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Fast response and multi-color photodetection
in p-type Cu:CdS thin films†

Ganesha Krishna V. S., Pawan Kumar, Gowrish Rao K. and Mahesha M. G. *

We present an analysis of p-type CdS thin films deposited on glass substrates with the addition of Cu

dopants. Subsequently, we explore the photodetection capabilities of the Cu:CdS/FTO heterostructure.

CdS, a popular and economical photo-conducting material operating within the spectral range similar to

that of the human eye, is the subject of our investigation in this work. Multicolor detection with

improved sensitivity, speed, and stability remains relatively unexplored in CdS-based photodetectors.

Also, the industrially beneficial spray pyrolysis technique is employed for the fabrication. Furthermore,

we address the shortcomings of photodetection in the metal–semiconductor–metal structure by imple-

menting a simple vertical heterojunction structure, p-Cu:CdS/n-FTO. Among the various Cu-doped CdS

films evaluated for their optoelectronic applications, we have determined that the CdS film with a

10% Cu concentration is optimal for photodetection purposes. Low density of sulfur vacancies, proper

chemical composition, and good crystallinity observed for the 10 at% Cu doped CdS film supported the

excellent performance of the p-Cu0.1Cd0.9S/n-FTO photodetector.

Introduction

Photodetectors find a wide range of commercial applications in
the fields of photovoltaics, military/defence technology, optical
communications, remote sensing, and environmental and
ozone layer monitoring.1 Conventional semiconductor photo-
detectors (e.g. germanium, silicon, GaAs) have drawbacks such
as high temperature of fabrication, and restricted device
design. Alternatively, compound semiconductor materials such
as CdS, CdSe, ZnS, and ZnO with favorable optoelectronic
properties are preferred in the fabrication of photodetectors.
CdS, a II–VI group semiconductor material with a band gap of
about 2.4 eV,2 is used to prepare transparent photodetectors.
With high responsivity, detectivity, and quantum efficiency,
CdS is a well-known material for visible light photodetection.
M Dharani Devi et al.3 have observed a photosensitivity of
0.4 A W�1 and a detectivity of 8.46 � 1010 Jones in CdS films
prepared by spray pyrolysis. Moh Husham et al.4 reported a
responsivity of 0.24 A W�1 in nanocrystalline self-powered CdS
photodetectors. Reports on the detection of specific wave-
lengths are available, as in the literature,5 where M. S. Waldiya
et al. have reported a responsivity of 0.3815 A W�1 at 420 nm.
Major drawbacks in CdS photodetectors are low efficiency
and optical signal to noise ratio. High leakage current and long

rise-decay time are the additional downsides. Demand for
photodetectors with fast response or high operating speed
makes it necessary to improve the response of CdS photode-
tectors for commercial applications. Research on materials in
achieving high photocurrent is crucial and challenging. High
photocurrent can be achieved in the material with (i) high
crystallinity, (ii) large grain size, (iii) high absorption and (iv)
optimum band gap. CdS is highly crystalline, with a large grain
size6 and suitable optical properties for the detection of light.7

However, the optical properties can be further tuned to collect
more photons. Research indicates that dopant-assisted band
gap tuning in CdS results in a lowered spectral range due to the
creation of external impurities in the host material. Dopant
impurities help in the generation of electron–hole pairs or free
charge carriers. Moreover, the dopant ion incorporation could
change the energy levels and band gap of the host material.
Native defects such as Cd interstitials and S vacancies contri-
bute more to the photoelectrical performance of pure CdS.
Dopants such as Ni,8 and Mn9 were studied for the variation in
optoelectronic properties of CdS. An increase in the carrier
concentration was reported for dopants such as Ag,10 and Sm11

in CdS. The effect of Zn12 on the properties of CdS has also
been reported in the past. Doping of metal Cu into CdS is found
to improve the charge-collection and charge-transfer process.13

Cu atoms as a low resistive element are considered an inter-
stitial donor and their metal ions exhibit large mobility in
interstitial sites.13 At higher Cu dopant concentrations, n-type
CdS turns into a p-type material, which is helpful in forming
a p–n junction with various other compound materials.14–16
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M. P. Abdul et al.13 have shown enhancement in the photo-
voltaic performance of quantum-dot sensitized solar cells using
CuCdS quantum dots. Doping of Cu on CdS illustrates quick
photoresponse. Cu doping increases the dark resistance and
the photoconductivity of CdS thin films. In particular, semi-
conductor alloys allow easy tuning of the band gap with Cu
concentration, thereby tuning absorption, and emission.

