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Controlling the electrical transport properties of II-VI nanostructures is vital to their practical
applications. Here, we report the synthesis of n-type ZnS nanowires (NWs) by using aluminium (Al) as
a dopant via a simple thermal co-evaporation method. The conductivities of the ZnS:Al NWs were
greatly enhanced upon Al doping and could be further tuned in a wide range of 3 orders of magnitude
by adjusting the doping level. Field-effect transistors (FETs) fabricated from individual ZnS:Al NWs
revealed an electron concentration up to 1.3 x 10'® cm~* in the NWs. Significantly, the doped NWs
showed great potential as visible-blind UV sensors with an extremely high responsivity of 4.7 x 10° A
W1, giving rise to a large gain-bandwidth (GB) of ~0.1 GHz. The high sensitivity of the ZnS:Al NWs
to humidity was also investigated; the devices displayed a resistance variation of about 2 orders of
magnitude in the relative humidity (RH) range of 50-90%. Our results demonstrate that the n-type
ZnS:Al NWs have important applications in nanoelectronic and nano-optoelectronic devices.

I. Introduction

One-dimensional (1D) II-VI group semiconductor nano-
structures have attracted extensive attention due to their
tremendous potential in new-generation nanoelectronics and
nano-optoelectronics.! Zinc sulfide (ZnS) is one of the most
important II-VI compound semiconductors with a direct band
gap of 3.7 eV and a large exaction binding energy of 40 meV. It
has been widely used in light emitting diodes (LEDs), flat panel
displays, injection lasers, infrared windows, and ultraviolet (UV)
sensors.”™ Up to now, various ZnS nanostructures, including
nanowires (NWs),2 nanoribbons (NRs),* nanotubes (NTs),* and
nanohelices,’ have been successfully synthesized and their unique
optical properties are intensively investigated.® Also, many
efforts were devoted to explore their applications in diverse
devices, such as field emitters,” and UV,*® biologic,'®!! and gas
sensors.'?

Owing to the distinct characteristics such as a wide band gap in
the UV regime, high crystallinity, and high quantum efficiency,
ZnS nanostructures are promising candidates for high-perfor-
mance UV sensor applications. However, in contrast to other
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wide band gap materials such as ZnO and GaN NWs,314
intrinsic ZnS nanostructures usually suffer from the high resistive
nature and exhibit low sensitivity to the UV light. On the other
hand, humidity sensors also have important applications in
semiconductor electronics, environments, and agriculture and
food processing industries. Although a variety of semiconductor
nanostructures including carbon NTs, metal oxide nanoparticles,
and SnO, NWs have been utilized in this field,’>'* humidity
sensors based on ZnS nanostructures are rarely studied. There-
fore, it remains a challenge to achieve high-performance ZnS
nano-sensors for future nanoelectronic and nano-optoelectronic
applications.

Doping to the semiconductor nanostructures has been
demonstrated to be a feasible method to tune their optoelectronic
properties and further enhance their device performances.'’
Nevertheless, efficient doping in II-VI nanostructures is still
hampered by the serious self-compensation effect and few reports
have addressed this issue so far. Recently, Yuan et al. reported
the synthesis of p-type ZnS NRs by using NHj3 as the dopant.'®
We also fabricated the high-performance Schottky barrier diodes
based on Sb-doped ZnS NRs with controlled p-type conduc-
tivity.' Surface induced negative photoresponse was observed in
the Bi-doped p-type ZnSe NWs.?® In contrast, n-type ZnS
nanostructures are less reported and further investigations are
much demanded to promote their advanced applications in p—n
homojunctions, superlattices, complementary circuitries and so
on.

In this work, we exploit the potential applications of the ZnS
nanostructures as high-performance nano-sensors. Controlled
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n-type doping to the ZnS N'Ws was first accomplished by using
aluminium (Al) as a dopant. High-sensitive and visible-blind UV
sensors as well as humidity sensors were constructed, revealing
the promising applications of the ZnS:Al NWs in new-generation
nanoelectronics and nano-optoelectronics.

