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(Cd-Zn)S: CdCly, Ho/Thb films were prepared by chemical deposition method on
glass and Al substrates at room temperature (RT). The films were characterized
by SEM, XRD, optical absorption/specular reflectance and photoluminescence (PL)
emission spectral studies. SEM studies show the predominance of layered growth
along with cluster of particles. XRD studies show crystalline nature of films with
maximum intensity corresponding to the (111) plane of CdS cubic phase. Formation
of solid solution of the mixed base is also observed. Diffraction lines corresponding
to the impurities indicate the substitution of impurities in the lattice. Optical ab-
sorption spectra show absorption transitions within the energy levels of impurities.
PL emission is most intense in films prepared on Al substrate, which may be due
to greater thickness and better crystallinity of such films. PL emission due to tran-
sitions within Ho?t as well as Th3* levels are observed.

PACS numbers: 78.55.Et, 81.15.Lm UDC 52-628, 535.37, 539.216

Keywords: (Cd-Zn)S: CdCly, Ho/Tb films, photoluminescence, deposition from liquid
phases

1. Introduction

The II-VI semiconductors, mainly the cadmium compounds, are very promis-
ing materials as their band gaps correspond closely to the visible spectrum. In
addition, band-to-band type transitions occurring in these materials make them
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suitable for applications in many electro-optical devices [1]. The rare earth ions
are well known to form efficient luminescent centres as they show distinct absorp-
tion and emission transitions within the 4f" shell configuration [2,3]. Rare earth
ion activated phosphors are widely used in fluorescent tubes, colour televisions etc.
Thus, addition of these ions as impurities into CdS type materials is quite justified.
A number of sophisticated techniques, like vacuum evaporation, sputtering, molec-
ular beam epitaxy etc., were employed by earlier workers [4] for the preparation
of films of such materials. However, Bhushan and coworkers [5—7] found chemi-
cal deposition technique to be simple and economical. They found that films of
(Cd-Pb)S:La/Nd/Dy [5, 6] showed a high photo to dark current ratios, sufficiently
good PL and moderate photovoltaic efficiency. Similarly, in films of (Zn-Cd)S:Cu,F
[7] AC electroluminescence was observed. Mixed base (Cd-Zn)S has a wider band
gap than CdS, which makes it suitable for use in phospho-luminescent screens, pig-
ment manufacture etc. [8]. Thus, in the present case (Cd-Zn)S has been selected
as base material. Further, holmium and terbium have been used as impurities as
they form prospective luminescent materials. Trivalent holmium ion has several
energy levels in the energy range from near IR to near UV spectral regions, and
many emission and absorption transitions are possible making it suitable for use
as a calibration material in molecular absorption spectrophotometry [9]. Similarly,
emission from Tbh3* ions consists of a series of lines centered on an intense emission
near 544 nm and hence is of much interest as a green emitting phosphor [2]. It has
wide commercial applications in trichromatic lighting technology and as a probe
in biochemistry [10, 11]. CdCly has been used as flux which facilitates the incorpo-
ration of the rare earth ions into the lattice and also helps in the recrystallisation
of (Cd-Zn)S [12]. In our earlier work [13,14], we have reported PC, PL, XRD and
SEM studies of (Cd-Zn)S: CdCls, Ho/Tb films prepared mainly at 60°C in water
bath. It was observed that PL of films prepared at RT showed better emission. The
present work concerns with PL studies of (Cd-Zn)S: CdCly, Ho/Tb films prepared
at RT (deposition time 19 hours). Results of SEM, XRD and optical absorption
spectra/specular reflectance spectra are also included.

2. Experimental techniques

Details of the film preparation are already described in earlier publications
[13,14]. Film thickness was determined by optical interference method and was
found to be in the range of 0.6994-0.7112 pum for films deposited on glass sub-
strates and in the range of 0.7432—0.7545 pm for films deposited on Al substrates.
PL excitation source was a 365 nm Hg radiation. PL emission was recorded by an
RCA 6217 photo multiplier tube. The optical absorption spectra/reflectance spec-
tra were measured by using a Shimadzu (UV-VIS) Pharmaspec-1700 spectropho-
tometer. XRD and SEM studies were performed at IUC, DAE Indore using Rigaku
RU:H2R Horizontal Rotaflex and JEOL JSM 5600 scanning electron microscope,
respectively.
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3. Results and discussion

