Zn K-edge EXAFS study of SILAR-grown zinc sulfide thin films
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Zinc sulfide thin films grown by the successive ionic layer adsorption and reaction (SILAR) method have been characterized by
extended X-ray absorption fine structure (EXAFS) measurements. The ZnS films were well crystallized even as-grown but
annealing improved the crystallinity clearly. The films contained small amounts of oxygen and, according to the EXAFS results,
oxygen in the SILAR-grown zinc sulfide thin films occurred as hydroxide ions both in the as-grown and in the annealed samples.
The simulated radial distribution curves for two models, Zn(OH),/ZnS and ZnO/ZnS, were calculated to analyse the film
composition. The ZnS thin films were also characterized by IR and electron spectroscopy for chemical analysis (ESCA)

measurements.

The successive ionic layer deposition and reaction (SILAR)
method based on a heterogeneous reaction on the solid/liquid
interface was introduced by Nicolau in 1985.! The film growth
in the SILAR method consists of four steps: in the first step
cations are adsorbed on the substrate surface, in the second
step all cations not adsorbed are rinsed away with purified
water. The solvated anions enter the diffusion layer in the next
reaction step and they react with the adsorbed cations. The
ions which have not reacted are again washed away with a
rinsing pulse in the fourth step. After a complete cycle a solid
compound is formed on the surface of the substrate. By
repeating these steps a thin film can be grown layer by layer.
Hence the thickness of the film can be controlled directly by
the number of deposition cycles.

The main advantage of the SILAR method is the possibility
to deposit thin films that are impossible or difficult to grow
using gas-phase methods. On the other hand, due to the
layerwise growth of the thin film, the quality of the SILAR-
grown films is comparable with films grown with other liquid-
phase thin film deposition methods such as chemical bath
deposition.!”” The SILAR technique has so far been used to
grow II-VI compounds, such as ZnS."** The low temperature
of the SILAR deposition allows also the use of temperature-
sensitive precursors and substrates.?

One of the main problems in the SILAR process has been
that some oxygen remains in the films owing to the aqueous
growth conditions as confirmed by Rutherford backscattering
spectroscopy (RBS) measurements.> According to the RBS
results oxygen in the ZnS thin films is partly in water and
partly bound to zinc as hydroxide or oxide. The form of
oxygen, viz. oxide or hydroxide ion, in ZnS films is an
interesting and important question when considering possible
applications, and cannot be answered by Rutherford backscatt-
ering measurements only.

This study was carried out on one hand to analyse the
oxygen concentration and coordination in the SILAR-grown
films, i.e. whether the oxygen is bound to zinc as oxide or
hydroxide. On the other hand, the purpose of this study was
to compare the crystallinity of the SILAR-grown ZnS thin
films to films grown by sputtering or gas-phase atomic layer
epitaxy (ALE) methods.

The SILAR-grown ZnS thin films were also characterized
by IR spectroscopy and ESCA measurements.
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Experimental
Sample preparation

The zinc sulfide thin films were grown by the SILAR method
with deposition equipment described earlier.? The aqueous
precursor solutions used in the deposition were 0.1 M ZnCl,
(pH=5.3) and 0.05M Na,S (pH=11.8). The immersion time
was 20 s and the rinsing time was 100s. The flow rate of the
purified rinsing water was 600 ml min~!. The ZnS thin films
were grown on indium tin oxide (ITO)-covered glass substrates.
During the growth the substrate was kept in an N, environ-
ment. Sample A was as-grown and sample B was annealed for
3h at 500°C in a nitrogen atmosphere. Both samples were
deposited simultaneously and had thicknesses of 164 and
150 nm respectively. Chemical and physical characterization
(chemical analysis, UV, XRD, RBS, SEM) of the SILAR-
grown zinc sulfide thin films have been published earlier.?

For comparison to the SILAR-grown ZnS thin films, ZnO
and ZnS powders, amorphous ZnS thin films prepared by
sputtering and well crystallized thin film ZnS samples made
by the ALE (atomic layer epitaxy) method in the Laboratory
of Inorganic and Analytical Chemistry at the Helsinki
University of Technology were also studied. The hexagonal
forms of ZnS and ZnO were used.

