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abstract

In recent years, nanowires have been shown to exhibit high photosensitivities, and, therefore are of interest in a variety of
optoelectronic applications, for example, colour-sensitive photodetectors. In this study, we fabricated two-terminal PbS,

In2S3, CdS and ZnSe single-nanowire photoresistor devices and tested applicability of these materials under the same

conditions for colour-sensitive (405 nm, 532 nm and 660 nm) light detection. Nanowires were grown via atmospheric pressure
chemical vapour transport method, their structure and morphology were characterized by scanning and transmission electron
microscopy (SEM and TEM), X-ray diffraction (XRD), and optical properties were investigated with photoluminescence (PL)
measurements. Single-nanowire photoresistors were fabricated via in situ nanomanipulations inside SEM, using focused ion
beam (FIB) cutting and electron-beam-assisted plat-inum welding; their current-voltage characteristics and photoresponse
values were measured. Appli-cability of the tested nanowire materials for colour-sensitive light detection is discussed.

could be possibly used to fabricate multi-colour photode-tectors [13]. Sang et

1. Introduction

Colour-sensitive photodetectors are desirable for a large variety of
applications, for instance, in optical communications, digital imaging and
environmental monitoring [1e4]. In recent years, nanowires (NWs) have been
demonstrated to be superior to their bulk counterparts as photodetector
materials mainly due to their higher sensitivities, which arise from the NW
high surface area/ volume ratio resulting in high density of surface states that
act as trap sites for photogenerated holes, therefore increasing electron
lifetime and enhancing the photocurrent [5,6]. Semiconducting chalcogenide
materials with direct bandgap and large absorption coefficients, such as PbS,
In2S3, CdS, ZnSe, are great candidates for next-generation NW-based light
detectors due to their excellent photodetection properties [6€9]. Typical
photodetectors can detect only a specific spectral band, therefore are not
suitable for multi-colour detection with spectral selectivity. There are two
general approaches of making colour-sensitive detectors: using broad-
spectrum materials and wavelength-selective filters, or combining several
materials with different bandgaps, including material doping and composition
tuning. Using broad-spectrum

photodetector materials combined with absorptive colour filters is a
possibility; however, it involves additional fabrication steps and, to obtain
highest efficiency, one would prefer light to be converted to photocurrent
rather than reflected or absorbed in the filter layer. Research has been done on
compositionally tuneable NWs and doping of NWs for wavelength-selective
light detection [10,11], but there is a difficulty to extend the optical band
outside the visible light range. Furthermore, it has been demonstrated that
colour imaging is possible by varying the radius of silicon NWs to control
spectral sensitivities [12]. However, a versatile strategy to obtain spectral
selectivity is to select arbitrary photosensitive ma-terial NWs with different
bandgaps, and incorporate them in a composite thin film or on an insulating
substrate. Liu et al. demonstrated a method of incorporating photosensitive
CdS, CdSeS and CdSe NWs into an amorphous indium zinc oxide thin film to
obtain a transparent thin-film-transistor array, showing that such concept

al. utilized CdS, SnO2, ZnO and Ga203 one-dimensional nanostructures to
demonstrate colour-sensitive pho-todetection by simultaneously integrating
them into an insulating substrate with a two-terminal device structure [14]. In
such a way, the cut-off wavelengths of the selected semiconductor NW mate-
rials, defined by the bandgap, will determine the spectral selec-tivity. This
approach benefits from substantial freedom to choose NW materials with
desirable spectral band and high



photoresponse. Furthermore, large-scale printing of NWs at defined locations
on flexible substrates via roll-to-roll transfer has been demonstrated [15], thus
enabling the development of NW based all-printed electronic and
optoelectronic devices at low cost and with high performance.

In this work, we synthesised PbS, In2S3, CdS and ZnSe NWs and
fabricated single-nanowire two-terminal photoresistor devices to test the
applicability of these materials for colour-sensitive (red, green and blue light)
photodetector applications, if they would be simultaneously incorporated on
the same substrate. It is important to note that all these devices were prepared
using the same method and tested under the same conditions. The measured
NW photo-detector properties were compared and analysed.