3.1. SEM studies

SEM micrographs of (Cd-Zn)S: CdCly, Ho and (Cd-Zn)S: CdCly, Tb films pre-
pared on glass substrates at RT are shown in Figs. 1a and 1b, respectively. In both
cases, layered type growth appears. In Fig. 1a, under continued growth, these layers
(thickness ~ 230 nm) form a cabbage type structure along with the presence of some
voids. In Fig. 1b, scattered leafy type structure is seen. In our earlier publication
[14], it has been reported that in Th-doped films prepared at 60°C in water bath,
more ordered layer-type growth, forming balls, appears. Figures 2a and 2b repre-
sent the SEM micrographs of (Cd-Zn)S: CdCly, Ho and (Cd-Zn)S: CdCly, Tb films
prepared on Al substrates, respectively at RT. While Fig. 2a shows the presence of
non-uniform distribution consisting of layers (thickness ~ 454 nm) and cluster of
particles, Fig. 2b consists of layered structure (thickness ~ 396 nm) in the form of
balls.

Fig. 1. SEM micrographs of films of (left) (Cdg.g-Zng.2)S: CdCly, Ho; (right)
(Cdp.g-Zng 2)S: CdCly, Th prepared on glass substrates at RT.

Fig. 2. SEM micrographs of films of (left) (Cdg.g-Zng.2)S: CdCly, Ho; (right)
(Cdo.8-Zng.2)S: CdCly, Th prepared on glass substrates at RT.
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3.2. XRD studies

Figure 3 presents the X-ray diffractogram of (Cdp.g-Zng2)S: CdCly, Ho film,
deposited on glass substrate at RT. The XRD pattern indicates the crystalline
nature of the films. The assignments of the different peaks were made by
comparison with ASTM data and calculation of lattice constants, which al-
most matched with the reported values. The corresponding data are presented
in Table 1. It is observed that the (111). peak of CdS appears with maxi-
mum intensity. Other prominent lines correspond to both CdS and ZnS sug-
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Fig. 3. X-ray diffractogram of (Cdg s-Zng.2)S: CdCly, Ho film prepared on glass
substrate at RT.

TABLE 1. XRD data of (Cdg s-Zng.2)S: CdCly, Ho film prepared on glass substrate
at room temperature.

d values (A) Rel. Intensities (hkl) Lattice constant (A)
Observed | Reported | Observed | Reported Observed | Reported
3.3328 3.36 100 100 (111).CdS | a=5.772 | a = 5.818
3.0613 3.050 83.6 4 (103);, ZnS |a = 3.8214| a = 3.82
wurtzite (8H) | ¢ = 25.13 | ¢ = 24.96

2.9793 | 2.9733 66.3 100 (111). Ho | a=5.16 | a=5.15
2.8691 2.81 83.3 2 (104);, ZnS |a =3.8214| a = 3.82
wurtzite (8H) | ¢ =25.83 | ¢ = 24.96

2.0487 2.08 54.9 2 (1012)y, ZnS |a =3.8214| a = 3.82
c=30.84 | ¢c=31.20
1.7732 1.76 84.2 45 (112), ZnS |a =4.1283|a = 4.1354
c=16.8341|c=6.7120
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gesting the formation of a solid solution of (Cd-Zn)S. It is known that dif-
ferent layers of CdS are observed in cubic as well as hexagonal phases. The
hexagonal and cubic phases are formed through different atomic arrangements of
atomic layers. The hexagonal phase consists of a sequence of atomic layers defined
as ABABAB----- , and that of cubic is ABCABCABC----- , [15]. Mixed forms
with random stacking of very long period repeats may also be formed, as observed
in polytypes of SiC [16]. The total crystal may be considered to be consisting of
different atomic layers of CdS in cubic as well as hexagonal phases along with some
atomic layers of ZnS in hexagonal phases. According to Langer et al. [17], solid
solutions may be thought of as mixtures of microcrystalline regions of pure CdS
and ZnS in which each micro-region consists of a number of unit cells of each ma-
terial with lattice constant of CdS stressed by surrounding ZnS and that of ZnS
compressed by its CdS neighbours. These workers also suggested the possibility
of solid solution formation consisting of statistical distribution of CdS and ZnS
corresponding to their overall concentration. Such a model explains uniform shift
of absorption edge with composition [17,18]. A shift in absorption edge towards
shorter wavelength with increase in concentration of ZnS has been reported in our
earlier paper [13]. Also, the lattice parameters ‘a’ and ‘¢’ for different (Cd-Zn)S
films prepared on glass substrate at 60°C using water bath at different proportions
of CdS to ZnS were calculated using the XRD data [13,19] and plotted as a func-
tion of composition, as shown in Figs. 4a and b, and the corresponding data are
presented in Table 2. The values of ‘a’ and ‘c’ were found to be decreasing with in-
creasing zinc content. The variations were obeying Vegards law thereby confirming
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Fig. 4. (left) Variation of lattice constant ‘a’ with Zn content; (right) Variation of
lattice constant ‘c’ with Zn content.