Quality and uniformity of the thin films are important factors
in achieving high-performance photodetectors, and mainly
depend on the deposition technique used. Several thin film
deposition techniques are used for the preparation of CdS and
doped CdS thin films such as thermal evaporation,7 chemical bath
deposition,17 sol–gel spin coating,18 magnetron sputtering,15

electrodeposition,19 electron beam evaporation20 and so on. These
works demonstrate the deposition of CdS on different substrates
for various optoelectronic applications. However, most of the
reports lack detailed explanations relating to the defects and
photoresponse studies in Cu:CdS. In this work, an industrially
beneficial, large-area deposition technique, viz., spray pyrolysis, is
used to fabricate CuCdS photodetectors. Among the various
photodetector structures explored so far in the photodetector field,
metal–semiconductor–metal (MSM) photodetectors are well-
known and simple to form. Such coplanar structures have inter-
digital electrodes on top of the surface of the functional film layer.
These electrodes limit the large area signal detection of the device,
thereby lowering the carrier collection efficiency. Therefore, in this
work, a vertical structure is adopted for the fabrication of a
photodetector prototype. The major advantage of the vertical
structure is that whenever the bias is applied on both sides, it
helps in electron–hole pair separation more efficiently. Moreover,
effective reduction of bypass collection, and lower loss in the
carrier transport process due to small electrode spacing are added
features.

Experimental details

Cu:CdS thin films with a thickness of B350 nm were prepared
using computer-assisted Holmarc Spray pyrolysis. Before the

deposition, the glass substrate was pre-cleaned by HCl treat-
ment followed by DI water, IPA, and acetone along with ultra-
sonication and ozone cleaning. n-Type FTO substrates were
procured from Sigma Aldrich (sheet resistance B25 O cm�2)
and HCl treatment was excluded during its cleaning. Cadmium
chloride, thiourea, and copper chloride were used as sources of
Cd, S, and Cu respectively. All the chemicals were acquired
from Sigma Aldrich and used without further purification
for the precursor preparation. The stock solution of copper
chloride, cadmium chloride, and thiourea in water solvent
to make 0.05 M concentration was sprayed at a spray rate of
2 ml min�1 onto hot glass and FTO substrates maintained at
330 1C. The substrate to nozzle distance was kept at 13 cm.

The precursor solution is pulverized utilizing compressed
air, wherein the precursor will arrive at the heated substrate in
the form of fine droplets. The constituents of the precursor will
react to form a chemical compound after the departure of
volatile gases. Thiourea decomposes into sulfate ions as:

(NH2)2CS + OH� - CH2N2 + H2O + HS� (R1)

HS� + OH� - S2� + H2O (R2)

In the presence of Cd/Cu ions, Cu/CdS will be formed by the
evolution of volatile gases.

CdCl2 + CuCl2 + 4(NH2)2CS + 4H2O

- (CdS�CuS)k + 4NH4Clm + 2CO2m (R3)

Note here in the equation, (CdS�CuS) means that a few Cd
atoms in CdS will be replaced by Cu. The prepared films were
characterized using various techniques as follows.

Structural properties were analysed using X-ray diffraction
(Rigaku Miniflex, Cu Ka source with 1.54 Å at 11 min�1) and
Raman spectroscopy (LAB RAM HR Horiba France, 532 nm Nd-
YAG 10 mW laser). X-ray photoelectron spectroscopy (PHI 5000
VersaProbe III, C60 ion gun and X ray source of Al Ka 1486.6 eV
and step size 0.05 eV) was used for determining oxidation states
of Cu and Cd. SEM-EDX (Zeiss) was recorded for assessing
the morphological aspects of the deposited films. For the
assessment of optical properties, a UV-Vis spectrophotometer

Fig. 1 (a) XRD and (b) Raman spectra for CuCdS thin films on glass substrates at different Cu concentrations.
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(SHIMADZU UV-1800) and photoluminescence (JASCO FP-8500)
were used. Current–voltage characteristics were recorded using
a computer interfaced Keithley 2450. For the monochromatic
source photodetection studies, filters of different wavelengths
were used. The response time curves were recorded using
Tecktronix TBS 1102B.

