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Gallium doped Zn,Cd;_S nanoribbons (NRs) with controlled composition were synthesized on
Au-coated Si (100) substrates by a simple thermal co-evaporation method. The composition of
Zn,Cd;_4S:Ga NRs can be simply controlled by the distance of the substrates from the source
powder. The grown NRs exhibit excellent crystallinity, with growth direction along [0002]. It is
found that the gallium doping can remarkably enhance the conductivity of Zn,Cd;_,S:Ga NRs,
leading to obvious n-type conduction behavior. It is also observed that the Zn,Cd;_,S:Ga NRs show
sensitive photoresponse to visible light illumination with excellent stability and reproducibility. The
generality of this study suggests the great potential of the Zn,Cd;,S:Ga NRs for future
optoelectronics application. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865740]

INTRODUCTION

The direct band-gap sulfides of group II-VI, such as ZnS
and CdS, are attractive candidates for the developing high-
performance optical and optoelectronic devices.! ZnS
(Eg~3.7¢eV), one of the semiconductors discovered earliest,
plays a very important role in the electric and optoelectronic
industries, especially for short wavelength light emitting
diodes (LEDs) and heterojunction devices.>? CdS, with a
narrow band-gap of 2.42eV and an exciton binding energy
of 28 meV, has been widely used to fabricate optically and
electrically driven laser emission devices, solar cells,4 photo-
catalytic materials, and optical sensors.” More recently, ter-
nary semiconductor compound have been receiving
increasing research interest for their excellent optical proper-
ties and easy synthesis. Continuous series of Zn,Cd;_,S solid
solutions, for example, can be formed with CdS and ZnS by
the Cd and Zn atoms substitute to each other in the crystal
lattice. The functional properties of Zn,Cd;_,S can be readily
tailored by varying the stoichiometric ratio of the system
(0<x<1), which makes Zn,Cd, S more attractive and
widely used in devices application.® It has been reported that
combining metal sulfides with other semiconductors or dop-
ing metal sulfides with transition metal elements can greatly
improve their photocatalytic activity and stability.’

For all semiconductor materials, band gap energy is a
very important parameter determining their electronic and op-
tical properties. The band gap of Zn,Cd,_S can be tailored in
a wide range from 2.4 to 3.7eV, corresponding to visible to
UV spectral range. By this token, Zn,Cd,_S can be employed
to fabricate LED sources with controlled multicolor emission
or photodetectors responding in a large range.® Zn,Cd, .S can
also replace CdS as the window layer to avoid absorption of
the blue portion of the solar spectrum,” or ZnS as
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photocatalysts with smaller band gaps to harvest visible light.®
This kind of composition-dependent band gap is more stable
than small scale size-dependent band gap due to the size
dispan'ties.gf11 Nevertheless, it is undeniable that the high
quality single-crystal Zn,Cd,_S films or bulks are difficult to
synthesize due to low crystallinity of II-VI Zn based ternary, >
which hampers their potential application in various optoelec-
tronics. The advance of the nanofabrication provides a solu-
tion to overcome this problem. High-quality single-crystal
group II-VI nanomaterials with fewer defects can be synthe-
sized on large scale by a co-thermal evaporation method.” To
date, while great progresses have been made in the fabrica-
tion,”*'® microstructure,’*'> and optical properties of
Zn,Cd;_,S nanostructures, studies on the doping and elec-
trical transport properties of ternary Zn,Cd;_S nanostructures
are rare. Exploration along this direction is highly desirable
considering the fact that doping is vitally important for further
optoelectric devices application. Herein, we describe the syn-
thesis of Zn,Cd,_,S nanoribbons (NRs) with tunable composi-
tions of X=0.05, 0.1, 0.21, 0.92, 0.95, which was doped by
gallium by using a mixed powder of Ga and Ga,Oj3 through a
thermal co-evaporation method. Electrical analysis of the Ga
doped Zn,Cd;S NR reveals that the conductivity of the
Zn,Cd;_,S NRs was remarkably enhanced upon doping. In
addition, the NRs exhibit obvious n-type conduction behavior.
The time response spectra of the NR photodetector to pulsed
light show excellent stability and reproducibility. This study
suggests the great potential of the Ga-doped Zn,Cd;_,S NRs
for future nano-optoelectronics devices application.

