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One dimensional (1D) semiconductor nanowires have drawn considerable interest for the past

two decades due to their unique geometry and their novel physical and chemical propertiest !,

A large number of experimental and theoretical studies have demonstrated their potential use

(7, (9

as functional components in electronics”®?, piezoelectrics'®, optoelectronics'”®!, photonics

10] [11, 12]

, and mechanics . As the performances of nanowire-based devices are strongly

dependent upon the diameter, length, crystallinity, chemical composition, and structure of

[13-17]

nanowires , precise control over these properties has become the key issue for the

ultimate use of the nanowires for various applications!'®.
With significant advances in the fabrication techniques over the last number of decades, a

variety of routes have been developed for nanowire synthesis, including vapor-liquid—solid
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2 molecular beam epitaxy (MBE)**, metal

(VLS) growth!"” 2! template-based fabrication
organic vapor phase epitaxy (MOVPE)*! oriented-attachment method**, and e-beam
lithography!®). While offering specific advantages, each method has its inevitable weakness
and limited applicability. For instance, VLS growth is useful for generating various 1D

[26'28], but it needs

semiconductor nanowires with controlled size, orientation and composition
the assistance of a foreign metal which may introduce contamination in the resultant
nanowires®”). Fabrication by MBE, shows merits in regulating composition and structure of
uniform nanowires, and yields nanowires of good uniformity with low defect concentration.
However, drawbacks such as high cost, low yield, and the requirement of sophisticated
procedures and critical conditions make it unsuitable for large-scale application. With the
increasing importance of 1D semiconductors in a wide range of areas, development of new
and more effective synthetic methods for industrial-scale production of high-quality 1D
semiconductor nanowire arrays with controlled orientation and crystal structure are in high
demand.

In this work, we introduce an extremely simple approach for large-quantity synthesis of
crystallographically-orientated and highly-ordered single crystalline 1D II-VI semiconductor
nanowire arrays. It is a top-down, single-step method that only involves heating of wurtzite
(WZ) structured semiconductors in a Hy/Ar atmosphere. In-situ experiments performed in the
chamber of an environmental scanning electron microscope (ESEM) clearly demonstrate that
the formation of the nanowire arrays proceeds via a selective vaporization process of the bulk
crystals. We observe that the vaporization initially leads to a surface roughing and the
generation of nanoholes. Selective vaporization leads to carving of nanoholes from both sides
of the crystal towards the center until finally, arrays of nanowires remain.

The crystal structure and crystallographic orientation of the resultant nanowires were
examined thoroughly by transmission electron microscopy (TEM). It is found that all of the

synthesized nanowires are single crystalline and orientated along the [0001] direction of the
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WZ structure. The single crystalline nanowires are free of structural defects, such as
dislocation and staking faults or polymorphism, which are commonly present in II-VI group
semiconductor nanowires prepared by other methods. Based on the real-time observations, we
propose that the selective vaporization behavior of WZ semiconductors is related to the low
symmetry structure of the WZ crystals. A large difference in surface energy among diverse
planes could play a role in the selective vaporization process and is confirmed by density
functional theory (DFT) calculations. A strong structural sensitivity of this process is
confirmed by the fact that the same method applied to zinc-blende (ZB) structured crystals
does not lead to the formation of nanowires. On the other hand, co-evaporation of both WZ
and ZB structured crystals, for example ZB ZnS and WZ CdS, yields WZ structured ZnS (or
ZnCdS) nanowire arrays through a cation exchange reaction. In this process, the CdS crystals
serve as the WZ structural template for the formation of the nanowire array architecture in
which the Cd*" is gradually replaced by Zn*" during the selective vaporization of the CdS
crystals. In order to demonstrate the high-quality of the nanowire arrays, we fabricate a
photodetector using the as-prepared CdS nanowire arrays. The device exhibits superior
optoelectronic performances, including large ON/OFF ratio, fast photoresponse speed, high
detectivity, and a large linear dynamic range. We believe that our method represents a
transformative new fabrication platform for large-scale fabrication of orientated single

crystalline semiconductor nanowire arrays with novel functionalities.

