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Undoped and Mn-doped thin ZnS films were deposited on ordinary glass substrates at temperature of 450 °C by an improved
spray pyrolysis (ISP) method. The ISP parameters, such as carrier gas flow rate, solution flow rate and substrate temperature,
were controlled with accuracy +0.25 Lpm, +1 mL/h and £1 °C, respectively. A pulse-spray mode of the method was used
to spray the precursor solution. Thin film samples were prepared for Mn-doping with the concentrations of 0 at.%, 1 at.%,
3 at.%, 6 at.%, 8 at.% and 12 at.% relative to Zn in the spray solution. The Mn-doping concentration dependent chemical
composition, surface morphology, and structural, optical and photoluminescence (PL) properties were studied. All the thin films
were well adherent, nearly stoichiometric, dense, uniform, and possessed cubic crystal structure with preferential orientation
along (1 1 1) direction. A slight enhancement in structural properties, an increase in band gap, and a decrease in refractive
index and dielectric constant with Mn-doping concentration were observed. The PL spectra of Mn-doped thin ZnS films at
room temperature exhibited both the 490 nm blue defect-related emission and the 590 nm yellow-orange Mn?* ion related
emission. The observed yellow-orange emission intensity was maximum for 3 at.% of Mn-doping concentration in the spray
solution.

Keywords: improved spray pyrolysis; pulse-spray mode; Mn-doped ZnS; Mn27 ion concentration; photoluminescence

1. Introduction electroluminescence applications. Mn is generally
incorporated into the Zn$ lattice as a Mn?" ion in
substitutional sites [9, 11]. The excitation and de-
cay of Mn?* ion produces a yellow-orange lumi-
nescence associated with transition between its 4T
and °A| energy levels.

Zinc sulfide (ZnS) is one of the most impor-
tant wide band gap semiconductors among the
II-VI compound semiconductors. It has a wide
range of applications including detectors, modu-
lators, dielectric filters, light-emitting diodes, ef-
ficient phosphors in flat panel displays and buffer
layers in solar cells [1, 2]. ZnS doped with var-

The most common techniques used for the de-
position of zinc sulfide thin films are E-beam [9],
X - X molecular beam epitaxy [12], Hy plasma chemi-
ious metals e?(hlblt excellent lumlpescent Proper- - cal sputtering [13], MOVPE [14], MOCVD [15]
ties when excited by X-rays, ultraviolet rays, cath- .4 p1 p [16]. Due to simplicity, low cost and ca-

ode rays or electric. current [_3’ 4l. Prol.)ably one O_f pability to deposit optically smooth, uniform and
the most often studied materials for this purpose is homogeneous thin films over a large area, the
manganese (Mn)-doped ZnS [5-9]. Zinc sulfide is . ventional spray pyrolysis (CSP) technique has

a.semlconductor. suitable to be used as a h9st M- peen widely used to deposit thin films for opto-
trix for large variety of dopants because of its wide 1o tronic and photovoltaic applications. More re-

band gap [5, 6, 10]. The luminescent properties of cently, deposition of In, Al, Cu, and Mn-doped
ZnS doped with Mn have proved to be adequate for ¢ f1ms using the spray pyrolysis technique have

been reported [6, 17, 18]. In the previously re-
*E-mail: r.v.zaware @ gmail.com ported literature, significant variation was observed

© 2017. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 3.0 License.

(http://creativecommons.org/licenses/by-nc-nd/3.0/)


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.materialsscience.pwr.wroc.pl/

292

RANGNATH V. ZAWARE et al.

in the growth temperature, precursor ratio, dopant
concentration, surface morphology and the opti-
cal properties of the films of desired quality; how-
ever, the reported results were found to be incon-
sistent. It could be due to embedded impurity, im-
proper crystallinity and film non-uniformity, the ef-
fect of gravity and carrier gas flow rate on solu-
tion flow rate, etc., which may be attributed to the
CSP technique [19]. In view of this, a spray py-
rolysis technique has been improved and success-
fully employed for the deposition of high-quality
thin ZnS films. In the present work, attempts have
been made to deposit good-quality undoped and
Mn-doped thin ZnS films by the improved spray
pyrolysis (ISP) method. This paper reports the role
of Mn”* ion concentration in governing the proper-
ties of thin ZnS:Mn films sprayed by the improved
method.

