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Abstract

In this study, we reported on the construction of p-n junction based on crystalline Ga-doped
CdS/polycrystalline ZnTe nanostructure (NS) for optoelectronic device application. The coaxial
nano-heterojunction was fabricated by a two-step growth method. it is found that absorption edge
of CdS:Ga/ZnTe:Sb core-shell NSs red shifted to about 580 nm, compared with CdS nanowires
(520 nm). The as-fabricated core-shell p-n junction exhibited obvious rectification characteristics
with low turn-on voltage of ~0.25 V. What is more, it showed stable and repeatable photoresponse

to 638 nm light illumination, with a responsivity and detectivity of 1.55X 10> AW™ and 8.7 X 10"

cmHz"*W™, respectively, much higher than other photodetectors with similar device configuration.

The generality of this study suggests that the present coaxial CdS:Ga/ZnTe:Sb core-shell

nano-heterojunction will have great potential applications in future nano-optoelectronic devices.

2/18

Page 2 of 19



Page 3 of 19

Journal of Materials Chemistry C

Introduction

One-dimensional semiconductor nanostructures (NSs) including nanotubes (NTs), nanowires
(NWs), and nanorods (NRs) are technologically significant as they are emerging as attractive
building blocks for the assembly of electronic and optoelectronic devices owing to their novel
electrical, magnetic, and optical properties, which differ from their corresponding bulk and thin
film counterparts."” * * Coaxial p-n nanostructures as one of the most fundamental building
blocks has been of particular interest in that their properties can be easily tailored by changing the
diameter, chemical composition of both core and shell. In addition, compared with other
geometries, core-shell p-n structure exhibit unique advantage in terms of increased surface,
shortened carrier collection path length and reduced reflection, which is vitally important to
high-performance electronic and opto-electronic devices at nanoscale level.* > © So far a number
of approaches have been developed to fabricate coaxial core-shell p-n nanostructures, including
SA-MOVPE (selective area metal-organic vapor phase epitaxy),” SILAR (successive ion layer
adsorption and reaction),® CVD (Chemical vapor deposition),” and ALD (atomic layer
deposition). '* Based on these p-n core-shell semiconductor nanostructures, a variety of

15

nanodevices (e.g., nanogenerator,'’ photovoltaic devices,'> ' lithium battery,'" ° efc) with

high performance have been fabricated.

Among the various II-VI group semiconductors (e.g. CdS, CdSe, ZnS, and ZnSe etc.)

16, 17

materials, cadmium sulfide (CdS, band-gap: 2.4 eV) have been widely investigated. To date,

a number of one-dimensional CdS nanostructures (e.g. NW, and NR) have demonstrated potential

application in water splitting,'® field effect transistors (FETs)," *° solar cells,*" * lasers, **
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waveguides,” logic circuits,”® visible light photodetectors.”” ** In spite of these progresses, there
is few work dealing with the fabrication of CdS core-shell p-n junction. This is scarcity is mainly
due to the unavailability of p-type doping of CdS NSs. Thermodynamic studies have revealed that
CdS can only exist as n-type conduction in thermodynamic equilibrium as a result of strong
self-compensation effect, deep acceptor level and low solubility of dopants.” Similar
phenomenon is also observed on zinc telluride (ZnTe), which is naturally p-type doping.* In fact,
due to such a difficulty in doping, it is highly challenging to fabricate CdS or ZnTe nanostructures
based p-n junction. In this paper, we present a systematic study on the fabrication of Ga-doped
CdS/Sb-doped ZnTe core-shell hetero-junction for optoelectronic device application via simple
and flexible CVD method. The core-shell p-n junction devices exhibit excellent rectifying
characteristics with a low turn on voltage of ~0.25 V, a rectification ratio of ~10?, and an ideality
factor of 1.28. Moreover, the p-n nano-heterojunction exhibits typical sensitivity to 638 nm
irradiation, with an Ljjgn/Idark ratio of 20. The responsivity and detectivity are estimated to be 1.55
X 10> AW and 8.7X 102 cmHz"*W, respectively, much higher than other photodetector with
similar configuration. It is expected that the present CdS:Ga/ZnTe:Sb NSs will have great potential

for applications in optoelectronic devices.