Figure 1a shows a scanning electron microscopy (SEM) image of a CdS bulk crystal used in
the experiment. The polished top surface of the crystal appears flat and smooth (Supporting
Information, Figure S1). According to the XRD measurement, the sample is a single crystal
oriented along the [0001] direction of the WZ structure (Figure 1b). The CdS crystal was
placed at the heating zone of a tube furnace and subsequently heated to 750 °C in a gas
mixture of Ar and Hj, as schematically illustrated in Figure S2. The sample was held at

750 °C for 30 min and then allowed to cool to room temperature. After the thermal treatment,
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a significant change of the CdS was observed, as seen in the SEM image shown in Figure 1d.
The top surface of the crystal got rougher in comparison to the initial state. Close examination
reveals that the roughness of the crystal originates from the formation of nanowires on its
surface (Supporting Information, Figure S3a,b). The nanowires show a tapered tip (Figure
le,f) and a length of about 40 micrometers (Figure S3c). Their base diameter measures about
200 nm. The nanowires are well-aligned and separated from one another (Figure 1g). Due to
the evaporation process, the height of the crystal shrank by about 20% (Figure S4a,b).

TEM was carried out to examine the chemical composition and crystal structure of the as-
obtained nanowire arrays. An annual dark field scanning TEM (ADF-STEM) image and
corresponding EDX elemental mapping of a nanowire are shown in Figure lh-j. It is found
that the nanowire consists of Cd and S that are evenly distributed over the nanowire. Figure
1k shows a representative TEM image of CdS nanowires. The nanowires are aligned along
their length direction, consistent with our SEM observation. The high-resolution TEM
(HRTEM) image of a nanowire is shown in Figurell. The lattice fringes of the nanowire with
d-spacings of 0.67 nm and 0.35 nm are well-resolved and can be indexed to the (0001) and
(01-10) planes of WZ CdS, respectively. The inset shows the corresponding selected-area
electron diffraction (SAED) pattern of the nanowire. The diffraction spots appear sharp and
strong, thus confirming the high crystallinity of the nanowires. It is worth to mention that the
structural defects, such as dislocations or staking faults which are often presented in the

30-34 .
30-34] "are not observed in the current

polytypic II-VI and III-V semiconductor nanostructures
nanowires. Figure 1m shows the corresponding atomic model of CdS, viewed in the same
orientation as in the HRTEM image. The long axis of the nanowires coincides with the [0001]
direction of the WZ structure, and thus, with the original surface normal of the bulk crystal.
As a key characteristic of the obtained CdS nanowires, they are aligned, not only in the length

direction, but also in the crystallographic orientation. All preceding SEM and TEM

characterizations, such as the observed reduction of the thickness of the crystal, the good
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alignment of the formed nanowire arrays, and common crystallographic orientation of
nanowires, signify that the nanowire array formation might be a result of the direct
vaporization of the CdS crystal. However, we cannot completely rule out the possibility that
the nanowires could be generated by outward growth via thermal deposition, with the gaseous
source originated from the CdS crystal upon heating.

In order to validate the formation mechanism of the nanowire arrays, we performed an in-situ
heating experiment in the chamber of an environmental SEM (ESEM), which allows us to
directly monitor the growth dynamics of the nanowire arrays. Detailed experimental
procedures are described in the experimental section in Supporting Information. A sequence
of SEM images obtained during in-situ observation of a CdS particle under 700°C in Hy/Ar
with a pressure of 60 Pa is shown in Figure 2. It clearly reveals the morphological evolution
of the CdS from the particle shape to the nanowire array architecture (Movie M1). At the
initial stage, the starting CdS particle shows relatively smooth surfaces except for a few small
holes on the top surface. Upon heating, sublimation sets in and leads to surface roughing and
the appearance of nanochannels on the top surface (probably also on the bottom surface).
With time, the nanochannels increase in depth and proceed gradually towards the center.
Finally, highly ordered nanowire arrays are obtained. The in-situ observation confirms that
the CdS nanowire arrays are generated by a selective vaporization process rather than by
thermal deposition. A parallel ex-situ experiment on the CdS particles was also conducted in
this work, which shows a similar result, as displayed in Figure S5a-c. We carried out TEM
measurement to explore the fine structure of the CdS nanowire arrays formed from the CdS
particles. As shown in Figure S5d, the nanowires in the bundle are arranged along their length
direction. The HRTEM image and fast-Fourier transform (FFT) (Figure S5e,f) further reveal
that the nanowire is orientated along the [0001] direction of WZ structure.