2. Experimental

2.1. Improved spray pyrolysis method

The ISP method that has been designed and
developed for the deposition of thin films is re-
ported elsewhere [20, 21]. This method has a
good control over the carrier gas flow rate, solu-
tion flow rate and substrate temperature with accu-
racy £0.25 Lpm, £1 mL/h and £1 °C, respectively.
The rotameter, peristaltic pump and proportional-
integral-derivative (PID) controller have been in-
cluded in the CSP system to regulate and measure
carrier gas flow rate, solution flow rate and sub-
strate temperature, respectively. The solution flow
rate was found completely free from the influence
of the carrier gas flow rate and the gravity. A sig-
nificant characteristics of the method is that the so-
lution is sprayed in the form of pulses/packets at
low peristaltic pump flow rate setting (<50 mL/h).
A pulse-spray mode of the method may allow a suf-
ficient time for the atoms to migrate and occupy va-
cant lattice sites, and thereby improve the quality of
the deposited films.

2.2. Thin film deposition and characteri-
zation

The ISP setup, schematically shown in the
Fig. 1, was used to deposit undoped and

Mn-doped thin ZnS films. Double distilled water
was used as a solvent to prepare the stock solutions
of anhydrous zinc chloride (ZnCl,), manganese
chloride tetrahydrate (MnCl,-4H,0) and thiourea
(SC(NH3)3). 2.7258 g of zinc chloride (A.R. grade)
was dissolved in 200 mL water to get 0.1 M basic
solution. The basic solution of zinc chloride was
cloudy due to presence of non-soluble zinc com-
pounds [22]. A very small quantity of concentrated
hydrochloric acid (HCI) was added into the basic
solution so as to get a clean 0.1 M zinc chloride
stock solution. 1.5224 g of thiourea (A.R. grade)
was dissolved in 200 mL water to get its 0.5 M
stock solution. Similarly, 1.979 g of manganese
chloride tetrahydrate (A.R. grade) was dissolved in
100 mL water to get its 0.1 M stock solution. The
stock solutions were filtered separately by filter pa-
per before their use.

The precursor solution of molar Zn:S ratio of
1:5 was used to deposit thin ZnS films because the
films deposited with this molar ratio were nearly
stoichiometric [21, 23]. The solution of manganese
chloride was used for doping of ZnS films with
Mn?* ions. The calculated amount of manganese
chloride, zinc chloride and thiourea solutions were
mixed together so as to get a precursor solu-
tion with the definite Mn-doping concentration, X.
Ternary thin MnxZn(; _)S films were synthesized
with different Mn-doping concentrations: 0 at.%,
1at.%, 3 at.%, 6 at.%, 8 at.% and 12 at.% relative to
Zn in the spray solution. The films were deposited
on an ordinary glass substrates of the size of 2.5 cm
x 1 cm x 1.2 mm. The substrates were ultrasoni-
cally cleaned, washed with methanol and then dried
under filtered air stream before use. Dry and clean
compressed air with the flow rate of 10 Lpm was
used to atomize the precursor solution. The peri-
staltic pump flow rate was set to 30 mL/h so as to
spray the solution in the form of pulses. Actual so-
lution flow rate dependent on tubing factor of the
peristaltic pump was 0.9375 mL/min. In order to
get uniformly distributed fine droplets of the solu-
tion over a larger cone area, the distance between
the nozzle and the substrate was adjusted to 30 cm.
For a good performance of the spray method it
is known that the distance between a nozzle and
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a substrate should be of the order of 25 cm to
35 cm [24]. Both nozzle and substrate were station-
ary during the film deposition. The undoped and
Mn-doped thin ZnS films were prepared at opti-
mized substrate temperature of 450 °C [20]. Two
to three substrates were used at a time for each de-
position cycle. Every time a 20 mL precursor so-
lution was sprayed so as to avoid the effect of vis-
cosity on its flow rate. ISP technique in a pulse-
spray mode was used to deposit the films. As soon
as the deposition was over, the heater was termi-
nated and the films were allowed to cool naturally
under the same process conditions. No further post-
deposition heat treatment was employed to any of
the films. The effect of Mn?* ion concentration,
X (at.%) on the composition, surface morphology,
and structural and optical properties of these films
was studied.