Experimental Details
Synthesis and structural analysis of the nano-heterojunction
The synthesis of CdS:Ga/ZnTe:Sb core-shell coaxial NSs was conducted in a horizontal tube

furnace via a two-step vapor growth process. The gallium doped CdS NWs were synthesized as
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the core at first. Briefly, ~0.5 g mixed powder consisting of CdS (Aladdin, purity 99.999%), Ga
(Sinopharm Chemical reagent, purity 99.999%) and Ga,Os (Sinopharm Chemical reagent, purity
99.999%) was used as the evaporation source and placed at the central region of the tube furnace.
The molar ratio of Ga and Ga,O3 was set to be 4:1 to allow the generation of Ga vapor during
reaction process. What is more, the mass ratio of Ga and Ga,0O3 mixture to CdS was tuned to be
~8 % to ensure sufficient doping content. Si substrates coated with 10 nm gold catalyst were then
placed in the downstream position about 10 cm from the evaporation source. After evacuated to a
base pressure of 5x10° Pa, Ar (5% H, in volume) gas was used as carrier gas with a constant flow
ratio of 30 Sccm (standard-state cubic centimeter per minute). The furnace was heated up to 930
°C at a rate of 21 °C min™', and maintained at this temperature for 1.5 h under pressure of 160 Torr.
After the furnace was cooled naturally down to room temperature, bright-yellow colored wool-like
CdS:Ga NWs were be deposited on the Si substrates. The ZnTe shell doped with Sb were
deposited through co-evaporation of Sb and ZnTe. The powder of Sb (Sinopharm Chemical
reagent, purity 99.999%) and ZnTe (Xiya reagent, purity 99.99%) in a mass ratio of 1:8 was
loaded into two separate alumina boats and transferred to the upstream and center regions of the
furnace with distance of 6 and 14 cm, respectively. The as-synthesized CdS:GaNWs were then
placed at the downstream position, ~10 cm away from the ZnTe source. The furnace was then
heated to 880 °C and maintained at this temperature for 1 h. During growth, a constant Ar (5% H,
in volume) gas flow of 30 sccm was fed and the pressure in the tube was kept at 10 Torr. The
structure and morphology of the as-synthesized product were characterized by X-ray diffraction
(XRD, D/MAX2500V, with Cu-Ka radiation), field-emission scanning electron microscopy

(FESEM, SU8020), and high-resolution transmission electron microscopy (HRTEM, JEM-2100F).
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The composition of the product was detected by energy-dispersive X-ray spectroscopy (EDX
attached to the SEM), and X-ray photoelectron spectroscopy (XPS, Thermo ESCSLAB 250). The

absorption spectra were recorded with AA800 spectrophotometer.

Fabrication and analysis of the p-n nano-heterojunction device

To fabricate the p-n hetero-junctions device, the as-synthesized CdS:Ga/ZnTe:Sb NSs were
uniformly dispersed on SiO2(300 nm)/p’-Si substrates at first. Source and drain electrodes for the
outer ZnTe:Sb shell were defined by photolithography and subsequently Cu (5 nm)\Au (45 nm)
double-layer electrodes were deposited in a high-vacuum e-beam system. Afterwards, additional
photolithography and wet etching in diluted HCIl solution (volume ratio of 1:1.5) at room
temperature were performed to expose the CdS:Ga core by removing ZnTe:Sb shell. Eventually,
the In electrodes were fabricated on the top of the exposed CdS:Ga core via the photolithography
and e-beam evaporation. To assess the electrical property of the ZnTe:Sb shell and CdS:Ga cores,
nano-FETs based on single CdS:GaNW and ZnTe:Sb shell were constructed. The electrical
measurement was carried out at room temperature by using a semiconductor /- characterization

system (4200-SCS, Keithley Co.).

