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ABSTRACT: Effective engineering of nanostructured materials provides a scope to
explore the underlying photoelectric phenomenon completely. A simple cost-effective
chemical reduction route is taken to grow nanoparticles of Cd,Zn, S with varying x
=1,0.7,0.5, 0.3, and 0. X-ray diffraction confirms the formation of different phases of
targeted Cd,Zn,_,S, while field emission scanning electron microscopy shows change
of nanostructures. Energy-dispersive X-ray spectroscopy determines the composition
of the grown nanostructures as CdS, Cd,,Zn,;S, CdysZnysS, Cdy3Zn,,S, and ZnS.
The optical absorption study determines the band gap shift with change of
composition as well as with quantum confinement. The fluorescence lifetime for each
nanomaterial is determined by time-correlated single photon counting, and Raman
analysis revealed that ZnS exhibits the highest blue shift. Thus, there is a possibility to
apply such grown nanomaterials for fabrication of heterojunction-based photo-
detectors (PDs) in a broad wavelength region. Cd,Zn,_,S nanostructures on n-type
bulk silicon (Si) were successfully fabricated by a simple cost-effective spin coating method and present hybrid heterojunction PDs.
The fabricated p—n heterojunction exhibits good rectifying behavior at room temperature under a reverse bias condition. Also, it was
observed that the heterojunction is extremely sensitive to the irradiation of visible light because of the significant optoelectric effect
with a good Ligy/ I ratio (here, Iy, is the current in the presence of light and Iy, is the dark current), quick response time (40 to
100S ms), and good reproducibility (three cycles of Lighe/ Lgark for each sample are observed). It was observed that the responsivity
value gradually decreases for x = 1 to x = 0 in the Cd,Zn,_,S/n-Si heterojunction, i.e., it is maximum for CdS NRs (6.74 X 107> mA/
W), intermediate for Cd,sZnysS NPs (4.49 X 10~ mA/W), and minimum for ZnS NPs (2.72161 X 10~* mA/W). A similar nature
has been observed in the case of detectivity, and hence it is a maximum (1.45 X 10° Jones) for CdS NRs. The photocurrent
generation at the heterojunction showed excellent “on” and “oft” switching behavior in the presence and absence of light
illumination. Response time and gain change significantly with change of composition. The responsivity and detectivity with good
photoresponse originated from the realization of special microstructures, enhancing the photoelectric behavior of Cd,Zn,_,S
materials for applications in low-dimensional PDs covering a large wavelength region.
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1. INTRODUCTION photovoltaic applications, where the material has represented a
Growing materials with the right nanostructures (nanowires, wide gap window material in the visible and near-infrared areas,
nanorods, nanosheets, nanoflowers, nanotubes, nanoparticles, nanocrystalline cadmium sulfide (CdS) films placed over silicon
etc.) in a controllable manner presents a challenge for the have also attracted a lot of interest." ZnS is a very good and
fabrication of various functional devices. It is also possible to useful material for optoelectronics applications.'> According to
develop additional functionalities that stem from reduced Tapan and Afrailov, photons with wavelengths between 340 and
dimensionality.' ~® The chemical route is a cost-effective way 800 nm have a very high quantum efficiency in a heterojunction
to fabricate the desired nanostructures for semiconductors.”” photodiode device made of zinc sulfide and silicon (ZnS—Si)."*
Nanostructured semiconductors possessing photoconductivity According to Liu and Yue, the surface of silicon nanopillars with

are useful for photovoltaic applications and photodetection.
Hence, in the present work, photoconductive Cd,Zn,_,S
(varying x) nanomaterials are grown by the chemical reduction
route. The grown nanomaterials are characterized structurally
and optically. Nanostructures are an ideal choice to be a good
photodetector (PD)”~"* because it allows for shortening of the
charge carrier lifetime due to very small absorption region and
high surface area to volume ratio. Thus, Cd,Zn,_,S nanoma-
terials will be effective PDs in a wide region of wavelength. In