II. Experimental details

Synthesis of the Al-doped ZnS N'Ws was carried out in a hori-
zontal tube furnace via a thermal co-evaporation method.
Briefly, 0.3 g ZnS powder (Aldrich, 99.99%) was first loaded into
an alumina boat and then transferred to the center position of the
furnace. Another boat loaded with Al powder (Aldrich, 99.99%)
served as the dopant and was placed near the ZnS source in the
downstream direction. Si growth substrates were ultrasonically
cleaned in acetone and ethanol for 15 min, respectively, and
coated with 10 nm gold catalyst. The substrates were placed at
the downstream ~10 cm from the Al source. After evacuating to
a base pressure of 4 x 107 Pa, the reaction chamber was cleaned
and filled with H, (5% in Ar) gas at a constant flow ratio of
50 sccm and the pressure was adjusted to 150 Torr. Afterwards,
ZnS powder, Al powder, and Si substrates were heated to
1040 °C, ~950 °C, and ~600 °C, respectively, in one hour and
maintained at those temperatures for one hour. After reaction,
a layer of white wool-like product could be observed on the Si
substrate surfaces. In order to control the transport properties of
the ZnS NWs, three samples with varied Al doping levels were
synthesized, labeled as AZ1, AZ2, and AZ3, corresponding to
the molar ratio of ZnS:Alof 12: 1,10 : 1, and 5 : 1, respectively.
Undoped ZnS NWs were also synthesized under the same
conditions except an Al source was not used for comparison.

Morphologies and structures of the Al-doped ZnS NWs were
characterized by field-emission scanning electron microscopy
(FESEM, SIRION 200 FEG), X-ray diffraction (XRD, Riga-
kuD/Max-yB, with Cu Ka radiation), and high-resolution
transmission electron microscopy (HRTEM, Philips CM200
FEG). Compositions were analyzed by energy-dispersive X-ray
spectroscopy (EDX, attached to the SEM), and X-ray photo-
electron spectroscopy (XPS, Themo ESCALAB 250). Photo-
luminescence (PL) spectra were measured by using a He-Cd
325 nm laser as the excitation source (LabRAM-HR).

To evaluate the electrical properties of the Al-doped ZnS
NWs, the NWs were first dispersed onto the oxidized p*-Si
substrate (300 nm SiO,) at a desired density, and then indium tin
oxide (ITO) electrodes were deposited on the NWs by using
a pulsed laser deposition (PLD) system with KrF excimer laser
(Lambda Physik COMPexPro 102, 248 nm, 120 mJ, 5 Hz) under
the assistance of a mesh-grid mask composed of tungsten wires
(5 um in diameter). A fast annealing process in vacuum (5 x 10~*
Torr) at 300 °C for 3 min was carried out to further improve the
electrical contact between the ITO electrodes and the ZnS:Al
NWs. Electrical measurements were conducted on a semi-
conductor characterization system (Keithley 4200-SCS). Photo-
conductive properties of the ZnS:Al NWs were detected by using
a monochromatic light source composed of a xenon lamp
(150 W) and a monochromator (Omni-A300). A mechanical
chopper was used to generate pulsed incident light with
frequency in the range of 0-400 Hz. The properties of the ZnS:Al
NW humidity sensor were measured by using a home-built

humidity detection system with 30% to 90% relative humidity
(RH).