EXAFS measurements

EXAFS experiments were performed at Lure (Orsay, France)
using X-ray synchrotron radiation emitted by the DCI storage
ring (1.85 GeV, 350 mA), in the EXAFS II installation. Data
were collected using an Si(111) double crystal monochromator.
Rejection of harmonics was not adopted. The EXAFS spectra
of the thin films were recorded in a total electron yield
mode® and measurements were made around the zinc K edge
(9659 eV).

The EXAFS data analysis was carried out using a PC
program written by Bonnin et al.!® The background absorption
features which are superimposed on the EXAFS oscillations
were removed by linear extrapolation of the pre-edge. The
normalized EXAFS signal y(E)=[w(E)— u(Eo)]/u(E,) was con-
verted to wavevector k space, using k=2m(E — E,)*/? /h, where
E, is the threshold energy close to the absorption edge of Zn
(maximum of the first derivation of the spectrum).!* For the
«(k) simulation, AE, is a parameter corresponding to a shift of
the experimental value of E,. Fourier transformation was
performed using a Kaiser window in the range 2<k<13 A,
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with a k® weighting.!? After this the EXAFS contribution of
the chosen coordination sphere was isolated by Fourier filtering
and the experimental y(k) was obtained by back-Fourier trans-
form. After the back-Fourier transform to the k space the
filtered EXAFS signal was k> weighted and Fourier transformed
through a Kaiser window (t=3) on the spectral range
extending from k=4 to ca. 12 A~'. Fitting was performed
using the theoretical amplitude and phase functions of McKale
et al.,'® or experimental functions obtained by pure ZnS and
ZnO reference compounds. The inelastic losses are usually
approximated by the factor exp(—2r;/A) where 4 is the inelastic
mean free path. To take into account the k-dependence of this
damping term we used the factor exp(—r;L/k) where L=2k/A.
The relative mean squared static and thermal disorder between
the central atom and the atoms in the jth coordination sphere
is given by ¢;%. To take into account this effect we introduced
the factor exp(—ajzkz). The Fourier transform was made with
respect to exp [ 2ikr; 4 ¢ ;(k)] where a phase shift ¢ ;(k) is needed
to take into account the potentials due to both the central
atom and the backscatterers. The phase shift is not totally
simulated in the program and this causes a shift of all the
peaks in P(r) to closer to the origin by o;=r;—r";, where 1’; is
the observed distance in P(r). From reference compounds ZnO
and ZnS the shift was estimated to be 0.34 A for oxygen and
sulfur peaks. The parameters (L, o) and (r, AE,) are not
independent. From earlier studies!?!* on ZnS we had a good
estimation for the values of the parameters at the beginning
of the fit.

Table 1 Coordination shells (r/A) around Zn in ZnS, ZnO and
e-Zn(OH),

shell ZnS ZnO Zn(OH),
1 2.34(49S) 1.99 (4 O) 195 (4 O)
2 3.82 (12 Zn) 3.23 (12 Zn) 3.43 (4 Zn)
391(19) 325(10)
3 448 (9S) 3.80 (9 O) 3.6-4.0 (4 O)
4 5.41(65) 4.57 (6 Zn) 4.05-4.7(8 O)
5 5.47(69) 4.60 (6 O) 4.8-4.9 (4 Zn)

IR and ESCA measurements

The IR spectra were recorded using a Bruker IFS 85 spec-
trometer and for powder samples the CsBr pellet technique
was used.

ESCA measurements were carried out with a Phi small spot
ESCA 5400 electron spectrometer using unmonochromated
Mg-Ko radiation.

Results and Discussion

The structural information used in this study is presented in
Table 1 and the parameters used in EXAFS simulation and
fits are presented in Table 2. Fig. 1 shows the y(k) oscillation
of the sample A and for comparison the y(k) oscillation of a
ZnS thin film sample deposited by the ALE technique. Fig. 2
shows the k3y(k) Fourier transform [radial distribution func-
tion P(r)] in k space in the range 2-13 A~! for the SILAR
samples. The same curves for ZnS thin films prepared by the
ALE method and by sputtering are presented for comparison.
The peak located at 2.00 A (shift of —0.34 A from the correct
distance) is at the exact position of sulfur atoms in the ZnS
lattice. The first peak at 1.5 A is due to oxygen and confirms
thus the presence of oxygen in SILAR-grown films. The
intensity of the second (Zn—S) peak of samples A and B in
Fig. 2 is higher compared with that found in samples deposited
by sputtering indicating a better crystallinity in SILAR samples.
On the other hand, ZnS thin films deposited by ALE from the
gas phase at elevated temperature and reduced pressure, are
even better crystallized than SILAR samples. Annealing clearly
approves the crystallinity of the SILAR-grown ZnS films.
Fig. 3 depicts the experimental radial distribution functions
of ZnO and ZnS reference compounds (powder samples were
studied by the transmission method) and simulated radial
distribution function of the first six coordination spheres of &-
Zn(OH),. The simulation for Zn(OH), was used because both
commercial and several synthesized zinc hydroxide samples
were found to be mixtures of Zn(OH), and ZnO. The surround-
ings of zinc atoms in the ZnO and Zn(OH), structures for the
first neighbours (four oxygen atoms approximately at the same
distance of 1.9 A) are similar and were observed from this