a ZnS layer is beneficial for photoresistor applications.'”> The
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Figure 1. Color of the different powder sample: (a) CdS NRs, (b) Cd,,Zn,;S NPs, (c) CdysZnysS NPs, (d) Cdy3Zn,,S NPs, and (e) ZnS NPs.
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Figure 2. Schematic of the different steps for the fabrication of heterojunction device of Cd,Zn,_,S (p)/Si(n): (a) etched Si wafers, (b) schematic spin
coating arrangement, (c) drop cast of Cd,Zn;_,S on Si wafers, (d) wafers after spin coating of Cd,Zn,_,S, (e) spin-coated Cd,Zn,_,S wafers after gold
contact, (f) top view of gold contact on wafer, (g) heterojunction device configuration of Cd,Zn,_,S (p)/Si(n), and (h) transparency of Au film.

bulk ZnS is less stable in the environment due to the higher
probability of the oxide formation state. Band gap variation and
variations of the optoelectronic properties are not possible in
bulk. So, the need for ZnS nanoparticles is very urgent because it
is comparatively highly stable. Nanoscale ZnS showed tuning of
band gap with tuning size, morphology, and doping with metals.
ZnS NPs responses are in visible light, though its band gap
tuning on the nanoscale is large and close to the UV region; it
detects the possibility of a lower edge of the visible region due to
the presence of a defect state nanoscale and other important
nanoscale properties.

PDs are being employed extensively in a wide range of
applications, including fame detection, communications,
surveillance, and environmental monitoring.lé_22 A device
that can transform an optical signal at the input into an electrical

295

signal at the output is known as a PD.”” Fundamentally, the
operation of a PD relies on the rate at which excitons, or
electron—hole pairs, are generated in semiconductors when
exposed to light energy above the material bandgap and on the
effective movement and accumulation of the photogenerated
carriers when subjected to an internal or external electric field,
which generates photocurrent.”” One of the main factors used to
choose commercial applications is the PDs” performance and
responsivity.

The choice of materials affects the device efficiency,
photocurrent responsiveness, and operating wavelength. Due
to their intriguing optical and electrical characteristics,
heterojunctions are a popular choice for use in solar cells and
other optoelectronic devices.
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In this work semiconductor nanostructure Cd,Zn,_,S (for the
x=1,0.7,0.5,0.3,and 0) /n-Si form hybrid heterojunctions, and
these are preferred as PDs. The change in composition with
change of “x” leads to change of band gap. The performance of
the devices as PDs with change of composition are studied and
the properties like responsivity, detectivity, response time, and
gain are compared. Thus, the objective of the work is to present
the optoelectronic properties of the fabricated PDs based on
different grown compositions in Cd,Zn,; ,S. The change of
composition means that PDs will be effective in a wide range of
wavelength region. Our aim is to grow good PDs out of these
grown heterojunctions, which can be useful in communication
technology and in various sensors for safety monitoring.”*~>*