Peristaltic

M U
= pump

ompressed gas

C£ ¢ Pressure
& regulator

Solution
T - reservoir
Rotameter Dt
Lo Substrate
'S
Heater >
L Water
inlet
PID
Temperature Power
controller supply

Fig. 1. Schematic diagram of the improved spray pyrol-
ysis experimental setup.

X-ray diffraction measurements of the
films were carried out using a diffractometer
(Bruker AXS D8 ADVANCE XRD) with CuKxl
radiation. The surface morphology and chemical
composition of the films were determined using
FESEM (FEI NOVA Nano SEM-450) and SEM
(JEOL, JED-2300) equipped with X-ray energy

dispersive spectrometer (EDS). Film thickness
was measured by gravimetric method. The optical
absorption and transmission spectra for ZnS:Mn
samples were obtained at room temperature using
UV-Vis-NIR double beam spectrophotometer
(JASCO, V-670). Their photoluminescence (PL)
spectra were recorded at room temperature using a
fluorescence spectrometer (PerkinElmer-LS) with
a xenon lamp as an excitation source.

The crystallite size, D was calculated using
Debye-Scherrer’s formula [25, 26]:

kA
~ BcosO

)

where (3 is the full width at half maximum
(FWHM) of diffraction pattern, 0 is the Bragg’s an-
gle, k is a constant taken as 0.9 and A (1.5406 A)
is a wavelength of radiation used. The dislocation
density, & is defined as the length of dislocation
lines per unit area of the crystal and was calculated
using the formula [27]:

5= 2)

D?
The absorption coefficient, o of the films was ob-
tained from an optical absorbance, A using the for-
mula [28, 29]:

2303 xA
o0="——"-"

; 3)

where t is the film thickness. The relation between
the absorption coefficient, « and the energy of in-
cident light, hv is given by [30]:

(ahv)? = B(hv — Ey) 4)

where B is a constant, E, is the band gap energy,
and p = 2 for direct band gap semiconductors, such
as ZnS. The E; for the films was estimated from a
plot of (achv)? against incident photon energy (hv).

Refractive index, n for the ZnS:Mn films was
determined using the formula [30]:

(&)

where R is the reflectance.
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The normal dielectric constant, € of the thin
films was estimated by [30]:

e=n*>—k*

(6)

where k is the extinction coefficient, which is given
by [30]:

_axi

k 4r

(7)

3. Results and discussion
3.1.

In the experiment, precursors MnCl,, ZnCl,
and SC(NH;), were used as sources for Mn2t,
Zn>* and S?, respectively. In the solution ZnCl,
dissociates as [22]:

Pyrolysis mechanism

ZnCl+2H,0 — Zn (OH) CI + HCI+H,0 (8)
Similarly, in the solution MnCl, dissociates as:
MnCl,+2H,0 — Mn (OH) Cl +HCI+H,O (9)

and at elevated temperature Zn(OH)Cl and
Mn(OH)CI decomposes as:

Zn(OH)Cl — Zn*"+2(OH) 4+HCI1T  (10)

and:

Mn (OH)Cl — Mn*"+2(OH) +HCI 1  (11)

respectively.

The decomposition of thiourea is given in the
literature [31], where:

CS (NH,), +2(OH)” —S?~+CN,H, 1 +2H,0 +
(12)

Finally, ZnS is formed according to the relation:

2+

Zn(1 )
The byproducts CH;N», H,O and HCI formed dur-
ing the pyrolytic decomposition, escape in a vapor
form leaving behind the solid thin MnxZn(; S
film on a glass substrate.

