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Enhanced Light Sensing Performance of a Hybrid Device Developed
Using As-grown Vertically Aligned Multiwalled Carbon Nanotubes

on TCO Substrate

Mahananda Baro, Amreen A. Hussain, Arup R. Pal

Abstract

We report a suite of versatile plasma based methods for direct growth of vertically aligned multi-walled carbon nanotubes
(MWCNTs) and MWCNT based hybrid composites on transparent conducting oxide (TCO) substrates. By using pulsed dc
PECVD technique, short length vertically aligned MWCNTS are grown at 450 °C. The MWCNTS are uniformly distributed on
TCO substrates with an average diameter and length of 49 + 9 nm and 208 + 26 nm, respectively. The area density of the
vertically grown MWCNTS is as high as 7 x 10° cm™. The growth parameters are carefully refined to balance the tube dimension
and density. Efforts have been made to synthesize MWCNTS based hybrid composites. The synthesized composites are discussed
in terms of structural, morphological and optical properties. The as-fabricated MWCNT based hybrid composite is then utilized
to show its applicability in self-powered hybrid photodetector. Interestingly, the photodetector shows an enhanced photoresponse
at a very low incident power density of ~5.5 pWem™. Utilization of a completely dry route for the synthesis and fabrication of
MWCNT based hybrid composite emerge as a successful strategy suitable for hybrid hanocomposite material based advanced

devices.
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Introduction

Carbon based nanostructures have gained immense advances, in both experimental and theoretical fields.> Since the last two
decades, different types of carbon nanostructures have been developed which includes carbon nanotube (CNT), carbon nanofiber
(CNF), graphene, and fullerene.*® The properties of these nanostructured materials can be tuned depending upon their structures.
The potentialities of CNT have given rise to an intense research activity to develop high quality materials based on CNT and their
applicability in nano-device engineering. A remarkable progress has also been made in the development of innovative synthetic
methodologies for growing superior quality CNTs. Apart from the best practices that are recognized worldwide for the synthesis
of CNTSs, there still remains a crucial challenge to actively control the alignment, area density, length and chirality of the CNTSs.
Different techniques have been opted for the synthesis of CNT structures which includes thermal chemical vapour deposition (T -
CVD), catalytic chemical vapour deposition (CCVD), laser vaporization and arc discharges.”*® Among these, plasma enhanced
chemical vapour deposition (PECVD) provides an efficient alternative for low temperature production of CNTs.*" % It also gives

the flexibility to grow vertically aligned CNT on various types of substrates.*®

Generally, the synthesis of CNT is carried out on silicon substrates due to its high electrical and thermal stability but, in order to
fit for various practical applications the controlled growth of CNT on suitable substrates is necessary such as transparent
conducting oxide (TCO) substrates which are utilized in optoelectronic devices.** *> As for electrode configurations, CNT layers
have been deposited on glass to replace TCO as the electrode material, yet it fails to attain a ratio between the sheet resistance
and transparency which is the primary requirement of photo-sensing devices.’® Hybrid architectures with TCO and CNT are
proved to be a promising strategy to improve the nano-structural and electrical properties of nano-devices.!” Literature reports on
freestanding growth of CNT on TCO substrates often require high temperature growth (~ 600 °C), which represents a major
obstacle to the conductivity and optical transmittance of the final electrode material.*® Therefore, exploration of alternative
methods for direct growth of CNT on TCO substrates is necessary. Additionally, CNT based hybrid composites also provides a
special class of nanostructured materials to be utilized for nano-device fabrication. Although transition metals and conducting
polymers have been widely studied for different organic electronic applications, but only carbon based materials have displayed

favourable flexibility and hence been promising in super-capacitors, electrochemical sensors and optoelectronic applications.'*

In this work, we have explored the direct synthesis of vertically aligned multi-walled CNTs (MWCNTS) using pulsed dc PECVD
on conducting Indium tin oxide (ITO) substrates. The method provides a feasible way towards direct growth of vertically aligned
MWCNT on ITO substrates at 450 °C. Moreover, a hybrid composite material containing titanium dioxide (TiO,) and plasma
polymerized aniline (PPani) is prepared directly on the as-grown MWCNT/ITO substrates by plasma based routes. The MWCNT
based hybrid composites are characterized and discussed in terms of structural, optical and morphological properties. Finally we

have developed an UV-Visible photodetector based on the MWCNT based hybrid composite with enhanced photoresponse at a
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low incident power density of 5.5 pW/cm?. The merits of utilizing a completely dry method for building such hybrid composites
and photodetector provides a solvent-free and green technology towards the fabrication of large scale nano-devices without using

any lithography based assembly.

