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surement of transport properties:
Ag-doped nanocrystalline CdS thin films

Baljinder Singh,ab Janpreet Singh,b Ramneek Kaur,c R. K. Moudgila

and S. K. Tripathi *b

This work highlights the transport properties of undoped and Ag doped nc-CdS thin films for optoelectronic

devices. nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin films were prepared by the thermal vacuum

evaporation method. X-ray diffraction and scanning electron microscope studies show that the Ag

doping affects the structural morphology of the films and the average grain size decreases at low Ag

doping concentration whereas it increases at high Ag doping concentration in nc-CdS thin films. We

have presented a study for the evaluation of the transport parameters like the drift mobility,

recombination lifetime of carriers and mobility–lifetime product of charge carriers. Time-of-flight,

steady-state photo-conductivity, and steady-state photocarrier Grating techniques are utilized to

measure the mobility, mobility–lifetime product and ambipolar diffusion length of charge carriers. The

mobility of electrons (me) and holes (mh), diffusion length (L) and mobility–lifetime (ms)h product of holes

varied strongly and systematically with grain-size. The mobility–lifetime (ms)e product of majority carriers

has been estimated from the temperature dependence of the photoconductivity, which increases with

increasing temperature and doping. For nc-CdS:Ag 5%, me, mh increases over two orders of magnitude

and (ms)e increases over an order of magnitude compared to that of nc-CdS. The recombination lifetime

of carriers increased significantly in doped and undoped nc-CdS as compared to bulk CdS. We observe

that the transport properties increase significantly with higher Ag doping concentration in nc-CdS thin films.
Introduction

Nanocrystalline semiconductor thin lms have attracted a great
deal of attention in novel optoelectronic devices due to their
unique physical, optical and electrical properties compared to
their bulk counterparts. Their properties can be easily tuned by
altering the nanoparticle size and their composition and by
introducing dopants. Among the II–VI semiconductors,
cadmium sulde (CdS), a direct band-gap (2.42 eV) semi-
conductor, has been considered as a promising material for
constructing optoelectronic devices. Nanocrystalline cadmium
sulde (nc-CdS) thin lms offer numerous technological
applications in electronic devices,1 window layers in hetero-
junction solar cells,2 Schottky diodes,3 optoelectronic switches,4

photo detectors,5 gas sensors,6 etc. An extensive variety of lm
deposition techniques such as vacuum evaporation,7 close
spaced sublimation,8 sputtering,9 spray pyrolysis,10 photo-
chemical synthesis,11 the microwave method,12 and chemical
bath deposition13 are utilized to fabricate CdS thin lms. Out of
these, vacuum evaporation is renowned as the most appropriate
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technique for the preparation of uniform and homogenous nc-
CdS thin lms.

The important factor inuencing the performance of devices
is the behavior of charge carriers in thin lms. Thus, it is
important to study and understand the charge transporting
behavior in thin lms. This paper concentrates on the quanti-
tative measurement of the transport parameters like dri
mobility (m) for electrons and holes, recombination lifetime (s)
of carriers and mobility–lifetime (ms) product of charge carriers
in undoped and silver (Ag) doped nc-CdS thin lms. Both, the
mobility and lifetime are key parameters which govern the
transport and recombination of charge carriers. For FETs, the
dri mobility, m, is a signicant gure of merit.14 The mobility–
lifetime product of charge carriers, ms, with units of cm2 V�1,
characterizes the average carrier dri length per unit eld. For
charge-collecting devices, ms is an important gure of merit.15–17

In this study, Time-of-ight (TOF) technique is used to investi-
gate the m of the charge carriers in nc-CdS thin lms. The
Steady-State Photo-Conductivity (SSPC) and Steady-State Pho-
tocarrier Grating (SSPG) techniques are used to investigate both
the majority and minority carrier ms in nc-CdS thin lms.

In the eld of thin lm semiconductors, for accurate deter-
mination of m, TOF is a well-known technique. TOF technique
leads to an understanding about the structural properties of the
materials and their transport mechanism. Generally, the
RSC Adv., 2017, 7, 53951–53962 | 53951
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Fig. 1 Schematic diagram of the Time-of-flight (TOF) apparatus.
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samples used in TOF have two types of electrode conguration:
coplanar electrode conguration and sandwiched electrode
conguration. In case of sandwiched electrode conguration,
thin lm sample is sandwiched between two electrodes and the
excess charge carriers of one polarity are permitted to transfer
through the sandwiched thin lm sample. With this congu-
ration, it is possible to measure the dri mobility of both the
electrons and holes separately. While in case of coplanar elec-
trodes conguration, the bipolar measurement of transient
photocurrent takes place due to electrons and holes. The
different dri mobility of electrons and holes must be taken
into consideration while analyzing the gap cell transient
photocurrents.18 In order to investigate the dri mobility of
charge carriers separately, we have carried out TOF transient
photocurrent measurements in sandwiched electrode
conguration.

SSPG become a highly competitive technique in the experi-
mental study for the analysis of electrical properties of semi-
conducting materials.19 This technique provides the most
accurate way for the determination of the true ambipolar
diffusion length, L.20,21 The understanding of ambipolar diffu-
sion length is of great importance for the performance of several
semiconducting devices like bipolar transistors and photovol-
taic cells.22 Another important feature in using SSPG technique
over other techniques is that it provides information about the
mobility–lifetime product of minority carriers in addition to
ambipolar diffusion length. In SSPC and SSPG techniques,
coplanar electrode conguration is used.