2. Experimental details
2.1. Nanowire synthesis and characterization

The following material NWs were synthesised via atmospheric

pressure chemical vapour transport method in a horizontal quartz tube reactor

by adjusting previously reported growth parameters: PbS [16], In2S3 [17],
CdS [18], and ZnSe [19]. In all the cases, the NWs were grown on oxidized
silicon wafers Si(110)/SiO2 (Semiconductor Wafer, Inc.) coated with
spherical Au nanoparticles used as a cata-lyst (Smart materials, water
suspension, 50 nm diameter).

PbS NWs: 0.25 g PbCI2 powder (98%, Sigma Aldrich) was loaded in a
ceramic boat and placed in the centre of the quartz tube at 650 C, Au/Si
substrate was placed downstream in a lower temperature region. Excessive
amount of sulphur powder (enola SIA) was placed upstream at 250 C to
create sulphur-rich atmosphere, while N2 was used as a carrier gas. The
temperature was kept constant for 20 min, followed by natural cooling to
room temperature.

In2S3 NWs: Mixture of 0.5 g In and 0.5 g InCI3 (98%, Sigma-Aldrich)

powders were used as a source material and sent to the centre of the quartz
tube. Au/Si substrate and sulphur powder were placed downstream and

upstream, respectively, as in the previous case. Ar/H2 (5%) gas mixture was
used as a vapour carrier. The furnace was heated to 800 C, temperature was
held constant for

Fig. 1. (a) Optical microscope image of gold microelectrodes on the oxidized silicon substrate; SEM images of (b) a typical as-prepared nanowire photoresistor; as-grown (c) PbS, (d) In2S3, (e) CdS

and (f) ZnSe nanowires.

Fig. 2. TEM images of (a) PbS, (b) In2S3, (c) CdS and (d) ZnSe nanowires. Insets show measured atomic interlayer distances.



45 min and then was let to cool down naturally to room temperature.

CdS NWs: CdS powder (98%, Alfa Aesar) was thermally evapo-rated in a
quartz tube at 950 C temperature for 30 min, followed by a natural cooling.

The vapour was carried downstream to the Au/Si substrate by N2 gas.

ZnSe NWs: 0.2 g home-made ZnSe powder was placed at the centre of the

quartz tube and evaporated at 1000 C for 2.5 h, using Ar/H2 (5%) gas to carry
vapour downstream to the Au/Si substrate at a lower temperature region, and
then cooled down naturally to the room temperature.

As-prepared NW morphology was characterized by scanning electron
microscopy (SEM, Lyra, Tescan), whereas the inner crys-talline structure was
revealed by transmission electron microscopy (TEM, Tecnai GF20, FEI)
using the operating voltage of 200 kV. X-ray diffraction (XRD, PANalytical,
X'Pert Pro Powder) was carried out by monochromatic Cu Ka irradiation to
confirm the material and the phase of a NW. Room-temperature
photoluminescence (PL, Hamamatsu R92P PMT) spectra with the excitation
wavelength of 266 nm (fourth harmonic of Nd:YAG laser) for all NWs and
infrared (IR) absorption spectrum (Bruker Equinox 55 FT-IR Spectrometer)
for PbS NWs were measured to investigate their optical properties.

2.2. Single nanowire photoresistor fabrication

Firstly, gold microelectrodes with the gap width of 2 Mm were prepared
on an oxidized silicon wafer by conventional photoli-thography technique
(see Fig. 1(a)). Briefly, microelectrode pattern was obtained using direct write
laser lithography (MPG 101, Hei-delberg Instruments) on SU-8 2003
photoresist (MicroChem), 5/ 45 nm Cr/Au film was deposited via thermal
evaporation method, followed by a lift-off procedure.

Secondly, single NW photoresistors were fabricated using in situ
nanomanipulations inside SEM-FIB. As-grown NWs were me-chanically
transferred from the Si substrate to the as-prepared gold microelectrodes by
welding a single NW to the tungsten (W) nanomanipulator probe using
electron-beam-assisted platinum (Pt) deposition. After aligning and placing it
on top of the micro-electrodes, NW was cut off from the W probe with
gallium (Ga) ion beam and welded to the electrodes with Pt deposition to
ensure the electric contact and fixed position. SEM image of a typical as-
prepared photoresistor is displayed in Fig. 1(b), where the narrow dark strip is
the gap between the electrodes, two small rectangles on the NW are the
deposited Pt contacts, and the trench appeared due to the cutting NW by ion
beam milling.

