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Abstract Cadmium sulfide (CdS) thin films were syn-
thesized by chemical bath deposition on glass substrates at
80 °C. The CdS thin films were doped with erbium (Er*™)
during the growth process by adding aqueous solutions of
Er(NOs);-3H,0O to the CdS chemical bath. The relative
volume (V,) of the doping-solution was varied to obtain ten
different doping levels. X-ray diffraction patterns displayed
the zincblende crystalline structure for all the CdS:Er
samples, with a remarked preferred orientation along the
(111) direction. The (111) interplanar distance (ID) first
decreased, reaching a minimum value at V; = 3%, after
which point it increased up to saturation for largest values
of V. The dependence of the band-gap energy (E,) on V;
followed an opposite behavior to that described by the ID.
The photoluminescence (PL) spectra showed essentially
two main bands: the green emission (GE) band of CdS and
a red emission (RE) band. The increasing of the PL signal,
for V, < 4% has been associated with the presence of Er’"
into the CdS lattice. For V. > 4%, Er degrades the lattice.
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In addition, the crystalline quality (CQ) and PL of the
material improved for low V, values, which was in agree-
ment with measurements of the mobility.

Introduction

The doping of semiconductors with rare earth (RE) ele-
ments has fascinated researchers over the years because of
the potential for electronic and optical applications. Among
the most commonly used RE ions, erbium (Er) has been
proven successful for light-emitting device applications.
The distinguished narrow-line emission associated with the
4f intra-transitions of Er3+, as well as the temperature
insensitivity of the energy position, has encouraged
research in this direction.

Recently, Er*" ions have been successfully incorporated
into the core of IV, III-V, and II-VI semiconductors for
device fabrication [1-4]. The 1.55 pm emission from an
Er-doped GaN LED has been reported by Shen et al. [5]
and the excitation and deactivation paths of a Si:Er system
have been studied by Gregorkiewicz et al. [6] using a
tunable free-electron laser. Er’ T has also been used as the
active ions in silica-based planar waveguides to get optical
amplification and lasing [7]. On the other hand, RE-doped
II-VI semiconductors have been studied for their potential
use in multicolor cathode-ray tubes and electroluminescent
displays [8, 9]. The photoluminescence (PL) of Er-doped
ZnSe crystals [10] and of Er*™ in p-type ZnSe crystals has
been previously investigated [11]. A strong enhancement
of the 1.54 pm fluorescence of Er*™ has been achieved in
highly concentrated II-VI semiconductor quantum dot
environments [12]. In addition, Favennec et al. [13] studied
a number of Er-doped semiconductors, including Si, InP,
GaAs, AlGaAs, GalnAsP, ZnTe, and Cadmium sulfide
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(CdS), and proved that the Er’* emission wavelength is
essentially constant for semiconductors with band-gap
energy greater than the intrashell transition energy of Er 4f
electrons, namely, 0.805 eV.

It is well known that CdS exists in either of two different
structural phases, namely, a metastable cubic phase and a
highly stable hexagonal phase [14]. Cubic phase CdS films
display a band-gap shift (BGS) effect that is dependent on
the annealing temperature, among other parameters [15].
Subsequently, because of its technological importance in
optoelectronic design, the BGS effect of intrinsic and
extrinsic semiconductors has been extensively investigated
[16]. Recently, Tomas et al. [17] have reported on the
influence of the Er'" incorporation into methylene blue-
doped CdS thin films. Positions of Er’" into the wurtzite
hexagonal CdS lattice have been studied by Watts and
Holton [8]. From an extrapolation of these results, it is
expected that Er’™ enters into Cd*" sites in the zincblende
(ZB) cubic CdS lattice, so that n-type CdS layers can be
obtained. However, it is worth noting that such an
assumption is not well understood up to now.

In this study, Er-doped CdS polycrystalline thin films
were synthesized by chemical bath deposition (CBD) and
their optical and structural properties studied. The optical
characterization is performed by photoluminescence and
photoacoustic spectroscopy, whereas the structural char-
acterization is carried out by X-ray diffraction (XRD).
Similar to the study of Tiwary et al. [18], the enhancement
of the infrared PL in a semiconductor due to the incorpo-
ration of Er in the lattice, we have observed the same
phenomenon in CdS thin films.