Experimental

Melt quenching technique was used for the preparation of
undoped and Ag doped CdS material (at two different Ag
concentrations i.e. Ag 1% and Ag 5% by atomic percentage).
Component elements (5 N pure) were sealed in quartz ampoules
aer weighing the constituent elements according to their
atomic percentages. The vacuum of 2 � 10�5 mbar was main-
tained while quartz ampoules sealing. Sealed ampoules were
kept inside the furnace where the temperature is increased up
to 1200 �C at a heating rate of 2–3 �Cmin�1. The ampoules were
kept inside the furnace at the highest melting point tempera-
ture of the component elements for 24 h to make homogeneous
melt. The quenching of the sealed ampoules was carried out in
ice cold water. Thermal vacuum evaporation [vacuum coating
unit HINDHIVAC, Model: VS-65D] was used to deposit the thin
lms on well degassed Corning 7059 glass substrate using inert
gas (Ar) condensation (IGC) technique. The whole process was
carried out at a base pressure of 2 � 10�5 mbar and at room
temperature. To obtain the thermodynamic equilibrium, thin
lms were kept in dark deposition chamber for 24 h before
taking the measurements. The structural parameters of nc-CdS
samples were estimated by X-Ray Diffraction (XRD) using
a Spinner 3064 XPERT-PRO X-ray diffractometer (CuKa ¼
1.54056 Å) at a scanning speed of 0.02� s�1 in the 2q range from
10� to 80�. X-ray Photoelectron Spectroscopy (XPS) experiments
were performed using monochromatized Al Ka (1486.7 eV)
radiation source in multiprobe surface analysis system
53952 | RSC Adv., 2017, 7, 53951–53962
(Omicron, Germany) operating at a base pressure of 5 � 10�11

Torr. The high-resolution spectra was recorded using a hemi-
spherical analyzer operating at a pass energy of 20 eV with 7
channeltron system. An energy correction was applied to
account for sample charging on the C (1s) peak at a binding
energy of 284.8 eV. Energy Dispersive Analysis of X-ray (EDAX)
coupled with SU-8000 Scanning Electron Microscope (FE-SEM)
(Model: HI-0876-0003) was used to determine the composition
of thin lms and to study the FE-SEM graphs. Prior to FE-SEM
analysis, a thin layer of platinum (Pt) was deposited on thin
lms. Maltese cross-like indium (In) electrodes (diagonally
separated by 0.25 cm each) were deposited by vapor deposition
technique for Hall measurements.

For TOF measurements, transparent uorinated tin oxide
(FTO) glass substrates were used for thin lm deposition. Al
layer was deposited by thermal vacuum evaporation on top of
pre-deposited thin lms. As a light source, Nd-YAG laser
working at the wavelength (l) �1064 nm, pulse width �10 ns
and power �10 mJ was used. For signal-to-noise ratio
improvement, the sample was kept in a specially designed
metallic sample holder.23 Digital phosphor oscilloscope (Model:
Tektronix DPO 4054; interface soware Tekvisa) was utilized to
record the electric current produced in the presence of an
applied electric eld. Fig. 1 shows the TOF apparatus used for
the dri mobility measurements.

SSPC measurements were performed on all the samples
under a vacuum of 10�3 mbar. A continuous and mono-
chromatic blue laser having the wavelength of 405 nm was used
to illuminate the sample. Experimental setup for the SSPG
technique is shown in Fig. 2. A He–Ne laser (532 nm) was used
and chopped (AMETEK Model 197) at the frequency of 80 Hz to
measure the small-signal photocurrent between the coplanar
electrodes (gap ¼ 0.8 mm) of undoped and doped nc-CdS
samples with lock-in-amplier (EG & G DSO 7265). Two
coherent beams of intensities I1 and I2 were produced by
splitting the polarizing laser beam with the help of beam
splitter. The coherent beams intensity ratio (I2/I1) is reduced to
10% by using neutral density (ND) lter. These two laser beams
are made to coincide on the sample by two mirrors (M1&M2)
with an angle symmetric around the normal to the sample
surface. The plane of polarization was changed by placing a set
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Experimental setup used to measure the ambipolar diffusion
length in SSPG technique.
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of the polarizer in the path of two beams. In case of parallel
polarization, the two beams produced a grating prole of light
intensity on sample surface aer interference. On the other
hand, in case of perpendicular polarization (in crossed posi-
tion), uniform illumination was produced on the sample
surface. The sample holder and mirrors were moved toward or
away (shown by dotted double faced arrows in Fig. 2) to the
beam splitter to change the grating period (L).
Results and discussion