2.3. Device measurements

Current-voltage (Ids-Vds) characteristics and photoresponse of the

fabricated two-terminal devices were measured at zero gate voltage (Vg ¥4 0
V) with a two-contact micro probe station con-nected with Model 6485
Keithley Picoammeter, Model 2000 Keithley Multimeter and a voltage source
(33220A Waveform Generator, Agilent). 405 nm, 532 nm and 660 nm
wavelength semiconductor diode lasers with light intensity of 2 W/cm2 were
used as an illumination source for the photoresponse measure-ments. All
measurements were carried out in air and at room temperature.

3. Results and discussion
3.1. Morphology, structure and PL. measurements

SEM was used to image as-grown NW arrays (see Fig. 1(cef)) and to
determine the size of individual NWs. The length varied

from 20 to 30 Mm for PbS and In2S3 NWs to several hundred micrometres
for CdS and ZnSe NWs. The diameter of NWs was in the range of 50e300

nm. The Au catalyst nanoparticles were observed on the top end of In2S3,
CdS and ZnSe NWs, which in-dicates Vapour-Liquid-Solid (VLS) growth, as
was expected [20e22]; however, that was not the case for PbS NWs: these
NWs exhibited growth in hierarchical, orthogonally branched clusters, as
reported previously [23]. It is worth noting that nanobelts were also observed
on as-prepared CdS and ZnSe samples, along with the NWs, though only
NWs were used to fabricate photoresistor
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Fig. 3. XRD spectra of (a) PbS, (b) In2S3, (c) CdS and (d) ZnSe nanowire arrays on a silicon
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devices.

TEM investigations revealed inner crystalline structure of the NWs. Fig.
2(a) shows highly crystalline nature of a PbS NW. Resolved atomic planes are
separated by a distance of 3.0 A, which corresponds to (200) planar spacing

of a cubic (rock-salt) PbS crystal (a V4 5.94 A [24)). Similarly, an In2S3 NW
exhibited high crystallinity, as can be seen in Fig. 2(b). Interplanar spacing
was measured to be 3.9 A, which is in a good agreement with the lattice

constant of tetragonal b-In2S3 (a 4 7.8 A [25]). Polycrystalline shell was
observed around the CdS NW, which is visible in Fig. 2(c). According to
interplanar distance measurements, such crystallites have cubic (zinc blende)
structure with planar spacing of 2.7€2.8 A, which corresponds to the lattice
constant value a ¥ 5.45 A [26]. As can be seen in Fig. 2(d), the distances
between adjacent ZnSe lattice planes was measured to be 3.3 Aand 2.8 A,
which corresponds to cubic (zinc blende) structure (a V2 5.6 A [27]).

Fig. 3 depicts the XRD patterns of the as-grown NW arrays, which
verifies their material and phase. The diffraction peaks in PbS NW XRD

pattern were indexed to a cubic PbS crystal [24], In2S3 NW pattern to a

tetragonal D-In2S3 crystal [25], CdS NW pattern to a hexagonal wurtzite
structure [28], and ZnSe XRD pattern was indexed to cubic (zinc blende)
ZnSe crystal structure [27]. The peak at 33 is attributed to the diffraction in
the Si substrate.

PL properties of the as-grown NWs were studied at the room temperature
in the wavelength range from 380 nm to 580 nm, excited by 266 nm laser.
Measured spectra are shown in Fig. 4. The bandgap of PbS NWs is around 0.4
eV and the optical absorption starts at 3100 nm, therefore luminescence band
with maximum at 425 nm (see Fig. 4(a)) corresponds to higher energy band
transi-tions [29,30]. Similar luminescence was measured on PbS nano-cubes
and thin films in other works by Cao et al. [31] and Tohidi
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et al. [32]. The inset of Fig. 4(a) depicts measured optical absorption spectrum
of PbS NWs, thus confirming that the absorption starts around 3 Mm
wavelength light. Fig. 4(b, ¢, d) shows measured luminescence bands of
In2S3, CdS and ZnSe, respectively. Their ac-cording maxima are 505 nm, 510
nm and 460 nm, that corresponds to bandgap values of 2.45 eV, 2.43 eV and
2.7 eV, in agreement with previous reports [6,19,20].

