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Introduction

Room-temperature photoconductivity in
superconducting tungsten meander wiresT

Abhishek Kumar,
Sudhir Husale (2 *3°

3 Alka Sharma,® Animesh Pandey,”® M. P. Saravanan® and

Superconducting nanowires have attracted much interest for developing single photon detectors (SPDs),
transition edge sensors (TESs), bolometers, and other devices, as they have unique advantages such as
minimum energy requirement, low noise, and fast response at cryogenic temperatures. Furthermore,
there is demand for such devices and photodetectors that can operate at room temperature, offering
broadband and high-speed photodetection without the need of cryogenic cooling. Herein, we have
selected focused ion beam (FIB) fabricated meander structured tungsten (MW) wires, which have a
superconducting transition temperature (Tc) of ~4.5 K. Furthermore, these MW wires were investigated
for their photoresponse properties under the following light sources: halogen light and laser of
wavelengths 532 nm, 1064 nm and 1550 nm at room temperature (300 K). We have observed first-time
positive photoconductivity (PP) features in FIB-fabricated MW wires and have accomplished this study by
the analysis of critical parameters such as responsivity, detectivity and quantum efficiency of the
photoresponse performance. The observed PP features in MW wires are explained by the intrinsic nature
of different elemental compositions/phases and structural features, which exhibit/enhanced photo-
response features via the plasmonic effect. Consequently, the analysis and evaluation of photoresponse
features in these MW wires may play an important role for developing the room-temperature
photodetectors, optical and telecommunication devices, SPDs, TESs, and below T¢ as well. Furthermore,
measuring the photoresponse properties of these MW wires as a function of temperature may reveal
their applicability for bolometric applications.

superconducting gap energy of ~0.7 meV) increases the
probability for their use in single photon detection.'®"! These

Previous studies'™ have demonstrated the rich superconduct-
ing features in tungsten (W)-nanowires'™ and other W-based
nanostructures,®® fabricated using a focused ion beam (FIB)-
assisted hexamethyl carbonyl tungsten [W(CO),] precursor. Ion
beam-fabricated W-structures have been reported for their
amorphous™® and crystalline’ nature with compositions of
different elements,'™ such as tungsten (W), gallium (Ga) and
carbon (C) in the approximate ratios of 40-65%, 10-20% and
15-40%, respectively, and a small amount of oxygen. The FIB-
fabricated tungsten nanowires/film exhibits zero-resistance
state, ie., the superconducting transition temperature (7¢)
at ~5 K,"® and having this range of T¢ (resulting low

“ Quantum Nanophotonics Metrology Division, CSIR-National Physical Laboratory,
Dr. K. S. Krishnan Marg, New Delhi 110012, India. E-mail: husalesc@nplindia.org

b Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India

¢ Department of Materials Processing, Tohoku University, Sendai, Japan

4 Low Temperature Laboratory, UGC-DAE Consortium for Scientific Research,
University Campus, Khandwa Road, Indore 452001, India

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ma00182b

4138 | Mater. Adv,, 2023, 4, 4138-4150

FIB-fabricated W-nanostructures also follow the Ginzburg-
Landau (G-L) theory of type-II superconducting nature with
a critical magnetic field (Bc,) value of ~10 Tesla,' resulting
in a coherence length of the order of ~6 nm' ™ and magnetic
penetration depth of ~600-850 nm.*® Remarkably, using the
FIB technique with its precise nano-engineering, the fabrica-
tion of tungsten and other material-based nanostructures,
such as nanowires,"” 2D-3D nanostructures,”® and super-
conductor junctions,*'*® can be routinely made. Such
devices exhibit fascinating novel features for advanced appli-
cations and technologies, and a number of pioneering
experiments' ®"*™'* were performed on the W-devices fabri-
cated using focused electron beam or ion beam induced
deposition (FEBID/FIBID) processes. These W-based super-
conducting nanostructures have been well reported for their
various features, including vortex mechanism,>*® phase-slip
phenomena,*® and quantum nature,>®° which facilitate their
applicability for developing quantum electronics, single photon
detectors, bolometers, quantum sensors, 3D nano-super-
conductors and other devices.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In another scenario, the superconducting nanowires
(SCNWs)' 111620 haye impressive photodetection and bolo-
metric application capabilities with low noise and minimum
energy requirement in comparison to semiconducting materials
and others but are limited due to the need for their low
temperature-based cryogenic operation/measurements in terms
of technological application. In this category,'®'"'®° jon beam-
fabricated meander structures of SCNWs have also been
reported for single photon detector (SPD) applications. They
provide a larger surface area with a small channel for current
flow, and easy accessibility to photodetection process. In terms
of the technological applications, the search for advanced room-
temperature photodetectors, SPDs, bolometers and nano-
optoelectronic devices is still in the developing stage due to
the lack of availability of perfect magic materials that possess
both high-performance efficiency and sensitivity in a wide
electromagnetic spectral range under various environmental
conditions. Earlier reports**>* suggest that the observation of
photoresponse properties is dependent on the size, shape and
morphological features, which influence the optoelectrical prop-
erties. The semiconducting nanostructures*>>> have also been
reported for photodetector and bolometric applications in the
infrared spectral range, but these are costly in comparison to
other photodetectors. Room-temperature UV photodetectors
based on semiconducting nanostructures, such as ZnO/NiO,*?
TiO, on BTO,** and PANI/ZnO* have been reported for their
high optical-performance, which facilitates the applicability of
such types of materials in the broad spectral range. Recently,
graphene®®*” based devices have also been reported for fast
response and photoconductivity applications. They have a small
heat capacity, but are limited by various drawbacks, such as
limited absorption, low responsivity and others.