Results and discussion

Structural properties of the Cu:CdS films on the glass sub-
strates were examined through X-ray diffraction (XRD). The
diffraction was recorded over the 2y range from 251 to 551 (see
Fig. 1a) (Fig. S1a for on FTO, ESI†). The recorded diffraction

peaks agree with ICDD card no. 65-3414 conforming to the
hexagonal phase.1 No peaks related to CdO or any other
impurity phases were observed.21 An intense peak is recorded
at 2y = 27.331 in CdS films, suggesting the preferred growth
orientation along the (002) plane. Cu2+ is a familiar transition
element dopant with ionic radii of 0.096 nm, which is near to
0.097 nm of Cd2+.2 The diffraction peaks shifted towards higher
2y values with the addition of Cu onto CdS, suggesting volume
compression (Fig. S1b, ESI†). The mere change in the lattice
parameter by this shift is due to the strain in the film, which is
very small in the present scenario. The crystallite size for the
samples is calculated using the intense diffraction peaks. From
the Scherrer equation,22 the crystallite sizes corresponding
to the (100), (002), and (101) planes were calculated and
averaged out.

D = 0.9l/b cos y (1)

where D is crystallite size, and b is full width at half maximum.
Calculated crystallite sizes are listed in Table 1. The ionic
radius of Cu+ is 140 pm. The replacement of cadmium with
higher volume copper atoms is expected to increase the growth
in the same direction. Therefore, the crystallite size of Cu:CdS
thin films is higher than that of pristine. There was a slight
variation in the peak position and the crystallite size for the films
deposited on FTO (Fig. S1b, ESI†) due to the crystallographic
strain formed on the films. XRD of CuCdS/FTO films is given in
Fig. S1a (ESI†), and the details are in the Table T1 (ESI†). Higher
crystallite size in C10 (B38 nm) compared to other compositions
indicates lower residual strain, indicating that lower defect den-
sity could result in photo-sensitivity increment.

Table 1 XRD parameters extracted for CuCdS thin films on glass sub-
strates at different copper concentrations

Sample Plane
2y
(degree)

FWHM
(degree)

Crystallite
size (nm)

Average
D (nm)

C0 (100) 25.64 0.21 40.2 29.8
(002) 27.33 0.39 21.9
(101) 28.99 0.31 27.2

C10 (100) 25.74 0.17 51.0 38.3
(002) 27.42 0.28 30.4
(101) 29.09 0.26 33.4

C20 (100) 25.64 0.22 38.9 35.1
(002) 27.33 0.28 30.3
(101) 29.00 0.24 36.0

C30 (100) 25.64 0.21 39.8 32.3
(002) 27.33 0.34 25.5
(101) 29.00 0.27 31.5

Fig. 2 Scanning electron micrographs of CuCdS thin films on glass substrates at different Cu concentrations: (a) 0 at% (b) 10 at% (c) 20 at% and
(d) 30 at% of Cu.
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Investigation on the lattice vibrations in CuCdS thin films
carried out using Raman spectroscopy. Fig. 1b displays Raman
spectra of pristine and Cu-doped CdS thin films. Intense
Raman lines detected in all samples confirm crystalline CuCdS
thin films. All films exhibited a single peak close to 307 cm�1

corresponding to longitudinal optical phonon vibrations (LO).6

No additional peaks were observed indicating high purity phase
CdS. Compared to CdS, a shift of 1 cm�1 in CuCdS, is assigned
to surface optical phonon mode effects. The shift is due to the
strain in films resulting from Cu incorporation creating lattice
distortion or phonon momentum breakdown. The peak width
of the Raman line increased from 11 cm�1 for CdS to nearly
23 cm�1 for Cu-doped CdS thin films as shown in the ESI†
(Fig. S2), fitted using the Lorentzian function. The Raman line
broadening is assigned to the incorporation of defects resulting

in strain in the films. Using the full width at half maximum of
the LO mode, the phonon lifetime is calculated.23

Phonon lifetime, T = 1/2pcG (2)

where G is the FWHM of the Raman line, and c is the velocity of
light. The calculated phonon lifetimes for CdS and CuCdS films
were B45 ps and 22 ps, respectively. Hot phonon effects will
play a role in carrier relaxation in CdS with a high phonon
lifetime compared to CuCdS. The lower the phonon lifetime,
the less heat generation in the fabricated photodetector is
expected. Hence, Cu-doped CdS photodetectors are expected
to live longer than CdS.