Experimental details

Growth of vertically aligned MWCNT on TCO substrates

Vertically aligned MWCNT are produced by pulsed dc PECVD technique on ITO coated glass substrates. The detailed
description of the plasma reactor is reported in a recent publication.?? Two protocols have been utilized for the synthesis of

MWCNT.

The first protocol includes the preparation of catalyst. Initially, pulsed dc magnetron sputtering is used for the deposition of a thin
Aluminium (Al) barrier layer of ~ 2 nm thickness on ITO substrate followed by post oxidation reaction process of Al layer to
form alumina (Al,O5) by exposure of the substrates in ambient conditions for 24 hours. Further, the catalyst deposition is done by
pulsed dc magnetron sputtering of Nickel (Ni) on top of alumina coated ITO substrates, thus maintaining a thickness of ~ 10 nm.

Here, Ni acts as the CNT growth catalyst.

The second protocol involves the growth process of MWCNT using Ni/Al,O5/ITO geometry. First, the substrates with
Ni/Al,O4/ITO configuration are treated with hydrogen (H,) plasma accompanied by resistive heating at ~ 450 °C for 15 minutes.
After 15 minutes of H, plasma treatment, Methane (CH,) gas is slowly introduced in the plasma along with H, thus maintaining a
gas ratio of 4:5 for H,:CH,, where CH, is serves as a carbon precursor for CNF growth. The total process time for CNT growth is

fixed at 45 minutes. The details of the experimental plasma conditions are summarized in table 1.
Device fabrication with MWCNT based hybrid composite

CNT based hybrid composites are prepared to show its applicability in hybrid photodetectors. The preparation of CNT based
hybrid composite is systematically presented in the scheme shown in Fig. 1. The vertically aligned CNTSs (C) are first grown by
pulsed dc PECVD technique on ITO substrates. A 45 nm thick titanium dioxide (TiO,) layer is then sputter deposited on top of
the vertically aligned CNT (CT) followed by deposition of a 65 nm thick polymer layer by plasma polymerization of aniline
monomer (PPani) to form CNT based hybrid composite. The final hybrid composite has the structure of CNT/TiO,/PPani (CTP).
The details of TiO, and PPani deposition by reactive magnetron sputtering and rf plasma polymerization are given in our recent
publications as well as briefly summarized in table 1.2® For device fabrication, the CTP hybrid composite is deposited on ITO
substrate by using proper masking arrangement, where 1TO acts as the transparent conducting bottom electrode. After that, the

CTP/ITO configuration is placed in a thermal evaporation chamber where high purity Al wire is evaporated on top of CTP/ITO
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layout to form the top contact. The final device has the configuration of Al/PPani/TiO,/CNT/ITO with an active surface area of

0.3 cm?.

Figure 1
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Figure 1: Schematic representation showing the preparation procedures for organizing CNT (C), CNT/TiO, (CT) and

CNT/TiO,/PPani (CTP) hybrid composites on Indium tin oxide (ITO) substrates using plasma based techniques.

Growth/ Synthesis parameters CNT TiO, PPani
Growth/Deposition time (min) 30 40 0.5
Film thickness (hm) - 45 65
Temperature (°C) 450 50 30
Working pressure (Torr) 3 0.008 0.1
Precursor gas H,, CH,4 Ar, O, Aniline
Power supply Pulse DC Pulse DC RF
Discharge Power (W) 50 150 20
Duty cycle (%) 45 45 -
Frequency ( Hz) 100 k 100 k 13.56 M
Negative self-bias (V) - - 23-34

Table 1: Discharge controlling parameters summarizing the synthesis of MWCNTSs, deposition of TiO, thin films and deposition

of plasma polyaniline thin films

In the device architecture, TiO, acts the n-type acceptor material while polyaniline acts as the p-type donor material forming the

photoactive layer where charge carrier generation takes place. The photoactive layer is intentionally prepared on top of MWCNT

arrays to increase the overall surface area of the device and enhancing the electrical conductivity of the hybrid composite.
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Upon illumination (UV or Visible) with a photo-energy greater than the semiconductor band gap, excitons i.e. electron-hole pairs
bound by Coulomb force are photo-generated at the bulk material. After that, charge separation occurs at the interface between
the donor and acceptor material due to high electron affinity of the acceptor material (TiO,). Subsequently, transport of charge
through the bulk material takes place and finally collection of charges by the respective electrodes (ITO and Al) occurs, which
results in the flow of current in the external load. Generally, in a hybrid system, TiO, nanoparticles are combined with PPani
matrix to create a charge-transfer junction with a large interfacial area which will result in a greatly enhanced photoresponse of