X-ray diffraction is performed to study the effect of doping on
the crystallization behavior of the investigated thin lms. Fig. 3
shows the XRD patterns of undoped nc-CdS and Ag-doped nc-
CdS thin lms. The polycrystalline nature of thin lms with
preferential growth of the crystal along (002) plane is observed.
The various diffraction peaks corresponding to the hexagonal
phase of CdS crystal are indexed using powder diffraction
standard data (JCPDS card no. 06-0314). Also, it is observed that
the preferred orientation of CdS thin lms are along (002) with
some other new orientations such as (101), (110), (103) and
(112) are seen in XRD pattern of doped lms. No extra peaks
corresponding to Ag2S or other phases are found. From Fig. 3,
we have also observed a systematic increase in the intensity of
peaks with an increase in Ag doping. At lower Ag (�1%) doping,
Ag atoms might be replacing Cd atoms in the lattice substitu-
tionally which in turn enhanced the intensity than that of the
undoped CdS thin lm. At higher Ag (�5%) doping, Agmight be
starting to enter the lattice both interstitially and substitution-
ally which causes the intensity to increase again. Muthusamy
et al.24 also observed the increase in the intensity of XRD peaks
of Al doped CdS lms prepared by chemical bath deposition
method at 80 �C. From the inset of Fig. 3(A), it is seen that the
peak position is shied to the lower angle at low Ag (�1%)
doping and while it is shied to the higher angle at high Ag
(�5%) doping than the undoped CdS. FWHM corresponding to
most intense peak (002) increases with lower Ag concentration
and decreases with higher Ag concentration (tabulated in Table
This journal is © The Royal Society of Chemistry 2017
1). The change in peak position and FWHM along (002) plane
indicate that the microstructure, the quality of the crystal and
the lattice parameters are affected by Ag-doping.

The crystallite size (D) corresponding to the predominating
peak (002) is calculated by using Debye Scherrer's formula:25

D ¼ 0:94l

b cos q
(1)

where D is the crystallite size, q the Bragg's diffraction angle, l
(�1.54 Å) the wavelength of X-ray and b the full width at half
maxima (FWHM) in radian along (002) plane. The microstrain
(3) can be calculated using the formula.24

3 ¼ b cos q

4
(2)

where symbols have their usual meaning. The estimated values
of D and 3 are listed in Table 1. From these calculated values of
D, we conclude that the crystallite size slightly decreases at low
Ag (�1%) concentration and increases at high Ag (�5%)
concentration. For hexagonal structure, the c-axis lattice
parameter along the [002] direction is related to the interplanar
spacing, as c ¼ 2d002.26 The interplanar spacing of the (002)
plane, d002, is calculated from the respective peak position by
using the relation l ¼ 2d002 sin q. Calculated lattice parameter
‘c’ for nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin lm is
found to be 6.727 Å, 6.736 Å and 6.718 Å, respectively. The
observed value of c-axis lattice parameter for each sample is
greater than bulk CdS lattice parameter (c ¼ 6.713 Å). This
indicates that the undoped and Ag doped CdS thin lms are
under tensile strain along the (002) plane parallel to the
substrate surface. The micro-strain shows the same trend as
observed in c-axis lattice parameter. From the observed values
of c-axis lattice parameter, it is noticed that the CdS lattice
expands for low Ag (�1%) concentration than the undoped CdS
lattice. The observed lattice expansion for low Ag doping indi-
cates the substitution of Cd sites by Ag atoms as the ionic radius
of Ag+ (1.26 Å) is greater than that of Cd2+ (0.97 Å).27 Due to this,
the strain in the CdS thin lms increases at lower Ag doping; it
results in decrease in crystallite size. However, the lattice
constant and strain decreases at high Ag doping that could be
due to the increase of number of interstitial Ag+ ions; it results
in increase in crystallite size.

To investigate the bonding state and the chemical compo-
sition, we performed XPS measurements on the 5% Ag doped
nc-CdS thin lm. The Cd 3d, S 2p, and Ag 3d core level emis-
sions are presented in Fig. 3(B–D), respectively. According to the
results, the binding energy values of Cd 3d5/2 and 3d3/2 are
404.6 eV and 411.35 eV respectively with a separation of 6.75 eV.
The binding energy value of S 2p3/2 is 161.65 eV. The cadmium
3d5/2 peak at 404.6 eV and sulfur 2p3/2 peak at 161.65 eV
conrmed the formation of CdS and these peak positions are
attributed to Cd2+ and S2� species, respectively.28 The binding
energy position of the additional doublets (3d3/2) in the Cd 3d
spectrum is related to Cd2+ species. As per the obtained XPS
results, the Ag 3d5/2 and Ag 3d3/2 peaks are centered at 367.55 eV
and 373.5 eV, respectively, indicating that the doped silver in
our sample is in Ag+ state.29 Therefore, the Ag+ either form Ag2S
RSC Adv., 2017, 7, 53951–53962 | 53953
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Fig. 3 (A) X-ray diffraction patterns for (a) nc-CdS (b) nc-CdS:Ag 1% (c) nc-CdS:Ag 5% thin films. Inset shows the (002) peak shift with Ag
incorporation. High resolution XPS spectra for (B) Cd 3d, (C) S 2p, and (D) Ag 3d states in nc-CdS:Ag 5% thin film.
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compound or is incorporated in the CdSmain structure. But the
XRD analysis rules out the presence Ag2S phase in thin lms.
Thus, it is strongly evidenced that the silver is successfully
inserted in the Cd–S matrix and occupied the Cd2+ site or
occupied the interstitial site in the CdS lattice. The calculated
atomic concentration of Cd, S and Ag is 47.11%, 48.52% and
4.36% respectively. The atomic concentration result obtained is
found comparable to the result from the EDAX.