2. EXPERIMENT

2.1. Process of Synthesizing Nanoparticles through
the Chemical Reduction Route. Here, we fabricated
nanomaterials CdS, Cd,Zn,_,S (for the x = 1, 0.7, 0.5, 0.3,
and 0), and ZnS using an easy and affordable chemical
precipitation approach.® In order to make CdS, Cd,-Zny;S,
CdysZngysS, Cdy3Zngy,S, and ZnS, the initial ingredients’
proportions of CdCl, and ZnCl, had to be varied. We
introduced THF, as a capping agent, and a stoichiometric
amount of CdCl, into a beaker. The mixture is stirred using a
magnetic stirrer. After stirring for a few minutes, the
stochiometric amount of sulfur powder is added and finally
the reducing agent NaBH, is added to the solution, which is
stirred for 16 h. The precipitate is centrifuged as well as washed
with DI water, and finally the sample is dried. ZnS nanoparticles
are synthesized using a similar procedure, with ZnCl, serving as
the precursor.® Using stoichiometric amounts of CdCl, and
ZnCl, powders according to the molar ratios of the desired
chemical, such as Cdy;Zny;S, CdysZnysS, and Cd,;Zn,,S,
Cd,Zn,_,S is synthesized. ZnCl, serves as the precursor in a
similar procedure used to grow ZnS nanoparticles.” Stoichio-
metric amounts of CdCl, and ZnCl, powders are used in the
synthesis of Cd,Zn,_,S in accordance with the molar ratios of
the target product, such as Cdgy,Zny;S, CdysZnysS, and
Cdy3Zny,S. The compositions of grown nanomaterial’s are
determined through energy-dispersive X-ray spectroscopy
(EDAX) analysis and observed to be Cd,,Zn,3S, CdysZn;S,
and Cdy;Zn,,S. Typical chemical reaction concerning the
formation CdS from CdCl, and sulfur is shown below®

CdCl, < Cd** +2CI” (1)
2NaBH, + 2CI” — 2NaCl + B,H, + 2H + 2e~ (2)
2H + S — H,S (3)
H,S + Cd&* + 2¢” — CdS + H, (4)

The changes of color with change of composition in
Cd,Zn,_,S are shown in Figure 1. Increases in Zn content
cause the precipitate to transition from yellowish to white. The
nice color changes in the powder samples may be due to the
nanoscale confined effect.

2.2. Fabrication of Heterojunctions. Having thoroughly
characterized Cd,Zn,_,S nanostructures, PDs were fabricated
with these nanomaterials grown on n-Si.”’ Silver (Ag) served as
the back contact, and approximately 20 nm-thick gold (Au)
islands were placed on top to guarantee that the Au electrode
only absorbed a small portion of the light”" The layered
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structure consisted of Ag/n-Si/Cd,Zn,_,S/Au. Figure 2 displays
the schematic diagram used in the device construction.

Using ultrasonification, a 1 X 1 cm?® n-Si(111) substrate was
first cleaned with acetone, ethanol, and DI water multiple
times.”” The silicon wafer is then etched with HF and water in
the ratio of 1:6 for 30 s. The etched silicon wafer is then
thoroughly washed in DI water and dried. The nanoparticles (50
mg of Cd,Zn,_,S NPs) are dispersed in ethanol and ultra-
sonicated for 45 min. Next, the dispersed solution was spin
coated for 30 s at 1500 rpm on an n-type Si wafer (Figure 2). The
n-Si substrate coated with Cd,Zn,;_,S NPs was annealed for 45
min at 50 °C. The same process was repeated for 5 samples
taking the same amount of sample in ethanol for each case
(Figure 2). The Cd,Zn,_,S NP thin film was then annealed for
4S5 min at 70 °C in a N, environment. The PD’s active area is
approximately 80 mm?”. The up contact has been done with “Au”
by thermal evaporation. The gold metal contacts are of 1 mm
diameter, and the back contact is done with “Ag” metal by
thermal evaporation again. The schematic of the different steps
of the device fabrication and device structure is shown in Figure
2.

2.3. Instrumentation for Device Characterization. The
properties of the devices are characterized using an electrical
probe station using the Keithley Semiconductor parameter
analyzer [4200 SCS] and a broad band solar simulator. Current
(I)—voltage (V) characteristics are observed under reverse bias
in dark conditions and in the presence of visible light. The
current (I)—time (t) curve is computed using magnified single
pulse to determine response time at the —2 V bias condition. For
visible light irradiation, a 500 W lamp is employed as the light
source.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. 3.1.1. X-ray Diffraction.
The grown nanomaterials are identified through the X-ray
diffraction (XRD) pattern (Figure 3). The XRD spectrum of
CdS NRs shows the presence of the (100), (002), (101), (102),
(110), (103), and (112) diffraction peaks corresponding to the
hexagonal wurzite crystal phase for CdS (JCPDS card no. 41-
1049). This structure gradually changes toward the cubic phase
with an increase of Zn content in Cd,Zn,_,S and finally becomes
the cubic zinc blende phase in ZnS. The presence of (111),
(220), and (311) diffraction peaks represents the cubic zinc
blende phase of ZnS (JCPDS card no. 77-2100).