16-19

EXPERIMENTAL DETAILS

The synthesis of the Ga-doped Zn,Cd,_,S NRs was car-
ried out on a horizontal tube furnace using ZnS (Aldrich,
99.99%) and CdS (Aldrich, 99.99%) as the source material
via a simple co-thermal evaporation method. A mixed pow-
der of Ga and Ga,03 was introduced into the system as the

© 2014 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4865740
http://dx.doi.org/10.1063/1.4865740
http://dx.doi.org/10.1063/1.4865740
http://dx.doi.org/10.1063/1.4865740
http://dx.doi.org/10.1063/1.4865740
mailto:wlhgd@hfut.edu.cn
mailto:luolb@hfut.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4865740&domain=pdf&date_stamp=2014-02-13

063108-2 Wang et al.

dopants instead of Ga for the high boiling points of metal Ga
(~2400°C). The molar ratio of Ga:Ga,0O5 is set to be 4:1,
which will favor the generation of Ga vapor via the follow-
ing chemical reactions:*°

4Ga (1) + Gay03(s) — 3Gay0 (g), (1)

Ga,0 (g) + Ha(g) — 2Ga(g) + H20 (g). 2)

In a typical experiment, ZnS powder (0.1 g) was first loaded
into an alumina boat and then transferred to the center position
of the furnace. Another boat filled with a 0.1 g mixed powder
of CdS, Ga, and Ga,O; (the content of Ga and Ga,O3; was
10%) was placed near the ZnS source in the upstream direc-
tion. To control the composition of the product by deposition
temperature, silicon substrate coated with 10nm Au catalysts
was placed vertically at the down stream, around 10, 10.5, 11,
11.5 and 12cm away from the ZnS source (as shown in
Scheme 1) each time. The reaction chamber was filled with a
gas mixture of 30 standard-state cubic centimeter per minute
(sccm) Ar and H, (5% in volume) after it was evacuated to a
base pressure of 107> Torr. The pressure in the tube was
adjusted to 180 Torr before heating. Then the temperatures of
ZnS powder was increased to 1050°C and maintained for
about 2 h. When the system was cooled down to room temper-
ature, the Si substrates were taken out of the furnace. Lays of
wool-like products could be observed on the substrate. In this
work, five kinds of samples were synthesized, and marked as
Si, So, S3, S4, and Ss according to the decreasing distances
between Si substrate and ZnS source.

The structures and morphologies of the as-synthesized
products were characterized by X-ray diffraction (XRD,
Rigaku D/Max-g B, with Cu-Ka radiation), field-emission
scanning electron microscopy (FESEM, Philips XL 30 FEG),
and high-resolution transmission electron microscopy
(HRTEM, JEOL-2010). The chemical compositions of the
products were analyzed by energy-dispersive X-ray spectros-
copy (EDX, attached to the SEM) and X-ray photoelectron
spectroscopy (XPS, VGESCALAB MKII). Room-temperature
photoluminescence (PL) spectra were measured using a
325 nm He—Cd laser as the excitation source (LABRAM-HR).
To evaluate the electrical and photoconductive properties of
the Ga-doped Zn,Cd; 1S NRs, nano-metal-oxide-semiconduc-
tor FETs (nano-MOSFET) were constructed based on individ-
ual NRs. Briefly, the as-doped Zn,Cd;,S NRs were first
dispersed on a SiO, (300 nm)/p*—Si substrate, and subse-
quently photolithography and lift-off processes were used to
define the source and drain electrodes on the NRs. The degen-
erately doped Si substrate acted as the global back gate. All the
electrical measurements were conducted at room temperature

B B
Substrate
2 2= ]
Ar/H, Ga Gazog- Furnace Pump

FIG. 1. Schematic illustration of the setup for the synthesis of Zn,Cd; S
nanoribbons.
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FIG. 2. (a) Digital camera pictures of all the five samples; (b) XRD patterns
of gallium doped Zn,Cd, S nanoribbons synthesized with different distan-
ces between Si substrate and ZnS source: Sy, Sy, S3, Sy, and Ss; (¢) XRD pat-
tern of S3 and the JCPDS card No. 40-0835.

with a semiconductor character system (Keithley 4200-SCS).
To analyze the photoconductive properties of Zn,Cd;_,S NRs,
white light from the optical microscopy on the probe station
and a monochromatic light from a source composed of a xenon
lamp (500 W) through a monochromator (Omni-A300) were
introduced into the test system.

RESULT AND DISCUSSION

The fabrication of the NRs was carried out on a CVD fur-
nace as shown in Figure 1. Figure 2(a) displays the as-
collected undoped Zn,Cd;_,S samples, according to which the
color changes gradually from yellow to silver with the increase
of X. To study the phase and crystallinity of these samples, all
the Zn,Cd;.S samples were characterized by XRD in the

FIG. 3. Representative scanning electron microscopy images of the gallium
doped Zn,Cd;_S NRs: Ss (a), S4 (b), S5 (c), Sz (d), S (e).
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FIG. 4. (a) Typical TEM bright-field image of an individual Zn,Cd;_S NR
(Sy), (b) corresponding HRTEM image, and the inset is the SAED image.
(c-e) elemental mapping images for S (c), Cd (d), and Zn (e), respectively.