3.2. Device photoresponse measurements

Fig. 5 shows measured Ids-Vds curves of different as-prepared two-
terminal NW devices. At least four photoresistors of each material were
fabricated, so consistent conclusions could be made. Typically, nearly
symmetrical characteristics were measured for all investigated NW materials,
therefore indicating that ohmic con-tacts were formed between the electrodes
and the NW. Features of non-linear quadratic (I ~ V2) behaviour of the I-V
curves may be interpreted as an effect of the space-charge limited current
(SCLC), as other groups have previously shown in different material
nanowires [33,34]. In addition, it is worth noting that as-fabricated devices
exhibit high resistance, wherein, most probably, a consid-erable part arises
due to a high contact resistance since performed NW characterization
indicated highly crystalline structure. Possible causes of such increased
resistance include high resistance of deposited Pt contacts due to a carbon
presence from the metal-organic precursor [35].

Next, as-prepared NW device electrical response to an illumi-nation of a
light at different wavelengths was investigated. On-off photoresponse
measurements, which are based on photoinduced conductivity changes, for

three different illumination wavelengths at Vds ¥4 1 V bias of as-prepared

NW photoresistor devices are
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Fig. 4. Room-temperature PL spectra at the excitation wavelength of 266 nm of (a) PbS, (b) In2S3, (¢) CdS and (d) ZnSe nanowire arrays on a silicon substrate. The inset shows the optical absorption

in PbS NWs in 1.5€3.5 mMm wavelength range.
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Fig. 5. Output (Ids-Vds) characteristics at Vg ¥4 0 V of (a) PbS,

depicted in Fig. 6. It can be seen that all four studied NW materials exhibit
rapid (<1 s, in most cases) increase and decrease of the current after the
illumination is turned on or off, respectively, except in the case of the In2S3

NW current decay time for 405 nm illumination, which features a second,
slower time component, most probably do to a presence of trapping centres.

Table 1 shows the comparison of current enhancement ratios (Ion/Ioff) of
the studied NW materials in the context of their respective bandgap, which
determines their cut-off wavelengths. Firstly, it can be seen that PbS NWs

exhibit weak (Ion/loff close to 1) photoresponse to all three illumination
wavelengths; however, linear ratio vs. wavelength dependence was observed.

Secondly, In2S3 and CdS NWs exhibit strong photoresponse to 405 nm illu-
mination, and significantly weaker one to 532 nm and 660 nm illumination.
Finally, ZnSe NWs show very strong response to 405 nm light, and no
photoresponse was observed while illumi-nating them with 532 nm and 660

nm wavelength light. Obtained Ion/Ioff value tendencies, for the most part, are
as was anticipated from the material bandgap values; however, relatively
weaker photoresponse to 660 nm illumination was expected for either CdS or

In2S3 NWs.

Two important parameters for evaluating the quality of photo-conductors
are the current responsivity (R]) and the external quantum efficiency (EQE).
R| and EQE are defined, respectively, as R| ¥4 DI/(PS) and EQE "4 hcRI/(el)

[36], where DI is the difference between the photocurrent Ion and the dark

current Ioff, P is the light power density, S is the effective illumination area
(estimated as the electrode gap width NW diameter), h is Planck's constant, ¢
is the speed of light, e is the electron charge, and 1 is the light wavelength.

Large R| and EQE values correspond to a high photodetector
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(b) In2S3, (c) CdS and (d) ZnSe nanowire photoresistors.

sensitivity. Table 2 contains the calculated R| and EQE values of the studied
NW devices. The obtained data shows a relatively wide range of values for
different NW materials, however these values are comparable to other typical
state-of-art 1D nanostructure photodetectors [37], thus indicating the potential
to use such ma-terials in future applications.