38742 on superconducting crystalline tungsten
(W) films (of T¢ ~ 100 mK) suggest their potential applications
in single photon detectors*®*?*° and bolometers/transition edge
sensors.**™*?> However, these applications are limited because
of their usability under very low-temperature conditions
(~100 mK). In contrast to pure W films, FIB-fabricated W
nanostructures open a lot of fundamental and technological
opportunities. Ion beam fabricated'”” W-wires and W-based
superconducting devices have been widely investigated for their
rich features of superconductivity (having T¢ of ~5 K).

Previous works
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However, the photoresponse property of these devices under
the illumination of any laser light has not been reported yet.
In order to study it, we fabricated MW wires of different
dimensions using the FIB technique, having the elemental
composition of tungsten, gallium, and carbon in approximate
atomic ratios of 69%, 15% and 16%, respectively. Furthermore,
the results of electrical transport as a function of temperature
show superconductivity slightly below the T¢ of ~5 K for these
MW wires. The photoresponse features were also measured at
room temperature with the illumination of a halogen light and
laser lights of wavelengths 532 nm, 1064 nm and 1550 nm. The
photoresponse measurements show significant features of
positive photoconductivity, which we demonstrate here for
the first time using different bias conditions. The exact origin
of these photoresponse features in the MW wire still remains
elusive, and must still be investigated by different theoretical
models and experiments.

Experimental

During the fabrication process of meander line tungsten (MW)
wires, the tungsten (W) film is first deposited using the
hexamethyl carbonyl tungsten [W(CO)s] precursor with the
help of a FIB-assisted gas injection system (GIS). A schematic
view of the FIB instrument setup is shown in Fig. S1(a) (in the
S1 Section of ESIt) with gallium ion beam, tungsten precursor
and FIB-assisted FESEM. Using the FIB technique, the W films
of 80 nm thickness were deposited on the SiO,/Si substrate,
over the area of ~70 pm x 70 pm. Furthermore, for the
meandering of the W film, the Ga® ion beam was used with
controlled scanning and precise milling on the W film. The
MW wires of different widths, such as 950 nm, 640 nm,
515 nm and 730 nm, and of few mm lengths were prepared,
and were named as MW1, MW2, MW3, and MW4, respectively.
It should be noted that the FESEM imaging was performed
without exposing MW wire devices to the Ga' ion beam.
The dimensions (width and area) for all of the MW wires are
also mentioned in Table 1. The FESEM image for the MW1
wire is shown in Fig. 1(a). Furthermore, the electrical connec-
tions for the low-temperature transport measurements,
i.e., the voltage and current leads, were deposited by connecting

Table 1 The dimension details, T, and Ry of the FIB-fabricated MW wires. The laser lights of wavelength 532 nm (visible region) and 1064 nm (near
infrared region)-dependent photoresponse performance parameters, like responsivity (R,p), detectivity (D), and energy quantum efficiency (E.Q.E.) or

gain, are mentioned for all MW wires

Laser light (4 = 532 nm)
#486 mW cm ™2, @300 K

Laser light (4 = 1064 nm)
#18 mW cm 2, @300 K

MW Width (w)  Active area Ry@r) (KQ)/Te (K)  #V-Rph, #V-D x 10°  #V-EQE #V-Rpp, #V-D x 10°

sample  (nm) (wx ) (pm®) (0.9 Rysw) Awh (Jones) (%) Awh (Jones) #V-EQE (%)
MW1 950 437 3.89/4.44 3V-23.11 1V-16.9 3V-53.87 3V-30.51 1V-17.5 3 V-35.56
MW1¢ 950 437 3.89/4.44 1V-8.7 1V-12.9 1V-20.28 1V-10.92 1V-16.2 1V-12.72
MW2% 640 716 49.37/4.7 1V-0.097 1V-1.35 1V-0.23 — — —

MW3¢ 515 577 107.07/4.65 1V-0.037 1V-0.46 1 V-0.09 — — —

MWwW4® 730 584 1V-0.006 1V-0.11 1V-0.014 — — —

“ Measured after six months and superconductivity measurements.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The structural details and superconducting transition of MW wires fabricated using the FIB technique. (a) The SEM image of the MW1 wire, which
has the width (w) of ~950 nm and length (I) of 460 pm, and results in an active area (A) of 437 um?. (b) The average energy dispersive spectrum of the MW
wires, which results in an elementals composition of tungsten, gallium, carbon in an approximate atomic ratio of 69%, 15% and 16%, respectively. (c) The
HRTEM image and SAED pattern for the FIB-deposited W shows its crystalline nature. (d) The measured resistance-temperature characteristics [R(T)] at an
applied current of 100 nA in the range of room-temperature (300 K) to 2 K (in the main panel of figure) for all of the MW wires. The inset of (d) shows the
R(T) characteristics in the temperature range of 10 K to 2 K for all of the MW wires. We pointed out the superconducting transition temperatures of 4.44 K,
4.7 K and 4.65 K for MW1, MW2 and MW3, respectively, which were measured at the 0.9Ry at 8 K temperature.

to big gold (Au) pads using the FIB-assisted GIS technique in
a four-probe configuration. For these MW wires, Raman
measurements were performed in a Renishaw micro-Raman
spectrometer using a laser excitation of 514 nm. Furthermore,
measurements of the resistance versus temperature (in the
temperature range of 2 K to 300 K) were carried out in a
conventional four-probe configuration at the applied current
of 100 nA in PPMS (Quantum Design, USA, temperature - 2 K,
and 16 T magnet) cryostat. The optoelectronics measure-
ments, such as source voltage (V)-current (I) and voltage
bias measurements, were performed at room temperature
(300 K) under the illumination of Halogen light and laser
lights of 532 nm, 1064 nm and 1550 nm wavelengths using a
probe station (Cascade Microtech EPS150TRIAX) equipped
with a shield enclosure (EPS-ACC-SE750), including a 2634B
source meter.

