Materials Science in Semiconductor Processing 16 (2013) 1753-1758

Contents lists available at SciVerse ScienceDirect

Materials Science in Semiconductor Processing

journal homepage: www.elsevier.com/locate/mssp

Chemical bath deposition of nanocrystalline ZnS thin

@ CrossMark

films: Influence of pH on the reaction solution

H. Lekiket, M.S. Aida ™

Laboratoire Couches Minces et Interfaces Faculté de Sciences Université de Constantine, 25000 Constantine, Algerie

ARTICLE INFO

ABSTRACT

Available online 20 July 2013

Keywords:

[I-VI semiconductor
Chemical bath

Thin films

Zinc sulfide (ZnS) thin films were deposited onto glass substrates using chemical bath
deposition technique (CBD). The deposition were carried out in a bath solution with pH
ranged from 9 to 11. X-ray diffraction (XRD) and atomic force microscopy (AFM) were used
to characterize the films structure and morphology respectively. The amorphous structure
of as-deposited films is converted to a nanocrystalline one after a thermal annealing at

550 °C. The deposited ZnS films exhibit a high optical transmission in the UV-visible range
(=80%). They have a direct band gap. Using a solution with pH equal to 10 yields to films
with larger optical band gap, smoother surface and lower electrical conductivity.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Zinc sulfide thin film is an important semiconductor
material with large band gap (3.68 eV) [1,2], relatively high
refractive index [3] and high transmittance in the visible range
[4]. These properties are promising for short wavelength
optoelectronic device applications, such as electroluminescent
devices [5,6] and antireflection coating for solar cells [7]. The
most important application of ZnS is an environmental
friendly buffer layer in Culn(Ga)Se (CIGS) based solar cell [8].
Despite using CdS success as buffer layer in CIGS based solar
cells, comforted by the 19.5% efficiency recorded in this
structure [9], there is a toxic hazards when using this material.
This stimulates research towards developing a Cd free buffer
layer. For this purpose; ZnS has emerged as an alternative
candidate. Moreover, the advantage of ZnS by comparison to
CdS is its wider band gap which results in transmitting more
high-energy photons towards the junction. This enhances the
cells blue response. Thereafter, a considerable progress of
using ZnS in CIGS thin film solar cells has been achieved. This
efforts yields to an efficiency up to 18.6% achieved in ZnO/ZnS/
CIGS solar cells [10].

Various techniques such as thermal evaporation
[11] molecular beam epitaxy [12], pulsed electrochemical
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deposition [13], photochemical deposition [14], sputtering
[15], metal organic vapor phase epitaxy [16], spray pyrolysis
[17], and atomic layer deposition [18] have been employed to
synthesize ZnS thin films. However, Chemical Bath Deposi-
tion (CBD) appears as an interesting technique for ZnS thin
films deposition. CBD technique is the most convenient,
reliable, simplest, inexpensive method and useful for large
area preparation of thin films at temperature close to room
temperature [16,17]. CBD technique is based on the con-
trolled precipitation from solution of a deposit on a substrate.
The use of a complexing agent is very useful to control the
precipitation on a solid surface and to avoid the powder
formation in the bath solution. Several studies have been
carried to investigate the influence of different bath solution
parameters such as complexing agent [19-22], solution and
annealing temperature [23-26], salts source and molarity
[25,27]. However, few studies have been devoted to the
study of solution pH influence [28].

The aim of this paper deals with the preparation of ZnS
thin films using chemical bath deposition technique. The
effect of solution pH on structure; morphology and elec-
trical conductivity of ZnS thin films was investigated.