FE-SEM is a favorable technique for surface morphological
analysis of thin lms and it provides the benecial information
about the size and shape of the grains. Fig. 4 (panel (a, b and c))
presents FE-SEM micrographs of nc-CdS, nc-CdS:Ag 1% and nc-
CdS:Ag 5% lms, respectively. These images reveal that the
lms are homogeneous, free from cracks or holes, and well
covered the substrate surface. The undoped (panel a) and Ag 1%
doped (panel b) nc-CdS lms show grains of irregular in shape
and size. As Ag concentration increases to 5%, size of the grains
increases and shape becomes spherical. The insets in Fig. 4
parts a–c show frequency of grains with size histograms. It is
seen from Fig. 4 part a–c (SEM images and insets) that Ag
doping not only modify the surface morphology of the nc-CdS
lms but also have signicant effect on the grain size. The
observed mean grain size is listed in Table 1. These observa-
tions can be related to our X-ray diffraction data, where the
53954 | RSC Adv., 2017, 7, 53951–53962
crystallite size also shows similar variations as found in mean
grain size. The SEM shows higher values of grain size than XRD.
XRD provides the coherent domain size which could be less
than the size calculated from SEM image because X-ray visual-
izes a part of grain separated by defect as a coherent domain
and treat it as a single crystallite. However, in SEM, we visualize
complete grain of higher size. Nazir et al.8 and Ma et al.30 also
observed the increase in grain size of Ag doped CdS lms
prepared by close spaced sublimation (CSS) and ultrasound-
assisted microwave synthesis methods, respectively.

The purity and the precise composition of undoped and Ag
doped nc-CdS thin lms determined by EDAX study reveal the
presence of Cd, S and Ag as elementary constituents. EDAX
spectra of the nc-CdS, two doped systems nc-CdS:Ag 1% and nc-
CdS:Ag 5% is shown in Fig. 4(d–f). Quantitative atomic
percentage of the compositional elements (Cd, S and Ag)
present in thin lms are given as inset of Fig. 4 panels (d–f).
From the XRD and EDAX results, it is clear that Ag is properly
inserted in Cd–S matrix. The Cd/S ratio for nc-CdS, nc-CdS:Ag
1% and nc-CdS:Ag 5% sample is 1.173, 1.065 and 1.029
respectively. The change in this ratio from nc-CdS to 1% doping
indicates that a large number of Ag atoms replacing Cd atoms
substitutionally in CdS lattice. The Cd/S ratio changes slightly
for 1% to 5% doping. It indicates that Ag atoms enter at
This journal is © The Royal Society of Chemistry 2017
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interstitial sites more than substitution sites for high doping.
The EDAX spectra show that the atomic% is slightly lower to
their nominal stoichiometry.

Hall experiment is carried out on nc-CdS, nc-CdS:Ag 1% and
nc-CdS:Ag 5% thin lms to determine the concentration of
charge carriers and carrier type at room temperature. The
relation between Hall coefficient (RH) and Hall voltage (VH) is
given as:31

RH ¼ VHd

IXBZ

(3)

where d represents thin lm thickness, BZ and IX denotes
magnetic eld and current along the Z-axis and X-axis, respec-
tively. Fig. 5 displays the plot of VH with IXBZ/d for all the
samples. The estimated RH via a linear t to VH with IXBZ/d for
nc-CdS thin lms are listed in Table 1. In all samples, electrons
are the governing carriers in conduction mechanism as the sign
of RH is negative in all the cases. It is known that sulfur
vacancies, as well as many other point defects, serve as donors
in CdS lms.32 Since the Cd/S ratio is greater than unity in all the
samples. It gives an indication of sulfur vacancies and hence the
n-type character of these thin lms. The carrier concentration is
related to RH as:

jRHj ¼ 1

ne
(4)

where ‘e’ is the elementary charge and ‘n’ the carrier concen-
tration. The calculated value of n for nc-CdS, nc-CdS:Ag 1% and
nc-CdS:Ag 5% thin lms are tabulated in Table 1. We observed
that the carrier concentration decreases with low Ag doping and
increases with high Ag doping in CdS. In general, dopant atoms
can occupy interstitial or substitutional positions in the crystal
lattice. Ag atom can act as either a p-type or n-type dopant in
bulk II–VI semiconductors. When Ag atom substitutes for the
cation it acts as a p-type dopant33–40 but when it occupies an
interstitial site, as an n-type dopant.34,35,40–42

At low Ag doping, comparatively large numbers of Ag+ ions
replace Cd2+ ions substitutionally in the CdS lattice. In this case,
Ag acts as an acceptor because it provides an extra hole due to
its deciency in valence electrons. As a result of this, the
observed carrier concentration decreases at low Ag doping than
undoped nc-CdS. At high Ag doping, comparatively large
numbers of Ag atoms occupy interstitial sites in CdS lattice. In
this case, Ag acts as a donor and as a result, the electrons
concentration increases at high Ag doping. These results are
well supported by XRD and EDAX studies.