4140 | Mater. Adv, 2023, 4, 4138-4150

Results

Structural analysis and superconducting transition of MW
wires fabricated using FIB techniques

Fig. 1(a) shows the FESEM image of one of the MW (MW1)
wires, which has the width (w) of ~950 nm and length (I) of
~460 pm, resulting in an active area (w x [) of 437 um®. The
widths and areas of all other similar (MW) devices are also
mentioned in Table 1. It should be noted that a thickness of
~80 nm was retained for all MW wires. Since, the FIB-
deposited tungsten'™ wires or films are an alloy form with
compositions of different elements, like gallium (Ga) and
carbon (C). The elemental compositions of these MW wires
were analyzed in situ via the available energy dispersive spec-
trum (EDS) technique. The average EDS spectrum for the MW
wires is shown in Fig. 1(b). The results showed the elemental
compositions in the approximate atomic ratio of 69 + 0.08% for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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W, 15 £+ 0.29% for Ga, 16 + 0.3% for C and a small amount of
oxygen (O), which is analogous to previous works.'> Raman
measurements for the MW samples (shown in Fig. S1(b) in
ESIt) indicate the presence of tungsten carbide (WC) stretch-
ing modes with corresponding peaks at 678.6 cm ' and
789.9 ecm ™', which are comparable to earlier reports.**** The
high-resolution transmission electron microscope (HRTEM)
technique was used to determine the crystalline nature of these
MW wires. The HRTEM image (at 5 nm scale) and SAED pattern
for the FIB-deposited W is shown in Fig. 1(c), which shows the
crystalline nature, as it shows the presence of lines (lattice
fringes). Also, a HRTEM image at the 10 nm scale is shown in
Fig. S1(c) (ESIT). In both HRTEM images, we have obseved
the presence of defects and irregular structures. Since, FIB-
fabricated W nanostructures’® exhibit rich superconductivity
features below the temperature of 6 K, these MW wires were
used for the low-temperature transport measurements. Fig. 1(d)
shows the temperature-dependent resistance [R(7)] charac-
teristics in the absence of a magnetic field for all of the MW
wires. The R(T) characteristics (shown in the main panel) clearly
show the non-metallic nature for all of the MW wires, in which
MW1 shows the maximum increment of resistance, while
cooling from 300 K to 2 K. This increment of resistance at
10 K (3845 Q) is eight times higher than the resistance at 300 K
(475 Q) for the MW1 wire. The occurrence of such non-metallic
nature may be due to the presence of impurities of carbon,
gallium and formation oxides in the MW wires, which has also
been explained in earlier reports™* for the tungsten strip and
film. It is evident that the Ga" beam plays an important role
during the milling and fabrication process, and inherently
causes the disordered nature of these FIB-fabricated W-nano-
structures. The resistance also increases with decreasing tem-
perature, representing the semiconducting type nature for the
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MW wire. The presence of WC, carbon and oxides may indicate
the reasonable assumption of a semi-metallic nature of these
FIB-fabricated W-wires in R(T), which further needs to be
investigated. From the temperature range of 10 K to 2 K, the
R(T) characteristics are plotted in the inset of Fig. 1(d), wherein
the y-axis has a plot of normalized resistance (R/Rgx) scale
versus temperature. The existence of zero-state resistance is
characterized by the superconducting transition temperature
(Tc), which lies below the temperature of 5 K. The Tc is
evaluated with a 10% drop of the normal state resistance, i.e.,
at the 0.9Rgy for all of the MW wires. Consequently, the T¢
values were optimized to 4.44 K, 4.7 K and 4.65 K for MW1,
MW2 and MWS3, respectively (Table 1). This change in the
superconducting transition is tunable with the variation of
elemental composition of W and width (or area) of W films/
wires.' "> The values of the normal state resistance (Ry) at the
temperature of 8 K are also mentioned in Table 1 for all of the
MW wires, which decreases with the increment in width. This
variation in T¢ and Ry has already been well reported with
respect to the widths of the W'™>** films/wires, and is directly
linked to the reduced flow path for the copper pairs with
decreasing sample dimensions, which results in an enhance-
ment of the disordered nature of FIB-fabricated W films or wire.

Room-temperature photoresponse measurements on MW wires
under the illumination of laser lights of wavelengths 532 nm
(visible region) and 1064 nm (NIR region) at the fixed power of
486 mW cm > and 18 mW cm >, respectively

To check the applicability of these FIB-fabricated MW wires for
a single photon detector, we carried out initial photoresponse
measurements on these MW wires at room temperature.
Surprisingly, we obtained significant photoresponsivity results.
A 3D-schematic view of the used photoresponse measurement

MW1

k=) = 1064 nm (NIR region)

>

05 1.0 15 20 25 3.0

Voltage (V)