+Mn"+8*" = MnZn;_ oS (13)

3.2. Chemical composition and surface
morphology

The chemical compositions of undoped and
Mn-doped thin ZnS films were confirmed by en-
ergy dispersive spectroscopy (EDS). The EDS
spectra for the thin films are not presented in this
article. Chemical composition of the thin ZnS:Mn
films was analyzed from a percentage by num-
ber of atoms (at.%) of elements Mn, Zn and S
present in the thin films. The at.% of elements
Si, Ca, O, CI and C was not measured. A very
small amount of oxygen, carbon and chlorine was
observed in the ISP deposited thin ZnS films; it
is analogous to our earlier reports [20, 21]. Ta-
ble 1 shows initial at.% of Mn relative to Zn in
the spray solution and content of elements Mn,
Zn and S in the deposited films. In the spray so-
lution, initial atomic percentage of S was 5 times
higher than the one of Mn and Zn together. How-
ever, sulfur deficiency was observed in all the films.
This may be due to the fact that sulfur has a great
affinity towards oxygen, so it might have con-
verted to SO, and then evaporated. In undoped
7ZnS, elements S and Zn were found in a near-
stoichiometric (S/Zn = 0.91) ratio with a small sul-
fur deficiency (Zn = 52.47 at.%, S = 47.53 at.%).
The (S/Zn) atomic ratio closer to 1 was reported
for PLD-ZnS [32] and CBD-ZnS [33] thin films.
The amount of Mn in the deposited films was found
to increase from 0 at.% to 5.12 at.% with its dop-
ing concentration in the spray solution (Table 1).
The EDS analysis also revealed that the chalcogen
(S) to metal (Mn + Zn) ratio for the undoped and
Mn-doped thin films was almost constant, so the as-
deposited thin films were near-stoichiometric. The
sprayed Cd-doped ZnS films [34], and Mn-doped
ZnS nanoclusters [11, 35] with similar composi-
tions have been reported. The content of elements
Mn, Zn and S (Table 1) in each film indicates that
the doping can be done very easily and effectively
using ISP technique.

Surface morphology studies have been carried
out on ZnS:Mn films deposited onto ordinary glass
substrates at the deposition temperature of 450 °C.
Fig. 2a and Fig. 2b are the representative micro-
graphs (magnification of 150000x) of Mn-doped
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Table 1. Initial atomic percentage (at.%) of Mn relative to Zn in the spray solution and final composition of

Mn,Zn(; _ S films.

MnyZn(; _y)S Initial at.% of Mn Final at.% of elements
sample No. relative to Zn in the spray solution in the thin film by EDS analysis
Mn Zn Mn Zn S

1 0.00 100 0.00 52.47 47.53
2 1.0 99.0 0.39 52.21 47.4
3 3.0 97.0 1.38 51.31 47.31
4 6.0 94.0 2.59 50.67 46.74
5 8.00 92.0 3.85 49.58 46.57
6 12.00 88.0 5.12 48.57 46.31

thin ZnS films with doping concentrations of 3 at.%
and 12 at.%, respectively. The Mn-doped thin films
are observed to be dense and uniform in thick-
ness and composition. In the films, the grains
are agglomerated and the clusters so formed are
of different geometries. Their average grain size
determined by Cottrell method [36] and also by
FESEM micrograph analysis was found to vary
from 6 nm to 8 nm. The cluster boundaries are
clearly observed in the micrograph for Mn-doping
concentration equal to 12 at.% (Fig. 2b). It is also
revealed that the surface microroughness of the
films increases with the increase in Mn-doping.

3.3. Structural studies

II-VI chalcogenide semiconductor materials
have good structural quality, and can be formed
as either sphalerite (cubic) or wurzite (hexagonal)
type [37]. The crystal structure of the MnxZn(; _ S
films was determined from the study of their
X-ray diffraction patterns. The XRD patterns of
undoped and Mn-doped thin ZnS films are shown
in Fig. 3. The standard crystallographic data for
MnS and ZnS compounds were taken from JCPDS
Card #41-1049 and JCPDS Card #05-0566, respec-
tively. The diffractograms of ZnS:Mn films reveal
the presence of a prominent peak corresponding
to (1 1 1) plane and other low intensity peaks
corresponding to (2 2 0) and (3 1 1) planes of
the material with cubic sphalerite crystal structure.
The peaks corresponding to the planes (1 1 1),
(220)and (31 1) were observed at Brag’s an-
gle of ~28.68°, ~47.77° and ~56.6°, respectively.

g O | det
6 PM | 18.00 kv | 150 000 x | TLD

Fig. 2. FESEM micrographs of Mn-doped thin ZnS
films: (a) 3 at.% and (b) 12 at.%.