The main aim of the TOF transient photoconductivity anal-
ysis is to nd out the carrier dri mobility by calculating the
transit time (Tr). The transit time is the time taken by charge
carriers created at one end of the sample to reach the other end
under the effect of a constant applied electric potential, V. For
this experiment, the sandwiched electrode conguration was
used with at least one of the contacts to be semi-transparent for
a large free-carrier generation. As the semi-transparent contact
permits large free carrier generation by using a short and
strongly absorbed laser pulse. The incident laser pulse gener-
ates a thin sheet of electron–hole pairs adjacent to the contact.
RSC Adv., 2017, 7, 53951–53962 | 53955
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Fig. 5 Variation of Hall voltage (VH) versus (IXBZ/d) for nc-CdS, nc-
CdS:Ag 1% and nc-CdS:Ag 5% thin films.

Fig. 4 FE-SEM images (panel a–c) and EDAX spectra (panel (d, e and f)) of nc-CdS, nc-CdS:Ag 1%, and nc-CdS:Ag 5% thin films, respectively. The
insets in part (a–c) show grain size distribution histograms. Panel (g–i) shows uniform distribution of Cd, S, and Ag in nc-CdS:Ag 5% thin film.
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The electrons and holes are driven towards the respective
electrodes dependent upon the sign of applied electric eld.
The absorption depth of the optical excitation should be small
compared to the lm thickness and the optical pulse duration
should be short compared to the Tr of the charge carriers.43

There are two popular methods for determining Tr. First, one
analyzes the photocurrent decay over time. A drop or mostly
a kink in the curve marks the Tr. Second, one integrates the
photocurrent and measures the collected charge over time.
Then, the time during which half of the total charge is collected
is the Tr.44 The mobility, m, can be directly estimated from the Tr
as:45,46

m ¼ d2

2TrV
(5)

where d is the thickness of the sample and V the applied bias
voltage. Firstly, from the TOF transient photo decay technique,
the transit time (Tr) for both undoped and Ag doped nc-CdS thin
lms was calculated. Transient current It(t) is determined by
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Panel (a–c) shows electron transient photocurrent It(t) and their corresponding transients photocharge Qt(t) taken at 300 K on nc-CdS,
nc-CdS:Ag 1% and nc-CdS:Ag 5% thin films for different applied bias voltages. Panel (d–f) shows hole transient photocurrent It(t) and their
corresponding transient photocharge Qt(t) taken at 300 K on nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin films for different applied bias
voltages. The times denoted by dots are interpreted as the transit time Tr where half of the photocharge Q0/2 has been collected.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:1

0:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
subtracting the steady state current Iss sampled immediately
before each laser ring. The time gap is provided between each
laser ring for relaxation.47 In Fig. 6 (upper half panel (a–c))
shows electron transient photocurrent It(t) measured at 300 K
for nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin lms at
different biasing voltages. Similarly, the upper half of the panel
(d–f) displays hole transient photocurrent It(t) measured at 300
K for nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin lms at
different biasing voltages. The ‘half charge method’ is used to
determine Tr as the kink in time trace is not seen well. By
integrating It(t), corresponding transient photocharge Qt(It, t) is
determined and is shown in the lower half of panel (a–f). Aer
a long time, photocharge approaches a constant value desig-
nated by Q0, which is a represents the total photogenerated
photocharge. Dot on each photocharge curve represents the
value of half of the total collected photocharge, Q0/2. The time
corresponding to dot on the photocharge transient can be
This journal is © The Royal Society of Chemistry 2017
implied as the transit time (Tr), where half of the charge is
collected. The estimated Tr for our samples and the corre-
sponding mobility calculated by using eqn (5) are listed in Table
1. The calculated value of drimobility of nc-CdS:Ag 1% sample
is slightly less than nc-CdS sample whereas the drimobility of
nc-CdS:Ag 5% sample increases up to two orders of magnitude
for both electrons and holes. The dri mobility of electrons is
greater than the dri mobility of holes in all the samples.

The observed values of me and mh are low as compared to bulk
mobility values for CdS (me ¼ 300 cm2 V�1 s�1, mh ¼ 50 cm2 V�1

s�1). Tomakin et al.48 reported the observation of Hall effect
with electron mobility�10�3 cm2 V�1 s�1 in CdS lms prepared
by thermal evaporation. Shikalgar et al.49 reported the electron
mobility of chemically deposited Li doped CdS lms �10�2 cm2