Experimental

Polycrystalline CdS thin films were synthesized on glass
substrates by CBD at 80 £ 1 °C [19]. The reference
chemical bath consisted of 100 mL of an aqueous solution
containing CdCl, (0.02 M), KOH (0.05 M), NH4NO;
(1.5 M), and SC(NH,), (0.2 M). Er-doped CdS thin films
were then obtained by adding specific volumes (Vg,) of an
aqueous solution of Er(NO3);-3H,0 (0.5 M) to the refer-
ence chemical bath (Vg4s), so that the total volume
Vi = Vcas + Vir was kept constant. The relative volume
(V,), defined as (Vg,/V,) x 100%, varied from 1 to 10%, in
steps of 1% (1 mL), to obtain ten different doping levels.
The deposition time was 45 min for all the films. The
undoped sample was labeled Ery, while Er, with
n = 1,...,10, stood for the doped samples obtained from
chemical baths containing a relative volume of V, = n%.

The thickness of the films was in the order of
200 £ 10 nm, as determined with a Dektak II profilometer.
The structural characterization was carried out with a
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Siemens DS5000 diffractometer, using the CukK, line.
Optical absorption spectra of the films were obtained by
Photoacoustic Spectroscopy with a spectrometer fitted with
a 1000 W Xenon lamp. The radiation from the lamp was
focused onto a variable-frequency light chopper locked at
17 Hz and placed at the entrance slit of a monochromator.
The monochromatic light was focused onto the samples
placed into a closed photoacoustic cell. The photoacoustic
signal was preamplified and then sent to a lock-in ampli-
fier. Dark sheet conductivity (¢) on fresh samples was
measured in vacuum, and the sign and concentration of
carriers were determined from Hall effect measurements,
performed in a conventional apparatus from GMW Magnet
Systems model 3472-50. Semi-quantitative measurements
of the atomic concentration of elements were achieved by
energy dispersive X-ray spectroscopy (EDS) using a
Voyager Il X-ray quantitative microanalysis in an
1100/1110 EDX system from Noran Instruments, with an
uncertainty of £1%. These measurements indicated that
the Cd/S ratio was in the range 1.09-1.02. The Er con-
centration was determined with an inductively coupled
plasma spectrometer ICP Thermo Jarrel Ash model Iris
Duo. PL measurements were carried out using the 488 nm
Ar™ laser line, with an average excitation of 40 mW. A
cylindrical lens was used to focus the laser beam onto the
surface of the sample. The elongated spot had approxi-
mated dimensions of 2.5 x 0.175 mm? The PL signal
from the sample passed through a Spex 1403 spectropho-
tometer and was detected with a Hamamatsu R-636 pho-
tomultiplier tube. The measurements were taken with
aperture slits to achieve a resolution less than 1 cm™'. A
phase sensitive technique was used for the PL signal
detection, which was implemented using a SRS lock-in
amplifier model SR-530. All the PL measurements were
carried out at room temperature (RT).

Results and discussion

Shown in Fig. 1 are the X-ray diffraction patterns of the
undoped and Er-doped CdS thin films studied. All the
diffractograms revealed essentially a peak that, according
to the JCPDS file No. 10-454, can be indexed to scattering
from the (111) cubic ZB planes. The intensity of this peak
reached a maximum value for the sample prepared with
V. = 2%, indicating either the existence of a larger number
of (111) planes or that the (111) planes have a lower
number of defects. The full width at half maximum
(FWHM) of the (111) peak (black diamonds, left axis), as
well as the area under the curve of this peak (A;;) (white
circles, right axis), are plotted as a function of V; in Fig. 2.
While the (111)-FWHM displayed a maximum at
V. = 3%, the area under the curve A;;; peaked at
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Fig. 1 X-ray diffraction patterns of Er-doped CdS thin films. The E o—> o &
peak displayed in the diffractograms, at around 20 = 26.5 degrees, \O
can be indexed to scattering from the (111) cubic zincblende planes 0.24 \O ’ L,
8
~O
V. = 2%. A smaller FWHM is associated with a smaller -2
disorder and hence a better crystalline quality (CQ) of the 0.23 -
material; therefore, a plausible figure of merit for the CQ of 0 2 4 6 8 10
the material is FWHM/A ;. The inset of Fig. 2 displays Vg (%)

the FWHM/A,,, data versus V,. It is observed that the
minimum value of FWHM/A,; occurs for a relative vol-
ume V; of 2. Accordingly, the best CQ was obtained when
V. = 2%, in agreement with the maximum intensity of the
(111) peak.