Fig. 2 demonstrates the surface morphologies of CdS and
CuCdS thin films. All the films were pin hole-free, crack-free,
homogeneous, and uniform. From EDX, the Cd/S ratio of
undoped CdS thin films was greater than unity suggesting
sulfur deficient non-stoichiometric films (Table 2). With the
addition of Cu into CdS films, the Cd/S ratio decreases con-
firming the substitution of Cu ions into Cd lattices in the host.

The optical properties of the CuCdS thin films were studied
by employing a UV-Vis spectrophotometer and photolumines-
cence spectroscopy. The transmittance spectra of Cu:CdS thin
films are shown in Fig. 3a. All the films had a transmittance of
60–80%, the maximum for the Cu10 sample. The transmittance

Table 2 Elemental composition of CuCdS thin films on glass substrates
obtained from EDX

Sample Cd (at%) S (at%) Cd/S Cu (at%) Cu/(Cd + Cu)

CCS0 50.81 49.19 1.03 0.00 0.000
CCS10 47.44 47.41 1.00 5.16 0.098
CCS20 46.16 45.39 1.02 8.45 0.155
CCS30 41.53 44.32 0.94 14.15 0.254

Fig. 3 (a) Transmittance vs. wavelength (inset: Tauc plot), (b) Urbach plot, (c) variation of band gap, transmittance, and Urbach energy with Cu
concentration in CuCdS and (d) photoluminescence spectra of CuCdS thin films on glass substrates at different Cu concentrations.
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of the CdS thin film increased with the addition of Cu. The
transparent nature of the films indicates favourable optical
properties of the deposited films. All the films show sharp
transmittance drops at the fundamental absorption band edge
(520 nm). The sharp band edge in the transmittance spectra
confirms the good crystallinity of the CuCdS thin films. The
band edge corresponds to electron excitation from the valence
band to the conduction band and is related to the optical band
gap.2 The energy band gap was estimated using the Tauc plot.24

(ahW)2 = A(hW � Eg) (3)

where a is the absorption coefficient, A is the proportionality
constant, hW is the incident energy, and Eg is the band gap of
the material. For direct band gap material CdS, n is 1

2. Inset of
Fig. 3a shows the plot of hW vs. (ahW)2. Many authors have
observed minor variation of the band gap with Cu doping on
CdS.2,14–16,18,25,26 Likewise, the band gap of the samples was
almost the same for all compositions in the present study.
However, there was a significant increment in the band tail as
observed from the Tauc plot indicating an increased defect
level upon doping. Therefore, using the relation between the
absorption coefficient and photon energy near the band edge27

ln a ¼ ln a0 þ
hn
Eu

(4)

where a0 is a constant, and Eu is the width of the localized states
known as the Urbach energy. The slope of ln a vs. hn (Fig. 3b)
gives the Urbach energy. The variation in the band gap,
transmittance, and Urbach energy with the copper dopant
concentration is given in Fig. 3c and Table 3.

The lattice position of Cu atoms in the host CdS is detected
using photoluminescence. Photoluminescence depends on the
defect types in the material and their configuration. Emission
spectra for the samples were recorded at an excitation wave-
length of 325 nm (see Fig. 3d). The Cu atom in the CdS can
either be substituted as a single acceptor state or interstitial to
form a single donor state. The pristine CdS thin films had a
single emission peak at 515 nm corresponding to the near band
edge that matches with the band gap estimated from the Tauc
plot. For copper doped CdS, along with near band edge emis-
sion, a defect related peak was observed at 560 nm. Upon Cu
doping, the intensity of the near band edge emission quenched
or decreased. Similar results have been reported in the past.25

Negligible shifts in the positions of the emission lines for
different Cu-doped CdS thin films are observed (Fig. S3, ESI†).

The chemical state of the elements was investigated via X-ray
photoelectron spectroscopy (Fig. S4a shows the survey spectra, ESI†).