V�1 s�1 and is comparable with Ag 5% sample. There are
a number of factors on which the variation in mobility of charge
carriers in semiconductor thin lms depend such as carrier
RSC Adv., 2017, 7, 53951–53962 | 53957
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concentration, electrostatic uctuations due to charged defects,
dislocations, a chemical disorder of vacancies, interstitials,
substitutionals and grain size. The grain boundary potential
barrier varies inversely with the carrier concentration. At higher
carrier concentration, the grain boundary potential decreases.
As a result, the carrier mobility of the lm increases.50 Hall
measurements show that the carrier concentration decreases
for 1% Ag doping and increases for 5% Ag doping, hence the
mobility decreases for low doping and increases for high
doping. If the mobility of charge carriers is correlated with
dislocation and strain in thin lms then the variation in
mobility can be explained of the basis of trap-limited band
motion.51 The dislocations, strain, defects etc. present in the
lm form trapping states in the band gap. The transport of
a carrier through extended states is repetitively disturbed by
trapping in trapped states with later re-emission into the
extended states aer some time disbursed in traps. Dri
mobility of these carriers is decreased proportionally to the time
spent in traps. The trap-limited band motion of carriers can be
explained in another way. Aer trapping mobile carriers, their
mobility decreases because the traps are now electrical charged
which create a potential energy barrier thus obstructing the
motion of charge carriers.50 XRD results show that the strain
and dislocation in 1% doping is higher and in 5% doping is
lower than the undoped CdS lm. Therefore the mobility of 1%
doped lm is reduced and for 5% doped lm enhanced. If the
mobility of charge carriers is correlated with nanocrystal size,
then the variation in mobility can be explained on the base of
nearest-neighbor-hopping (NNH) model.52 The NNH model
describes charge transport as progressive hopping between the
neighboring localized states. To describe the size dependent
mobility of charge carriers, we must study two possibilities.
Firstly, as the nanocrystal size increases, it is realistic that the
electrons traveling via NNH across nanocrystal assemblies will
cross a channel of xed length in fewer hops. This concludes
that the nanocrystalline lms constructed from larger particles
will exhibit greater mobility. Secondly, for the size dependence
Fig. 7 The intensity dependence of photoconductivity for nc-CdS,
nc-CdS:Ag 1% and nc-CdS:Ag 5% thin films.

53958 | RSC Adv., 2017, 7, 53951–53962
of mobility includes inhomogeneities in the locations of the
charge energy levels. The charge carrier hops via electronic
states having a different distribution of energy states due to the
variation in nanocrystal size. Nanocrystalline thin lms with
narrower energy distribution have stronger inter particle
coupling than the thin lms having broader energy distribu-
tion. Stronger coupling in narrow energy distribution leads to
higher values of mobility.53 XRD and SEM study show that the
nc-CdS:Ag 5% lms have a larger particle size as compare to nc-
CdS lms, so having high values of mobility of charge carriers.
On the other hand, nc-CdS:Ag 1% lms have a smaller particle
size, hence having low values of mobility of charge carriers.
Mondal et al.54 also observed an increment in electron mobility
due to grain size growth in polycrystalline CdS lms. The higher
carrier concentration, larger grain size, lower strain and lower
dislocations are the favorable factors for enhancing the mobility
of charge carriers over two orders of magnitude in 5% Ag doped
sample than undoped nc-CdS. The series resistance of the cells
is related to carrier mobility inversely, higher carrier mobilities
are desirable in a solar cell or photovoltaic applications. So the
nc-CdS:Ag 5% thin lms can be used in these applications.

Intensity dependent steady state photoconductivity (sPh)
measurements have been performed on undoped and Ag doped
nc-CdS thin lms for getting information regarding the
recombination process. Fig. 7 shows the variation of ln IPh
versus ln F. As seen from gure, linear curves for all the samples
indicate that sPh follows a power law i.e.

sPh f Fg (6)

where the value of ‘g’ lies between 0.5 and 1.0. As mentioned by
Rose,55 the value of g in-between 0.5 and 1.0 can be described by
supposing the existence of a continuous distribution of trap
states in the bandgap. In present work, the value of g also lies
in-between 0.5 and 1.0 indicating the continuous distribution of
localized states exist in the mobility gap. The electron recom-
bination rate is proportional to the number of holes with
bimolecular recombination. The values of g for nc-CdS, nc-
CdS:Ag 1% and nc-CdS:Ag 5% thin lms are listed in Table 2.

ms (cm2 V�1) represents the average length a carrier moves
per unit eld. For charge collecting devices, it is a signicant
gure of merit and is directly proportional to the conversion
efficiency17 and quantum yield15 in photovoltaic devices and
photodetectors, respectively. The higher ms increases the
diffusion length leading to an enhanced short-circuit current in
the cell; higher charge carrier mobilities are required in these
applications. For investigation of the majority and minority
carrier mobility–lifetime product in undoped and Ag doped nc-
CdS thin lms, the SSPC and SSPG techniques are used.

The temperature dependent steady state photoconductivity
is measured for nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5%
samples in the temperature range from 200–340 K. The SSPC is
dominated by the majority carrier transport. Hall measure-
ments show that all lms are n-type in nature i.e. electrons are
the majority carriers in these lms. From the steady state
photoconductivity, the majority carrier (electrons) mobility–
lifetime products can be evaluated by using the relation:56
This journal is © The Royal Society of Chemistry 2017
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Table 2 A summary of SSPC and SSPG results for nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin films at 300 K

Sample
a � 104

(cm)�1 g

G � 1020

(cm�3 s�1)
(ms)e � 10�7

(cm2 V�1)
L
(nm)

LBalberg
(nm) F

(ms)h � 10�10

(cm2 V�1) b � 103 se (ms) sh (ms)

nc-CdS 2.3 0.61 4.63 4.76 43 41 0.84 3.57 1.33 0.61 0.55
nc-CdS:Ag 1% 2 0.55 2.42 6.40 41 38 0.78 3.24 1.97 4.44 2.31
nc-CdS:Ag 5% 3.4 0.51 4.30 47.43 53 55 0.99 5.42 8.57 0.21 0.04
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ðmtÞe ¼
sPh

eG
(7)

where G denotes the photo-carrier generation rate dened as G
¼ aN0e

�ad (a is the absorption coefficient evaluated from
transmission spectra andN0 is the photon ux). Fig. 8 shows the
temperature dependent electron mobility–lifetime product for
nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin lms in the
temperature range 200–340 K. The calculated value of (ms)e for
nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% samples corre-
sponding to 300 K are tabulated in Table 2.