range of 22-32°, for comparison, the JCPDS (Joint Committee
on Powder Diffraction Standards) cards No. 79-2204 (ZnS)
and No. 41-1049 (CdS) marked with solid lines was provided
as well (Figure 2(b)). It is found that all the products can be
readily indexed to hexagonal phase. The diffraction peaks for
the (100) plane are located at 24.9, 25, 25.3, 26.7, and 26.8°,
respectively. For such a ternary ZnyCd;_,S nanostructure, the
lattice parameters of the NR have a linear dependence on the
constant X. This relationship, known as Vegard’s law, can be
described by the formula of C, = Ccys+ (C,ns-Ccas)X, Where
Czns, Ccgs and Cy are the c-axis lattice constants of the hexag-
onal structures of ZnS, CdS, and Zn,Cd,_S, respectively.zl’22
Based on this formula and Bragg reflection equation, we
selected the diffraction angles corresponding to the (100) and
(002) planes and calculated the constant X for all five samples
(see Figure 2(b)). It is worth noting that the XRD data of

J. Appl. Phys. 115, 063108 (2014)
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FIG. 5. XPS analysis of the Ga doped Zng 9sCdg 0sS (Ss) nanoribbons.

sample S; (Zng»,Cdg79S:Ga NRs) match well with the JCPDS
card No. 40-0835 of Zng 195CdggS, which suggests that our
calculation of constant X is reliable with the consideration of
composition fluctuation (0.02) within the XRD probe size (see
Figure 2(c)).

The as-synthesized samples were then transferred into
SEM chamber for morphology characterization. As shown in
Figure 3, all the samples are composed of long ribbon-like
nanostructures. The surfaces of Zn,Cd;_,S NRs are clean and
smooth without visible particles and impurities. Specifically,
the Zn,Cd; S NRs have typical width in the range of
I pm—5um and thickness of 20-90 nm. What is more, there
is obvious variation in width and thickness of different sam-
ples, which should be related to the growth temperature and
composition. The length of all the Zn,Cd,_ .S NRs is about
hundreds of micrometers, which is highly favorable for sub-
sequent nanodevice fabrication.

To further study the microstructure of the as-prepared
gallium doped Zn,Cd;_S NRs, we characterize both TEM
and high-resolution TEM analysis. Figure 4 shows a typical

-0V — 8V

FIG. 6. (a) I-V curves of the undoped
Zn,Cd,,S NR, the inset shows the
SEM image of the nanodevice; (b)
Ins—Vps curves of S5 (ZngosCdgosS)
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TABLE I. Summary of the key device parameters of the NR-based FETs.

Sample o (S-em™) gm (nS) n (X 10'7cm73) I (cm2-V’]-57')
S1 Zng0sCdy95S:Ga 0.26 111.99 1.24 13.5
S3 Zng»1Cdy 70S:Ga 0.08 26.96 1.98 2.81
S5 Zng.95Cd 05S:Ga 0.29 2.02 25.8 0.69

TEM image of S (ZngsCdposS), from which one can see
that the NR has a well-defined single-crystal hexagonal
structure. The HRTEM image of the S; in Figure 4(b) shows
a d-spacing of 0.67 nm, corresponding to the lattice spacing
of (0002) plane, suggesting that the preferential growth
direction of the NR is along [0002]. The elemental maps dis-
played in Figures 4(c)—4(e) shows the uniformly distribution
of the constituting elements, that is Zn, Cd, and S. Note that
the mapping profile of gallium atom was not shown here in
that its concentration is below the resolution. Figure 5 shows
the corresponding X-ray photoelectron spectroscopy (XPS)
of Ss. It is found that in addition to the signal of Zn, Cd, and
S atoms, a weak peak at 1118 eV with content of 1.45 at. %,
due to the Ga,psp core level appeared, implying that Ga
atoms is successfully incorporated into the Zn,Cd; .S NRs.
To evaluate the effect of Ga doping on the transport prop-
erties of the NRs, field-effect transistors (FETs) were con-
structed based on individual NR. Figure 6(a) shows typical I-V
curves of the undoped Zn,Cd; S NR (the SEM image of the
device is shown in the inset). Obviously, the Zn,Cd;S NR
without Ga doping are highly insulative with a conductivity as
low as ~82x 1078 S cm™". In contrast, the NR conductivity
can be dramatically improved by 7 orders of magnitude, to
0.29, 0.08, and 026S cm™! corresponding to  Ss
(Zng95Cd05S), S3 (Zng21Cdo79S), and S; (ZngosCd.osS)
NRs (Figures 6(b)-6(d)). According to the source drain current
(Ips) versus source drain voltage (Vpg) curves (Figures
6(b)-6(d)) measured at varied Vg, the FETs device exhibits