Fig. 4(a)–(c) shows the core spectra of Cu, Cd, and S on a glass
substrate for sample C10. The peaks observed corresponding to
the carbon (Fig. S4b, ESI†) and oxygen (Fig. S4c, ESI†) originate

Table 3 Optical parameters obtained from a UV-Vis spectrophotometer
for the CuCdS thin films

Sample
Transmittance
at 800 nm (%)

Band
gap (eV)

Urbach
energy (eV)

C0 71 2.43 0.235
C10 82 2.41 0.301
C20 64 2.44 0.495
C30 75 2.44 0.751

Fig. 4 XPS peak fit for core level spectra of (a) Cu 2p, (b) Cd 3d and
(c) S 2p for CuCdS thin films on glass substrates at Cu = 10 at% in CuCdS.
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from impurities adsorbed during the measurement. Before the
curve fitting, carbon correction was done at 284.8 eV. All the
curve fittings were done using CASAXPS, with an error of
�0.1 eV. The error was reduced by using the Tougaard back-
ground function provided in the software. An oxygen peak with
relatively negligible intensity was observed at binding energy
531.8 eV, which doesn’t belong to Cd–O or CdSO4.28 In the
cadmium region, Cd 3d5/2 and Cd 3d3/2 characteristic peaks
were observed at binding energies 405.24 eV and 411.98 eV. The
difference between the B.E. of Cd 3d5/2 and 3/2 electrons is
about 6.74 eV proving the existence of Cd in the +2 oxidation
state.15,29 For standard CdS, Cd 3d5/2 occurs at 405 eV of B.E.28

Therefore, a shift in this peak towards higher B.E. is in line with
the Cd/S ratio from EDX being nearly 1 for C10, indicating a
decent defect density.28 Such a low level of defect density
(compared with ref. 28) can produce a faster response. Peaks

observed at 162.73 eV and 161.54 eV were assigned to S2p1/2 and
2p3/2 of the C10 sample.29 Similarly, the Cu 2p spectrum
(Fig. 4a) reveals two peaks at the binding energies 949.33 eV
and 929.53 eV corresponding to Cu2p 1/2 and Cu2p 3/2 elec-
trons. Here, the difference between the two peaks is 19.8 eV,
which corresponds to the +1 oxidation state of Cu.13 In addition,
there are no satellite peaks in between the Cu2p3/2 and 1

2 peaks.
No peaks corresponding to the Cu(II) are observed. The +1
oxidation state of Cu provides a greater hole carrier concen-
tration, giving rise to p-type CdS. The fitting parameters are
provided in Table T2 in the ESI.†

Electrical parameters such as carrier concentration, mobi-
lity, and resistivity were measured by employing the van der
Pauw method. The measurements were carried out for the
0.5 cm2 samples using a 1.5 T magnetic field and 1 nA current,
and a four-probe sample holder interfaced with a Keithley 2450.
The obtained values are given in Table 4. For pristine CdS, a
negative hall coefficient was observed indicating n-type carriers
whereas Cu-doped CdS thin films were p-type. The high carrier
concentration of p-type carriers in Cu-doped CdS films is owing
to the Cu 3d level. Cu acting as acceptor centres in CdS results
in p-type conductivity. High carrier concentration resulted in
low mobility of holes in Cu:CdS. However, with the increment
in the copper concentration in CdS, the conductivity improved.

To investigate the effect of copper doping on photocon-
duction, I–V characteristics for all thin films in the device

Table 4 Electrical properties of CuCdS thin films on glass substrates using
the van der Pauw technique

Sample
Carrier concen-
tration (cm3)

Resistivity
(Ohm cm)

Mobility
(cm2 V�1 s�1)

Carrier
type

C0 2.7 � 1012 24 9.73 n
C10 1.04 � 1013 42 1.44 p
C20 1.4 � 1013 29 1.56 p
C30 8.8 � 1013 798 1.50 p

Fig. 5 (a) Schematic of the photodetector fabricated, variation of the ratio of (b) photocurrent/dark current and (c) forward current/reverse current
(rectification ratio) at various wavelengths for C10/FTO, C20/FTO and C30/FTO samples, and SEM cross-sectional image of C10/FTO.

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 6
/1

9/
20

26
 3

:4
4:

51
 A

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00678f


1582 |  Mater. Adv., 2024, 5, 1576–1587 © 2024 The Author(s). Published by the Royal Society of Chemistry

configuration shown in Fig. 5a are recorded. The ratio of
photocurrent to dark current for all samples is shown in
Fig. 5b. The dark current increased with the increase in
Cu concentration. Iph was maximum for the C10/FTO sample.
The rectification ratio viz., If/Ir, and the photocurrent to
dark current were higher for the C10/FTO sample at 1 V
(Fig. 5c). Therefore, photo-detection and response studies
were performed in detail for this sample. The I–V curves for
other samples can be found in the ESI† (Fig. S5a and b).
Fig. 5d displays the SEM cross sectional image at a magnifica-
tion of 30k � for C10/FTO with the thickness of 350 nm/
500 nm.