To summarize, our ESEM and TEM characterization demonstrate that the formation of CdS

nanowire arrays is through the selective vaporization with respect to the crystallography of the
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CdS crystal. It is essentially a top-down approach, but far more simple and efficient compared
to the traditional top-down methods. The obtained nanowires are in high quality and high
phase purity, and no defects such as dislocations and stalking faults, or polymorphism are
observed. The crystallographic orientation of the resultant CdS nanowires is always along the
[0001] direction of the WZ structure, independent of the shape and size of the initial bulk CdS
crystals. To the authors’ knowledge, direct transformation of a bulk crystal to
crystallographically-aligned single crystalline nanowire arrays through only one-step heating
has not been reported elsewhere.

Moreover, we find that the method developed for the formation of nanowire arrays works not
only on the WZ CdS crystals, but also on the WZ CdSe. Figure 3a shows a SEM image of a
raw CdSe particle in a WZ structure (Figure S6a). After a heat treatment of 30 min under
650°C in Hy/Ar, arrays of CdSe nanowires were formed (Figure 3b-f). The cross-section view
SEM images clearly show that the nanowires in the arrays are well-separated and oriented
along their length. In Figure 3b, it can be seen that the central part of the particle is not yet
completely transformed into the nanowire arrays. This observation is an indication that the
transformation initiates from two ends of the particles, which is fully in line with our ESEM
observation (Figure 2). More SEM images of the resultant CdSe nanowire arrays are shown in
Supporting Information, Figure S6b-d. Chemical analysis demonstrates that the nanowire
consists of Cd and Se, both distributed homogeneously over the entire nanowire (Figure 3g-1).
Structural analysis reveals that the as-prepared CdSe nanowires are orientated along the
[0001] direction of the WZ structure (Figure 3j, k), consistent with our observations of the
CdS nanowires.

Comparison of the the CdS and CdSe crystals we employed indicates there is a feature
common to both of them, i.e., they have the WZ structure. All characteristics of the
synthesized CdX (X=S, Se) nanowire arrays, such as high wire-axis alignment, single

crystalline nature, and common crystallographic orientation ([0001]), suggest that the
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observed selective vaporization phenomenon is related to the crystallography of the WZ
structure of the CdX (X=S, Se). Indeed, we find that the utilization of ZB structured crystals
as raw material does not lead to the formation nanowire arrays or similar 1D nanostructures.
Figure S7 shows a sequence of SEM images recorded during in-situ observation of the ZB
ZnSe crystal upon heating under 850 °C in a Hy/Ar atmosphere (XRD pattern of the initial ZB
ZnSe crystals is shown in Figure S8). It can be seen that the crystal gradually shrinks from
17.5 um to 5.5 um during the observation (Movie M2). In this process, multiple steps appear
on the surface of crystal (insets of Figure S7d-f). As opposed to CdS (Figure 2), the ZB
structured ZnSe does not show preferred vaporization behavior.

To further support this result, a parallel ex-situ experiment was carried out in a furnace under
a relatively higher temperature (900°C) in a Hy/Ar atmosphere. SEM images of the ZnSe after
thermal heating are shown in Figure S9d-f. Clearly, nanowires like those shown in Figure 1
were not formed in this case; instead, the terraces and steps on the crystal surface become
more pronounced and ordered compared to that of the initial ZnSe crystal (Figure S9a-c). This
observation is in agreement with the ESEM observation shown in Figure S7d-f. Additionally,
we conducted a heating experiment on another ZB structured crystal, i.e., CdTe (Figure S10a-
c). Similarly to the case of ZB ZnSe, heating the ZB CdTe did not lead to the formation of
nanowires (Figure S10d-e). These results strongly suggest that the direct transformation of
bulk material into crystallographically-orientated 1D nanowire arrays is related to the
characteristics of WZ structured materials.

We now try to address the intrinsic mechanisms underlying this novel phenomenon. As we
showed, the formation of CdS or CdSe nanowire arrays is structure sensitive and involves
anisotropic vaporization. In-situ SEM observations indicate that the (0001) plane of the
crystals decompose much faster than other planes, suggesting that the (0001) plane has the
highest reactivity. This is in line with our ab initio atomistic thermodynamics calculations that

show the (0001) plane in both WZ CdS and CdSe has the highest surface energy, more than
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two times higher than that of low-index (01-10) and (2-1-10) planes under an H, atmosphere
(Supporting Information, Table S1). These energy differences result in Winterbottom

shapes[3 2

that are consistent with the experimentally observed nanowires (Figure S11a,b).
Thus, selective vaporization of the WZ crystals is expected on the basis of energetic
considerations.