No other diffraction peaks were detected except for
ZnS related peaks. All the as-deposited undoped
and Mn-doped thin ZnS films were polycrystalline.
These results are in agreement with those of other
authors [11, 35, 38, 39]. Moreover, a gradual in-
crease in the intensity of the peak perpendicular
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to the (1 1 1) plane shows that the crystallinity of
the films was improved with Mn-doping concen-
tration from 0 at.% to 12 at.%. The intensity of
the (1 1 1) peak is greater for the ZnS:Mn film
deposited with 12 at.% Mn concentration, which
means that the texture of this film is better as com-
pared to the other films. The estimated values of
their lattice constant (a) were found to vary from
5.385 nm to 5.409 nm with Mn-doping concentra-
tion and are close to the reported values for cubic
ZnS (JCPDS Card #05-0566, a = 0.5406 nm). It is
observed that the incorporation of Mn leads to an
increase in the lattice parameter (Table 2), hence,
the unit cell size.

Average crystallites size of the film was esti-
mated from the broadening of the diffraction pat-
tern measured at half of its maximum intensity
(FWHM). The FWHM of the diffraction curve cor-
responding to (1 1 1) plane was considered to de-
termine the crystallites size. The crystallites size of
the films was found to vary from 40 A to 50 A
with the Mn-doping concentration. This has been
ascribed to an improvement in the crystallinity and
orientation of the crystals along a direction per-
pendicular to (1 1 1) plane (Fig. 3). In materials
science, a dislocation is a crystallographic defect
or irregularity within a crystal structure. The dis-
location density in a crystal is defined as the av-
erage number of dislocation lines intersecting an
area of 1 m? drawn within a body. The presence
of dislocations strongly influences many of proper-
ties of materials [40]. The dislocation density esti-
mated using equation 2 for all thin films was found
to decrease from 6.14ET!¢ lines/m” to 3.99E+!6
lines/m”. With increasing Mn-doping concentra-
tion, the films turn out to be less defective.

3.4. Optical studies

It was observed that the thickness of the thin
MnyZn(; S film is dependent upon its Mn-
doping concentration; the thickness was increased
from 280 nm to 340 nm with Mn-doping concen-
tration in the spray solution. All the films were
thin. As the ionic radius of Mn?* ions (0.80 A) is
larger than that of Zn?* ion (0.74 A), the increase in
film thickness with Mn-doping concentration was

)
|

(220) 311)
Al ' } 0 at.% Mn
/ \ 1 at.% Mn
/ \ 3 at.% Mn

/ \ 6 at.% Mn

Intensity (a.u.)

8 at.% Mn
P o ¥ N e
12 at.% Mn
T « T Al ‘l'\ T T
20 30 40 50 60 70 80
26

Fig. 3. XRD patterns of undoped and Mn-doped thin
ZnS films.

clearly due to the substitution of Mn** ions in
Zn>* ion sites. It is well known that cubic ZnS is
a direct band gap semiconductor [39]. The absorp-
tion and transmittance spectra of the MnxZn(; _)S
films deposited with Mn-doping concentrations
of 0 at.%, 1 at.%, 3 at.%, 6 at.%, 8 at.% and
12 at.% were recorded in the photon energy range
of 0.8266 eV to 6.1995 eV (wavelength range of
200 nm to 1500 nm). The absorption and trans-
mittance spectra of undoped and Mn-doped ZnS
samples are shown in the Fig. 4 and Fig. 5,
respectively.

The optical absorption edges for the thin
ZnS:Mn films are stiff (Fig. 4), which indicates that
the thin films deposited by ISP method are com-
posed of crystallites almost similar in shape and
crystallites size, and the distribution of the con-
stituents is homogeneous. The optical studies re-
vealed that all the thin films are highly absorptive
at about 312 nm. The linear nature of the plots at
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Table 2. Lattice parameter (a), FWHM (), crystallites size (D), band gap energy (E,), refractive index (n), and
dielectric constant (€) of undoped and Mn-doped thin ZnS films prepared by the ISP method.