Average crystal size (P) is considered using the Scherrer
equation™

P = kA/p, ,cos 0 (5)
where f3, /, is the width at half of the maximum intensity, 26 is the
Bragg angle, and A (for Cu Ka, 4 = 1.5418 A) is the X-ray
wavelength. The crystal size is computed from the peak at 20
around 25° for each composition. The crystal sizes vary between
10 nm for CdS and S nm for ZnS. Thus, the crystal size is
reduced as the value of x decreases in Cd,Zn,_,S. The crystal
strain for all nanoparticles is calculated from the relation

strain (&) =

(6)

The calculated average strains for CdS NRs, Cd-Zn, ;S NPs,
CdysZnysS NPs, Cdy3Zn,,S NPs, and ZnS NPs nanoparticles
are 0.015, 0.021, 0.025, 0.032, and 0.067, respectively. Hence,
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= 7 T S N P T T T used in field emission scanning electron microscopy (FESEM)
5 - 4N S ~ - to provide an enhanced spatial resolution image of the
A 8 - nanostructures. The produced semiconductor nanomaterials,
[ N Q § as shown by the FESEM images, are displayed in Figure 4.
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Figure 3. XRD pattern CdS NRs, Cd,,Zn,3S NPs, CdysZn,sS NPs,
Cdy3Zny-S NPs, and ZnS NPs.

strain gradually increases with the Zn content (0, 0.3, 0.5, 0.7,
and 1) within Cd,Zn,_,S and maximum in ZnS NPs.

3.1.2. Field Emission Scanning Electron Microscopy
Images. An electron source known as a field-emission gun is

FFESEM pictures demonstrate rod-shaped nanoparticle pro-
duction for CdS. However, as the Zn content rises, a portion of
the rod-shaped structure gradually changes to a spherical
structure; this is shown in the Cdy,Zny;S and Cd,sZn,;S
samples. In the end, spherical-shaped nanoparticles are seen in
the ZnS and Cd,;Zn,,S samples.

3.1.3. EDAX Measurement. The purity of the materials and
the atomic proportion of the elements in the produced
nanoparticles are disclosed by energy dispersive analysis by X-
ray (EDAX). The target composition is nearly reached through
the chemical reduction process, according to the EDAX spectra,
and the percentage of elements for each of the three
compositions is displayed in Figure Sa—c. As intended, EDAX
shows strong stoichiometries in Cdy,Zn,;S and CdysZny S,
and Cd,;Zn,,S.

3.1.4. Optical Absorption. Optical absorption of fabricated
nanostructures dispersed in ethanol is measured using a Carry
5000 UV—vis—NIR spectrophotometer. Optical absorption
coefficients are estimated for each nanostructure in the
wavelength range of 200—900 nm. The peak position for three
compositions like CdS NRs, Cd,sZn, S NPs, and ZnS NPs is
shown in Figure Sd—f. The absorption peak position shifts to a
lower wavelength as the composition changes from CdS NRs to
ZnS NPs in Cd,Zn,_,S.

The direct band gap is measured using the below relation 2*°'

(ahv)* = constant (hy — Eg) ?)

where E, is the direct band gap energy and « is the optical
absorption coeflicient. The band gap is displayed in Figure 6 and
can be calculated using the (ahv)* vs hv plot.