III. Results and discussion

Fig. la shows a typical FESEM image of the as-synthesized
ZnS:Al NWs. It is seen that the NWs have diameter in the range
of 20-150 nm and length of typically tens of micrometres. EDX
profile of AZ2 also demonstrates that the NWs consist of only Zn
and S elements in a roughly 1:1 ratio (inset in Fig. la). In
addition, no trace of Al could be detected in the XPS spectrum of
the ZnS:Al NWs (AZ3) (ESI, Fig. S17), implying that the Al
doping concentration was less than the detection limitation of
XPS (1-5%). The HRTEM image and corresponding fast
Fourier transform (FFT) pattern are depicted in Fig. 1b,
revealing that the NWs are single crystalline with wurtzite
structure. The growth orientation of the NWs is deduced to be
[1010]. Fig. 1c displays the XRD patterns of both the doped and
undoped ZnS NWs. All the diffraction peaks could be properly
assigned to wurtzite phase ZnS and there is no obvious peak shift
for the doped samples, indicating the high phase purity of the
NWs and meantime the small lattice deformation caused by the
Al incorporation. PL spectrum of the ZnS:Al NWs (AZ2) at
room temperature shows two emission bands (Fig. 1d). The UV
emission peak at ~336 nm corresponds to the near-band-edge
(NBE) emission of ZnS, while the emission band at ~530 nm
comes from the deep-level emission associated with the sulfur
vacancies.?! The peak positions and widths of the ZnS:Al NWs
are nearly identical to the undoped ones except the increase of the
defect emission intensity, indicating that the crystalline quality
and structural integrity of the ZnS:Al NWs are not significantly
degraded by Al incorporation. On the other hand, a new emis-
sion band originated from the donor-acceptor pair (DAP)
transition from isolated Al donors to the acceptor states appears
in the low temperature PL spectra (ESI, Fig. S27),2! which is
indirect evidence for the successful Al doping in the ZnS NWs.
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Fig.1 (a) A typical FESEM image of the ZnS:Al NWs. Inset shows the
corresponding EDX spectrum. (b) HRTEM image of the ZnS:Al NWs.
Inset shows the corresponding FFT pattern. (c) XRD patterns of both
the undoped and Al-doped ZnS NWs. (d) Room-temperature PL spectra
of the undoped and Al-doped ZnS NWs (AZ2).
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Fig. 2 (a) Typical I-V curves of both the undoped and Al-doped ZnS
NWs with varied doping levels. Inset shows the representative FESEM
image of the device based on a single NW. Electrical transfer charac-
teristics of the ZnS:Al NWs with varied doping levels of (b) AZ1, (c) AZ2,
and (d) AZ3. Ips—Vps curves were measured at varied Vg ranging
from —40 V to +40 V. Insets show the corresponding /ps—Vgs curves at
Vs = +1 V.

The influence of Al doping on the transport properties of the
ZnS NWs was assessed by the electrical measurements on an
individual NW, as shown in Fig. 2. We note that the use of the
ITO electrodes in this work is important to obtain the ohmic
contact with the n-type ZnS:Al NWs (ESI, Fig. S3t). The
detailed reason could be ascribed to the formation of a highly
conductive interfacial oxide layer between ITO and the NWs. By
this means the surface Fermi level pinning of the NWs could be
eliminated, thus giving rise to a more efficient carrier injection
from ITO to the NWs. From the typical I-V curves of the
samples (Fig. 2a), it is found that the undoped ZnS NW exhibits
an extremely low conduction current at the same level of noise
(~0.1 pA). Its conductivity is estimated to be as low as ~107* S
cm™'. In contrast, a substantial enhancement in the conductivity
is observed for the ZnS:Al NWs. The conductivities increase
dramatically to 1.5 x 1073, 2.4 x 1072 and 3.9 S cm™! for AZl1,
AZ2, and AZ3, respectively. Fig. 2b—d display the representative
source—drain current (Ips) versus source—drain voltage (Vps)
curves of the doped samples measured at varied gate voltages
(Vgs) ranging from —40 to +40 V in a step of +20 V. The Ips—
Vgs curves are also shown in the insets. It is obvious that all the
ZnS NWs with varied doping levels exhibit pronounced gating
effects and Ipg increases monotonously with increasing Vgs.
This device feature is consistent with the typical behavior of a n-
channel FET, thus certifying the n-type nature of the ZnS:Al
NWs. The substitutional doping of AlI’* ions into the NW’s
lattice by replacing the Zn** ions is responsible for the observed
n-type conductivity. We note that most of the FETs fabricated
from the intrinsic ZnS NWs do not show any detectable gating
effect (data not shown), revealing the importance of the appro-
priate doping for the construction of high-performance FET
devices.

The field-effect mobility (u,,) and electron concentration () of
the ZnS:Al NWs can be deduced from their electrical transfer
characteristics according to the following equations as:

¢y

n

B (dIDS) In (4h/d)L
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where transconductance g,, = dIpg/dVgs is extracted from the
linear regime of the Ips—Vgs curve, esioo is the dielectric constant
of the SiO, gate insulator (3.9), L, h, and d represent the NW
channel length, gate dielectric thickness, and NW diameter,
respectively. ¢ is the conductivity of the NW and ¢ is elementary
charge. Table 1 summarizes the key device parameters of the
ZnS:Al NW FETs with varied doping levels. u, is estimated to
be 0.16 cm? V! s7! for AZ1, while it is enhanced to 0.22 and
18.8 cm? V-! 57! for AZ2 and AZ3, respectively. Although the
enhancement of w, is not in agreement with the conventional
assumption that mobility in a semiconductor should decrease
with the increase of doping level due to the enhanced carrier
scattering, this phenomenon is often observed for the nano-FETs
and is likely attributed to the improved electrical contact at
a higher doping level.?* Significantly, n is dominated by the
doping level and remarkably increased from 1.9 x 10'¢ cm~ for
AZ1 to 2.18 x 10" and 1.3 x 10" cm™3 for AZ2 and AZ3,
respectively. As a result, the threshold value (Vy,), which is
deduced by extracting the linear portion of the Ips—Vgs plot, has
also gradually decreased from —8 V for AZ1 to —21 and —30 V
for AZ2 and AZ3, respectively, because lower voltage is needed
to turn-on the devices at a higher doping level. The above results
undoubtedly demonstrate that efficient n-type doping in the ZnS
NWs is accomplished by the Al incorporation. Moreover, the
electrical transport properties of the NWs could be rationally
tuned by adjusting the Al doping level. We note that this n-type
doping is very durable; measurements before and after five
months give nearly identical results (ESI, Fig. S47).

The great potential of the ZnS:Al NWs as high-performance
UV sensors was exploited, as shown in Fig. 3a. The device was
exposed to monochromatic light with varied wavelengths at
a constant intensity of 100 uW cm™2. From the wavelength
(A)-dependent -V curves of the ZnS:Al NW (AZ2), we can see
that the conductance of the ZnS:Al NW strongly depends on the
light wavelength; the photocurrent is nearly constant (equal to
the dark current) at the visible range but increases remarkably
with decreasing light wavelength. Fig. 3c depicts the spectral
response of the ZnS:Al NW. The cut-off wavelength of ~330 nm
is consistent with the band gap of ZnS, therefore the enhance-
ment of the photocurrent should come from the electron—hole
pairs excited by the incident light with energy larger than the
band gap.®® Fig. 3d shows the time response spectra of the
ZnS:Al NWs with varied doping levels under pulsed UV light

Table 1 Summary of the key device parameters of the FETs fabricated
from ZnS:Al NWs with varied doping levels

Vt h/ & m/ al ,u;z/ n/
Sample no. V nS Scm™! cm? V-'s™! x 10" ¢m~3
AZ1 -8 049 15x 107 0.16 0.19
AZ2 =21 0.7 2.4 x 1072 0.22 2.18
AZ3 -30 50.6 3.9 18.8 13
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Fig. 3 (a) Schematic illustration shows the configuration for the
photoconductive measurement. (b) I~V curves of the ZnS:Al NW (AZ2)
measured under the light illumination with varied wavelengths at
a constant light intensity of 100 W cm~2 and (c) corresponding spectral
response of the NW. (d) Time response of the ZnS:Al NWs with varied
doping levels at Vpg = +5 V. UV light (254 nm, 300 uW cm~?) was turned
on and off manually. (¢) Time response of the ZnS:Al NW (AZ2)
measured at a weaker UV light intensity of 5 uW cm~2. (f) Frequency
dependence of the photoconductive gain, with an excitation intensity
of 100 W cm~? (A = 254 nm) and an external applied bias of +5 V.

illumination at Vpg = +5 V. It is seen that all the devices exhibit
excellent stability and reproducibility, while the doping level also
significantly impacts the photoconductive properties in terms of
photocurrent and response speed.

Responsivity (R) is a key parameter for a photodetector and
reflects the sensitivity of the photodetector to the incident light. A
large R is usually desired for practical applications, especially for
the weak light detection. R can be expressed as:

RAW™) = (PIP ) :n(Z—DG 3)
opt

N, el T
o= ()= () @

where /p is the photocurrent, P, the incident light power, 7 the
quantum efficiency, 4 Planck’s constant, ¢ the speed of light, A the
incident light wavelength, and G the photoconductive gain,
which is defined as the ratio between the number of electrons
collected per unit time (V) and the number of absorbed photons
per unit time (Np,) or the ratio of carrier lifetime () to carrier
transit time (7,.). Based on the above equations, R is estimated to
be 8.8 x 10° AW~!for AZ1, 3.1 x 10° A W~! for AZ2, and 4.7 x
10° A W-! for AZ3 at Vpg = +5 V by assuming n = 1 for
simplification (Table 2). Meanwhile, G has also increased from
4.3 x 10°for AZ1to 1.5 x 107 for AZ2, and to 2.3 x 107 for AZ3.