MnyZn; S sample No. a[nm] (3 [degree] D[A] Eg [eV] n** e
1 5.385 2.0317 40.36 3.610 253 641
2 5.386 1.8741 43.75 3.624 2.51 631
3 5.389 1.8892 4341 3.632 249  6.22
4 5.400 1.8892 43.40 3.640 244 5098
5 5.403 1.7401 47.12 3.652 241 581
6 5.409 1.6372 50.08 3.664 2.19 479
**Calculated at 546 nm (~2.271 eV)

the absorption edge confirms that MnxZn(;_)S is a 90 __

semiconductor with a direct band gap [41]. ZnS has = e

good absorption of light in the wavelength range 75 4

of 220 nm to 350 nm [42]. From Fig. 6 it can be 4 ]

noted that the absorption edge is slightly shifted & 60-

towards the high energy side with increasing Mn- S - ?at'zﬂ’ I\I\f[“

doping concentration. The same shift of the absorp- % 45 : 3 ::0;2 ME

tion edge with increasing Mn-doping concentration & 1 —-= 6at.% Mn

up to 1.0 at.% at a fixed size of ZnS nanoclusters = 30+ —--- 8at.% Mn

synthesized by hydrothermal process was reported X ----12at.% Mn

in reference [11]. The transmittance of all the thin 154

films was nearly 82 % in the visible range. " 1

2.0 )
-=- 0at.% Mn b
- = 1at% Mn 7
164 —— 3at%Mn i
—-— 6at.% Mn
3 —--- 8at.% Mn
% 129 ___.12at% Mn
a)
=
2
& 0.8 1
<
0.4 1
0.0 =

08 12 16 20 24 28 32 36 4.0
Photon energy, hv (eV)

Fig. 4. Absorbance spectra of the undoped and Mn-
doped thin ZnS films obtained by ISP technique.

The plots of square of («hv) versus hv for the
undoped and Mn-doped ZnS thin films are pre-
sented in Fig. 6. The band gap of the films was

T ¥ T i T ¥ T X T ¥ T B T T T ¥ T
08 12 16 20 24 28 32 3.6 4.0
Photon energy, hv (V)

Fig. 5. Transmittance spectra of the undoped and Mn-
doped thin ZnS films obtained by ISP technique.

determined by extrapolating a linear portion of the
plot to x axis that corresponds to o« = 0. The band
gap of the thin MnyZn(; _ S films was found to in-
crease from 3.61 eV to 3.664 eV with Mn-doping
concentration in the spray solution (Table 2). These
values of band gaps can be compared with the band
gap value of 3.6 eV for bulk ZnS at room tempera-
ture [43]. Hoa et al. [11] have also reported similar
observations for Mn-doped ZnS nanoclusters with
increasing Mn-doping concentration from 0.5 at.%
to 3 at.%. Interestingly, the variation of the band
gap is similar to what has been observed in case of
Mn-doped CdS nanoclusters [44] and is opposite to
what has been observed in case of Cd-doped thin
ZnS sprayed films and Mn-doped ZnS nanocrys-
tals [34, 45]. The increase in band gap of Mn-doped
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thin ZnS film with increasing Mn concentration
from 1 at.% to 12 at.% has been ascribed to sp-
3d exchange interaction in a confined regime [11].
It has also been observed that a small amount of
Mn present in the films greatly affects the optical
band gap of ZnS. In an initial stage of Mn incorpo-
ration, the change in the band gap energy is large
but later on, the change is small. This change in
the band gap suggests that there is a direct energy
transfer between semiconductor (host material) ex-
cited states and 3d levels of Mn?* ions [46]. The
transfer of energy is in the form of photogenerated
carriers.

2.0
m (at.% Mn
e 1at.% Mn
154 A 3at%Mn
v 6at.% Mn
4 8at.% Mn
» 12 at.% Mn
1.0

(ahv)’x10™ ' (eV/em)’

0.0
2.8

30 32 34
Photon energy, hv (V)

Fig. 6. Square of (xhv) vs. incident photon energy (hv)
plots for thin MnxZn(; _ S films.