Table 2 Bond lengths (r), coordination numbers (N), Debye—Waller factors (o), L factors, edge shifts (AE,) and standard deviations obtained by

fitting EXAFS spectra for ZnS thin films (underlined values are fixed)

compound shell N r/A a/A L/A™2 AE,/eV Y (A7) fitting used
ZnS sample A 1-O 0.75 191 0.071 1.50 — 28 experimental (19+2
2-S 3.25 2.23 0.081 1.75 — atom% oxygen)
ZnS sample B 1-O 1.15 1.99 0.064 1.50 — 29 experimental (29 +3
(annealed) 2-S 2.85 2.30 0.068 1.75 — atom% oxygen)
ZnS reference (ALE- 1-S 4 233 0.072 1.75 —4.7 26 McKale et al.'® used
grown thin film) 2-7n 12 3.83 0.115 1.75 —5.1 for Zn-S
3-S 9 4.46 0.114 1.75 —1.1
ZnO reference 1-0 4 1.90 0.069 1.50 -0.3 24 McKale et al.' used
(powder) 2-7Zn 12 3.23 0.093 1.50 0 for Zn-0O and
3-0 9 3.80 0.093 1.50 0 Zn-Zn
Zn(OH), reference 1-O0 4 1.95 0.069 1.50 — — experimental
2-Zn 4 343 0.093 1.50 —
3-0 4 3.80 0.093 1.50 —
4-0 4 4.20 0.093 1.50 —
5-Zn 4 4.90 0.093 1.50 —
6O 4 4.60 0.093 1.50 —
ZnO/ZnS 3-Zn 3.45 3.23 0.14 1.50 -7 — McKale et al.*®
4-7Zn 8.55 3.82 0.14 175 -7
5-0O 2.59 3.80 0.14 1.50 -7
6-S 6.40 448 0.14 175 -7
Zn(OH),/ZnS 1-O 1.15 1.92 0.064 1.50 -7 29 McKale et al.'?
2-S 2.85 231 0.068 1.75 -7
3-Zn 1.25 343 0.14 1.50 -7
4-7Zn 8.55 3.83 0.14 1.75 -7
5-0O 230 4.00 0.14 1.50 -7
6-S 6.40 448 0.14 1.75 -7

742 J. Mater. Chem., 1997, 7(5), 741-745



0.10

0.05
= /\ AN,
— 0.00 A—+ ! Yomrr e O
= e\/ MY 12 14
wavevector/A™
—0.05-
-0.10

Fig. 1 A comparison of EXAFS oscillations y(k) for SILAR-grown
ZnS thin film sample A (---) and ALE-grown ZnS thin film reference
(—) (prepared by the ALE group, Helsinki University of Technology)
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Fig. 2 Radial distribution curves P(R) for SILAR thin films samples
A (—-—) and B (—), ZnS film made by sputtering (———) and ZnS
reference thin film prepared by ALE (==)

Fourier transform (1.6 A, shift —0.34 A in Fig. 3). The Zn—OH
bonding in the SILAR samples can be identified by the second
coordination sphere. The peak of the four Zn atoms at 3.43 A
in Zn(OH), structure can be easily separated from the peak
of twelve Zn atoms at 3.23 A in ZnO and 3.82 A in ZnS
structures.