a b

J. Appl. Phys. 115, 063108 (2014)

pronounced gating effects. The insets of Figures 6(b)-6(d)
show the transfer characteristics (/ps-Vgs) of the device, from
which, one can see that /pg increases monotonously with
increasing Vgs, in consistence with the typical behavior of an
n-channel FET. Table I summarizes the key parameters of the
nano-FETs that are fabricated from the Zn,Cd; S NR with
varied compositions, in which the electron mobility (y,) can
be estimated from the channel transconductance (g,,) of the
nano-FETs, by using equation g, = dlps/dVgs = Z,CoVps/L
in the linear regime of Ips-Vg curves [insets in Figures
6(b)-6(d)], where Z/L is the width-to-length ratio of the NR
channel, and C, is the oxide capacitance per unit area.”> The
electron concentration (7)) can be calculated from the equation
n=ol/qu,, where o is the conductivity of the NRs at
Vgs =0V. From Table 1, it is found that n increases remark-
ably with the increase of Zn content and achieve the highest
electron concentration of 2.58 x 10'® cm™ for Ss. In contrast,
the u, is observed to decease with the increasing Zn content,
which might be due to enhanced carrier scattering, and low g,
of ZnS compared with CdS.

Figures 7(a)-7(c) show the time response spectra of a sin-
gle Zn,Cd;_S NR measured under pulsed white light at an
external bias voltage of 5 V. Apparently, all the three devices
can be easily switched between high- and low-conduction
states when the light was turned on and off alternatively. The
rising and decaying photocurrent follows an exponential func-
tion, which can be fit with the equations®*

)=l +A0—c)+all—e™), 3

P PR
](l) =1y + Aze a1 + Age w2, 4)
where [ is the dark current, A, A,, A3, and A, are positive
constants. T.;, T and 741, Tqp are time constants for rising
and decaying photocurrent, respectively. The calculated pa-
rameters of the time response spectra are summarized in
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TABLE II. Summary of the photoconductive properties of the ZnCdS:Ga
NRs.

Sample Lo/l 71 (S) T2 (8) Tq1 (8) Tao (8)
S, Zng.0sCdo 058:Ga 5.6 037 0.11 0.38 0.85
S5 Zng»,Cdy 70S:Ga 1.1 0.64 0.32 1.27 2.54
SS Zn()_()scdo_()SS:Ga 1.2 12 48 14 58

Table II, according to which, the time constants from fitting
for S; are 7,1 =0.37s, 1,=0.115s, 74y =0.38s, 740 =0.85s.
Similar fittings were performed for S; and resulted in rise
time of 1,; =0.64s, 1, =0.32s and decay time constants of
Tq1 =1.27s and 14, =2.54s. By comparison, the time con-
stants for the S5 are much larger than S; and S3, 7, =125,
T =48s, tq1=14s, 15,=58s. The relatively slow
response speed for S5 can be ascribed to the huge amount of
trapping centers as a result of higher doping level.” At last,
the spectral selectivity of device was studied. Figure 7(d)
shows the typical photoresponse of S; NR when exposed to
the monochromatic light with varied wavelength (1) at a con-
stant light intensity of ~72 uWem 2. It is seen that the con-
ductance of the S; NR is very low upon the 350 nm light
illumination, but it gradually increases with the decrease of
the light wavelength and reaches the maximum at 470 nm.
However, when the wavelength continues to increase, the
conductance of the NR begins to decrease. The sensitivity of
the NR photodetector is rather low (<2%) for the wave-
length longer than 500 nm. The cut-off wavelength of the de-
vice is estimated to be 500nm, corresponding to the
band-gap emission of S; (Zng ¢sCdg.9sS) of 2.47 eV derived
from the emission band (insert of Figure 6(d)). As matter of
factor, similar phenomenon has been previously observed in
CdS NRs (Ref. 26) and SnO, nanowires.”” We believe this
agreement is highly related to the photoconductive mecha-
nism. Namely, the photoresponse of the NR to light illumina-
tion is a process of carrier generation. Under light
irradiation, only photons with sufficient energy can lift elec-
trons from the valance band to conduction band. Photons
with insufficient energy cannot excite electrons and therefore
cannot contribute to the photoresponse.

CONCLUSION

In summary, Ga doped Zn,Cd; S NRs with tunable
compositions of x =0.05, 0.1, 0.21, 0.92, 0.95, were fabri-
cated by a simple thermal evaporation method. The electrical
conductivity of Zn,Cd;_,S NRs was substantially improved
compared with the undoped ones. It is also observed that the
Zn,Cd; .S NRs exhibit stable and reproducible photores-
ponse to white light illumination, with excellent spectral se-
lectivity. The totality of this study suggests the great

J. Appl. Phys. 115, 063108 (2014)

potential of these Ga doped Zn,Cd,, S NRs for future
high-performance optoelectronic devices application.
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