The bandgap energy is found to be 2.79 2.87, 2.94, 3.4, and
3.95 eV and corresponds to CdS NRs, Cdy;Zny;S NPs,
CdysZny S NPs, Cdy3Zn,,S NPs, and ZnS NPs. From the
parameters in Table 1, it is also evident that for each material, the
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Figure 4. FESEM images of the (a) CdS NRs, (b) Cd,,Zny;S NPs, (c) CdysZngsS NPs, (d) Cdy3Zn,,S NPs, and (e) ZnS NPs.
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Table 1. Comparison of Structural and Optical Parameters of Cd,Zn,_.S Nanostructures

grown sample shape of nanostructures from FESEM

CdS (hexagonal phase) NRs 10

Cdy;Zng5S NRs and NPs 8.5
CdysZnysS NPs 7.0
Cd,y3Zn,,S NPs NPs 6.0
ZnS (cubic phase) NPs 5.0

average crystal size (hm) band gap energy (eV) fluorescence lifetime (is) Raman shift cm™

2.79 3.65 301.3
2.87 1.08 306
2.94 0.96 310
3.4 0.91 313
3.95 0.87

band gap is large compared to their bulk values. A broad ranges
of bandgap variation have been achieved for such semiconductor
nanomaterials.

3.1.5. Raman Study. The Raman study provides Raman shift
for each Cd,Zn,_,S with variation of x (Figure 7).

In comparison to bulk CdS, the Raman peak is red-shifted,*
and the Raman peak for CdS nanorods at 301.3 cm™’ is
associated with the first order longitudinal optical phonon
mode.>® However, blue shift occurs at 306, 310, and 313 cm™!

298

for the nanoparticles Cd,,Zny3S, CdysZny S, and Cd,y;Zn,-S,
respectively. An arrow (on different spectra) in Figure 7
indicates the relevant Raman peaks. However, the Raman peak
for ZnS becomes insignificant compared to its own large
fluorescence peak and hence does not appear within the
wavenumber range 250 to 400 em™,

3.1.6. Time-Correlated Single-Photon Counting Study.
Time-correlated single-photon counting (TCSPC) is a method
for quantifying fluorescence degradation in the temporal
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Figure 7. Raman shift for Cd,Zn,_,S nanostructures with variation of «.

domain. With this technique, single photon events are identified,
and the laser pulse used to excite the sample is connected to the
time of arrival of the photon events. For every composition, the
decrease of fluorescence is monitored in the time domain
(Figure 8). The lifetime for each nanomaterial is tabulated in
Table 1. In Cd,Zn,_,S, fluorescence lifetime diminishes as x
decreases.

Thus, fluorescence lifetime is maximum (~3.65 us) for CdS.
However, as x decreases in Cd,Zn,_,S, fluorescence lifetime
decreases, and it is 0.87 ys for ZnS.
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Growth of different nanostructures Cd,Zn,_,S is confirmed
through XRD. The synthesis of Cd,Zn, ,S was done in the
presence of capping agent tetrahydrofuran (THF). Hence, THF
prevents the formation of larger crystallites and thus opposes
Ostwald Ripening.”*** The XRD pattern indicates the transition
from the hexagonal wurtzite phase for CdS to cubic zinc blende
phase ZnS. Crystal size is obtained at fwhm corresponding to the
same XRD peak (26) for each composition and is found to be 10
nm for CdS whereas 5 nm for ZnS. Hence, quantum
confinement increases as x decreases in Cd,Zn,_,S. FESEM
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Figure 9. Cross-sectional FESEM of the Cd,Zn,_,S (p)/Si(n) heterojunction device.

images show the predominance of rod shape for CdS and
Cdy;Zny;S and spherical shape for ZnS NPS. An optical
absorption study indicates the absorption of the peak is due to
exciton and the peak shift toward lower wavelength with
decrease of “x”. From the parameters in the table, it is evident
that for each material, the band gap is large compared to their
bulk values.
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Thus, the formation of nanostructures is confirmed, and
hence, band gap increases with change of composition as well as
with increase of quantum confinement. The Raman study
indicates that with an increase of Zn content, the blue shift
increases. This means that lattice is more and more strained in
Cd,Zn,_,S with increase of Zn content. Hence, strain will be
minimum for CdS NRs, while it will be maximum for ZnS NPs.
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3.2. Device Analysis. 3.2.1.
Characteristics of the Heterojunction. Cross-sectional
FESEM of the Cd,Zn,_,S (p)/Si(n) heterojunction device is
shown in Figure 9. Figure 9 clearly indicates that Cd,Zn,_,S (p)

is grown on the n-Si wafer.