Next, we address the formation process of the nanowire arrays grown from the bulk crystal. It
is known that the system generally tends to reduce its total free energy by minimizing the
surfaces area of the high energy surfaces during crystal growth®®. From an energetic
perspective, therefore, the high surface energy (0001) plane of the WZ crystal is most likely to
reconstruct under elevated temperature to form lower surface energy planes. This has been
confirmed by the in-situ experiment, which reveals the roughing process of the top surface
under heating, suggesting the reconstruction of the basal plane (Figure 2). After
reconstruction, the reformed planes are relatively stable against vaporization. In contrast, the
areas enclosed with the remaining (0001) and vicinal planes are more active and are expected
to have a faster vaporization rate owing to their higher surface energy”"\. In-situ observation
during the heating of the CdS crystals shows the random carving of nanoholes on the top
surface of the crystal. We speculate that residual (0001) and vicinal planes (or defective sites)
in the surface are favorable nucleation sites for vaporization, which leads to the generation of
the nanoholes. Once those small holes are created, the vaporization will proceed preferably
along them, resulting in a gradual increase of their depth (Figure 2 and Figure S12). Over
extended time, highly aligned nanowire arrays with a common crystallographic orientation
among nanowires form. Since the nanowires grow from the top to the bottom of the crystal
and the preformed parts have longer exposure time for vaporization, the nanowires eventually
show a tapered geometry along their length.

As for the ZB structured ZnSe and CdTe, the reason for their failure to form nanowires lies in

its high symmetry structure and nonuniqueness of high surface energy planes. Our DFT
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calculations indicate that there are two sets of planes possessing high surface energy in the
ZnSe crystal, they are {100} and {111} planes, respectively (Table S1). Thus, as the crystals
tend to reduce the total surface energy of the system by minimizing the planes with high
surface energy, upon heating of ZB crystals, vaporization of high surface energy {100} and
{111} planes will be favored. With time, the area of those planes will be greatly reduced upon
heating. As a consequence, the {110} facets, which have the lowest surface energy in the ZB
structure, are expected to survive. Finally, surface-energy optimized structures are derived,
which are in agreement with the Winterbottom shape shown in the Figure S11c.

As we demonstrated above, nanowire arrays are unable to be formed through selective
vaporization of ZB semiconductors because of their high symmetry structure and the similar
surface energy of their {100} and {111} planes. In this regard, arrays of ZnS nanowires are
unachievable from direct vaporization of the ZB structured ZnS crystals. However, we found
that through co-evaporation of powder mixtures of ZB ZnS and WZ CdS (Figure S13), ZnS
nanowire arrays with the WZ structure, instead of the ZB structure, can be fabricated.
Detailed synthetic procedures are available in experimental section in the Supporting
Information. After the reaction, the structure and purity of the product was analyzed by XRD
(Figure S14a). As indicated, all of the reflections can be readily indexed according to the
hexagonal structured ZnS with lattice constants of a=0.38209 nm and ¢=0.62573 nm (JCPDS,
No0.36-1450).

The morphology of the product was studied with SEM. Figure 4a and Figure S14b show
representative SEM images of the ZnS product, and enlarged SEM images of an individual
ZnS structures are shown in Figure S14c-f. It clearly reveals that the ZnS is comprised of a
high density of well-aligned nanowires aligned along their long axis, similar to the
synthesized CdS and CdSe nanowire arrays shown in Figure 1 and 3. It is also worth
mentioning that the sizes of these ZnS nanowire arrays are quite similar to the raw CdS source