The diffuse reflectance spectra of the thin
MnyZn(; S films were recorded in the photon
energy range of 1.55 eV to 3.00 eV (wavelength
range of 400 nm to 800 nm). Fig. 7 shows the
diffuse reflectance spectra of the undoped and
Mn-doped thin ZnS films. In case of ISP prepared
ZnS:Mn samples there was almost no change in
absorbance (Fig. 4), but a considerable increase in
transmittance (Fig. 5) and a decrease in reflectance
(Fig. 7) in the visible region with Mn-doping con-
centration. Such behavior may be caused by all
or one of the reasons: an increase in the thick-
ness (so as the sample could fulfill the condition
for antireflective coatings), reduction of the elec-
trical conductivity and increase in microroughness

0.28-
4 -=- 0at.% Mn
0261 — — 1 atonMn
- — 3 at.% Mn
0.24-
| —-= 6at%Mn
g 0227 —-r Bat¥Mn o]
£ 1 ----12a%Mn -
S 0.204 i
8 - ’.‘1
m 0.18_— ——————————————
0] | = -—.—-.::
I e
S
0.12-

18 20 22 24 26 28 30
Photon energy, hv (eV)

Fig. 7. Reflectance spectra of the undoped and Mn-
doped thin ZnS films obtained by ISP technique.

of the sample surface with Mn-doping concentra-
tion [47]. The refractive index, n and the dielec-
tric constant, € of all the thin ZnS:Mn films were
calculated using equation 5 and equation 6, respec-
tively. Apart from increasing crystallites size and
band gap energy, the n and € were found to de-
crease from 2.53 eV to 2.19 eV and 6.41 eV to
4.79 eV, respectively, due to the decrease in opti-
cal reflectance of the thin films with the Mn-doping
concentration (Fig. 7). The variations of n and €
with Mn-doping concentration are shown in Ta-
ble 2. This type of behavior was not observed for
previously reported Mn-doped ZnS films or ZnS
nanoclusters. Apart from affecting the crystallinity,
the increase in band gap energy and the decrease
in refractive index of sputtered nanocrystalline thin
ZnO films with Al ion-doping have been reported
in the literature [48].

3.5. Photoluminescence studies

Fig. 8 shows the room temperature PL spec-
tra excited with the radiation of energy ~3.425 eV
(A = 362 nm) for the undoped thin ZnS film and
the thin ZnS films doped with various Mn-doping
concentrations 1 at.%, 3 at.%, 6 at.%, 8 at.% and
12 at.% in the spray solution. The amount of so-
lution sprayed was 20 mL and the deposition time
was 15.45 min for all the samples. It is observed
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that the PL spectrum of the undoped sample shows
only one dominant blue emission band centered
at ~2.53 eV (A = 490 nm) and Mn-doped sam-
ples show two emission bands peaked at ~2.53 eV
and ~2.10 eV (A = 590 nm). The emission peak
at ~2.10 eV is associated with the characteristic
emission from Mn?* luminescent centers, while
the ~2.53 eV peak is most likely caused by the ra-
diative recombination involving defect states in the
deposited ZnS films [49-51]. The emission band
peaked at ~2.53 eV can be interpreted as a donor-
acceptor pair (DAP) emission (Fig. 10). Proper ac-
commodation of Mn atoms at substitutional sites
is essential to generate Mn?" luminescent centers;
Zn vacancies would be filled by Mn atoms. The
~2.10 eV emission band is attributed to *T; — °A;
transition within 3d shell of Mn?* ion [11, 52, 53].
The intensity of the PL of the thin films peaked
at ~2.53 eV is maximum initially and then de-
creases, while the intensity of the PL peaked at
~2.10 eV initially increases rapidly to the maxi-
mum and then decreases slowly with the increase
in Mn concentration. The decrease in blue emis-
sion intensity (~2.53 eV) with Mn-doping concen-
tration may be due to the energy transfer by photo-
generated carriers from ZnS host to Mn?* ions. The
variation of yellow-orange emission (~2.10 eV) in-
tensity is depicted in Fig. 9.

The emission intensity of the 4T, — %A transi-
tion is maximum for the Mn-doping concentration
equal to 3 at.% in the spray solution (Fig. 9), which
is in good agreement with previous reports [8, 35].
At higher Mn-doping concentrations (>3 at.%), be-
cause of a quenching effect, the intensity of the
~2.10 eV (A = 590 nm) peak starts to decrease
slowly. The effect of Mn-doping concentration has
also been reported previously [6, 54]. Although the
exact mechanism for this quenching to occur is still
a matter of controversy, it is generally accepted that
the quenching of the luminescence is associated
with interaction among Mn”* ions at the nearest,
the second nearest, and probably even at the third
nearest neighbor sites.