Table 2 Summary of the photoconductive properties of the ZnS:Al
NWs with varied doping levels

Sample no. RIA W-! G /s tels

AZ1 8.8 x 10° 4.3 x 10° 95 209
AZ2 3.1 x 10° 1.5 x 107 153 445
AZ3 4.7 x 10° 2.3 x 107 203 1185

In contrast, the undoped ZnS N'Ws exhibit a very weak response
to the incident light (data not shown), giving rise to a R value
lower than 0.3 A W~!. The substantial improvement in R and G
for the ZnS:Al NWs could be ascribed to (i) the high crystal
quality of the ZnS:Al NWs and the ohmic contact achieved by
ITO electrodes, leading to a large photocurrent; (ii) the separa-
tion of the photogenerated electron-hole pairs caused by the
surface energy band bending near the NW surface and conse-
quently a longer carrier lifetime;** and (iii) Al donors in the ZnS
NW may serve as the trapping centres for the holes, thus further
prolonging the carrier lifetime. The R and G values for the
ZnS:Al NWs are much higher than previous reports on ZnS films
and intrinsic ZnS nanostructures.>>*® With such high R and G, it
is possible to reach even single-photon detectivity in a single
NW." In order to confirm this assumption, light with very low
intensity of 5 uW cm=2 (~2 x 10~'* W on the NW, corresponding
to a photon flux of ~2.5 x 10 per second) was used (Fig. 3e). Itis
noted that the NW shows a significant response to the weak light
irradiation and also has the potential to detect light with lower
intensity. R and G values are estimated to be 3 x 10’ A W' and
1.5 x 108, respectively, at this light intensity, which are much
larger than that at higher light intensity. The decrease of the R
and G at higher light intensity is a manifestation of hole-trapping
saturation, i.e., the hole trapping centres are fully occupied, thus
leading to the enhancement of the carrier recombination.'?
From Fig. 3d, it is shown that the response speed of the ZnS:Al
NWs to the pulsed light relies on the doping level; more time is
needed for the devices to reach the equilibrium at a higher doping
level. As shown in Table 2, rise time and fall time (z,, ) are (95 s,
209 s) for AZ1, while the values increase dramatically to (153 s,
445 s) for AZ2, and (203 s, 1185 s) for AZ3. The carrier trapping
centres induced by the Al doping might be responsible for this
result, which can capture the photogenerated carriers during the
light illumination and then slowly release them after the light is
turned off, giving rise to the long rise and decay edges.?” Due to
the large dark current at a higher doping level, the Jjign/Igark ratio
decreases from ~15 for AZ1 to ~1.5 for AZ3. On the other hand,
the response speed is also determined by the light intensity
detected. Upon weak light irradiation (Fig. 3e), (¢, t;) for AZ2
are (235 s, 676 s), in contrast to the lower values of (153 s, 445 s)
measured at higher light intensity. The reduction of the response
time with increased light intensity is in good agreement with
Rose’s model, which assumes that traps are distributed with
varying concentration in the band gap.*®?® The NW was not in
a thermal equilibrium state under light illumination, and excess
electrons and holes are generated. Correspondingly, two quasi-
Fermi levels are induced: one for electrons and another for holes.
The quasi-Fermi levels for electrons and holes tend to shift
toward the conduction and valence bands, respectively, when the
light intensity is increased. As a result, an increasing number of
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traps are converted to recombination centres, resulting in shorter
rise and fall times.?* Although the long photocurrent relaxation
time for the ZnS:Al NWs may limit their application in high
speed optical switches, the large gain values ensure that the
devices have a large gain-bandwidth (GB), that is, the devices still
have a significant photoresponse even at high modulation
frequencies for the incident light. Fig. 4f plots the relationship of
G with the modulation frequency (»), it is seen that the gain
values are consistently high even in the millisecond time domain.
G is about 2 x 10° at » = 300 Hz, leading to a large GB value
of ~0.1 GHz.B