0.0

0000000000000000000000000000000000000000000000°

Fig. 2 Room-temperature (300 K) photoresponse measurements setup and laser light-dependent current—voltage characteristics (IVC) of the
meander-structured tungsten (MW1) wire. (a) A 3D schematics view of the used photoresponse measurement setup with the assisted laser light,
wherein the electrical connections are also illustrated for the photoresponse measurements on the MW wires. (b) The IVC is shown for the MW1 wire
without light (dark, black curve), and when the laser lights of fixed wavelength (1) of 532 nm of visible region (red curve) and . of 1064 nm of the NIR
region (green curve) were illuminated on the device. The IVC clearly (in inset of (b)) represents the enhancement of current (or decrement of resistance)

with illumination of the laser light of different wavelengths.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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setup including the MW wire device under the illumination of a
laser and the electrical connections are shown in Fig. 2(a).
It should be noted that the 2-probe electrical connections were
used for photoresponse measurements, which are connected to
the source (current and voltage) monitoring unit. First, we
recorded the channel current with and without the laser light
illumination. The resultant voltage bias current response is shown
in Fig. 2(b), i.e., the current-voltage characteristics (IVC) for the
MW1 wire device without light (dark current with black curve) and
with the illumination of laser lights of wavelength () 532 nm (red
curve) and 4 = 1064 nm (green curve). This IVC indicates that the
measured current increases with increasing bias voltage (Vi)
This increment in current with Vg is due to the enhancement of
the carrier drift velocity and is related to the decay of the carrier
transit time (T), which is given by the following equation.>*

Tt = lZ/uVDS;

where [ is the length of the device and u is the carrier mobility.
In the inset of Fig. 2(b) (zoom view of main panel), the IVC
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isotherms clearly show the decrement in electrical resistance
with the switching on the laser lights of wavelength 532 nm and
1064 nm for the MW1 wire by clearly showing the enhancement
of current. Currently, we do not know the exact origin of this
photoresponse feature in these FIB-fabricated MW wires. Thus,
further theoretical simulations and experiments need to be
performed. Since our FIB fabricated devices (MW wires) are in a
meander pattern constituting a narrow path for charge carriers,
this enables us to cover more surface area for absorbing more
incident photons from the laser light source, playing an impor-
tant role for the enhancement of photocurrent. The enhance-
ment of current in the MW wires is due to the absorbance of
photons of required energy from the laser light source. Hence,
the extra charge carriers get excited, which is called a positive
photoconductive effect, eventually decreasing the resistance.
Fig. 3 displays the photoresponse features for the MW1 wire,
which were measured with the applied fixed voltages under the
illumination of laser lights of 532 nm (Fig. 3(a)-(c)) and
1064 nm (Fig. 3(d)-(e)) at the fixed power of 486 mW cm >

a b c
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Fig. 3 Applied fixed voltages-dependent photoresponse measurements on the MW1 wire under the illumination of laser light in the visible light (532 nm)
region and NIR region (1064 nm) at room temperature (300 K). (a) and (d) The generated photocurrent (/1) as a function of time (second) at fixed voltages
for the MW1 wire when the laser lights of 532 nm of fixed power 486 mW cm~2and 1064 nm of fixed power 18 mW cm™2, respectively, are illuminated on
it. The region "ON" indicated that the photocurrent is measured in the presence of laser light, while the region "OFF" indicated that the photocurrent is
measured in the absence of laser light. This is continued to the next region in a similar manner. (b) and (e) The extracted responsivity and detectivity values
(shown on both left and right-side Y-axis, respectively) are plotted as a function of voltage under the illumination of 532 nm and 1064 nm laser light,
respectively. Insets in (b) and (e) are the plot of the voltage-dependent characteristics of /o, under the illumination of 532 nm and 1064 nm laser light,
respectively, which increases linearly with the increment of voltages. This linear increment of I, is fitted with the linear equation and is in good
agreement, and the fitting is shown with a red curve. (c) and (f) The 3V~/,, (black curve) is plotted (one ON-OFF cycle only) versus measuring time from
(a) and (d) under the illumination of 532 nm and 1064 nm laser light, respectively. Furthermore, the /g, of the ‘'ON’ region is fitted with the rise time (z,),
shown with a (pink color curve), and the ‘OFF’ region is fitted with the decay time (z4), shown with a (light green color curve). From both fittings, the
measured t, and 14 are of few milliseconds, which shows the fast response of the MW1 wire with the laser light.
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and 18 mW cm ™2, respectively. In Fig. 3, the labeled ‘ON’ and
‘OFF’ regions indicate the measurement of current in the
presence and absence of laser light, respectively, which con-
tinues to the next regions in a similar manner (same for Fig. 4).
The photocurrent (I,,) is calculated using the relation, I, =
Bight — Iqark, Where ‘Lign, is the current in the presence of laser
light, while ‘I4ay is the observed current in the absence of laser
light. Fig. 3(a) and (d) show the characteristics of I,y versus
time, measured with fixed applied voltages of values 1 V, 2 V
and 3 V for the MW1 wire. From both Fig. 3(a) and (d), it is clear
that the observed photocurrent rises with the increase in the
applied bias voltages. This is related to the applied bias voltage
(Vps)-dependent current relationship:**