the formation of solid solution of the mixed base. Patil et al. [20] have also re-
ported a similar behaviour in screen-printed thick films of (Cdy_,-Zn,)S prepared
by flux technique. The XRD data of different (Cd-Zn)S films prepared at RT are
not available at present. However, a similar nature is expected in such films also.
On comparing with the XRD data of (Cd-Zn)S films with that of CdS [21], a slight
shift in peak positions is observed. Further, absence of some prominent lines of ZnS
is also observed. These facts again suggest solid solution formation of (Cd-Zn)S.
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TABLE 2. Values of lattice parameters ‘a’ and ‘¢’ for different (Cd-Zn)S films
prepared on glass substrate at 60°C using water bath.

Sample ‘@ (A) | @ (A)
(Cdos-Zng»)S | 5.412 | 10.213
(Cdo.7-Zng 3)S 5.214 9.736
(Cdo.5-Zngs)S | 4.819 | 8.928
(Cdo.3-Zno7)S | 4.417 | 8.242

Further, EDX spectra and the corresponding elemental analysis data for (Cdg s-
Zng.2)S powders as reported earlier [14] indicate the incorporation of zinc into the
lattice in approximately the same proportions. In addition to this, substitution of
impurity in the lattice is observed corresponding to the line (111). of Ho.

The particle size ‘D’, the strain value ‘e’ and the dislocation density ‘6’ were
evaluated for the (111). peak of CdS by methods reported in earlier publication [14].
These values are summarized in Table 3. The XRD patterns of Tb doped films are
already reported in earlier publication [14], which again showed a behavior similar
to that of Ho-doped films consisting of diffraction lines of CdS, ZnS and ThsO3.
The values of strain and dislocation density are lower in the case of Th-doped films
[14] in comparison to those of films doped with Ho. This may be the reason for the
higher PL emission intensity observed in Th-doped films (stated later).

TABLE 3. Values of particle size (D), strain (e) and dislocation density (§) for
(Cdp.g-Zng 2)S: CdCly, Ho film prepared at RT.

Sample Particle Size | Strain e | Dislocation density
D (nm) (lin=2m~*%) (105 lin/m?)
(Cdoig—zno_g)SI CdClQ, Ho 13.5 0.0054 5.48

3.3. Optical absorption/specular reflectance spectral studies

Figure 5 presents the absorption spectra of different (Cdg s-Zng.2)S films de-
posited on glass substrates at RT. On extrapolation of the plots between (ahv)?
vs. hv (Taucs plots), for the absorption curves presented in Fig. 5, the values of
the band gap have been found to be as follows; 2.41 eV for (Cdg.s-Zng2)S, 2.44
eV for (Cdg.g-Zng.2)S:CdCly, 2.5 eV for (Cdg.s-Zng.2)S:CdCly, Ho and 2.43 eV for
(Cdp.g-Zng 2)S: CdCly, Th. In the absorption spectra of Ho-doped film, a broad peak
is observed at about 450 nm which is associated to the ®Ig —>5F1/ 5G¢ transition
in Ho [22]. Kiryanov et al. [23] have also reported a weak absorption peak in the
wavelength range 450 —500 nm due to transitions within the Ho3* bands in gadolin-
ium gallium garnet (GGG) crystal co-activated with Yb3* and Ho3*. Also, this
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Fig. 5. Absorption spectra of (Cd-Zn)S films (1) (Cdps-Zngs2)S, (2) (Cdgs-

Zno_g)SZ CdClQ, (3) (Cdo_g-ZHo,Q)SI CdClQ,HO, (4) (Cdo,g—zno_z)SI CdClQ,Tb, pre-
pared on glass substrates at RT.