the device.
Sample characterizations

The morphology of the MWCNT grown on ITO substrates is first examined by field emission scanning electron microscopy
(FESEM, XIGMA, Zeiss, Germany) imaging at high magnification with an extractor voltage of 5 kV, in which a uniform density
of CNT is observed. The numbers of CNT are then roughly calculated based on high resolution top-view and cross-sectional
FESEM images that can identify a single CNT clearly. In this work, the CNT numbers are calculated from a fixed area of ~ 1
um? of the top-view FESEM image under high magnification. The average diameter and length of CNTs are analyzed by the
software ImageJ (National Institute of Health, USA). Transmission electron microscopy (TEM, JEOL JEM 2100, Japan)
operating at 200 kV is utilized to analyze CNT and CNT based hybrid composite nanostructures. The CNTs and CNT hybrid

composites are collected from the substrates and dispersed onto Cu TEM grids for HRTEM analysis.

Chemical structure of the resulting CNTs and CNT based hybrid composite films on ITO substrates are determined by FTIR
(Nicolet 6700 FT-IR) operated in transmission mode. Ultraviolet-visible (UV-Vis) absorbance is recorded for CNTs and CNT
based hybrid composite films deposited on ITO substrates by UV-Vis Spectrophotometer (UV-1601, Shimadzu, Japan) to study
the optical properties of the films. Individual film thicknesses are measured by X-Ray reflectivity (XRR) (D8 Advance, Bruker,
Germany). The electrical measurements of the fabricated device using CNT based hybrid composite is carried out using a voltage
source meter (KEITHLEY 6517B electrometer) and the photoresponse is characterized using a UV and Visible light illumination

under ambient conditions. All the measurements are carried out after the exposure of the samples to atmosphere.

Results and Discussions

Surface morphology

The degree of substrate coverage by MWCNTS, their length, diameter and alignment is evaluated by FESEM analysis. Fig. 2(a)
shows the cross-sectional view of randomly oriented MWCNTSs which are directly grown on ITO substrate without using any
barrier layer. In this case, the growth is not uniform over the substrate. The low density of MWCNT is due to high diffusion rate

of catalyst on ITO substrate which ultimately resulted in slow nucleation rate for prominent CNT growth.?® In order to further
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improve the structure of CNTSs, a barrier layer of Al,O; is used which prevents the catalyst diffusion. Fig. 2(b) presents the
FESEM micrograph of MWCNTSs which are grown directly on ITO substrates using Al,O; as the barrier layer. A uniform growth
with reasonable area density of 7 x 10° cm is observed. The inclusion of a very thin Al,O5 barrier layer of ~ 2 nm facilitates the
aligned and uniform growth of CNTs. Moreover, the pulsed dc PECVD gave rise to direct growth of vertically aligned and dense
MWCNTSs on ITO substrates at 450 °C. The diameter and length distribution of MWCNTSs are shown in Fig. 2(c, d). The
calculated average diameter and length of MWCNTS are 49 + 9 nm and 208 + 26 nm, respectively where the diameter and length

can be controlled to a large extent depending upon the catalyst film thickness and growth time.?

(c)

25 30 35 40 45 50 55 60 65 70 75
Diameter (nm)

(d)

04
50 100 150 200 250 300 350 400
Length (nm)

Figure 2: FESEM images of (a) randomly oriented CNTs on ITO substrate without using barrier layer (b) vertically aligned

CNTs on ITO substrates with Al,O3 barrier layer (c) Diameter and (d) length distributions of vertically aligned CNTs

In case of MWCNTSs, the graphene layers are parallel to the tube axis*? which is further confirmed from the HRTEM analysis
which provides more insight into the structural and morphological properties of MWCNTs. HRTEM images in Fig. 3(a) and 3(b)
shows the morphology of a typical MWCNT and the corresponding graphitic walls. The MWCNT show some well-graphitized
area with their basal planes oriented parallel to the tube axis with a central hollow region. The degree of crystallinity of MWCNT
is low which evidenced the presence of defect states in CNT. The experimental lattice spacing of 0.34 nm is calculated, which is

consistent with the d values of (002) plane for graphitic interlayer of MWCNT.?
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Figure 3: HRTEM images of () MWCNT (b) magnified image of MWCNT showing the graphitic walls. In the inset, the
corresponding lattice fringes of CNT are shown (c) MWCNT based hybrid composite (d) MWCNT coated with TiO, (e)