Ipn = 2Iep(w/l)Vps,

where u is mobility, e is electronic charge, w is the width, and /
is the length of the wire. This relationship indicates that I, is
directly proportional to Vps. We can also clearly see higher I,
values with the illumination of the laser light of 532 nm in
comparison to the 1064 nm laser light, which directly indicates
that the laser light of wavelength 532 nm (of higher energy) is
highly compatible in comparison to 1064 nm (of lower energy)
to the energy band gap of these FIB-fabricated MW wires. The
higher amount of incident energy increases the probability of
absorption of incident photons to the corresponding energy
band gap, which results in a greater generation of extra charge
carriers, i.e., causing the generation of a higher photocurrent.
We have extracted both laser light (532 nm and 1064 nm)-
dependent maximum I, values for the fixed applied voltages,
which are plotted in the insets of Fig. 3(b) and (e), respectively.
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Fig.4 MW wires area-dependent measurements of photoresponse
features at room temperature (300 K). The MW wires area-dependent
dynamics of the photocurrent and responsivity are shown in the main
panel of Fig. 4 using a double Y-axis at the applied fixed voltage of 1V and
with the illumination of 532 nm laser light. The comparison of the
generated photocurrent versus time (second) is shown in the inset of
Fig. 4 for the MW wires of different areas and widths at the applied fixed
voltage of 1 V with the illumination of 532 nm laser light.
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From these figures, it is clear that I,;, increases linearly with the
increment of applied voltages, which fit well with the linear
equation (red curve).

For the evaluation of the photoresponse performance in the
FIB-fabricated MW wire, we can extract the critical parameters,
such as the photoresponsivity (R,1), detectivity (D), and external
quantum efficiency (E.Q.E.). Here, Ry, is defined as the ratio of
I, to the incident illumination power of laser light on the
effective area (4), and can be expressed in the form of eqn (1):*!
I,

Ron (AW™!) =52, (1)

where, P is the power density of the used laser light. Further-
more, using the values of Ry, we can calculate the values of D
and E.Q.E. with the following equations:>'>*

A
D =R,/ 2
2e[dark7 ( )

1240 x R,
=7 G

and
E.QE. (%)

respectively.

Where, I, is the current in the absence of laser light, e is
the electronic charge, and R, is the responsivity for the specific
wavelength (1) of the laser light. From the laser light of 532 nm
and 1064 nm-dependent I, values, we calculated the values of
Ryh and D using eqn (1) and (2), respectively, for the applied
fixed voltages for the MW1 wire. The values of extracted Ry,
(left Y-axis) and D (right Y-axis) are plotted using the double
Y-axis in the main panel of Fig. 3(b) and (e). The Ry, increases
with the increment of voltage, while the D decreases. We have
calculated the highest Ry, values of 23.11 AW ' and 30.51 AW !
at the applied fixed voltage of 3 V under the illumination of
laser lights of 532 nm and 1064 nm, respectively, for the MW1
wire. Also, the highest value of D is calculated to be 16.9 x
10° Jones and 17.5 x 10° Jones at the applied fixed voltage of 1 V
under the illumination of laser lights of 532 nm and 1064 nm,
respectively, for the MW1 wire. Furthermore, the highest E.Q.E.
value of 53.87% and 35.56% is estimated for MW1 with an
applied fixed voltage of 3 V under the illumination of laser lights
of 532 nm and 1064 nm, respectively. The values of R, D and
E.Q.E. for the MW1 wire are also shown in Table 1. We note that
at the applied bias voltage of 3 V, the Ry, value for MW1 is higher
with the illumination of 1064 nm laser light in comparison to
the 532 nm laser light, which can be related to the power density
of the illuminated laser light. From eqn (1), it is clear that Ry, is
inversely proportional to the power density, which results in
lower responsivity for the MW1 wire under the illumination of
532 nm laser light at the power of 486 mW c¢cm ™2 in comparison
to the 1064 nm laser light at the power of 18 mW cm 2
Furthermore, the comparison of D and E.Q.E. can also be related
to the Ry}, for the MW1 wire under the illumination of different
laser lights. From the I,;, characteristics as a function of time, we
clearly see the increment of I,;, when the laser light is ‘ON’ and
decrement of I, when the laser light is ‘OFF’. Here, the function
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‘time’ can be evaluated with the rise time (z,) and decay time (tq)
for the ON and OFF regions, respectively, using the following
eqns.:

Ion = I(1 — e ™) (4)
and
Ipn = Le /™ (5)

where, ¢ is the measuring time and I, and I, is the current
constants. We have plotted the single ON-OFF cycle of Iy,
(as shown by black curves in Fig. 3(c) and (f) for the MW1 wire
under the illumination of laser lights of 532 nm and 1064 nm,
respectively) at an applied fixed voltage of 3 V. We have also
fitted this data using eqn (4) and (5) for the evaluation of the
rise time (t,) for the ON region and decay time (tq4) for the OFF
regions, respectively. The results are in good agreement with
the experimental data, shown by the pink color and light green
color curves for 7, and 14, respectively, in both Fig. 3(c) and (f).
The fitted values of 7, and t4q are 558 millisecond and
612 milliseconds, respectively, for the MW1 wire under the
illumination of laser light of 532 nm, while the fitted value of z,
and 74 are 437 millisecond and 372 milliseconds, respectively,
under the illumination of laser light at 1064 nm. These
observed rise time and decay time values indicate the fast
response of the MW1 device with respect to the laser light.

