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Abstract

This article outlines the methodical process of manufacturing MWCNTS/SWCNTs-
Ag and analyzing wideband photodetectors using a combination of electro-explosion
techniques, direct mixing, and drop casting techniques. The microstructural, optical,
electrical, and photo-responsive analyses of the fabricated layers were thoroughly
investigated. The topographical study specifically showed that the diameter ranges
from 58 to 82 nm for Ag-NPs. However, the optical spectra of the prominent layers
revealed a broad absorption phenomenon along the 200-800 nm scanning
wavelength. Simultaneously, the devices fabricated from SWCNTs/MWCNTs-Ag
showed significant figures of merit as a function of wavelength and illumination
power (365, 460, and 808 nm) in response to the applied bias voltage from 0 to 10
V. In detail, the values attained were 0.575 and 0.06 (A/W) under the 808 nm
illumination wavelength for MWCNTs-Ag and SWCNTs-Ag, respectively. The
figures of merit characteristics of the fabricated devices were found to be in positive
linear correlation as a function of the applied wavelength.
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1. Introduction

To this day, a great research effort has been demonstrated for optoelectronics
application-based nanostructured semiconductor materials. This is mainly due to the
active role of the nanostructured materials through which the intended application’s
performance could be effectively enhanced [1-3]. Within this framework, wideband
optoelectronics, photodetectors in particular, are being widely considered within the
research society because of their wide-reaching applications in electrical injection lasers,
space-based expansion, environmental research, chemical and/or biological analysis, and
optical communications [4, 5]. Detection methods can be divided into two categories
based on incident photons: photovoltaic and photoconductive. The different types of
photodetectors mainly include metal-semiconductor-metal, P-N junction, and metal-
semiconductor with Schottky contact [6-8]. Several nanostructured semiconductor
materials are being proposed to develop the addressed geometries, such as cadmium
telluride (CdTe) [9], cadmium oxide (CdO) [10], and cadmium sulfide (CdS) [11] in the
visible region as well as nickel oxide (NiO) [12], titanium dioxide (TiO) [13], and zinc
oxide (ZnO) in the ultraviolet region [14]. Multi-walled carbon nanotubes (MWCNTS)
and/or single-walled carbon nanotubes (SWCNTSs) demonstrated an apprehended
performance along a wide absorption range of the incident light; the addressed materials
exhibited well-oriented applications in optoelectronic devices because of their excellent
conductivity, flexibility, durability, etc. [15, 16]. Moreover, nanostructures-based
MWCNT/SWCNT also attracted great research deal with which wide-spectrum
performance is needed; for instance, MoS2/CNTs and ZnO/CNTs heterostructures
exhibited considerable photoresponsive rate along UV-Vis-NIR range [17-19].
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The proposed study aims to study wideband photodetector-based Ag decorated with
MWCNTSs/SWCNTs using Si wafer in a heterojunction framework. Additionally, the
microstructural and optical analysis of the deposited Ag decorated with
MWCNT/SWCNT layer/s are thoroughly investigated along with the anticipated device
figure of merits evaluation.

2. Experimental work

The electro-explosion of wire technique was utilized to prepare Ag nanostructure in
distilled water; this was accomplished using a 36 VV DC power supply [20]. A current of
100 A was passed to the ohmic contact through a wire connected to the negative potential.
The resultant solution that contains plasma-based Ag particles was mechanically mixed
with 2mL of the CNTs solutions (SWCNTs and MWCNTs, 95% Amorphous-Inc.)
individually. The utilized CNTs purchased were 10-30 and 1-2 nm in diameter and 1-2
and 30 pum in length for SWCNT and MWCNT, respectively. The attained
SWCNTs/MWCNTSs-Ag solution was later drop cast on the Si wafer. In conjunction,
finger-shaped aluminum (Al) contact was fabricated on the top of the deposited layer/s
(SWCNT/MWCNT-AQ) using a thermal evaporation approach. The fabricated device
along the deposited Al and the measurement set-up is elucidated in Fig. 1.

Monochromatic source

0.4
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10 mm

Ag-SWONT/MWONT
Si-wafer

Figure 1: Schematic representation of the measurement set-up.