Current (I)—Voltage (V)

10.
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The characteristics of the as-fabricated p-Cd,Zn,_,S/n-Si
heterojunctions are determined from the I-V curves of the
heterojunction in dark condition and under visible light
illumination and In(I) vs voltage (V) plots are shown in Figure
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The variation of In(I) vs voltage (V) within —2 to +2 V under
(a) dark condition and (b) illumination with light condition for
each fabricated heterojunction based on different compositions
is shown in Figure 10.

Responsivity and detectivity of the fabricated heterojunctions
are measured from the change of the photocurrent under a
reverse bias condition. For a PD, responsivity is a measure of
sensitivity to light. It is defined as ratio of photocurrent (Ipy) to
incident light power (Popt) and is defined as

R =I;/Ry (A/W) (8)
where I, = photocurrent density, P, = optical power density.

The specific detectivity is defined as

D* = Acll/zlz/(e'[clark)l/2 (9)

where I; = dark current, A, = area of the device.

Responsivity (R) and detectivity (D*) are determined for
each fabricated heterojunction and are shown in Figure 12.

3.2.2. Current (I)-Time (t) Characteristics for Junction
Photocurrent Generation under Visible Light Illumination.
The current—time variations are shown in Figure 11 for
heterojunctions based on nanocrystals of different composi-
tions, ie., p-Cd,Zn,_,S/n-Si. The bias is fixed at —2 V for all
heterojunctions. The rise time and fall time are measured using a
single pulse for each heterojunction for a —2 V bias condition.

Response time (7) is the rise time to rise to 90% from 10% of
saturation current, while decay time is the time to decay from
90% to 10% of saturation current.

Gain = TpI/TRes (10)
where 7, = photoluminescence lifetime, 7g., = response time.

The response time is thus an important parameter that
determines the performance of a detector.

The time-dependent current (I—t) curves of fabricated PDs
with on—off switching are shown in Figure 11 under 100 mw/
cm? of light and in the dark with a voltage bias of —2 V. For all
PDs, the photocurrent of the devices sharply increases to
saturation. The current becomes stable after saturation and then
a rapid decay of current occurs when the light is switched off.
These devices’ high on/off ratios shift depending on the
composition.

Responsivity and detectivity of the fabricated heterojunction
are measured using eqs 8 and 9. Responsivity is maximum for
CdS nanorods based heterojunction. However, responsivity
decreases gradually for heterojunctions based on other
compositions in which Zn content increases (Figure 12).

The present work systematically points that optical
parameters like detectivity, responsivity, response time, and
gain change with change of compositions Cd,Zn,_,S, i.e., with
change of band gap in hybrid heterojunctions [Cd,Zn,_.S/
Si(n)], keeping the intensity of light fixed in each case. Also, the
study shows systematically the influence of size (XRD), shape of
nanoparticles (FESEM study), and strain (Raman and XRD
study) with change of compositions on all such optoelectronic
parameters. Thus, present work considers photodetection
considering all the compositions instead of a particular
composition and correlating with structural parameters. Thus,
these engineering nanoscale semiconducting materials have
good possibilities in developing photodetectors in the wide
wavelength region (from visible to UV region).