The incorporation of Er*" (solubility) has been proven
more effective in Cd-chalcogenides than in Zn-chalcoge-
nides, a result explained in terms of the cation size [4].
Specifically, the ionic radius of Er’tis 0.89 A, whereas the
ionic radii of Cd** and Zn®>' are 0.95 and 0.74 A,
respectively; the corresponding value for the anion S~ is
1.84 A. The smaller radius of the triply ionized Er atom
thus alters the (111) interplanar distance (ID), giving place
to distortion of the ZB—CdS lattice. It has been previously
reported that Er’" enters substitutionally into the cation
sites in cubic CdTe [20] and ZnSe [21]; in addition, this ion
may also enter interstitially into symmetric octahedral
interstitial positions in II-VI compounds [9]. Here, we
claim that Er*" enters substitutionally into the Cd>" sites
of ZB—CdS when low V, values are used, whereas this ion
enters both substitutionally and interstitially into the ZB—
CdS lattice for high V, values. Figure 3 illustrates the
dependence of ID on V; (black circles, right axis). First, the
ID decreased with V, due to the presence of Er’" in sub-
stitutional sites, and then the ID increased owing to inter-
stitial Er3+; finally, the ID saturated at V; = 6%. The ID
value estimated for the undoped sample (3.322 A) resulted
shorter than the ID value reported for bulk CdS (3.360 A),
which might be due to both the polycrystalline character of
the CdS films and the amorphous nature of the substrate.

Fig. 2 V, dependence of the FWHM (black diamonds, left axis) and
the area under the curve (white circles, right axis) of the (111) peak
shown in Fig. 1. The inset exhibits the FWHM/A;; ratio as a
function of V;

From optical absorption measurements, the band-gap
energy of the films was obtained. For a direct band-gap
semiconductor, such as cubic and hexagonal CdS, the
optical absorption in the vicinity of the fundamental
absorption edge is described by [oc(hv)*lw]2 =k (hv — Ey),
where o is the optical absorption coefficient, & is a constant,
hv is the energy of the incident photons, and E, is the band-
gap energy. In particular, the absorption spectra were
obtained by Photoacoustic Spectroscopy [22]. The V;
dependence of E, is illustrated in Fig. 3 (white squares, left
axis). In accordance with Vegard’s law, the dependence of
E, on V; resembled the opposite behavior of ID as a
function of V,. Accordingly, E, reached a maximum value
(245 £0.01 eV) at V,=2%, decreasing down to
2.37 £ 0.01 eV for V; > 6%.

The inset of Fig. 4 displays the V, dependence of the
atomic concentration of Er, [Er], in atomic percentage,
measured in the CdS films by atomic absorption. The
approximated linear relationship between [Er] and Vi,
calculated by a linear least-squares fit, was [Er] = (0.11 +
0.01)V,. In addition, Fig. 4 shows the density of the elec-
trically active Er’t (EAEr) ions measured by the Hall
Effect. The sign of the Hall voltage indicates that electrons
are the majority carriers. As expected, Er atoms acted as
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Fig. 3 Dependence of the band-gap energy (white squares, left axis)
and the (111) interplanar distance (black circles, right axis) on V,

donors. It is assumed that each EAEr ion contributes one
free electron to the conduction band (CB) at RT; however,
Fig. 4 shows that the density of electrons at the CB,
[EAEr] = n, is always smaller than [Er]. The density of
active carriers is lower because some Er atoms may be
placed interstitially into the CdS lattice, while others may
be segregated to grain boundaries; moreover, some Er
atoms may also participate in the formation of complexes
with vacancies of Cd and (V4) and Cd interstials (Cdy).
Shown in Fig. 5 are the RT-photoluminescence spectra
of the whole set of CdS:Er samples. Two main bands are
observed: (a) the green emission (GE) band at about 2.4 eV
and (b) the band of defects (RE, red emission band) cen-
tered at ca. 1.8 eV [18]. On the one side, the GE band has
been identified with three types of electronic transitions:
(i) CB to shallow acceptor level, (ii) shallow donor level to
valence band, and (iii) shallow donor level to shallow
acceptor level [23]. On the other side, the RE band which
is, in general, associated to defects, in particular, it has
been ascribed to surface states originated by S*~ vacancies
[23-25]. The intensity of both the GE and the RE emission
bands is noticeably high for low V, values, where GE
reaches the maximum intensity when V., = 1% and RE
when V. = 2%, after that both PL signals gradually lost
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Fig. 4 Logarithm of the Er concentration [Er] in cm™? (white circles)
and logarithm of the carrier density of electrons (n = [EAEr]) (black
circles) as a function of V,. The inset displays [Er] in atomic
percentage as a function of V.