The microstructural analysis of the deposited Ag and MWCNT/SWCNT was
carried out using X-ray diffractometer (HAOYUAN, XRD) and field emission scanning
electron microscope (FE-SEM, MIRA3 TESCAN). The optical features were
investigated using ultraviolet visible light spectroscope (UV-Vis, Shimadzu-1800). Also,
Hall Effect (HMS-3000 Ecopia) technique was utilized to evaluate the deposited layer/s
electrical characteristics. Herein, the fabricated photodetectors, with SWCNTs-Ag and
MWCNTSs-Ag layers, were analyzed in terms of current-voltage (I-V) characteristics in
conjunction with a Source Measure Unit (SMU) (Keithly, 2041) under dark and multi-
wavelengths monochromatic spectra (365, 460, 808 nm) emitted from a laser diode with
light intensity of 6 mW/cm? focused over a 1 cm? light spot, the utilized intensity was
measured using optical power density meter (Thorlabs).
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3. Results and discussion

The XRD patterns of the prepared Ag nanoparticles, the deposited MWCNTSs and
SWCNTs are demonstrated in Fig. 2 (a, b, and c), respectively. The face center cubic of
the prepared Ag metallic nanoparticles (Fig. 2a) was perceived at 20 ~ 38.1°, 44.3°, 64.6°
and 77.5° regarded to the plans of (111), (200), (220), and (311), respectively; these are
typically indexed to JCPDS (no. 04-0783). Fig. 2b revealed two foremost peaks attained
at 20 =26.2° (002) and 44.2° corresponded to the formation of MWCNTs (100) and (200)
planes. The first peak is indexed to MWCNTS, while the second peak corresponds to the
Ag metallic particles. Finally, the diffraction patterns of the fabricated SWNTSs layer (Fig.
2¢) demonstrated 26 ~ 26.2° indicating SWCNTSs formation.
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Figure 2: XRD patterns of the fabricated layers (Ag, MWCNTSs, and SWCNTS).
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The average crystallite size, as shown in Table 1, were calculated using the Debye-
Scherer formula
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where A is the wavelength of the X-ray source (X-ray source is Cu Ka with A=1.5406 A),
B is the Full Width at Half Maximum (FWHM) in rad, and 6 is the diffraction angle.
Additionally, the dislocation density was determined according to: 6=1 /D? [21].

Table 1: XRD parameters of Ag NPs, SWCNTs-Ag NPs and MWCNTs-Ag NPs

Avg. crystallite size dislocation
Sample (D) nm density(d) nm™2
Ag NPs 0.58 2.97
SWCNTs-Ag NPs 0.88 1.29
MWCNTs-Ag NPs 0.91 1.20

The optical characteristics of the prepared Ag nanoparticles along the deposited
MWCNTs-Ag and SWCNTs-Ag layers are elucidated in Fig. 3. The prepared Ag
nanoparticles exhibited a maximum peak, so-called surface plasmon resonance (SPR),
nearly around 415 nm which corresponded well to the reported data [22]. Continuously,
the deposited MWCNTSs-Ag and SWCNTs-Ag layers demonstrated a weak peak for the
absorption phenomenon along the scanned wavelength at around 300-800 nm. The
attained peaks at around 402 and 465nm mainly attributed to the surface plasmon
resonance effect within silver nanoparticles [23].

The photoluminescence (PL) spectra of MWCNTSs-Ag and SWCNTs-Ag at an
excitation wavelength of 320nm are shown in Fig. 4. It can be observed that the
MWCNTs-Ag emit peaks at 356, 459 and 536 nm with an average energy band gap of
2.8 eV. Additionally, for SWCNTSs-Ag, the peaks are at 336.9, 402.5, 470, 510 and 564
nm with the average band gap energy 2.7eV. The PL spectra of MWCNTs-Ag and
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SWCNTs-Ag displayed multi-luminescence peaks; the first peak is due to the intrinsic
band-to-band transition, and it originated from the recombination of the free excitons.
The other peaks are due to defect or impurity transition (donor-acceptor pair emission)
[24].
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Figure 3: Optical characteristics of Ag nanoparticles and CNTSs layers.
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Figure 4: The photoluminescence spectra of (a) MWCNTs-Ag (b) SWCNTs-Ag.

