions

pH of solution influenced the structure and resistivity
of Cd8 thin films deposited by soclution growth method.
CdS thin films grown at lower value than pH 10 had
better crystallinity and specularly reflecting surface.
However, in pH 10.5, amorphous films were deposited
due to an adsarption of impurity ions in grains or grain
boundaries. Transmiltance was also deteriorated by the
occurrence of larger particles on film surface from homo-
geneous nucleation. But in all deposition conditions CdS
films were strongly adherent to substrates and had un-
iform thickness and low resistivity of 10~10° Qem.

After annealing at 300°C in Ar atmosphere, the resis-
tivity decreased to 7 Qcm without deterioration of trans-
mittance. But, in case of the annealing in air, resistivity
of the CdS films increased because of oxygen adsorption
and a formation of CdQ. However, CdS thin films with
low resistivity of 10~10° Qem and high transmittance of
80% could be obtained by solution growth method. They
had high quality encugh to he applied for a windows lay-
er of high efficiency solar cells such as CulnSe, and
CdTe.
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