MWCNT coated TiO, and PPani (f) lattice fringes of TiO,

Further, Fig. 3 also includes the HRTEM images of MWCNT based hybrid composite. A typical image containing CNT, TiO,
and PPani is shown in the first image (Fig. 3(c)) which clearly distinguished the presence of MWCNTSs coated with TiO, and
PPani. In the second image a magnified view of MWCNT coated with TiO, is presented (Fig. 3(d)) where the TiO, nanoparticles
are distributed on the walls of MWCNTSs. Moreover, a magnified image of MWCNT/TiO,/PPani hybrid composite is distinctly
shown in Fig. 3(e) where the presence of TiO, is found outside the graphitic walls of MWCNT. In addition, PPani matrix is
uniformly distributed in the background to form a thin film. The presence of TiO, in the hybrid composite material is inferred by
direct visualization of lattice fringes in HRTEM micrographs. Fig. 3(f) clearly shows the lattice fringes of TiO, nanoparticle with

0.35 nm lattice spacing corresponding to the d values of (101) plane of anatase TiO, nanoparticle.?®

Structural and optical properties

FTIR transmittance spectra of MWCNTs and CTP hybrid composite are presented in Fig. 4(a). A weak band at 1584 cm™ is
observed which is attributed to infra-red active graphite like E;, mode, also known as G band which originates from the sp?
hybridized carbon.? The bands at 1729 cm™ and 3000 cm™ are assigned to COOH and C-Hy groups.?® ** The defect related peak
of MWCNTs is obtained at 1234 cm™, which is attributed to the defect states on the walls of CNTSs, consistent with the results
obtained from HRTEM.* In addition, Raman analysis of MWCNTSs is performed and is presented in figure S1 (ESI). By

comparison, the FTIR spectrum of CTP presents several additional peaks thus supporting the presence of PPani and TiO, in the
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hybrid composite. The band positions at 1602 cm™ and 1498 cm™ are assigned to C=C stretch of quinoid (Q) and benzenoid (B)
units of the polymer which are able to sustain in the composite. The peak positions of the two main units of the polymer
(benzenoid and quinoid) are shifted when compared with the reported results in plasma polyaniline which indicates the
interaction of PPani and MWCNTSs.?® The appearance of the band at 1310 cm * assigned to C—N stretch suggests the aromatic
linkages.?> 2* Moreover, the absorption band at 723 cm™ is attributed to the anti-symmetric Ti-O-Ti stretch mode which
evidences the incorporation of TiO, into the polymer matrix as well as to the MWCNT surface.2* These results strongly support
the formation of MWCNT based hybrid composite. Fig. 4(b) presents the UV-Vis spectra of MWCNTs and CTP hybrid
composite. The MWCNTSs show one sharp absorption band at 235 nm. A significant red-shift in the absorption is observed for the
CTP hybrid composite as compared to MWCNTSs. The amount of red-shift is quantified as AL = + 70 nm. This noticeable red-
shift may be ascribed to the bonding and interaction among CNTs and TiO,/PPani composite. The considerable amount of red-
shift of this composite material implies that the material could be a potential candidate for ultraviolet as well as visible light

sensing applications.
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Figure 4: (a) FTIR transmittance spectra of MWCNT and MWCNT based hybrid composite with CNT/TiO,/PPani (CTP)
configuration (b) UV-Vis absorbance spectra of MWCNT and MWCNT based hybrid composite with CNT/TiO,/PPani (CTP)

configuration

Applicability of MWCNTSs in hybrid photodetectors

The fabrication of nano-devices based on carbon nanostructures has attracted considerable attention owing to its large surface
area and high mechanical strength. Fig. 5(a) represents the current density-voltage (J-V) characteristics of the MWCNT based
hybrid photodetector under dark and 365 nm wavelength ultraviolet (UV) illumination at intensity of 16 uWcm™. In the dark
condition, the device shows a dark current of 0.07 pAcm? at 1 V bias, while, upon UV-365 nm illumination the current increases,

up to 4.5 pAcm™ at an applied bias voltage of 1 V. Similarly, Fig. 5(b) shows the J-V characteristics of the device, measured

Page 8 of 13



Page 9 of 13

RSC Advances

under dark and white light illumination with wavelengths within the range of 400-600 nm at 16 pWcm™. At this condition, a
maximum photocurrent of 0.64 uA/cm? is recorded at a bias voltage of 1 V. To further demonstrate the photoresponse
characteristics of the MWCNT based hybrid photodetector, we explored the photosensitivity measurements under UV and white
light illuminations. The photosensitivity is calculated as 1,/ Iy, where, I, = liight — lgark / lgark, Which is measured for both UV and
white light at 16 pWem™. A maximum photosensitivity of 63.28 and 52.33 is calculated for UV and visible light intensities. The
result suggests that the inclusion of MWCNT in the device geometry significantly contributes to the device performance at a very

low incident power density of 16 pWem™.