To gain an idea about the sensitivity of EXAFS determi-
nation for the oxygen concentration the P(R) curves for the
ZnO/ZnS mixtures, where the percentage of ZnO increases
from 0 to 1, 2, 4, 8, 16, and 64 atom% were studied (Fig. 4).
Unfortunately there is a shoulder in the P(R) curve of ZnS
close to the oxygen peak at 1.5 A (shift —0.34 A). Almost 8
atom% of oxygen is required to observe a notable change in
this shoulder. The oxygen peak is described only by 8 points
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Fig. 3 Radial distribution function of ZnS ( —~—) and ZnO (---) pow-
ders (transmission mode) and simulated P(R) curve for Zn(OH), (—)
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Fig. 4 The P(R) curves for the ZnO/ZnS mixtures, where the percent-
age of ZnO increases from 0 to 1, 2, 4, 8, 16, and 64 atom%

(step in k space=0.05 A™', in R space=0.061 A) with the
program used leading to poor spatial resolution and conse-
quently low accuracy for determination of oxygen.

In this study the O/S ratio was first determined by the fit
technique from the oxygen and sulfur peaks which correspond
to a coordination number of four for the Zn atoms. In the
second step the experimental P(R) curves of the two thin films
were compared with theoretical simulations made for two
mixtures (ZnO),/(ZnS), and [Zn(OH),],/(ZnS), where x and
y are determined from the O/S ratio. By simulation and fitting
techniques the oxygen content can be estimated: the as-grown
SILAR sample A contained 19+2 atom% and the annealed
sample B 29+3 atom% oxygen. Annealing increases the
EXAFS signal and increases the long-range order. The higher
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Fig. 5 The simulated radial distribution curve P(R) for the first peaks
(O, S,Zn, O and Zn) of the two models: mixed structures Zn(OH),/ZnS
(———) and ZnO/ZnS (---) with the experimental P(R) for the sample B

=)

oxygen concentration after annealing is probably due to the
increased surface roughness of the ZnS thin films. This enables
the chemisorption or physisorption of atmospheric oxygen at
the surface of zinc sulfide and hence an oxidized layer is formed
on it. Also it has been observed, according to optical absorption
studies, that the annealing of ZnS thin films can decrease the
thickness of the film due to partial sublimation of ZnS even
at low temperatures. The increase of oxygen content in the
annealed SILAR-grown ZnS thin film can be attributed to the
selective sublimation of ZnS.

The simulated radial distribution curves P(R) for the first
peaks (O, S, Zn, O and Zn) of the two models, mixed structures
Zn(OH),/ZnS and ZnO/ZnS, with the experimental P(R) for
the sample B are presented in Fig. 5. It can be concluded from
the curves that the ZnO/ZnS model must be incorrect. The
model Zn(OH),/ZnS resembles more closely the experimental
P(R) but differences in intensity can be seen at larger distances.

Annealing increased both the EXAFS signal and the long-
range order of the structure. Also, the resolution between
oxygen and sulfur was better after annealing with the error for
the determination of the O/S ratio being probably 30%. The
errors indicated in Table 2 concerning the oxygen proportion
correspond only to the interval explored during the fit.
Nevertheless, we can conclude that both samples contain
relatively significant amounts of oxygen. However the intensity
of the EXAFS peak increases as the crystallinity of the sample
increases. Owing to the lower crystallinity in sample A the
EXAFS results are more uncertain than in sample B. On the
other hand the better crystallinity in sample B may lead to a
slight overestimate of the oxygen content.

Using the Fourier filtering technique, where one peak can
be isolated in the experimental P(R) curve, the corresponding
coordination sphere can be analysed separately. The two first
peaks (O, S) in the range 1.29-2.39 A were isolated and the
back Fourier transform of the selected P(R) gave the yx(k)
contribution of these two first peaks. The resulting ‘filtered’
EXAFS spectrum [k3y(k)] was then fitted. The result was a
model where the coordination number is four and in the
coordination sphere 19 and 29% of the atoms were oxygen in
the A and B samples, respectively. Fig. 6 presents the exper-
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Fig. 6 Experimental (—) and simulated (---) EXAFS oscillations y(k)
of the first peak (oxygen) and the second peak (sulfur) of sample B

imental and simulated y(k) curves for the isolated two first
peaks of sample B and the fit was very good.,

Fourier filtering between 2.39 and 4.23 A gives the y(k)
oscillations of the next four peaks in the ZnO/ZnS mixture
model and four or five peaks in the Zn(OH),/ZnS mixture
model (see Table 2). Fig. 7(a) and (b) show simulated y(k) and
P(R) curves for these two models and for sample B. The
simulation could not be made by the fit technique because
there are too many free parameters but ¢ increased to 1.4 A
between the third and the sixth coordination spheres of the
model. The simulations of the P(R) and y(k) curves are good
enough to conclude that the SILAR films consist of a
ZnS/Zn(OH), mixture.