2. Experimental details

The used bath solution for film deposition were pre-
pared with a stirred aqueous solutions containing zinc
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sulfate (ZnSO,4 - 7H,0), thiourea (CS(NH;),); 33% ammonia
solution (NH4OH) and hydrazine hydrate (N,H4). The pH of
the as prepared solution is larger than 11. While, chemical
bath deposition process requires a pH solution in the range
of 9-11, thereafter, we have adjusted the solution pH to the
required value by addition of hydrochloride acid drops.
The solution temperature was maintained at 80 °C. Sub-
strates were removed from the deposition bath after the
desired time, rinsed with deionized water and dried in air.
The deposited films thicknesses are ranged from 54 nm to
122 nm,the deposition time was fixed at 1h. The films
thicknesses were determined by the stylus displacement
of a profilometer Dektak 3ST. The XRD spectra were
obtained by means of Bruker AXS D8 Advance using Cu
Ko monochromatic radiations. The wavelength, accelerat-
ing voltage and current were, respectively, 1.5418 A, 40 KV
and 30 mA. Atomic force microscopy (AFM) observations
were carried out with a Veecoo Dimension 3100 Atomic
Force Microscopy. The optical characterization of films was
carried by means of transmittance measurements with a
double-beam spectrophotometer (UV-3101 PC-Shimadzu)
to determine films band gap energy. Two probes method is
used for films conductivity determination since it is the
most suitable for electrical measurements of highly resis-
tive materials. The conductivity measurements were per-
formed in the dark condition at the room temperature
using gold (Au) metal contacts. The current was measured
using a Keithley 617 electrometer.

3. Results and discussion
3.1. Growth rate

In Fig. 1 we have reported the variation of ZnS films
deposition rate as a function of pH solution. The deposition
rate is equal to the ratio between film thickness and
deposition time. As seen, the deposition rate depends on
pH solution, it varies from 0.9 nm/s to 2 nm/s, the lower
deposition rate is measured in film prepared with a pH
equal to 10. This low deposition rate can be due to the
higher ZnS solubility at this pH. Hubert et al. [29] in a
thermodynamic study, have calculated ZnS solubility in an
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Fig. 1. Variation of ZnS thin films deposition rate as a function of pH
solution.

ammonia solution, they reported a maximal solubility at
pH=10. Hence a small amount of the deposited film is
dissolved and released to the solution at this pH condition
resulting in films thickness reduction. In general, the
obtained deposition rate is relatively low, this is due to
the large stability constant of ZnSO, salt used as source of
Zn in the present study. Ernits et al. [30] have investigated
the influence of anion from zinc salt nature, they con-
cluded that ZnSO, yields to the lower ZnS deposition rate
due to its higher stability constant pK; (pK;=2,3).

ZnS thin film deposition by the CBD method involves
several chemical reactions. In the solution, ZnSO, is
divided into two separate ions according to:

ZnS04—Zn**+50; 1)
The decomposition of the thiourea is given by:

CS(NH;)>+0OH ™~ —SH ™ +CH,N,+H,0 (2)
In the solution, ammonia is in equilibrium with ammo-

nium hydroxide which provide hydroxide ions OH~ for

thiourea decomposition in S~ ions and NH; for Zn ligand
formation according to the following equations:

NH+0H~ < NH3+H,0 (3)
SH™+0H™ «<>S$%2~+H,0 (4)
Zn**+NH; —Zn[NH;]** (5)

The sulfide and complexes ions migrate to the substrate
surface to form ZnS deposit according to:

Zn[NH5]?*+5?~ - ZnS+NHj3 (6)

Hydrazine (N,H4 H,0) has been also added to the bath
to promote the ZnS formation. At temperature (80 °C), it
dissociates and supplies more necessary OH~ ions for S*~
ions formation. Several researchers have reported the use
of hydrazine hydrate in the chemical bath [31-34]. Lincot
et al. suggested that the addition of hydrazine is not
essential for the growth of ZnS, but it improves homo-
geneity and the growth rate of films [31]. The pH solution
can be controlled by hydrazine addition. With increasing
hydroxide ions OH™~ concentration the solution pH is
enhanced. As can be seen in Fig. 1, the influence of pH
on the deposition rate can be divided in two regions:

® for pH < 10 the deposition rate is reduced with pH
increasing, this can be due to the concurrence between
the ligand Zn[NH5]?>* formation (Eq. (5)) and Zn(OH),
precipitation according to the equation:

Zn**4+20H~ - Zn(OH), (7)

e for pH > 10, ion hydroxide concentration is sufficiently
large to promote the formation of ZnS according the
Egs. (3)-(6), and thereafter the observed increase in the
deposition rate.
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3.2. Structural properties

Fig. 2(a) shows X-ray diffraction pattern of as-deposited
ZnS thin films. These patterns do not reveal any well
defined peaks indicating that the as-deposited films of
ZnS deposited by the solution growth technique are
amorphous material in nature. This is in agreement with
several authors results [2,35,36]. It is well known that ZnS
films prepared by CBD technique, when using popular
complexing agent such as ammonia and hydrazine, are
either amorphous or poorly crystallized. Therefore, anneal-
ing is generally needed to improve films crystallinity
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Fig. 2. X-ray diffractograms of thin films (a) as-deposited and after
thermal annealing of ZnS films prepared with different pH (b) pH=9,
(c) pH=10, (d) pH=10.66 and (e) pH=11.
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[37,38]. However, well-crystallized phase pure ZnS thin
films were directly prepared at a temperature of 80 °C
by CBD by using tri-sodium citrate as the complexing
agent [39].

After annealing in an open oven at 550 °C during 2 h,
XRD films pattern exhibits a single peak located at
20=28.4° (Fig. 2b-e). The latter is assigned to the (111)
direction corresponding to the cubic structure of B-ZnS
phase (JCPDS card 77-2100). The cubic phase is stable at
room temperature, while the hexagonal one is stable
above 1020 °C [23]. Several groups [40-42] have reported
the same result for ZnS films grown by chemical bath
deposition. At pH=11 (Fig. 2e), a new peak has emerged at
the diffraction angles of 31.53°, the latter corresponds to
the plane (100) of ZnO hexagonal structure. Many works
have shown that ZnS film contain a large amount of ZnO
and Zn(OH), [23,43]. The formation of ZnO after annealing
can be due to film oxidation during annealing or to the
thermal decomposition of Zn(OH), already present in as
grown film. This is in good agreement with the reported
results by several groups [44-46]. The annealed films have
a nanocrystalline structure. The crystallite size calculated
from the XRD spectra, using Debye-Scherer [47] formula,
are in the range 40-50 nm, this corresponds to varied full
width at half maximum (FWHM) from 2.8 to 2.7 x 10> of
ZnS intense peak (111).

3.3. Morphological properties

Fig. 3 shows two-dimensional AFM images for ZnS thin
films. As can be seen films are dense and continuous. This
is due to the second complexing agent hydrazine; it is well
known that thiourea-ammonia bath yields to non uniform
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Fig. 3. AFM images of ZnS thin films deposited on glass substrate at different pH solutions. (a) pH 9, (b) pH 10 and (c) pH 10.66.
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and non adherent film [31]. This justifies the popular large
using of hydrazine as a second complexing agent [48]. It
has been emphasized that adding hydrazine improves
films homogeneity and growth rate [49]. The surface relief
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Fig. 4. Variation of ZnS thin films surface roughness as a function of pH
solution.
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Fig. 5. Optical transmission spectra in the UV-visible region of ZnS film
prepared with different pH.
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shows roughness and spherical crystallites uniformly dis-
tributed at pH 9 and 10.66 (Fig. 3a and c). However for film
prepared at pH=10, the surface is smother; a discontin-
uous distribution of grains is observed on the film surface
(Fig. 3b). The film surface morphology prepared at pH
equal to 11 (not shown) is similar to that deposited one at
pH equal to 9. In Fig. 4 we have reported the variation of
film surface root mean square smoothness (Rq) estimated
from AFM images. As seen, film prepared at pH=10 exhibit
the smoother surface, this may due to: (i) the low deposi-
tion rate or to (ii) the large dissociation of ZnS at pH=10
[29]. The roughness is larger in film deposited at pH equal
to 11, this rough film surface have favorable sites for H,O
adsorption which may lead to Zn(OH), formation and
explains the appearance of ZnO after annealing in this
film, due to the decomposition of the adsorbed species.
The measured average grain size, from AFM images, are
ranged from 0.2 pm to 0.5 pm.