Results and discussions

After synthesis, both bright-yellow CdS:GaNWs and dark-yellow core-shell CdS:Ga/ZnTe:Sb NSs
(see Figure 1(a)) were directly transferred into SEM chamber for morphology study. The FESEM
images show the morphology of the CdS:Ga/ZnTe:Sb core-shell nanostructures changed obviously

compared with the pristine CdS:Ga NWs (Figure 1 (a & d)). It is noted that surface of NWs is
6/18
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smooth and the size is uniform along the NWs’ entire length, with diameter of 200-300 nm and a
typical length of 20-40 pm, respectively. Notably, the morphology of NW is well retained after
deposition with ZnTe shell (Figure 1 (d)). The energy dispersive spectroscopy (EDS) analysis
confirms that both Zn and Te elements are successfully deposited on the CdS:Ga NWs surface

(Figure 1 (f)). The doped Sb atoms cannot be distinguished due to the low doping concentration.
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Figure 1. (a) FESEM image of CdS:Ga NWs, the inset shows the optical picture. (b) FESEM image of CdS:GaN
Ws at large magnification. (¢c) EDS analysis of CdS:Ga NWs. (d) FESEM image of CdS:Ga/ZnTe:Sb core-shell
NSs, the inset shows the optical picture. (¢) FESEM image of the NSs at large magnification. (f) EDS analysis of
CdS:Ga/ZnTe:Sb core-shell NSs.

The chemical composition of the core-shell nanostructures was also confirmed by the XRD
analysis. As shown in Figure 2, all diffraction peaks in the pattern of CdS:Ga/ZnTe:Sb core-shell
nanostructures can be indexed to hexagonal wurtzite phase CdS (JCPDS 41-1049),°' and
face-centered cubic ZnTe (JCPDS 15-0746).> Moreover, there are no other diffraction peaks from
the impurities or contaminants, revealing the high crystalline purity of the product. Figure 3 (a, b)
shows the XPS spectra of pure CdS:Ga and CdS:Ga/ZnTe:Sb core-shell nanostructures. Obvious

peaks due to O, C, Cd, S, and Ga were observed in the pure CdS:Ga NWs sample. The signal
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attributable to O and C is understandably due to surface absorption. Further XPS analysis reveals
that once ZnTe:Sb was coated on the NWs, the signal ascribable to Ga, Cd and S all disappear

(Figure 3(b)), suggesting that the CdS:Ga NW has been completely wrapped by ZnTe:Sb sheath.
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Figure 2. XRD patterns of the CdS:GaNWs, CdS:Ga/ZnTe:Sb core-shell nanstructures, and pure ZnTe:Sb film.
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Figure 3. (a) XPS survey spectrum of CdS:Ga NWs, the inset shows the Ga 3d spectrum. (b) XPS survey
spectrum of CdS:Ga/ZnTe:Sb core-shell NSs, the inset shows the spectra for Sb 3d 3/2.

Detailed microstructures of the CdS:Ga NWs and CdS:Ga/ZnTe:Sb core-shell NSs were then
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studied. Figure 4(a) shows a typical TEM image of CdS:Ga/ZnTe:Sb core-shell NS, the sharp
distinction in contrast along the radial direction of the NS clearly reveals its core-shell structure.
Figure 4(b) shows a typical high resolution TEM (HRTEM) image of the CdS:Ga NW. The lattice
spacing of 0.36 nm and 0.68 nm correspond to the (100) and (001) plane of hexagonal CdS, in
good agreement with the fast Fourier transform (FFT) pattern of CdS NW (Figure 4 (c)). In
addition, it can also been seen that the crystalline quality and structural integrity of CASNW are
not degraded by gallium corporation. Figure 4(d) shows a HRTEM image of the CdS/ZnTe
core-shell NSs, which reveals that the ZnTe shell is composed of a large number of crystal grains
with a nanoscale size of ~5-10 nm. The lattice spacings of the ZnTe shell are 0.21 nm, 0.35 nm
and 0.61 nm, corresponding to the (220), (111) and (100) planes, respectively. The elemental
mapping displayed in Figures 4(f)—(i) clearly the spatial distributions of S, Cd, Te and Zn in the
core and shell. It shows that the ZnTe shell layer continuously covered the entire surface of the

CdSNW core.
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Figure 4. (a) TEM image of a CdS:Ga/ZnTe:Sb core-shell NS. (b) HRTEM image of CdS:GaNW, (c) the
corresponding FFT pattern. (d) High magnification TEM image of CdS:Ga/ZnTe:Sb core-shell NS. (e-i) TEM
image of an individual core-shell nanostructure and the corresponding elemental mapping images for Cd (f), S
(g), Te (h) and Zn (i).