employed (Figure S13c,d) and much larger than the particle size of the original ZnS powder
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(Figure S13a,b). This indeed is an indication that the ZnS nanowires form by transformation
from the CdS powder, which acts as the template. Furthermore, we investigated the atomic
structure of the ZnS nanowires by TEM. Figure 4b shows a typical TEM image of the ZnS
nanowires, and the corresponding SAED pattern is shown in Figure 4c. The TEM image
shows that the ZnS nanowire bundle is made up of individual nanowires aligned along their
growth direction, in accordance with the SEM observation. The SAED of the bundles exhibits
two sets of diffraction spots, and both of them can be indexed to single crystalline ZnS with
respect to [01-10] and [2-1-10] zone axes of the WZ structure. Atomic modes with different
zone axes are shown in Figure 4f and 1, respectively. Nevertheless, all of the nanowires in the
bundle orientate along the [0001] direction. HRTEM images with [2-1-10] and [01-10] zone
axes were taken to further identify the single crystalline feature of the nanowires. We also
investigated the chemical composition of the product by STEM-EDX elemental mapping. The
nanowires show elements of Zn and S with an atomic ratio of 1:1, and they are both
homogenously dispersed over the entire length of the nanowires. No Cd signal was detected
by EDX, indicating the high purity of the ZnS nanowires.

According to the above results we propose that there are two processes involved in the
formation of ZnS nanowire arrays, i.e., the selective vaporization of CdS crystals as well as

1.8 and also

the cation exchange of Cd*" by Zn®". It has been demonstrated by J. Park et a
our recent work!®®], that the substitution reaction of Cd*" by Zn®" is kinetically favorable
owing to the smaller radius and the lighter mass of the Zn®" relative to those of Cd*".
Moreover, because of the lower enthalpy for the formation of ZnS compared to that for CdS,
the chemical transition from CdS to ZnS is also thermodynamically favorable. Therefore, it is
reasonable to believe that the formation of ZnS nanowire arrays is through the selective

vaporization of CdS crystals (to form the nanowire array architecture) accompanied by

spontaneous cation substitution of Cd*"by Zn*".

10



ADVANCED
Submitted to MATE R IAI-S

To validate our hypothesis, we carried out another heating experiment with a shorter reaction
time (30 min). SEM images of the obtained product are shown in Figure S15a-c. As seen, the
evolution process of the nanowire arrays is identical to the cases of CdS and CdSe previously
shown. In particular, the SEM image shown in Figure S15a again demonstrates that the
vaporization process starts from two sides of the crystals and proceeds towards the center. We
also carried out STEM-EDX measurement on the nanowires. Elemental analysis reveals that
the nanowires bundles consist of Cd, Zn and S elements distribute evenly over the nanowires,
see Figure S15d-g. We further performed HRTEM characterization on the synthesized
nanowires (Figure S15k-m). All of the nanowires orient along the [0001] direction of the WZ
structure. In Figure S15k, the nanowire shows the lattice fringes with a d-spacing of about
0.66 nm, which is close to the distance of CdS (0001). In comparison, the nanowire in Figure
S151 shows that the (0001) lattice planes have a d-spacing of 0.645 nm. This value is in
between the distance of ZnS (0001) and of CdS (0001), indicating that the Cd has been
partially replaced by Zn in the nanowire. We also found a nanowire (Figure S15m) showing
lattice fringes with a d-spacing of about 0.63 nm, which corresponds to the (0001) planes of
ZnS. The above evidence verifies the validity of our hypothesis that cation exchange of Cd**
by Zn*" is responsible for the ZnS nanowires formation, which occurs spontaneously with the
selective vaporization of CdS crystals.

The array configuration of semiconductor nanowires can contribute to enhanced light
absorption due to the light trapping effect, making them extremely attractive for realizing high
efficiency optoelectronic devices. In this regard, the as-prepared crystallographically-
orientated CdS nanowire arrays with high density and large aspect ratio were utilized in the
fabrication of photodetectors, as illustrated schematically in Figure Sa. The top Schottky
contact electrode is a bilayer graphene film, which can facilitate the separation and transport
of photogenerated carriers. In particular, the excellent light transparency characteristic of

graphene is beneficial for improving the efficiency of light utilization compared to traditional
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metal electrodes. Figure 5b shows the spectral response of the device as a function of
wavelength. One can see that the maximum spectral response was observed at ~480 nm, close
to the bandgap of CdS (~2.42 eV). Figure6c plots the current-voltage (I-V) curves of the
device under dark and light illumination in a voltage range of -5-+5 V. It presents a non-ideal
photodiode-like behavior. It is particularly worth noting that the dark current is extremely low
and is smaller than that of commercial Si photodetectors and many previously reported 1D-