Interestingly, the J-V characteristics clearly show a photovoltaic effect in the presence of both UV and white light. The inset of
Fig. 5(a) shows the logarithmic plot of the photocurrent versus applied voltage under UV-365 nm illumination. A small
photovoltaic effect with an open circuit voltage (Voc) = 26.4 mV and short circuit current (Isc) = 7.8 nAcm? is recorded. For the
case of white light illumination, a significant increase in Voc = 320 mV and Isc = 56.8 nAcm™ is recorded whereas voltage
generation is very insignificant for UV illumination. This result is well expected from the UV-Vis spectrum which shows a clear
red-shift. The results point towards the feasibility of using MWCNT based hybrid composite under self powered mode. The open
circuit voltage reported in this work is a factor of 3 higher than recently reported values for solution processed hybrid self

powered UV/Visible photodetectors.®
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Figure 5: I-V characteristics of the hybrid photodetector at 16 pWem™ under (a) UV-365 nm illumination (b) white light

illumination

Since a significant photocurrent generation of the hybrid photodetector is recorded under UV illumination, therefore, a detailed
response characteristic of the device is evaluated for UV illumination only. Fig. 6(a) shows the photocurrent plot at different
incident light intensities under UV illumination. When intensity of the incident light is changed, the photocurrent of the hybrid

device changed accordingly, which can be attributed to the change in the photon intensity, where light can be absorbed through
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the whole thickness of the device so that both type of carriers can run within the device. Also, this result is consistent with the
fact that charge carrier photogeneration efficiency is proportional to the absorbed photon flux. It should be noted that high photon
flux can lead to saturation of the photocurrent versus excitation intensity.* Therefore, this work presents the low light sensitivity
down to 5.5 pWem' of the hybrid photodetector which is again one of the lowest excitation intensity utilized for self-powered

hybrid photodetectors.® % 3¢
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Figure 6: (a) Intensity dependent photocurrent and photoconductive gain (b) Responsivity as a function of absorbed photons of
the hybrid photodetector under UV-365 nm illumination. The error bars represent the standard deviation of multiple

measurements for different light intensities

On the basis of the dependence of photocurrent over UV light intensity and photon flux, a more quantitative analysis of the
MWCNT based hybrid photodetector has been done, including photoconductive gain (G) and Responsivity (R;). These are the
key parameters to evaluate the sensitivity of the hybrid photodetectors. The photoconductive gain (G) is defined as the increase in

the number of collected carrier per absorbed photon with an energy hv and can be expressed as:
G=(l,/q)/ (P/hv) (1)

where 1, is the photocurrent, g is the elementary charge and P is the incident power on the active area of the device. The
maximum photoconductive gain of G = 0.27 is achieved for the hybrid photodetector as shown in figure 6(a). Meanwhile, in
order to examine the response of the photocurrent to incident optical power, the responsivity (R;) of the device is calculated

following the expression:
R,=1,/P &)

Additionally, the number of absorbed photons (N, for a particular group of MWCNT is calculated which is given as:
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Npn =(P %2z xrxLxn)/ho 3)

where P is the incident power density in Wem™, r = 24.5 nm and L = 208 nm are the radius and length of individual MWCNT
between the electrodes and n is the number of MWCNT covering the active area of the hybrid device (~ 2 x 10%). R, as a function
of N, is plotted in Fig. 6(b). The UV responsivity of 79.8 mAW is achieved for the hybrid device which is at least a factor of 5-

8 higher than the previous reports.®" 3 High responsivity enables the use of hybrid device for sensing low light intensity.

Conclusion

We have successfully demonstrated the direct synthesis of vertically aligned MWCNTSs on TCO substrates at 450 °C. Optimal
pulsed dc PECVD parameters are selected, making it possible to obtain short length and dense vertically aligned MWCNTS on
TCO substrates. In addition, we have synthesized MWCNT based hybrid composites. The incorporation of TiO,, PPani and
MWCNT is confirmed from FTIR and UV-Vis studies. A clear red-shift of the UV-Vis spectrum of the hybrid composite
suggests its applicability for UV-Visible photo-sensing applications. Utilizing the hybrid composite, we have fabricated a self-
powered hybrid UV-Visible photodetector. The as-fabricated device shows an enhanced photoresponse at a very low incident
power density. Interestingly, the photo-sensing parameters are superior to the previous reports on self-powered hybrid UV-
Visible photodetectors. It is concluded that the incorporation of MWCNTS in the device geometry improved the charge collection

at the electrode thus, enhancing the photoresponse for self-powered operation.
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