The variation of the current was measured in the dark and
under illumination in the range of �1 V to +1 V for C10/FTO.
For the measurement of the photoelectrical properties, light of
different wavelengths such as 460 nm (indigo, 50 mW cm�2),
500 nm (blue, 250 mW cm�2), 540 nm (green, 400 mW cm�2),
570 nm (yellow, 450 mW cm�2) and 635 nm (red, 450 mW cm�2)
is made to incident vertically on the p-CdS/n-FTO heterojunc-
tion and the corresponding photoelectric behavior is recorded.
The photocurrent was measured under band-to-band optical
excitation. Under this condition, the photogenerated electrons
increase the concentration of charge carriers in the CB, increas-
ing the photoconductivity.

Fig. 6a displays the current–voltage curves of photodetectors
illuminated with different wavelengths and under dark condi-
tions. The dark current increased with the increase in bias
voltage. Only a small dark current is measured with the applied
voltage due to high photoconductor resistance. The generation
of charge carriers will enhance under illumination and as a
result a very high photocurrent flows. The dark current is of the
order of 10�7 A, whereas the photocurrent was of the order of
10�5 A at 0.7 V bias. It is seen that with the increase in applied
voltage, the photocurrent in CuCdS PDs significantly increased
in both dark and illumination sections. CuCdS exhibits a
maximum net current of the order of 102. This increment in
current is due to the stimulated electrons from VB into CB
under illumination wherein the creation of pairs of free holes
and electrons at the VB and CB occurs. Photocurrent went on
increasing from longer wavelength to shorter and was max-
imum at 460 nm. Significant improvement in the photocurrent
was observed when the device was illuminated with shorter
visible wavelengths. Thus, the photodetectors are highly sensi-
tive to visible light. The ray of photons with energy 42.4 eV,
viz., higher than the band gap of CuCdS produced more hole–
electron pairs. Thus, the optimum wavelength equal to or
greater than the band gap (linc o 520 nm) showed higher
photocurrent.

The responsivity of the detector is defined as the photo-
current generated per unit power of the incident light on the
effective area.11

R ¼ Iph

PA
(5)

where Iph is photocurrent (in A), P is power incident on the
device (mW cm�2) and A is the area of the device (in cm2). In

measuring the photoelectrical properties in the reverse bias,
light with different wavelengths vertically incident on the PD
and photoresponsivity is calculated. Note that responsivity
varies with wavelength, which could be understood from

Fig. 6 (a) I–V characteristics recorded in C10/FTO at various incident
wavelengths, (b) responsivity in the reverse bias (inset: corresponding
variation of responsivity with wavelength) and (c) variation in EQE with
wavelength for the C10/FTO photodetector.
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calculating the quantum efficiency (EQE). The influence of the
wavelength on the photoresponse is shown in Fig. 6b, derived
using Fig. 6a. The photocurrent increases when the wavelength
of light decreases from 635 nm to 460 nm. The shorter excita-
tion wavelength provides higher excitation energy increasing
the photocurrent like the case of forward bias.

EQE is the number of electron–hole pairs excited per
photon, and is a critical parameter for a photodetector.11

EQE¼ number of electrons� electronhole pairs generated

number of incident photons
¼ hcR

lq
(6)

Fig. 7 (a), (c) and (e) Photoresponse curve for different incident wavelengths on C10/FTO, and (b), (d) and (f) figure showing the stability of photocurrent
and on/off ratio over 40 cycles.
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where h, c, and q are Planck’s constant, the velocity of light
under vacuum, and electron charge. l is the incident photon
wavelength. The EQE at a forward bias voltage of 1 V is given in
Fig. 6c. A maximum quantum efficiency of more than 50% is
observed for 460 nm light. Similarly, the figure of merit of a
photodetector is the linear dynamic range (LDR). With photo-
current and dark current densities of Jph and Jdark, LDR is
given by:30

LDR¼ 20log
Jph

Jdark
(7)

Detectivity, D* at a particular bias with current density Jd is
given by:11

D� ¼ R
ffiffiffiffiffiffiffiffiffiffi

2qJd
p (8)

The maximum LDR of around 43 dB was observed at a bias of
0.7 V. The detectivity at 1 V for 570 nm light wavelength was
6.3 � 1011 Jones.