PL intensity (a.u.)

Fig. 5 Photoluminescence spectra of the whole set of the CdS:Er
samples
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Fig. 6 Energy position (black squares, left axis) and FWHM (white
circles, right axis) of the GE band as a function of V;

intensity and definition as V; increases. In agreement with
Fig. 3, where E, displays a global maximum by increasing
V., Fig. 6 shows that the energy center position of the GE
band (full squares) initially shifts to higher energies and
then it exhibits a red-shift for high V; values. On the other
hand, the RE band displays the opposite behavior (see inset
of Fig. 6), shifting initially to lower energies and then
showing a blue-shift for high doping levels. Figure 6 also
illustrates the FWHM values (open circles) of the GE band
as a function of V.. The maximum energy position of the
GE band took place at V; = 3%, shifting approximately
0.11 eV with respect to the undoped film. The behavior of
the FWHM confirms that the CQ of the material is better
for low doping levels, in agreement with the XRD mea-
surements. The GE band shows a dependence on V; similar
to that of CQ and opposite to that shown by ID (see inset of
Figs. 2 and 3)

The PL spectra were deconvoluted using Gaussian
lineshapes as illustrated in Fig. 7 for the film deposited
with a V; = 2%. As expected, two bands are fitted: the GE
band and the RE band. The inset in Fig. 7 shows the GE
and RE deconvolution of the PL spectrum for the undoped
sample (V. = 0%). However, for V, > 3%, the deconvo-
lution process requires in almost all cases the fitting to
three Gaussian lines, a third band appears at about 2.2 eV:
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Fig. 7 Deconvolution of the PL spectrum using Gaussian lineshapes
for the sample synthesized with V, = 2%. The inset shows the
deconvolution of the PL spectrum for the undoped CdS

a yellow band (YE), Fig. 8 shows the PL deconvolution for
V. = 7% and the inset for V, = 3% using three Gaussian
lineshapes. The YE PL band has been correlated with V4’s
and complexes involving this punctual defect [26], and
with Vcyg—Cd; complexes [27, 28]. When Er’™ ions enter in
Cd sites substituted Cd>* ions, then in order of the charge
neutrality, and by considering that CdS is a more ionic than
covalent material, V4’s must be generated. The process
involves the formation of a Cd;y defect density also. In this
way, for large V, values, the existence of YE band can be
expected in the PL spectra of CdS. The lattice of CdS
degenerates with the presence of large Er concentrations,
whether in interstitial positions or giving place to other
structural complexes, in such a way that the PL efficiency
is degraded.

Finally, the RT-dark conductivity ¢ was measured with
the purpose to confirm the improvement of the CQ for low
V. values. The inset of Fig. 9 displays o as a function of V.
The mobility (1) can be determined from the relationship
o = eun, where e is the charge of the electron, and » is the
Er concentration plotted in Fig. 4. Figure 9 shows the
dependence of p on V.. As expected, the maximum value of
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Fig. 8 Deconvolution of the PL spectrum using Gaussian lineshapes
for the sample synthesized with V. = 7%. The inset shows the
deconvolution of the PL spectrum for V., = 3%

woccurred for V, = 2%, in agreement with the fact that the
better the CQ the larger the mobility. Recalling the com-
petition between the crystal quality, the photolumines-
cence, and the electrical conductivity, Fig. 9 indicates that
a large CQ implies low ¢ values and vice versa.

Conclusion

A simple procedure to introduce Er'> ions into the core of
CdS films, without large damage of the lattice (E,
decreases only 2%), has been presented. Er-doping was
carried out chemically during the growth process by adding
controlled volumes (V) of an Er reagent in the growing
solution. Maxima values of n = 5.2 x 10" cm™ and
¢~ 0.1Q "cm™' were reached for the sample synthe-
sized at a V; = 10%. The forbidden gap energy decreased
down to 2.37 eV for the samples synthesized with a
V. > 6%. The PL spectra displayed emissions attributed to
both the host material and the doping agent. The minimum
ID, the best CQ, and consequently the most intense PL
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Fig. 9 Dependence of the electron mobility on V,. The error bar is
about 20% for the all experimental points. The inset shows the
logarithm of ¢ at RT as a function of V,

emissions, as well as the maximum GE blue-shift were
obtained for V, = 2%, showing that Er-doped CdS thin
films prepared under these conditions have a potential use
in optoelectronic applications.
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