Fig. 5 presents the FESEM images of Ag nanoparticles topographies with two
magnifications (500 nm and 1 pm). The prepared Ag nanoparticles exhibited
agglomerated nanoparticles with diameters ranging from 58 to 82 nm with a mean
diameter of 70.1 nm.

500 © Avg. 28 nm

Number of particles
w
wv
S

200

View B 2.08 pm _ Date(midry): 092929

20
Particle size (nm)

Figure 5: FE-SEM of the prepared Ag nanoparticles, at magnifications of (a) 500 nm and (b)
1 um (c) particle size distribution Histogram.
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Fig. 6 (a-d) shows the deposited MWCNTs-Ag and SWCNTs-Ag nanostructured
layers on Si substrate with different magnifications. Both deposited layers (MWCNTSs-
Ag and SWCNTs-Ag) demonstrated compact and well-distributed nanostructured over
the scale bar (500 nm and 1 pm). Furthermore, Ag NPs showed a reasonably uniform
distribution along MWCNTSs and SWCNTSs surfaces. Light spots appeared on the surface
of CNTs (Fig. 6 (a-d)), which indicate the silver nanoparticles. In detail, the layer attained
using MWCNTs-Ag demonstrated tube diameter within the range of 39 and 52 nm with
an average diameter value of 47.3 nm. Meanwhile, the SWCNTs-Ag layer demonstrated
a range of diameter between 32 and 93 nm with an average of 34.6 nm.
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Figure 6: F-SEM topgphies of the deposed () a b MWCNTSs-Ag and (c) and (d)
SWCNTSs-Ag; scale bar of 500 nm and 1 pm, respectively.

Table 2 presents the observed Hall effect parameters of the manufactured layers. It
is evident from the data that MWCNTSs achieved higher electrical parameters than

SWCNTs.

Table 2: Hall Measurement parameter.

Parameter Charge Conductivity | Mobility | Resistivity | Type Ref.
Concentration (1/ Q.cm) (cmz2/Vs) (Q.cm)
(/cmd)
SWCNTSs/Si 3.1 x10Y - 62 - P-type [25]
MWCNTS/Si | 9.516x10® 6.25 3.935 0.16 P-type [26]
SWCNTSs/Ag 9.33x10's 1.52 1.02x103 0.657 P-type | This work
NPs/Si
MWCNTSs/Ag 9.85x10° 9.91 6.28x10? 0.1 P-type | This work
NPs/Si

The current-voltage performance of the intended devices (both MWCNTSs-Ag/Si
and SWCNTs-AQ/Si) is represented in Fig. 7 (a and b), respectively. In response to the
sweep voltage from 0 to 10 V, the fabricated photodetectors responded exponentially as
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a function of the attained current under dark and illuminated 365, 460, and 808 nm
conditions. The fabricated photodetectors demonstrated a pronounced current increment
upon illumination with respect to the utilized wavelength. In conjunction, both devices
showed higher response under the illumination of 808 nm (IR region), which could be
due to the window effect of the utilized Si wafer [10]; this behavior was not perceived for
the region within UV and visible spectra. Such a singularity could be due to the fact that
the utilized materials altered the optical band gaps. Furthermore, the S-shape behavior
attained under the illumination of 808 nm for the MWCNTSs-Ag device (Fig. 7a) could be
due to an operation issue with charge carrier transport within the deposited layers; this,
in turn, could be attributed to possible mismatched levels of energy and/or un-uniformed
energy barrier formation at the addressed bias voltages [27].
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Figure 7: Current-voltage curves of (a) MWCNTs-Ag/Si and (b) SWCNTs-Ag/Si.