Although the doping concentrations of both Ga and Sb atoms are lower than the resolution of
EDS (Figure 1 (e,f)), the electrical conductivity of the resultant NS is very high according to our
electrical analysis. The black curve in Figure 5 (a) shows the /-V curves of an individual Ga doped
CdS NW. The linear curves indicate good Ohmic contact between the electrodes and the samples.
The current is as high as 50 pA at bias voltage of 5 V. What is more, the conductivity is estimated
to be 2.1X10° S cm™”, much higher than that of intrinsic CdS, which is virtually insulating
without impurity doping.33 Figure 5 (b) shows the gate-dependent source-drain current (Ips)
versus voltage (Vps) curves of an individual CdS:GaNW based FET. Obviously, the device
showed a pronounced gating effect and Ipg increases with increasing Vg, indicative of typical
behavior of an n-channel FET. The electronic carrier concentration and mobility of CdS:GaNW
core can be deduced to be 7.62X 10" cm™ and 1.72X 10 ecm® V™' s respectively, in consistence
with literature values.** *° Unlike the CdS:Ga NW, the FET device assembled from CdS:Ga
/ZnTe:Sb NW exhibited obvious p-type conduction characteristic. That is, the Ipg increases with
decreasing Vg (Figure 5 (d)). Understandably, such a p-type electrical characteristic is due to the

ZnTe:Sb shell. In this case, the hole mobility and concentration are estimated to be 0.12 cm* V'™

and 1.3X 10" cm™, respectively.

10/18
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Figure 5. (a) I-V curves of the CdS:Ga NW, the inset shows the corresponding SEM image of nano-FET. (b)
Electrical transport characteristics of the Nano-FET fabricated from CdS:Ga NW, (c¢) The Ips-Vg curves
measured at Vpg of 3 V. (d) Typical I-V curves of ZnTe:Sb shell, the inset shows the SEM image of nano-FET.
(e) Electrical transport characteristics of the Nano-FET fabricated from ZnTe:Sb shells, (f) The Ips-Vg curves
measured at fixed Vpg of 4 V.

Next, the optical property of both CdS:GaNWs, ZnTe:Sb film, ZnTe:Sb film and core-shell
CdS:Ga/ZnTe:SbNSs was investigated. Figure 6(a) plots the absorption curves of the three
samples, it is clear that the exterior coating of ZnTe:Sb sheath on CdS:GaNWs has an obvious
effect on the optical property of light absorption. The absorption edge red shifts from ~520 nm for
CdS:GaNWs, to about 580 nm for the CdS:Ga/ZnTe:Sb core-shell NSs. For a direct bandgap
semiconductor, the optical absorption near the band edge can be described by the equation of
ahv=A(hv—Eg)1/ 2, where a, v, E,, and A are the absorption coefficient, the light frequency, the band
gap energy of the semiconductor, and a constant, respectively. By extrapolating the curve in Figure
6(b), the band-gap of CdS (Eg cas) and ZnTe (Eg, zate) are estimated to be 2.38 eV and 2.20 eV,

36,37

respectively, in consistence with literature values. What is more, by using the same method,
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the E, value for CdS:Ga/ZnTe:Sb NSs is deduced to be 2.13 eV, which is a little bit smaller than

the £, of ZnTe film. This is probably caused by the formation of Cd;«Zn,Te phase and the

coupling effect of ZnTe film.
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Figure 6. UV-visible absorption spectra (a) and plots of (ahv)’ vs. photon energy (hv), (b) of CdS:GaNWs,

CdS:Ga/ZnTe:Sb core-shell NSs, and ZnTe:Sb film at room temperature.

In order to explore the potential of the present NS for optoelectronic device application, a
visible light photodetector was fabricated based on the nano-heterojunction. The detailed stepwise
process for the fabrication of the device is illustrated in Figure 7(a). Figure 7(b) shows a
representative FESEM image of the p-n junction device assembled from a single CdS:Ga/ZnTe:Sb
core-shell NS. From the typical /- characteristics of the CdS:Ga/ZnTe:Sb p-n junction measured
in the dark and light in Figure 7(d), one can see that the p-n junctions revealed excellent
rectification behavior in the dark with a rectification ratio about 10> within £1V. For small forward

bias, the junction current (/) follows an exponential dependence on the applied bias (V),