(40, 411 We believe this behavior is associated with the intrinsic

structure photodetectors
characteristic of the prepared CdS nanowire arrays. As demonstrated by TEM characterization,
the nanowire arrays crystallize in high quality with low defect numbers, which ensures the
formation of the intrinsic semiconductor instead of the n-type semiconductor. Additionally,
the device shows an excellent photoresponse behavior where a rapid increase in photocurrent
is observed near the bias of ~ -0.6 V, as shown in inset of Figure 5c. This is similar to that of
the avalanche diode!*?, implying a potential use of the device as an avalanche diode with a
small breakdown voltage (threshold voltage). A time-dependent photoresponse experiment at
fixed bias voltage is also carried out, as shown in Figure 5d. The device is able to give a stable
and repeatable current ON/OFF ratio (Ion/Iopr) of 107 and 10° at biases of -5 V and 0 V,
respectively. Particularly, the device can work with high efficiency without applying the bias
voltage, signifying that the device can work as a high performance self-powered
photodetector. Moreover, the device also shows high sensitivity to the pulsed light with varied
frequency from 10 Hz to 15 kHz, as exhibited in Figure S16. The rise time and decay time are
determined to be 0.2 and 0.3 ms at a frequency of 1 kHz (Figure 5e). These characteristics
further strengthen the potential of practical application for light wave communication and
optical switches.

The specific detectivity (D*) is a typical figure of merit used to compare the performance of

R

different photodetectors, which is determined by the following formula: D* = ITIE where R

is the responsivity, q is the value of electron charge, J4 is the dark current density. D* is
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172 —1 . :
2 W™). This value is more than one order

calculated to be 1.86X 10" Jones (Jones = cm Hz

of magnitude larger than those obtained from 1D and 2D materials based photodetectors (10 -
10'* Jones)* *|. Since the specific detectivity can give a fair comparison of different
photodetectors by normalizing the device areal*’, the higher value of the device in the current
work indicates great potential of the CdS nanowire arrays for high performance optoelectronic
applications. Another figure of merit for photodetectors is the linear dynamic range (LDR,
typically quoted in dB), which characterizes the light intensity range where the responsivity
remains constant. The device yields a LDR of 140 dB at a bias of -5 V based on the following
equation: LDR = 20log(l,/1). This result is higher than 2D Transition Metal Dichalcogenide
based photodetectors (40-80 dB)* as well as the commercial Si photodetectors (120 dB).
Noise equivalent power (NEP), representing the minimum optical input power that a device
can distinguish from the noise, is also an important parameter for evaluating photodetectors,
which can be expressed as NEP = i, /R. To determine the NEP value, the noise current (i,,) of

the device was measured at varied frequency under the bias of -5 V, as shown in Figure 5f.

The calculated NEP value is as low as 4.7x10™"" W at -5 V (800 Hz), suggesting that the
device is capable of weak light detection. The main characteristic parameters of the
Graphene/CdS nanowire arrays based photodetector from the current study, along with other
1D and 2D semiconductor based photodetectors from previous reports, are summarized in
Table 1. One can clearly see that the Graphene/CdS nanowire arrays exhibit superior
performance, such as higher detectivity, larger LDR, and lower dark current, surpassing most

other 1D and 2D semiconductors for high-performance optoelectronic applications.

In conclusion, we demonstrated a facile and efficient method for large-scale fabrication of
crystallographically-oriented and highly-aligned II-VI semiconductor nanowire arrays in the
WZ structure. In-situ experiments performed in the chamber of an ESEM revealed that the

nanowire arrays were formed through a selective vaporization process. Furthermore, we found
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that the selective vaporization behavior has a structural dependency, and only occurs in WZ
structured crystals, such as CdS and CdSe. The crystallographic orientation of the resultant
CdS and CdSe nanowires is always along the [0001] direction of the WZ structure as
demonstrated by TEM characterization and is independent of the shape and size of the initial
crystals. In addition, through a cation exchange of Cd*" by Zn*", WZ ZnS nanowire arrays can
also be grown through co-evaporation of powder mixture of WZ CdS and ZB ZnS. In this
process, the CdS crystal serves as a WZ structural template for the formation of nanowire
arrays. Remarkably, the optoelectronic device fabricated with the nanowire arrays exhibits
excellent operating performances, such as a large on/off ratio of 107, high detectivity of 1.86