Response and recovery times signify the sensitivities and
performance of PDs in real-world applications. The slow
response of the photodetector limits the practical applications.
Based on the device structure, the response time for rise and
fall differs. The photosensitivity response of the PDs was
obtained at 1 V of constant bias for ON/OFF cycles from the
optical chopper placed in front of a Xe lamp, which helps for
pulsing the light at the frequency 1 Hz. Fig. 7 shows the time

response of photocurrent in the photodetector under visible
light. The rise time is defined as the time required to increase
the photocurrent up to 63% (1 � (1/e)) from the dark current,
and the decay time is the time required to drop the maximum
photocurrent to 37% (1/e). The rise times were 33 ms, 11 ms
and, 59 ms at 460 nm, 500 nm and, 540 nm of illumination. The
decay times for the same set of wavelengths were 170 ms,
21 ms, and 78 ms. The shape of the response curve could be
explained as follows. The initial increase in the photocurrent
upon illumination is due to the photocarrier generation. The
slowly increasing component of the photocurrent, while the
light is still on, is due to the photo enhanced mobility. This
depends on the photogenerated holes getting trapped at the
grain boundaries, filling of carriers into the trapping centres in
the bulk, and recombination of the carriers at the surface and
in the bulk. The presence of surface state and sulfur vacancies
(Fig. 8a) adsorbed oxygen through the chemo/physio adsorp-
tion process (Fig. 8b). Adsorbed oxygen extracts electrons from
the conduction band of CdS. The electron density reduces the
dark current.

O2(g) + e� - O2
�(ads) (R4)

Under illumination, electron–hole pairs formed in CdS. Photo-
generated holes release trapped electrons in oxygen (Fig. 8c),
which flow through the film creating current.28

O2
�(ads) + h+ - O2(g) (R5)

Fig. 8 Schematics of the oxygen adsorption (under dark – a and b) and desorption (under illumination – c) on surface defects of CdS thin film.
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As the light turns off, slow mobility of charges will slowly
decrease the photocurrent. The sample with higher Cu concen-
trations will have higher grain boundaries which will quench
the photocurrent during illumination.14 The Cu dopant that
acts as an acceptor supports the recombination of holes at the
grain boundaries. After illumination is off, the photocurrent
goes down slowly, due to the lower recombination of charge
carriers at the grain boundaries. The switching between the on/
off states was very fast and reversible, permitting the device to
perform as a high-quality photosensitive switch. The current
levels for on and off remain almost constant for more than
40 cycles indicating reproducibility and stability of the device.
Furthermore, on/off switching was observed for the on/off light
frequency of 20 Hz at each wavelength. The crucial parameters
of the photodetector prototype prepared in the present work,
viz., Cu:CdS/FTO compared with various other photodetectors
reported3,11,21,31–38 are shown in Fig. 9. Mohd. Shkir et al. have
reported a responsivity of 0.213 A W�1 for CdS thin films at
532 nm and a power of 0.316 mW cm�2.11 The same group has
reported a responsivity of 0.0141 A W�1 for CdS thin films.36

Husham et al. fabricated self-powered CdS photodetectors with
a responsivity of 0.24 A W�1 at 500 nm.4 Waldiya et al. have
reported responsivity between 0.0715 and 0.3815 A W�1.5

Dharani Devi et al. have reported a responsivity between 0.15
and 0.24 A W�1 for CdS thin films.3 The comparison table can
be found in the ESI† (Table T3). The responsivity of CdS in this
study is lower compared to other reports, which could be due to
the difference in the incident wavelength of the source.

Conclusion

A low cost, industrially beneficial CuCdS photodetector is
fabricated that works in the visible wavelength regime of the
solar spectrum, with a band gap of 2.4 eV. The best device

exhibited responsivity of 0.2 A W�1, with EQE of 50 to 53.9%
under light of wavelengths 500 nm and 460 nm illumination.
The rise and fall times were recorded as 11 ms and 21 ms
respectively, and were better than most of the reported works.
Using a simple device structure, an excellent responsivity,
speed, and stability were observed for a copper concentration
of 10 at% in CdS. Copper in the +1 state was confirmed from
X-ray photoelectron spectroscopy, which was responsible for
the p-type conductivity in CdS as observed from the Hall effect.
The highest crystallinity observed for the C10 sample supports
the mechanism of better photodetection compared to other
compositions. Moreover, all the samples had high transmit-
tance, and henceforth could be further used in flexible trans-
parent photodetection applications.
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