Besides the visible-blind UV sensors, the applications of the
ZnS:Al NWs as high-sensitive humidity sensors were further
investigated in this work. Fig. 4a shows the I~V curves of the
ZnS:Al NW (AZ2) measured at varied RH values ranging from
30% to 90%. When the RH value is beneath 50%, the resistance
of the ZnS:Al NW (R,y,) slightly increases with increasing RH
value, while further increase of the RH value results in an
obvious decrease of the resistance. From the semi-logarithmic
plots of resistance and sensitivity (R,i/R) of the ZnS:Al NW
versus RH value (Fig. 4b), we can see that the sensitivity is nearly
proportional to the RH value in the range of 50-90% and a large
variation of about 2 orders of magnitude is revealed. This result
surpasses previous reports on carbon NT and SnO, NW
humidity sensors.'>3° To interpret the resistance increase at RH
< 50%, a surface charge transfer model is proposed: due to the
chemical adsorption of water molecules, OH™ ions are likely
formed on the ZnS:Al NW surface by capturing free electrons
from the NW bulk.?! The surface negative charges make the NW
surface energy bands bending upwards (Fig. 4c), hence the holes
will accumulate near the surface. A portion of the electrons in
NW is compensated by the excess holes, and as a result, the
NW resistance increases. In principle, the NW could even be
converted to p-type if the chemical absorption of the water
molecules is further enhanced, similar to that has been discovered
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Fig. 4 (a) I-V curves of an individual ZnS:Al NW (AZ2) measured at
varied RH values. (b) Semi-logarithmic plots of resistance and sensitivity
of the NW versus the RH value. (c) Up: schematic illustration shows the
adsorption of the water molecules on the NW surface. Down: corre-
sponding energy band diagram of the NW. (d) Ips—Vgs and Igs—Vas
curves of the NW measured at 30% and 70% RH, respectively.
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Fig. 5 Time response of the ZnS:Al NW (AZ2) when the NW was
exposed to (a) air and (b) a dry N, gas flow (200 sccm).

in n-type Si NWs.*! However, both electrical transfer measure-
ments performed at 30% and 70% RHs show pronounced n-type
conduction except the slight increase in the leakage current (/gs),
indicating that the physical adsorption instead of the chemical
adsorption dominates the conduction and finally contributes to
the decrease of the resistance at higher humidity.

Interestingly, it is found that the humidity is also an important
factor that impacts the photoconductive properties of the ZnS:Al
NWs, as shown in Fig. 5. In this study, the localized humidity
around the NW was changed by blowing the NW with a constant
dry N, gas flow (200 sccm). The humidity in an ambient envi-
ronment is ~70% RH and then reduced to ~10% RH under N,
gas blowing. As compared with the time response measured in
ambient humidity (Fig. 5a), the photocurrent of the ZnS:Al NW
under N, gas blowing increases remarkably, along with the
obvious prolongation of the rise and decay edges (Fig. 5b). The
increase of the photocurrent at lower humidity could be attrib-
uted to the desorption of the water molecules. Water adsorption
on the NW surface may reduce the photocurrent by capturing
electrons from the NW, which means a “drier” NW should have
a higher photocurrent. On the other hand, at ambient humidity,
the excess carriers could be quickly captured and recombined due
to the adsorption of the water molecules after the light is turned
off, hence the decay edge is more steep. In contrast, a permanent
photocurrent is observed for the NW in a low RH value because
of the longer carrier lifetime. This assumption is examined by
shutting off the N, gas flow and exposing the NW to the ambient
environment again (Fig. 5b). It is clear that the decline of the
photocurrent becomes faster in air. Our results demonstrate that
the surface effect plays an important role in determining the
photoconductive properties of the ZnS:Al NWs.

IV. Conclusions

In summary, Al-doped ZnS NWs with controlled n-type
conductivity were successfully synthesized via a thermal co-
evaporation method. The ZnS:Al NWs were single crystalline
with wurtzite structure and [1010] orientation. By adjusting the
doping level, the conductivities of the ZnS:Al NWs could be
tuned in a wide range of 3 orders of magnitude and a high
electron concentration up to 1.3 x 10" cm~* was achieved. The
ZnS:Al NWs could serve as visible-blind UV sensors with an
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extremely high responsivity of 4.7 x 10° A W' and a large GB of
~0.1 GHz. The potential of the NWs as high-sensitive humidity
sensors was further exploited. It is expected that the n-type ZnS
NWs will have important applications in the new-generation
nanoelectronic and optoelectronic devices.
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