Stability features and area-dependent dynamics of the
photoresponse performance of the MW wires after six
months at room temperature (300 K)

In order to study the stability of the photoresponse perfor-
mance on these MW devices, we investigated the devices after
six months and after performing low temperature measure-
ments. The photoresponse results are shown in Sections S2 and
S3 of the ESIt with the illumination of laser lights of both
532 nm and 1064 nm wavelength, respectively, at room tem-
perature (300 K) only for the MW1 wire. For the evaluation of
the photoresponse performance after exposure to ambient
conditions, we calculated the highest value of Ry, (8.7 A W),
D (12.9 x 10° Jones) and E.Q.E. (20.28%) using eqn (1)-(3),
respectively, at the applied fixed voltage of 1 V under the
illumination of 532 nm laser light with a fixed power density
of 486 mW cm 2. These values of Ry, D, and E.Q.E. were lower
than previously measured results, as shown in Table 1.
Furthermore, the rise (r;) and decay time (t4) constants are
found to be ~1235 and 789 milliseconds, respectively. The
values of 7, and 74 are higher than previously measured values.
Comparatively, the measured highest values of Ry, D
and E.Q.E. are 10.92 A W', 16.2 x 10° Jones and 12.72%,
respectively, for the applied fixed voltage value of 1 V under
the illumination of 1064 nm laser light at a fixed power of
18 mW cm 2. Using eqn (4) and (5), we fitted the 7, and 74
values of 1286 millisecond and 718 milliseconds, respectively,
for the MW1 wire. These values are also higher than those
measured previously for the MW1 wire under the illumination
of 1064 nm laser light. The photoresponse features were also
measured for the MW1 wire with the variation of power
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densities of the 1064 nm laser light at the fixed bias voltage
of 500 mV. The results are shown in Section S4 of the ESI,¥
wherein the characteristics of I, are plotted in Fig. S4(a)
(ESIT) as a function of time and the extracted I, and R,
values are plotted in Fig. S4(b) (ESIt). We clearly see the
enhancement of Iy, and Ry, with the rise in power density
of the 1064 nm laser light, which suggests a higher
charge carrier generation with the higher power intensity.
In addition, we have compared the obtained results (after
1 year) of photocurrent for the MW1 wire under the illumina-
tion of different sources, such as a Halogen light, and
532 nm, 1064 nm, 1550 nm wavelength lasers at the highest
power, which are plotted in Fig. S5 of the ESIL.{ Fig. S5 (ESI{)
clearly shows the enhancement of the photocurrent with
the increment of the incident energy (or decrement in wave-
length). Thus, these obtained results further show very
good stability even after approximately 1 year with the broad
spectral range.

Furthermore, photoresponse measurements were taken for
other MW wire devices at 300 K, which have the higher area
than the MW1 wire. The areas and widths of other MW samples
are also mentioned in Table 1. Here, we observed that the MW2
(716 um?), MW3 (577 um?) and MW4 (584 pum?) devices are
photoresponsive only for the laser light of 532 nm wavelength
(visible regions). The absence of photoresponse features under
the illumination of 1064 nm laser light indicates that the
generated photocurrent is also dependent on the area and
width of the nanowires. The measured I, characteristics are
shown in the inset of Fig. 4 for all of the other MW wires, which
were measured at an applied fixed voltage of 1 V under
the illumination of 532 nm laser light at the fixed power of
486 mW cm >, The Iy, is shown by the green, red and black
curves for the MW2, MW3 and MW4 wires, respectively, as a
function of time. From the inset, it is clear that the observed I,
values decrease with increasing the area of the MW2, MW3 and
MW4 wires. The measured highest photocurrents are also
plotted as a function of the MW wire area in the main panel
of Fig. 4, on the double Y-axis scale. On the other Y-axis, the
calculated Ry, is plotted. It also decreases with increasing area
of MW wires, which follows eqn (1) of responsivity. Using
eqn (2) and (3), we estimated the values of D and E.Q.E. for
all MW wires, and the results are shown in Table 1. The values
of D and E.Q.E. also decrease with a decrement in the widths of
the MW wires. This suggests that a good photoresponse can be
observed with a MW wire of lower area and higher width. The
enhancement of photoresponse features is due to the higher
width of the MW wires, wherein the sample size tends toward
bulk contributions.”**>*® Hence, more charge carriers get
excited/generated. Meanwhile, on lowering the MW wire width,
the sample leads to the quantum size effect and the charge
carriers get affected by a small channel for flow. Consequently,
the resistance increases and photocurrent decreases in the MW
wire of lower width. The abovementioned same hypothesis
of increase in the photocurrent due to the bulk contribution
has been accepted in earlier studies for the topological
insulator,*** semiconductors,?” and others.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In summary, we found a slight degradation of the photo-
response performance of MW wires. However, we observed a
significant stability even for a long time (six months to one
year) duration, which is very much sought for future
nanotechnology-based device development. Herein, we have
clearly shown the favorable results of photoresponse properties
at applied fixed voltages and at different power densities
even though the device was exposed to ambient conditions.
These results suggest the significant capability and stability for
these FIB-fabricated MW wires in terms of technological
applications.