3.2.3. Junction Photocurrent Mechanism. The light
dependent on—oft properties, i.e., switching behavior of current
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Figure 12. Variation of responsivity and detectivity for p-Cd,Zn,_.S/n-
Si.

with time indicates that the CdS-based heterojunction converts
photon energy to electrical signal more efficiently than devices
based on other compositions. This is because the optical
absorption coeflicient is large for CdS, and this will lead to more
photogenerated holes as well as electrons, and it is shown in the
band diagram (Figure 13) of p-Cd,Zn,_,S/n-Si heterojunction.
The energy band diagram can be used to understand that the
photocurrent is related to photogenerated carriers in the
heterojunction under light irradiation.'®* The built-in electric
field can direct photogenerated electrons and holes in the space
charge region toward the n-Si and p-CdS NRs, respectively,
when illuminated. Additionally, from the edge of the space
charge zone, photogenerated electron—hole pairs in the p-CdS
NRs side can diffuse to the space charge region within one
minority carrier diffuse length, where they can then be removed
by the built-in electric field."® The p-side’s photogenerated
electrons will therefore move to the n-side. The photogenerated
electors and holes will cause a significant change in illumination
to current. When p-CdS NRs and n-Si are coupled by a load,
both processes produce a photocurrent.

Also, FESEM images indicate the formation of nanorods,
which will also enhance the absorption in CdS of incident light
compared to other compositions. The band diagram of three
typical compositions of p-Cd,Zn,_,S/n-Siis shown in Figure 13.
The band diagram of three different composition-based
heterojunctions indicates the increase of the band gap with a
decrease of x in Cd,Zn,_,S, whereas the band gap on the Si side
remains the same.

The devices [p-Cd,Zn,_,S/Si(n)] are heterojunctions
between varying p type wide band gap nanostructured
semiconductors and fixed low band gap bulk n-type silicon.
Thus, with an increase of band gap due to a change of
composition of Cd,Zn;_.S (as x varies from 1 to 0), the built-in
voltage across the heterojunction also increases due to an
increase of separation of Fermi levels of two materials at the
junction. Thus, bending of band increases due to change of
potential gradient with change of composition. The band
bending” ™" determined from Poisson’s equation strongly
affects the current—transport mechanism in these hetero-
junctions. Under constant illumination, the electron—hole
pairs will be generated in p-Cd,Zn, .S as well as in the
depletion region and will move out due to the existing field at the
junction. The electron—hole pair generation will be less even
under same illumination as Zn content increases (i.e., x
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Figure 14. (a) Variation of response time p-Cd,Zn,_,S/n-Si heterojunctions and (b) histogram for the variation of the gain vs nanomaterials.

decreases) in p-Cd,Zn,_,S. Thus, probability of electron—hole
pair generation will be less as band gap increases with increase of
Zn in p-Cd,Zn,_,S.*

Thus, responsivity is 6.474 X 107> (A/W) for the CdS
nanorod-based heterojunction. However, the responsivity
decreases gradually for the heterojunction based on other
compositions. Hence, responsivity is low, i.e., 2.721 X 1077 (A/
W) for ZnS-based heterojunction. The detectivity is 1.45 X 10°
Jones for CdS-based heterojunction and is large compared to
other Cd,Zn,_,S-based heterojunctions. This is due to the high
absorption coeflicient of CdS as well as of its nanorod formation.
The significantly increased photoelectric performances of hybrid
CdS NRs/Si originate from the microstructural characteristics,
which determine the response of photo-induced carriers. With
increase of the Zn component in Cd,Zn,_,S, the responsivity
and the detectivity decrease. Thus, detectivity is as low as 9.83 X
10* Jones for ZnS(P)/n-Si. This is because of the increase of
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band gap with compositional change and more quantum
confinement in the transition from CdS to ZnS as well as the
shape of nanostructures from nanorods to nanoparticles.