X 10" Jones, a high linear dynamic range of 140 dB, low dark current of 20 pA, and fast

photoresponse speed (rise time and decay time are 0.2 and 0.3 ms, respectively). Our research
opens up a new pathway to fabricate single crystalline semiconductor nanowire arrays,
featured with high chemical and phase purity, high crystallinity and consistent orientation, for

various electronic, optoelectronic and photovoltaic applications.
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Figure 1. Morphology, structure and composition analyses of CdS nanowire arrays transformed
from the CdS single crystal. (a) SEM image of the initial CdS crystal; (b,c) XRD pattern and EDX
spectrum of the CdS crystal. Top-view (d,e) and tilted-view (f,g) SEM images of the crystal after
heating, showing the morphology of the resulting nanowire arrays; (h) ADF-STEM image and (i,j)
corresponding EDX elemental mapping of S and Cd; (k,]) TEM image and HRTEM image of the
synthesized CdS nanowires, inset of Figurelm shows the SAED pattern of the nanowire; (m) Atomic

model of nanowire with a zone axis of [2-1-10], corresponding to the HRTEM image.
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Figure 2. In-situ observation during the formation of CdS nanowire arrays. (a-i) A series of SEM
images recorded during in-situ observation of CdS crystals upon heating in an H,/Ar atmosphere,

showing direct kinetics of formation of highly aligned nanowire arrays; (j) schematic showing the

formation process of the nanowire arrays.

18



\\

L]

S(jb l;lm

n 15 nim
d=0-2-

=

0001

S'am

Sl i [2-1°H0* "

Figure 3. Microscopic analysis of as-prepared CdSe nanowire arrays. (a) SEM image of the initial
CdSe crystals; (b-f) SEM images of the CdSe nanowires obtained by heating the raw CdSe crystals;
(g-1) ADF-STEM image and corresponding EDX elemental mapping of Cd and Se; (j,k) TEM image
and HRTEM image of the synthesized CdSe nanowires, inset of Figure3k shows the SAED pattern of

the nanowire; (1) Atomic mode of the CdSe with a zone-axis of [2-1-10].
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Figure 4. Characterization of the nanowire arrays after co-heating of ZB ZnS and WZ CdS
powder, showing the formation of WZ ZnS nanowire arrays. (a) SEM images of the synthesized
ZnS nanowire arrays; (b) TEM images of the ZnS nanowires; (¢) SAED pattern of the nanowires
bundles; (d,e) TEM image of a ZnS nanowire and corresponding HRTEM image taken from the [2-1-
10] projection, inset of Figure 4e shows the SAED pattern of the nanowire; (g,h) TEM image of a ZnS
nanowire and its HRTEM image taken from the [01-10] projection, inset of Figure 4h shows the
SAED pattern of the nanowire; (j-1) ADF-STEM image of a ZnS nanowires bundle and corresponding
EDX elemental mapping of S and Zn, inset Figure 4j shows the EDX spectrum of the nanowires
bundle; (f,i) Atomic models corresponding to the HRTEM images of (e,h) with a zone-axis of [2-1-10]
and [01-10], respectively.
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Figure 5. Optoelectronic characterization of the device fabricated with CdS nanowire arrays. (a)

Schematic illustration of the structure of the Graphene/CdS NWs diode photodetector. (b) Spectral

response of the device in the range of 300 nm-650 nm. (¢) I-V curves of the photodetector measured

under the dark and light illumination (460 nm, 39 mWem™), respectively. (d) Time response of the

photodetector under light illumination at bias voltage of -5 V and 0 V, respectively. (¢) Normalized

photoresponse characteristic of the photodetector at a pulsed frequency of 1 kHz. (f) Dark current

noise (i,) measured at different frequencies at bias of -5 V.
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Table 1. Comparison of characteristic parameters for the photodetectors from present

Graphene/CdS nanowire arrays and those from previous reports.

. Working Responsivity Detectivity Dark
Device structure voltage (AW™) (Jones) LDR(dB) current Ref.
Graphene/CdS g/ 0.43 1.9 x 10" 140 20pA  O%
nanowire arrays work
Si NWs/CQD oV 0.35 3.7 x 10° ~60 ~30nA M4
Graphene/ZnO 5V 113 i 60 “1pA @
nanorod arrays
Graphene/GaAs 0V 37% 107 1.8 x 10" 30 ~0.1 48]
nanocone arrays nA
Graphene/Si (1RY ~0.5 3.9 x 10" 40 [49]
Perovskite -1V ~1.0 ~10" 100 ~InA PO
Single-layer 8V [51]
MoS, V=70V 880 - 120 ~50 pA
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