According to the XRD measurements, the ZnS and ZnS: Mn
thin films prepared by SILAR were polycrystalline.?®
Annealing of the ZnS:Mn thin film at 500°C in an N,
atmosphere slightly increased the intensity of the [ 111] peak
at 20=28.5° and decreased the FWHM.3 The oxygen content
of the SILAR-grown ZnS films, determined by RBS, varies
from 10 to 20 atom%.? In the ZnS: Mn thin films the oxygen
content decreased remarkably in the annealing process from
20 to 10 atom%.’ The hydrogen content, determined by
nuclear reaction analysis (NRA), of the ZnS:Mn thin films
also decreased from about 10 atom% of the as-deposited film
t0 0.2-0.4 atom% of the annealed film.> The difference between
the EXAFS and NRA results is possibly because the infor-
mation depth of EXAFS is smaller compared with the infor-
mation depth of NRA and RBS. On the surface of ZnS: Mn
thin films there is a 10-20 nm thick layer where the hydrogen
content is up to 2.5 atom% in the annealed films and even
higher (ca. 5 atom%) in the as-grown films.> Oxygen in this
surface layer exists most probably as water and zinc hydroxide.
In the ZnS thin films grown by a chemical deposition method
the films contained significant amounts of oxygen either as
oxide (ZnS, 5O, 5) or as hydroxide [ZnS, s(OH)]."

According to the ESCA measurements of ZnS thin films
grown by SILAR the Zn:S ratio was 1:1 and on an as-grown
surface oxygen was detected. The oxygen content of the surface
decreased remarkably after the sample was sputtered three
times. It has been found that there is a thin oxidized layer on
the surface of colloidal ZnS. The oxygen content of this surface
layer diminished rapidly with depth and at a depth of 10 nm
the oxygen signal halved in magnitude.'®
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Fig. 7 (a) Comparison between the back Fourier transform of exper-
imental radial distribution function and the y(k) simulation of the
third, fourth, fifth and sixth shells for the two mixture models
Zn(OH),/ZnS and ZnO/ZnS: (—) back Fourier transform of filtered
P(R) of sample B; ( ——) simulation of a priori ZnO/ZnS model; (---)
simulation of a priori Zn(OH),/ZnS model. (b) Radial distribution
function P(R) of EXAFS oscillations y(k) of Fig. 7(a) for k space: (—)
the experimental curve; ( —~—) a priori ZnO/ZnS model; (---) a priori
Zn(OH),/ZnS model.

In the IR spectra of the ZnS thin films deposited by SILAR
the Zn—S (zinc sulfide) and Zn—O (zinc oxide) stretch
vibration peaks were found at 302.8 and 468.6 cm ™!, respect-
ively. The broad moisture peak at 3416 cm ! possibly masks
two narrow peaks at ca. 3670 and 3620 cm ! and two broad
peaks at ca. 3555 and 3440 cm ! of hydroxy groups.!”*® The
water bending peak at 1646.1 cm ™! was also identified. The
Zn— OH stretching peak at 648 cm ™! '° could not be observed.
The broad absorption band at 1457-1377 cm ! assigned as

Zn—O(HCO,) by Gird et al®® was observed in the spectra.
As a conclusion of the IR measurements the SILAR-grown
ZnS thin films contain oxygen as zinc oxide and carbonate
and water was also found in the films. The IR spectrum can
be used only qualitatively to analyse oxygen since addition of
only 1% ZnO to ZnS powder has been known to give a strong
absorption at 460 cm ~1.2

Conclusions

The oxygen content and the form of the oxygen ion in the
SILAR-grown zinc sulfide thin films has been determined by
EXAFS measurements and simulation of ZnO/ZnS and
Zn(OH),/ZnS mixture models. The ZnS thin films prepared
by SILAR contain 10-30% oxygen. Near the surface of the
film, in the volume where EXAFS information is originated,
the oxygen is bound more probably as Zn—OH than as
Zn—O both in as-grown and annealed films. The absence of
the peak corresponding to the twelve Zn—Zn distances at
3.23 A, characteristic of ZnO, confirms this conclusion. The
crystallinity of the SILAR-grown ZnS thin films is fully compat-
ible with the ZnS thin films grown by the ALE method at
higher temperatures.
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