Discussion

Earlier reports®®*™*?> on superconducting tungsten (W) films

suggest that W has a significant capability to be used for single
photon detector*®**® and bolometer/transition edge sensor*®™*>
applications. In one of the reports, Lita et al.*® demonstrated
that the photon detection efficiency of W films was close to
95%. However, these applications are limited because of the
very low temperature cryogenic operation (~100 mK range) of
the W-films. FIB fabrication of tungsten film/nanowires (which
have a T¢ ~ 5 K) provides a platform for the higher temperature
range applications in comparison to mK. This significantly
motivated us to study their photoresponse features, and further
its applicability to single photon detectors, bolometers, and
other devices. Usually, the meander structures of nanowires are
accounted for in the single photon studies,'®'*! as these
structures provide more laser light illuminated surface area
with a long channel of lower width for the charge carriers,
which absorbed more photons, i.e., results in the enhancement
of photoresponse features. For the present study, the meander
structured tungsten (MW) wires of different widths have been
fabricated using the FIB technique for the investigations of
their photoresponse features. Surprisingly, the performed
experiments at room-temperature (300 K) indicate the signifi-
cant feature of positive photoconductivity (PP) in these FIB-
fabricated MW wires under the illumination of laser light of
wavelength 532 nm and 1064 nm. Particularly, the observed
current increases due to enhancement of the extra charge
carrier generation by absorbing photons under the illumina-
tion of laser light, defined with positive photoconductivity (PP)
mechanism.*” " The most well-defined fact of PP origin in the
optical performance of a material is related to the presence of
energy band gap between the valence and conduction band,
wherein the charge carriers are excited due to the higher
incident energy with the illumination of laser light than the
energy band gap of the material. The observed PP mechanism
in most of the nanostructures also is originated/enhanced
through the surface plasmonic effects,”>>® in which the laser
light-induced excited or generated charge carriers collectively
rise with the increment of the photocurrent. In comparison to
PP, if the photocurrent decreases under the illumination of
laser light, it is usually explained by the negative photoconduc-
tivity (NP). Depending upon the nature/type of nanodevices,
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in the presence of charge trapping centers,>*> defects,>* sur-
face plasmon polaritons,”>*® the thermoplasmonic effect,®”
and the photon assisted electron-phonon scattering mecha-
nism®® cause the decrement in laser light-induced photo-
current or negative photoconductivity. In an earlier report,
the superconducting niobium-nanostructured thin film>® was
used for the room temperature photodetection. In this study,
the author observed the NP and this mechanism was based on
the photon-assisted electron-phonon scattering mechanism.
On the contrary, we observed PP in MW wires, and its mecha-
nism is explained in following section.

Since, these results on the PP features are new and compli-
cated in these MW wires, the possible reasons for the genera-
tion of PP can be understood with the help of experiments.
These experiments are related to the elemental composition
(complex nature of composite materials, such as tungsten
carbide, tungsten oxides, carbon compositions and the presence
of gallium ions). Since, the earlier reports’~ on the FIB-fabricated
tungsten-nanostructures suggested that their structures are in
the form of a compound or hybrid (presence of different
elemental compositions of Ga (10-20%), C (15-40%) and O
(<10%), in addition to W (40-60%)) due to the use of the
W(CO)e precursor and Ga ion beam, ie., these are not fully
metallic in nature.* In our case, these FIB-fabricated MW wires
have the elemental composition (as shown in Fig. 1(b)) of W,
Ga, and C in an approximate ratio of 69%, 15%, 16%,
respectively, including a small amount of oxygen. The process
of fabrication (deposition and milling) using FIB allowed for
the different elemental phase formations, such as tungsten
carbide composites (WC), tungsten oxide composites (WO), and
carbon compositions (C) in the tungsten-nanostructure. These
phases of WC, WO, C and others have been analyzed by N.
Sharma et al.,>® using XPS analysis in FIB-deposited tungsten.
We have also analyzed WC phases in our case using Raman
measurements, shown in Fig. S1(b) of ESL} The category of
such material composites, like tungsten carbides,*®*® tungsten
oxides, 282961783 carbon based nanostructures®*’>? and in a
confined gallium,** have already been investigated experi-
mentally for their intrinsic photoresponse features, which
exhibited good features of positive photoconductivity by differ-
ent mechanisms. It has been well reported*®®® that the WC
nanoparticles show the positive photoresponse features due to
localized surface plasmonic effects. Also, depending on the
fabrication process, the WC phases®™®” have an inhomoge-
neous distribution, uncontrollable size and high electronic
conductivity, which causes its further use for the efficient
photocatalytic applications.’®®® On the other hand, the tung-
sten oxides are metal oxide semiconductors, having band gaps
of ~2.6 eV to 3 eV,**?>% which also shows the PP features.
Also, photoconductivity features have been widely investigated
in semiconducting-carbon based composites*°~*? for the appli-
cation of photodetector and bolometric response. In one of the
reports,”® it is also claimed that the implantation of gallium
ions (Ga") enhanced the process of the charge carriers’ genera-
tion at the surface sites, resulting in the enhancement of
photocurrent in the wires. Here, the Ga™ provide enhancement
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Fig. 5 Photocurrent generation mechanism in FIB-fabricated MW wires.
The composites of WC, WO, C and Ga have their intrinsic nature (usually
semiconducting) for exhibiting photoresponse features. In combination,
these composites WC (/;), WO (/5), C (I5) and Ga (/4) resulted in the
collective photocurrent (/p) via plasmonic effects in FIB-fabricated MW
wires under the illumination of laser light.

of the interfacial charge transfer mechanism,”® playing a
crucial role for fast charge transfer, which strongly neglects
the electron trapping and recombination effect. Similarly, in
another work,”" a metallic rubidium silver iodide (RbAg,I5) film
was coated on a gold (Au) film. Herein, the Au" has a significant
influence in the photocatalytic activity, and causes a dynamic
change in the photoresponse features due to excited surface
plasmon polaritons. A fast mechanism has been obtained in
earlier work,” in which the tungsten oxide-graphene hetero-
structure was reported to have three times higher order magni-
tude of photoresponse features. In this study, the semiconducting
nature of tungsten suboxide plays an effective role for increasing
the PIHET mechanism, achieving fast photoelectric conversion
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with changing the photon energy limit with respect to the band
gap. From an earlier report,> it is clear that because of the
intercalation of different materials, the formed composite may
also have the features of individual material and combined. So, on
the basis of the above discussion, we are suggesting that the origin
of photoresponse features in these FIB-fabricated MW wires is due
to different complex composites of W, O, C, and Ga elements, such
as WC, WO, C and others. For a better understanding, we have
labeled Fig. 5 with the possible different microstructure’s region of
WC, WO, C and Ga mentioned by different color regime. The
availability of such composites on the device surface sites causes
the PP mechanism via surface plasmonic effects. The current flow
resumes via intrinsic connection of the microstructure’s bound-
aries of these composites of WC (), WO (L), C (L), and Ga (I,).
Under the illumination of laser light, the photons get absorbed by
these composites and results in the increment of extra charge
carriers, ie., generation of photocurrent. In the measurement of
currents, the collective sum (I; + I, + I + I,) of photocurrents due to
plasmonic effect, enhance the resultant photocurrent (Ip) for all
the wires as shown in Fig. 5. Thus, we get the results of positive
photoconductivity for all of these FIB fabricated MW wires.