In principle, there are two approaches for determining the colour (red (660
nm), green (532 nm) or blue (405 nm)) of the incident light with such NW
photoresistors, if they would be simultaneously incorporated on the same
substrate as one opto-electronic device: by the wavelength cut-off due to the

bandgap (signal or no signal) and by comparison of Ion/Ioff values of at least
two different materials. In the perfect case, red, green and blue colours could
be recognized by selecting three different materials with cut-off wavelengths
in three different regions of the optical spectrum: one material that responds

only to the blue light (405 nm < lcut-off < 532 nm), one that responds to the
blue and green light (532 nm < lcut-off < 660 nm), and one that responds to

all three (lcut-off > 660 nm); and by illuminating them simulta-neously with
the same light and comparing all photoresponse signals. However, in our
case, only ZnSe measurement solely determined the incident (blue) light due
to its cut-off wavelength. Other studied materials exhibited substantial
decrease in photo-response in respect of the increasing wavelength, but still
signifi-cant response was measured for the light with the longest wavelength,
presumably due to some defect states, such as NW surface, or impurity
doping. Thus, in such instance, one can only distinguish red and green or blue

and green light of the same in-tensity by comparing absolute Ion/Ioff values

of, for example, PbS and CdS. Comparison could be made through logic
operations of the
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Fig. 6. On-off photoresponse measurements of (a) PbS, (b) In2S3, (c) CdS and (d) ZnSe nanowire photoresistors at Vds 4 1 V bias voltage and 2 Wiem? light intensity of 405 nm, 532 nm and 660 nm
wavelength light illumination. The diameters of PbS, In2S3, CdS and ZnSe NWs are 120, 160, 180 and 280 nm, respectively.

Table 1
Comparison of the photoresponses of the studied nanowire-based photoresistors.
Materials Eg (eV) Idark at 1 V (nA) Ton/Ioff ratio
at 405 nm (3.06 eV) at 532 nm (2.33 eV) at 660 nm (1.88 eV)
PbS NW 0.41 2.65 1.11 1.07 1.03
In2S3 NW 2.1 9.95 11.3 2.8 2.1
CdS NW 24 3.65 2.7 1.4 1.1
ZnSe NW 2.7 0.02 115 1 1
Table 2
Responsivity R| and external quantum efficiency EQE values of the studied nanowire-based photoresistors at different illumination wavelengths.
Materials R|, A/W EQE
at 405 nm at 532 nm at 660 nm at 405 nm at 532 nm at 660 nm
PbS NW 0.06 0.04 0.02 18% 9% 3%
In2S3 NW 16.01 2.80 1.71 4903% 652% 321%
CdS NW 0.86 0.20 0.05 264% 47% 10%
ZnSe NW 0.20 0 0 62% 0 0

specific NW current signals, which arise from distinct photo-response values
of NWs [38,39]. However, this above-cut-off-wavelength photoresponse
might be considerably reduced by sur-face passivation, therefore simplifying
the principle of colour distinction. That could be done by producing a shell
layer around the core material that eliminates its surface trap states, and could
even lead to an enhanced photosensitivity [40e42]. In general, choosing
different photosensitive NWs for desired spectral range, depending on the
application, is possible yet not always sufficient e defects, such as NW
surface, or impurity doping can result in above-cut-off-wavelength
photosensitivity.

4. Conclusions

PbS, In2S3, CdS and ZnSe NWs were synthesised via atmospheric
pressure chemical vapour transport method. Samples were char-acterized by
SEM, TEM methods, XRD technique, which revealed their highly crystalline
structure, and PL measurements to inves-tigate their optical properties. Two-
terminal photoresistor devices were fabricated from as-grown NWs using in
situ nano-manipulations and electron-beam-assisted Pt deposition inside
SEM-FIB; their current-voltage and photoresponse measurements were
performed under the same conditions. Two approaches for



determining
photoresistors

the colour (red, green or blue) with as-prepared NW
were discussed. While determination via the cut-off

wavelength due to the bandgap would be the best approach in this case,

considerable above-cut-off-wavelength photosensitivity ~was

observed;

therefore, a method for reducing this undesired photo-response is necessary to
be implemented.
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