In SSPG technique two monochromatic plane laser beams of
wavelength l are illuminating the same area of the sample,
making an angle q between them as shown in Fig. 2. If the plane
of polarization of two beams is in the same plane, an interfer-
ence pattern formed inside the sample with grating period L

given by the equation:19

L ¼ l

2sinðq=2Þ (8)

The ratio of the ac photocurrents with a grating (Uk) and
without grating (Ut) is dened by b. The relationship between
b and L is given as:20

b ¼ Uk
Ut

¼ 1� 2F�
1þ 4p2L2

�
L2

�2 (9)
Fig. 8 Temperature dependence of the majority carriers mobility–
lifetime product for nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin
films.

This journal is © The Royal Society of Chemistry 2017
1

L2
¼ 1

ð2pLÞ2
�

2F

1� b

�1 =

2

� 1

ð2pLÞ2 (10)

where L is the diffusion length (average distance covered by
carrier before recombination) andF¼ ggdg0

2, is a t parameter
(0.5 # F # 1), with g the ‘Rose coefficient’ calculated from
photoconductivity versus light intensity plot, gd is the ratio
between dark and total current under illumination and g0

represents the grating quality factor which in turn describes the
reduction of the fringe visibility.57 The diffusion length L is
related to the mobility–lifetime product of minority carriers (i.e.
holes in the present case) by the relation:58

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT

e
ðmsÞh

r
(11)

where kB is the Boltzmann's constant, (ms)h the hole mobility–
lifetime product and T the temperature. In order to determine
the diffusion length L from b, the following conditions should
be fullled:

(i) To conrm that the diffusion prevails over dri, the
applied biasing voltage should be in Ohmic region of I–V curve
and the b parameter should be independent of the applied
voltage. The curves for the photocurrent with varying applied
voltage are found to be symmetric and linear up to 100 V,
indicating the Ohmic behavior of contacts. The electric eld
dependence of b parameter for all samples has been plotted in
Fig. 9 Typical variation of b versus grating period L for nc-CdS, nc-
CdS:Ag 1% and nc-CdS:Ag 5%. The symbols represent the experi-
mentally measured values and the full lines are the fits to eqn (6). Inset
show the electrical field (E) dependence of experimental b-values for
nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin films at 300 K.
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the inset of Fig. 9. Even though contacts are Ohmic for the
electric elds of up to 1250 V cm�1 for I–V measurements, the
b parameter values are independent of the electric elds only up
to 125 V cm�1, thereaer they become eld dependent for
higher electric elds and the transport is not diffusion
controlled any more. For each sample, measurements of the
b parameter for different grating period L are carried out in low
electric eld 100 V cm�1, where the b parameter values are
constant and satisfy the applied electric eld condition E # Ec,
where Ec is the nominal critical electric eld given by Ec ¼ (kBT/
e) (1/L).59

(ii) The essential condition for the material to be in lifetime
regime, the dielectric relaxation time sdiel should be much
smaller than the common carrier recombination lifetime s.
Dielectric relaxation time is given by sdiel ¼ 303/sPh. Here 30 is
8.85 � 10�14 F cm�1 and 3 is the dielectric constant of the
material. Estimated value of 3 for nc-CdS thin lm from the
transmission data is 9.37. The common carrier recombination
lifetime is given as, s ¼ (se � sh)/(se + sh) and has been calcu-
lated by using the values of se and sh which are listed in Table 2.
The ratio s/sdiel has been calculated and it is found to be greater
than unity for all samples; therefore the necessary condition for
ambipolar transport in the lifetime regime is fullled.60,61

(iii) For accurate determination of diffusion length L, the
surface recombination effects must be considered. For all the
studied samples, the effect of surface recombination is small as
L � 1/a, and hence, it can be neglected while calculating the L
values.19

Fig. 9 shows the experimental results for the b parameter
versus the L for nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% thin
lms. The b values change strongly for all the samples and
become negative for the grating period higher than 0.5 mm. The
variation in b parameter is not only controlled by diffusion
length L but also the grating quality parameter F as dened in
eqn (9).62 For this reason, parameters, L and F are obtained
simultaneously using the nonlinear t of eqn (9) to
Fig. 10 The Balberg plots of nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag
5% thin films obtained from b parameter and grating period L. The
solid lines are the best fit to data using the eqn (10).

53960 | RSC Adv., 2017, 7, 53951–53962
experimental data. Best t results of b are shown in Fig. 9 as full
lines. As theoretically expected, for the lower grating period
values (L < L), the grating disappears and the b parameter
approaches to unity. The calculated values of diffusion length L
and F are listed in Table 2 for undoped and silver doped nc-CdS
samples.