3.4. Optical properties

Fig. 5 shows UV-vis transmittance spectra, in the range
of 395-800 nm, of ZnS thin films prepared with different
pH. The average transmittance values lies in between 75
and 80%. All the films have a steeper absorption around
300 nm. Optical band gaps of the films were obtained by
using the Tauc formula [50]

(ahv)” = B(hv—Ey) 8)

where B is a constant, E; the band gap energy and n is
equal to 2 for direct transition and 1/2 for indirect
transition. Fig. 6 shows the plot of (ahv)? versus photon
energy hv for the obtained ZnS films. The plots linearity
indicates that the material is of direct band gap nature. The
extrapolation of the straight line to (ahv)?>=0 axis gives the
energy band gap of the film material. The obtained optical
bang gap (Eg) are reported in Fig. 7. The band gap energy
are ranged from 4.0 eV to 4.2 eV for the deposited ZnS thin
films. These values are rather larger than the literature
value for the bulk ZnS (~3.68 eV).

The absorption coefficients of different samples exhibit
a tail in the subgap photon energy region. The absorption
tail width, well known as Urbach energy Eg, can be
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Fig. 6. Plot of (ahv)? versus photon energy of different films used for optical gap determination.
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Fig. 7. Variation of optical gap and disorder in ZnS thin films network as
a function of pH solution.
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Fig. 8. Influence of pH solution on the electrical conductivity of ZnS
thin films.

measured from the slope of plot of In(«) as a function of
photon energy in the subgap absorption region. The latter
is expressed as [51]

a= aoeXp[hl//Eoo] 9

agp is a constant and Eg is the Urbach tail, it is also used as
a signature of the disorder in the film network.

Fig. 7 shows the plot of band gap Eg and Urbach energy
Eqo, for ZnS films deposited at different pH. Film prepared
with pH=10 is less disordered films, this is due to the low
deposition rate measured in this condition. This is con-
sistent with the low surface roughness measured in this
film. As can be seen, the variation of optical gap is opposite
to the disorder. This behavior indicates clearly that the
optical gap is also controlled by disorder in the film
network.

3.5. Electrical properties

Films electrical properties were characterized by cur-
rent-voltage (I-V) measurements. The measured conduc-
tivity values are reported in Fig. 8. As can be seen, the
pH solution alters the film conductivity, the measured

conductivities are ranged from 107 to 6x107°
(@.cm)~!. The electrical conductivity values are much
smaller compared to the reported one in bulk ZnS crystal
[52]. The dark conductivity variation can be explained in
terms of disorder in film network. The reduction in the
conductivity is due to the increase in the disorder in films
network. As seen in Fig. 5, films conductivity variation is
opposite to Urbach tail one (Fig. 4). As mentioned above,
Urbach tail width, also commonly known as disorder,
originates from the deviation of distance and angle bond
from their standard values in bulk material, this causes the
appearance of valence and conduction band tails states
[53]. More is disordered the film more is larger the Urbach
tail. In a disordered structure, free carriers mobility and
concentration are reduced due to the presence of large
defects.

4. Conclusion

Nanocrystalline ZnS thin films were deposited on glass
substrates by the CBD technique. The pH solution influ-
ence on films properties is investigated. Structural and
morphological characterizations reveal that, as grown ZnS
films are amorphous, while a thermal anneal at 550 °C,
yields to a nanocrystalline material with a cubic structure
(B-ZnS). The obtained ZnS films have a large band gap. The
latter is governed by both the crystallite size and the
disorder in film network. From the electrical and optical
characterization, we inferred that using a solution with pH
equal to 10 yields to ZnS films with optimal properties
suitable for application as buffer layer in chalcogenide
based thin film solar cells.
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