The observed PL behavior of the Mn-doped
ZnS films can be interpreted in two ways: (a) the
Mn>* ion related PL can be generated at energies

(~2.10eV)
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Fig. 8. The photoluminescence (PL) spectra of thin ZnS
films with different Mn-doping concentrations
in the spray solution.
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Fig. 9. Variation of yellow-orange emission (A =
590 nm) intensity of thin ZnS:Mn films for dif-
ferent Mn-doping concentrations in the spray
solution.

corresponding to Mn?" ion own excited states, and
(b) the electrons in the valence band of the ZnS host
absorb the incident photon energy and transfer it
to the conduction band, generating free electrons
in the conduction band and free holes in the va-
lence band (Fig. 10). At room temperature some of
these photogenerated electrons and holes trapped
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on the DAP states recombine, exhibiting the dom-
inant blue emission. A number of the photogener-
ated holes in the valence band are trapped by Mn>*
ions which then become Mn>* ions. The trapping
of a number of the photogenerated electrons in the
conduction band results in Mn?* ions in an excited
state (Mn?")* and the following transitions of Mn
ions from the excited state (Mn’>*)* to the basic
state (Mn>") come with the yellow-orange emis-
sion (Fig. 10). The process involved in it can be
explained by the following equations [55]:

Mn*"+h" (VB) =Mn’",
Mn**+e~ (CB) —(Mn*")* (14)
and:
(Mn*")* = Mn>* +hyg, (15)

A part of the holes and the electrons just re-
leased from the DAPs are retrapped by Mn”* ions,
emitting the yellow-orange photon (~590 nm). The
result is strong quenching of the blue emission, on
the contrary, the intensity of the Mn>* emission
not only increases, but even to some extent, de-
creases with increasing Mn-doping concentration
as observed in our ZnS:Mn samples.

Conduction band
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Valence band

Fig. 10. Schematic representation of the mechanisms
of photoluminescence (PL) excitation, energy
transfer and PL in metal doped compos-
ites [11].

4. Conclusions

High-quality undoped and Mn-doped thin ZnS
films were deposited at substrate temperature
of 450 °C by an improved spray pyrolysis
technique. The thin ZnS:Mn films were dense,
fairly smooth and uniform. Extremely smooth films
formation was possible by increasing their thick-
ness. All the as-deposited thin films were poly-
crystalline with the cubic crystal structure with a
lattice constant, a = 5.397+0.012 A and the pre-
ferred orientation along the direction perpendicu-
lar to a (1 1 1) plane. The Mn content in the de-
posited thin film was found to increase from O at.%
to 5.12 at.% with an increase in Mn-doping con-
centration from 0 at.% to 12 at.% relative to Zn
in the spray solution. Consequently, the increase
in thin film thickness from 280 nm to 340 nm and
crystallites size from 4 nm to 5 nm was observed.
The estimated band gap (3.61 eV), refractive in-
dex (2.53) and dielectric constant (6.41) of the un-
doped thin ZnS films were slightly higher than that
of the bulk ZnS. Also an increase in band gap from
3.61 eV to 3.664 eV, a decrease in refractive in-
dex from 2.53 to 2.19 and dielectric constant from
6.41 to 4.79 with the Mn-doping concentration
were observed. This kind of phenomenon is new
and was not observed in the previously reported
literature. The PL spectra of undoped thin ZnS
film showed one peak at ~2.53 eV (A = 490 nm,
blue emission) while Mn-doped thin films showed
two peaks: one associated with the self-activated
centre at ~2.53 eV, and other at ~2.10 eV (A =
590 nm; yellow-orange emission) associated with
the Mn2" ions in ZnS films. Furthermore, the in-
tensity of blue emission was dominant at 0 at.%
and was found to decrease with the Mn-doping
concentration. The yellow-orange emission inten-
sity showed a maximum when the Mn-doping con-
centration was 3 at.%; the decrease in emission
intensity for higher Mn-doping concentration was
caused by quenching associated with interaction
among neighboring Mn>* ions. The thin ZnS films
doped with Mn with 3 at.% concentration in the
spray solution exhibited the best properties and
behaved as efficient phosphor suitable for opto-
electronic applications. The reported results will
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be supportive to further developing ISP-ZnS:Mn
technology.
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