absorption due to Ho is found to be more prominent for increasing concentrations
of NH4OH (as shown in Fig. 6). In the absorption spectra of Th-doped films, an
absorption peak at 310 nm and another broad peak at 370 nm is observed, which
can be related to the transitions “Fg(4f®) —5Dg(5d 4f") and "Fg(4f%) —5D3(5d4f7)
transitions, respectively in Th3* ions [24]. Earlier, in the absorption spectra of Th-
doped films deposited at 60°C [14], the broad peak at 370 nm was not observed.
In its oxides, holmium exists only in the 4+3 valence state [25], while Tb has been
known to exist in both +3 and +4 valence states [26]. In the Th** state, an ab-
sorption peak may be observed in the region 400—600 nm [2]. However, in the
present work, no peak is observed in this region, thereby suggesting the presence of
Th3* state [14]. The substitution of these trivalent ions (Ho/Tb) in (Cd-Zn)S may
take place by creating cation vacancies. The trivalent rare-earth (RE) ions may
substitute for divalent Cd/Zn ions forming predominantly pair centers of the type
RE3*---(Cd/Zn vacancy)---RE3T [27]. This type of charge compensation seems
to be applicable in the present case. Appropriate substitution of anion may also
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Fig. 6. Absorption spectra of (Cdg.g-Zng.2)S: CdCly, Ho film deposited at RT and
different concentrations of NH4OH: (1) 50% NH,OH, (2) 70% NH,OH and (3) 90%
NH,OH.
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result from Cl ions of CdCly. But from EDX measurements [14], existence of Cl was
not found and hence this possibility is ignored. The overall absorbance has been
found to be more in both Ho- and Th-doped films deposited at RT in comparison
to those deposited at 60°C in water bath [13, 14] which may have resulted in better
PL intensity (as stated later in Sec. 3.4).

In the case of films deposited on Al substrate, the specular reflectance spectra
were studied and the corresponding results are presented in Fig. 7. The reflectance
studies of films deposited at 60°C in water bath have been reported earlier [13]. The
overall reflectance has been found to be less in Ho- and Th-doped films deposited at
RT, which is in accordance with the increase in absorbance in the films prepared at
RT. A lower reflectance is observed at about 450 nm in Ho-doped film, which again
accounts for the increase in absorbance observed in this region on glass substrate.
In Th-doped film, lower reflectance is observed at about 350—400 nm, which is
in accordance with the increase in absorbance in this region. The spikes observed
in the wavelength region 300—-350 nm in all cases may be due to the presence
of different materials, but we are unable to relate them to particular elements at
present, due to the absence of reflectance data.
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25
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N
o

500 600 700
A (nm)
Fig. 7. Specular reflectance spectra of different (Cd-Zn)S films prepared on Al sub-

strates at RT: (1) Bare Al substrate (2) (Cdg.g-Zng.2)S, (3) (Cdg.s-Zng.2)S: CdCly,
(4) (Cdoig—zno_Q)SI CdClQ, HO, (5) (Cdo,g—ZHo_g)Sl CdClQ, Th.

3.4. PL spectra

The photoluminescence (PL) spectra of different (Cd-Zn)S films deposited at
60°C in water bath on glass and Al substrates have been reported earlier [13, 14].
The corresponding results for the films deposited at RT are presented in this paper.
In comparison to the films prepared at 60°C, an increase in the emission intensity
is observed in all films deposited at RT. Figure 8 shows the PL emission spectra of
different (Cdp g-Zng2)S films deposited at RT on glass substrates. A shift in peak
positions to higher wavelength side (545 nm in the case of Ho-doped film and 546
nm in the case of Th-doped film) is observed in comparison to that obtained in
the case of base material which suggests the substitution of impurity in the lattice.
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Fig. 8 PL emission spectra of different (Cdgg-Zng2)S films prepared on
glass substrates at RT: (1) (Cdg.s-Zng.2)S, (2) (Cdo.g-Zng.2)S: CdCly, (3) (Cdg.s-
Zno,Q)SZ CdCIQ, HO, (4) (Cdo.g—zno,g)SZ CdClQ, Th.