The p-CdS NR/n-Si heterojunction device’s photoresponse
characteristics were measured at fixed bias (=2 V). The
heterojunction’s time response to alternating on and off light
illumination is shown in Figure 14. It is evident that when light is
applied, the electrical current rises sharply and stabilizes at a
high-conduction “on” state. When light is removed, however, it
rapidly falls to a low-conduction “off” state, resulting in a good
Tight/ Lgark ratio with exceptional stability and repeatability. Xie et
al. observed a similar phenomenon on CdS nanoribbon/n-Si
heterojunctions.®

Response time is low for all Cd,Zn,_,S compositions but
significantly increases for composition in which x is zero, i.e., for
ZnS. response time depends on diffusion time of photo-
generated carriers. The Raman study denotes that blue shift
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Table 2. Comparison of Responsivity, Detectivity, Response Time, and Gain Characteristics of Photo Detectors

responsivity detectivity response time
sample Ii Light (a) ALy (a) Jon (mA/cm®) A/W) (Jones) (ms) gain X 1073
CdS NRs 9.85x 107 6.07 X 1078 5.08 x 1078 0.00648 6.474 x 107¢ 1.45 x 10° 270 0.014
Cd,,Zny3S NRs + 1.36 x 1077 8.00 X 10~ 6.64 X 1070 0.00085 8.452 x 107¢ 5.07 x 10° 40 0.027
NPs
Cd,sZnysS NPs 522 %107 4.05x 107 3.53x 1070 0.00046 4493 X 107° 436 X 10° 75 0.013
Cdy3Zny;S NPs 3x 107" 2.8 %1077 2.5%x 1077 0.000325 325x107° 225 X 10° 130 0.007
ZnS NPs 376 x 107 251x 107 214 x 107 272161 x 107° 2721 x 1077 9.8 x 10* 1005 0 0.0008

increases with increase of Zn content in Cd,Zn,_,S. The lattice
will be more compressed as the size of the crystal is reduced and
in turn increases strain. Pak et al. demonstrated how the bending
of energy bands, which impacts photogenerated carrier
transport, caused strain-induced barrier modulation to alter
photoresponse characteristics in a MoS, flexible photodectors.*®
Hence, with an increase of Zn content, the blue shift increases
and the response time is found to have a high value of 1005 ms
for ZnS NPs. Gain is determined for each photo detector using
eq S. Itis evident from Table 2 that the gain is maximum (0.027)
for Cdy,Zn,;S, but it gradually decreases as the Zn content
increases in Cd,Zn;_,S. This is due to the increase of the
response time with an increase of the Zn content. The increase
of Zn will introduce more trap as well as recombination center in
the forbidden region. As a result, the carriers will be trapped and
will be slowly released increasing the response time.

4. CONCLUSIONS

Thus, Cd,Zn,_,S nanomaterials with varying compositions are
grown successfully by the chemical reduction route. XRD reveals
change of the hexagonal wurtzite phase to cubic zinc blende
phase with change of composition. Change of shape is evident
from CdS nanorods to Zn$ nanoparticles with the increase of Zn
content in Cd,Zn,_,S and also leads to the change of band gap.
The increase of band gap is also due to quantum confinement.
Fluorescence lifetime and Raman shift are two important
parameters to explain PD device characteristics of successfully
grown nanostructures of Cd,Zn; ,S on Si. Responsivity,
detectivity, response time, and gain characteristics of different
photo detectors are compared. The result indicates that with
decrease of x in Cd,Zn,_,S, responsivity, detectivity, and gain
decrease, while response time increases. The responsivity and
detectivity decrease with increase of Zn content is due to
increase of band gap which reduces the absorption possibility in
the visible region and also due to the change of shape of
nanostructures. The increase of response time is due to the
increased strain and also increase of traps introduced by Zn
content and hence gain gradually decreases. The quality of the
PDs thus degrades as x decreases in Cd,Zn,_,S. However, we
were able to vary band gap of the composition in a wide range
through the variation of x and hence applied these PDs in a wide
range of wavelengths.
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