The figure-of-merits of the fabricated devices (MWCNTs-Ag/Si and SWCNTs-
Ag/Si) are illustrated in Fig. 8 (a and b), respectively. The addressed parameters were
using Egs. 2-4 were used to calculate: the photocurrent (lphoto) from photoresponsivity
(R,), photo-detectivity (D*), external quantum efficiency (EQE), and photo-to-dark
current ratio (Iphoto/Ip X 100%), respectively [28-30]

I hoto
R, = 222 2
r T (2)
1
i} R, A2
D* = I 3)
(2elp)2
Iphoto
EQE = P‘? 4)
Tin
v

where Ip, Py, A, h and v are the dark current, incident radiation power, the effective area
of the surface, Plank constant and frequency, respectively. In general observation, the
device fabricated using MWCNTs exhibited higher figure-of-merits under the
illumination of 365 nm than that attained under both 460 and 808 nm, which indicates the
active role of the fabricated device under UV region (Fig. 8a). Such behavior was not
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found using SWCNTSs, for which higher performance was found under the illumination
of 808 nm (IR region). This could be explained through the optical behavior acquired
during the optical properties analysis (Fig. 3). The fabricated photodetectors exhibited a
considerably high rejection ratio (I,,n0¢0/Ip) With values exceeding 1000% for SWCNTSs-
Ag. Notably, the photodetector fabricated using SWCNTs demonstrated higher figure-of-
merits than that fabricated using MWCNTSs. Under 808 nm illumination, the attained R,
was found to be 0.575 and 0.06 (A/W) for the stated devices, respectively.

(a) 121281000 (b) so | 4000
+ 26 |
0.07 D*x 10" (Jones) 11 54 £ 900 0.6
0 24 80
L1022
. 22 - 40
0.06 ¢ R/-_ (47} 20 F800 0.51 R/-_F_:{"H} ” *13000
9 |- - 0 :
R-099 R=0.995 181700 0.4 60
| R0 BeD L8 4 .
0.05 b R-oom m-0ms ij 600 D*x10% (Jones)| 30
| L7 2000
0.04 12 0.34 2,
: ] EQE (%) P L300 EQE (%) 40
/A 0
0.03 (5 [8 1400 02
6 ,0-1000
4Ly | 10 [2
0.02 : 300 0.1+ =096 R°=091
-3 [- 1] I )T 2= 1 06}
o F200 . =716 B=0%0
0.01-— T T T —1 0.0-— T T T —0 L0 L0
365 475 585 695 805 365 475 585 695 805
Wavelength (nm) Wavelength (nm)

Figure 8: Figure-of-merits for (a) MWCNTSs-Ag/Si and (b) SWCNTSs-Ag/Si.
Several publications illustrating the value of using CNTs in photodetectors
applications were found in the literature. The most recent publications are contrasted with
the ongoing work in the following table.

Table 3: An analysis of the suggested geometry in relation to previous published works.

Sample Applied Responsivity | Detectivity | EQE (%0) Ref.
Wavelength (nm) (A/W) (Jones)
CNT/Si 450-2400 0.37 - 50 [16][31]
SWCNT/Si 450- 2400 - - 65 [31]
CNT/Si 650-1610 1.48 3.9x10’ - [32]
MWCNT/Si 520 -1060 0.72 1.2x10%° 8.77x103 [33]
SWCNT-Ag/Si 365-808 0.55 4.9x10% 88 This work
MWCNT-Ag/Si 365-808 0.06 9.1x10% 9 This work

4. Conclusions

Wide range SWCNTs-Ag and MWCNTs-Ag photodetectors of spectral response
were effectively fabricated on Si substrate. The surface morphology investigation
revealed the occurrence of Ag NPs with diameters ranging from 58 to 82 nm and has a
reasonably uniform distribution on the surfaces of MWCNTSs and SWCNTSs. While, the
optical analysis showed a broad range of absorption within the scanned spectrum. In
conjunction, the devices that were produced with MWCNTs-Ag showed significant photo
responsive characteristics and higher figure of merits when illuminated at 365 nm (UV
region) in comparison to SWCNTs-Ag, which did not exhibit such a tendency, and they
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performed better when illuminated in the 808 nm (IR region). Specifically, under 808 nm
illumination wavelength, the obtained R; for MWCNTs-Ag and SWCNTs-Ag was
determined to be 0.575 and 0.06 (A/W), respectively.
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