I= Io(exp[ zV

nicy

12/18
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is the Boltzmann constant, T the temperature, and » the ideality factor. Based on this equation, the

ideality factor is estimated to be 1.28, suggesting that the transport through the p-# junction may

be due to thermionic emission.*” Figure 7(f) depicts the time response spectra of the p-n junction

measured under light illumination with wavelength of 638 nm (light intensity: 2 mWem %) at 1 V.
It shows excellent stability and reproducibility with a fast response time less than 1s. In addition,
the Jiign/Laark ratio is estimated to be 20.
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Figure 7. (a) Stepwise process for the fabrication of single CdS:Ga/ZnTe:Sb NS. (b-c) Representative FESEM
images of a p-n junction device. (d) Rectification characteristics of the p-n junction measured both in dark and

under light illumination. (e) /- curve of the p-n junction under light illumination at log scale. (f) Photoresponse
of the CdS:Ga/ZnTe:Sb NS to the pulsed light illumination, the bias voltage is 1 V.
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To further evaluate the optoelectronic characteristics of the CdS:Ga/ZnTe:Sb core-shell NS,
we measured their responsivity R (AW™), conductive gain G and detectivity D* (cmHz"*W™),

which can be expressed by using equation (1) and (2),*' respectively:

y/ A
RAW ™Y =2y =G
( ) (Papt) U(hc) (1)
D*:AI/ZR/(Zqu)l/Z :Al/z(lp/f(,p,)/(zl]]d)l/z (2)

where 1, is the photocurrent, P,y the incident light power, n the quantum efficiency, 4 the
light wavelength, / the Planck’s constant, ¢ the speed of light and G the photoconductive gain. The
values of Py ,q, 4, h, c are 2 mWem?, 1.6 X 10" C ,638 nm, 6.625X 10>*J-s and 3 X 10% m/s,
respectively. By assuming # = 1 for simplification, the responsivity (R) and detectivity (D*) are
estimated to be 1.55X 10° AW™ and 8.7X 10" cmHz"*W™ for the CdS:Ga/ZnTe:Sb core-shell NS
at a bias voltage of 1 V, respectively. Table 1 compares the performance of our device with that of
other similar devices. It is visible that although the detectivity is slightly poor than that of
CdSe/CdS NSs,* but the responsivity, gain and detectivity are much higher than the devices based
on arrays of CdS NWs,** CdS QDs,* Si/CdS core-shell NW,* suggesting that the present device

will have great potential for future optoelectronic devices application.

Table 1 Summary of the device performances of the CdS:Ga/ZnTe:Sb core-shell NS device with other detectors
with similar device structures.

Materials R/AW! G D*/cmHz"*W! Reference
CdS:Ga/ZnTe:SbNS 1.55x10° 3.0x10° 8.7x10" our work
Arrays of CdS NWs — — 3x10" [42]

CdS QDs — — 1.37x10® [43]

Si/CdS NW 1.37 — 4.39x10" [44]
CdSe/CdS NSs 260 — >1x10" [45]

14/18
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Conclusions

In conclusion, we have synthesized high-quality CdS:Ga/ZnTe:Sb core-shell NSs on a silicon
substrate by using two-step CVD method. The ZnTe shell is uniformly deposited on the entire
surface of the CdS:Ga NWs along the whole length to form the core-shell NSs. The light
absorption range of the CdS:Ga/ZnTe:Sb core-shell NSs is wider than that of CdS:Ga NWs.
Moreover, the core-shell p-n junction devices exhibit excellent rectifying characteristics with low a
turn-on voltage of ~0.25 V, a rectification ratio of ~10% and a ideality factor of 1.28. In addition,
the CdS:Ga/ZnTe:Sb core-shell NS exhibits obvious sensitivity to 638 nm light irradiation, the
corresponding ljign/lqark ratio is estimated to be 20. We believe the present one-dimensional

core-shell hetero-junction will have great potential for future optoelectronic devices application.
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A thermal evaporation was developed to fabricate Ga doped CdS core/Sb doped ZnTe shell p-n
nano-heterojunction, which exhibit obvious sensitivity to 638 nm illumination, with a responsivity

and detectivity of 1.55x10° AW and 8.7x10" cmHz" W™, respectively.