The value of diffusion length is also determined from the

variation of L�2 versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=ð1� bÞp

, known as the Belberg's
plots.63 Fig. 10 shows the Belberg plots for our samples obtained
from the experimental b values at different grating period L. A
straight line best t to data points using eqn (10) for each
sample conrms that the measured length for each case is
ambipolar diffusion length.64 Calculated values of diffusion
length LBelberg from the intercept of the Belberg plot are listed in
Table 2. The calculated values of diffusion length L with best t
of data points of Fig. 9 to eqn (9) and from the intercept of
Belberg plot show nearly similar results. The ne agreement
between the two calculations is good indicator that the
measurements are reliable even for the short diffusion length.
The estimated value of (ms)e product, increases slightly for low
Ag doping and it increases a order of magnitude for higher Ag
doping. The increase in (ms)e product upon doping is linked
with the shi of the Fermi level position. The parameter
b [¼(ms)e/(ms)h] dened as the ratio of the mobility–lifetime
product of holes and electrons is taken as a measure of the
Fermi level position.15,65 The b parameter increases aer Ag
doping indicating that the Fermi level shis toward the
conduction band (Table 2). The density of centers that seize
majority carriers is signicantly reduced due to the Fermi level
shi caused by the change in thermal occupation. In case the
Fermi level is near to conduction band, most of the defects
would be thermally occupied by electrons and inaccessible to
excess electrons, thus leading to a large electron lifetime and
the large mobility–lifetime product.66 The diffusion length L
values obtained from the best ts to data of Fig. 9 are used to
calculate the minority carrier (hole) mobility–lifetime products
using the Einstein relation (11). The calculated values of (ms)h
are shown in Table 2. It is clearly seen that majority carrier (ms)e
products are higher than the minority carrier (ms)h products, for
all undoped and Ag doped nc-CdS thin lms, indicating elec-
tron dominated transport. The calculated values of diffusion
length L and (ms)h for nc-CdS:Ag 1% is slightly less than nc-CdS
sample and they increase for nc-CdS:Ag 5% sample. From the
calculated values of (ms)h product, it is clear that the (ms)h
product is not so much affected by the Fermi level shi, but its
values vary according to the variation in grain size as shown in
XRD and SEM results. Generally, the grain boundaries
contribute allowed energy levels in the semiconductor band gap
and act as efficient recombination centers for the minority
charge carriers. For minority carrier devices such as photovol-
taic cells, this effect is signicant. It is predictable that during
recombination at the grain boundaries, some of the photo-
generated carriers to be lost. With increasing grain size, the
efficiency of the device will enhance.67 The literature values of
mobility–lifetime product for bulk CdS are 1.6 � 10�7 cm2 V�1

(ref. 68) and 6.2� 10�8 cm2 V�1 (ref. 69) for electrons and holes,
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02904g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:1

0:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
respectively. The measured value of (ms)e product is slightly
higher and of the same order for nc-CdS and nc-CdS:Ag 1% as
the bulk value. For nc-CdS:Ag 5% sample, the measured value of
(ms)e product is higher up to an order of magnitude as compared
to the bulk value. On the other hand, the measured (ms)h
product is lower than the bulk value by two orders of magnitude
for all the samples. The bulk value of se and sh for CdS is 0.5 ns
and 1.2 ns, respectively (calculated by using bulk values of
mobility and mobility–lifetime product of electrons and holes,
respectively). For comparison, we evaluate the carrier recombi-
nation time by dividing the measured mobility–lifetime product
by measured electrons and holes mobility from TOF technique
in our samples. The calculated values of se and sh are listed in
Table 2. The carrier lifetime enhances signicantly in our
samples as compared to bulk CdS. In solar cells and photode-
tectors, a higher lifetime of the carriers minimizes the recom-
bination and maximizes the charge collection, which is
desirable.70
Conclusions

Thin lms of nc-CdS, nc-CdS:Ag 1% and nc-CdS:Ag 5% are
prepared by thermal evaporation using IGC technique. The
compositions of prepared samples have been studied using
EDAX analysis. XRD and FE-SEM studies reveal that the silver
doping strongly affects the structural morphology of the lms
and the average grain size decreases for low Ag doping
concentration whereas it increases for high Ag doping concen-
tration. We have presented a study for the evaluation of trans-
port parameters like dri mobility for electrons and holes,
mobility–lifetime product of charge carriers and recombination
lifetime of carriers in undoped and Ag doped nc-CdS thin lms
using TOF, SSPC and SSPG techniques. We have fully applied all
the required conditions of SSPG method to obtain reliably the
ambipolar diffusion length L and hence (ms)h product of
minority carriers. The measured values of mobility and
mobility–lifetime product for electrons are higher than holes in
all the thin lms. The bimolecular nature of recombination for
photocurrent is dominating in all the samples. The calculated
values of (m)e and (m)h using TOF technique decreases for low Ag
doping and increases for high Ag doping in nc-CdS thin lms.
From SSPC, the observed (ms)e product of majority carriers for
the Ag doped lms increase as compare to pure nc-CdS lms.
The diffusion length L and (ms)h product of minority carriers
shows the similar variation like mobility, decrease for low Ag
doping and increase for high Ag doping in nc-CdS. We have
observed that the recombination life-time of carriers enhanced
signicantly in doped and undoped nc-CdS as compare to bulk
CdS. These studies suggest that the Ag doped and undoped nc-
CdS thin lms are promising candidate for charge-collecting
devices including photovoltaics and photodetectors.
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