Some photoresponse feature mechanisms are mentioned in
Table 2 for the metallic composites and W, C based composites,
which support our photoresponse feature observations in MW
wires. In the previous reports,”>’® the authors found the
topological semimetal state in tungsten carbide single crystals,
and further observed superconductivity’>’* by introducing
metal contacts. The topological effects in semimetals provide
various features, such as dissipation-less conducting channels’>”®
shift current response’”””® control mechanism on helicity of the
light’®#° etc. which directly enhance the photodetection
mechanism.

Such definitions of topological semimetal state need a number
of experiments and crucial analysis for the FIB-fabricated

Table 2 Details of metal-composite nanostructures and other W, C, Ga material composites with their photoconductivity mechanisms

Positive/negative
photoconductivity
Material (PP/NP) Mechanism of photoconductivity Ref.
ZnO/NiO (UV photodetector) PP Semiconducting nature of material 33
TiO,/BaTiO; (UV photodetector) PP Semiconducting nature of material 34
p-Type polyaniline polymer/ZnO PP Semiconducting nature of material 35
(UV photodetector)
Metallic tungsten carbide nanoparticles PP Localized surface plasmon resonance 48
Metallic nanofibers PP/NP Surface plasmon polaritons coupling and dipole-dipole 49
interaction coupling.
Tungsten oxide-graphene heterostructures PP Fast photoresponse due to plasmon induced hot-electron 50
transfer (PIHET)
Au-silica nanowires (metal-semiconductor) PP Surface plasmon resonance effect 51
Metallic Pb, ,Eu,Te epitaxial film NP Semiconducting nature of individual material 54
(PbTe, EuTe) and disorder effect
Metallic Ag nanowire NP Surface plasmon polaritons 55
Au nanowires NP Thermoplasmonic effect 56
Nanostructured Nb thin films NP Photon assisted electron-phonon scattering mechanism 58
Tungsten carbide (WC) PP Semiconducting nature of WC 60
Tungsten oxide film (WOy) PP Semiconducting nature of WOx 61
WO;-based heterostructures PP Semiconducting nature of WOy 62
Ge-doped WOy film PP Semiconducting nature of WOy 63
FIB fabricated tungsten wires PP Intrinsic nature of different composites/phases Our
(WC, WO, C, and Ga) work
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tungsten wires. The actual crystal structure is still a matter of
debate for FIB-fabricated wires, as some reports suggest the
amorphous,"* while others are of crystalline nature,””*" which
may differ by the amount of impurities/contamination during
the growth process. From the TEM analysis (shown in Fig. 1(c)
and Fig. S1(c) of ESIt), we result the crystallinity nature of these
FIB fabricated MW wires. So, here the crystallinity nature of
wires can be accounted for the enhancement of photoconduc-
tivity, as this reduces charge carrier collisions in the channel
during the flow of current. Also, the presence of defects can be
clearly seen in particular region (HRTEM image) for the wire.
The presence of vacancies in the form of defects on surface
sites, influence the relaxation mechanism of photoexcited
charge carriers resulting in the enhancement of photo-
conductivity.®>®* The defect-induced photoconductivity can
be investigated through the nanoscale mapping experiments
of localized charge trap states in the grain structures.®* Based
on the above discussion, it can be noted that these FIB-
fabricated MW wires have significant photoresponse features at
room temperature. Future studies will include the temperature-
dependent photoresponse measurements on these FIB-fabricated
MW wires to evaluate their applicability for single photon detec-
tion and bolometric device applications.

Conclusions

In conclusion, the tungsten wires were fabricated in meander
(MW) form using focused ion beam technique, and had the
different elemental compositions of tungsten, gallium and carbon
in the approximate ratio of 69%, 15% and 16%, respectively.
These MW wires were investigated for their distinguished super-
conducting properties, which showed superconducting transition
temperatures near ~4.5 K. We also studied the photoresponse
properties of these MW wires under the illumination of a Halogen
light and laser lights of wavelengths at 532 nm, 1064 nm and
1550 nm at room temperature (300 K). The photoresponse
performance shows a significant amount of enhanced photo-
current, which leads to higher responsivity and detectivity for
MW wire of higher width in comparison to lower width. We also
analyzed the stability features of the broad spectral photoresponse
performance after a long time. Results showed very good stability
features from a technological point of view. Future studies
will involve optimization of these FIB-fabricated MW wires for
temperature-dependent photoresponse properties, which may
result in their applicability for bolometric application. In sum-
mary, this whole study gives direct motivation to further
investigate MW wires for applications in single photon detec-
tion, bolometrics and optoelectronics at room temperature and
low temperatures as well. MW could play an important role in
the future in optical, telecommunication devices and other
technologies.
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