Maximum emission intensity in Ho- and Tb-doped films prepared at RT is obtained
at higher volumes of impurities in comparison to those deposited at 60°C. In the
case of Ho-doped film, maximum emission is observed for 6 ml volume of HoyO3
(0.01 M) and in Tb-doped film, maximum emission is observed for 8 ml volume
of ThoOs (0.01 M). At further larger volumes in both cases, emission intensity
decreases due to the concentration quenching. Maximum PL intensity in (Cdg.g-
Zng2)S and (Cdg g-Zng.2)S: CdCly is observed at 510 nm which may be due to the
excitonic transitions which are effective in such materials even at room temperature
[14,28]. In the PL spectra of Ho-doped film on glass substrate, maximum intensity
observed at 545 nm may be due to the transition from the °S,/°F, states to the
°Is ground state of Ho?>" [13,22]. PL emission in Tb-doped films is more intense in
comparison to that of Ho-doped films. The maximum PL intensity is observed at
546 nm which may be due to the dominant 5Dy —7Fj transition in Th** ions [2, 14].
This type of green emission is more prominent in luminescent materials with high
Tbh3+ concentration as cross relaxation produces an increase in the population of
5Dy state at the expense of the 5Dj state [2, 29, 30]. Figure 9 shows the PL spectra of
different (Cdg s-Zng.2)S deposited at RT on Al substrates. Peak positions obtained
in the case of (Cdp.g-Zng.2)S and (Cdg g-Zng.2)S: CdCl, films are the same as those
reported in the case of films deposited on glass substrates. However, in the doped
films two peaks are observed. In the Ho-doped film, a highly intense peak at 545 nm
(as observed in the case of films deposited on glass substrate) and a less intense peak
at about 503 nm are observed. They are related to the °S, /°F4 —°Ig and 3Hz —51g
transitions in Ho, respectively [22]. In the Tb-doped film, a shoulder is observed
at about 490 nm (in addition to the dominant green emission as observed on glass
substrate) which may possibly be due to the 5D, —"Fg transition in Th** ions [2].
The appearance of additional peaks in the PL spectra of both Ho- and Tbh-doped
films on Al substrate, in addition to those obtained in the films deposited on glass,
is not clearly understood at this stage. It may possibly be due to the formation of
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Fig. 9. PL emission spectra of different (Cdgs-Zng2)S films prepared on
Al substrates at RT: (1) (Cdo_s—zno_g)s, (2) (Cdo.g—ZHo_g)S:CdClg, (3) (Cdo_s—
ZHQ_Q)SZ CdCIQ, HO, (4) (Cdo.g—zno,g)SZ CdCIQ, Th.

some compound of Al. The overall emission intensity is more on Al substrate in both
Ho- and Th-doped films. This may be due to the greater thickness and improved
crystallinity of films deposited on Al substrate. It was already found [13] that XRD
studies of films deposited on Al substrates at 60°C show better crystallinity. Bae et
al. [31] have also reported superior crystallization and improved photoluminescence
by about three times in [Yo_,Gd,O3]: Eu*t films deposited on Al,O3 substrate.

4. Conclusions

Quite intense PL spectra were observed in chemically deposited
(Cdp.8-Zng.2)S:CdCly, Ho/Thb films prepared on glass and Al substrates at room
temperature. PL emission intensity is maximum in films deposited on Al sub-
strate. SEM studies show layered growth and formation of clusters of particles.
XRD studies suggest the formation of solid solution of the mixed base. Diffraction
lines corresponding to the impurities are also observed indicating the substitution
of impurities in the lattice. Absorption studies show transitions within the im-
purity levels. PL emission in Ho-doped films is related to the 5Ss/°F4 —51g and
3H; —°Ig transitions in Ho*t bands. In Th-doped films, it is related to the domi-
nant °D, —"F5 and the less intense °D, —7Fg transition in Th3* ions.
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FOTOLUMINESCENCIJA NA SOBNOJ TEMPERATURI KEMIJSKI
TALOZENIH (Cd-Zn)S: CdCly, Ho/Th TANKIH SLOJEVA

Tanke slojeve (Cd-Zn)S: CdCly, Ho/Tb smo pripremali kemijskim taloZenjem na
staklenu i Al podlogu na sobnoj temperaturi. Te smo slojeve ispitali mjerenjem
SEM, XRD, opticke apsorpcije i spektralne odraznosti te fotoluminescentnih emisi-
jskih spectara. Proucavanje SEM pokazuju prevladavanje slojevitog rasta duz
nakupina cestica. Mjerenja XRD pokazuju kristalinicnu strukturu slojeva s naj-
jac¢im vrhom koji odgovara ravnini (111) kubi¢ne faze CdS. Opaza se i tvorba ¢vr-
ste otopine od mijesane osnove. Difrakcijske linije od necistoca ukazuju na zamjene
necistoca u resetci. Opticki apsorpcijski spektri pokazuju apsorpcijske prijelaze me-
du energijskim stanjima necistoc¢a. Fotoluminescentna emisija je najjaca iz slojeva
na Al podlozi §to je mozda posljedica veée debljine i kristalini¢nosti tih slojeva.
Opazaju se fotoluminescentni prijelazi medu stanjima Ho3t i Th3+.
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