Chapter 4

Graphene oxide and TiO, nanostructures
composites for efficient detection of VOCs

4.1 Introduction

Wide variety of nanocomposites having amazing electronic and catalytic properties can be
developed by using various nanostructures of carbon such as graphene, carbon nanotubes etc.
combined with different metal oxides like TiO2, SnO2, ZnO, Cu.0 etc [1-6]. Other forms of
graphene like graphene oxide (GO) and reduced graphene oxide (rGO) have been reported
numerously to develop nanocomposites combined with distinctive metal oxides [7-12]. Unique
properties of graphene like 2-D structure, high electron mobility, chemical stability, huge
specific area, ambipolarity in carrier under appropriate field effect etc. have led the researchers
globally to explore graphene and its derivatives both experimentally and theoretically [13-15].
Pure graphene has undoubtedly been reported as an excellent material, but graphene oxide due
to its electronic structure with highly adjustable bandgap have drawn the attention of many
researchers. Various functional groups and ruptured bonds on the surface of graphene oxide
sheet makes it soluble in organic and inorganic solvents, thus hybrid or nanocomposites can be
easily synthesized with wonderful properties [16-17].

Graphene oxide is made up of sp? and sp® hybridized carbon atoms [13]. The dominant
concentration is of sp* hybridized carbon, which is covalently bonded with oxygen in the form
of hydroxyl and epoxy groups whereas the left over sp? hybridized carbon atoms are bonded
with the surrounding carbon or oxygen atoms in form of carboxyl and carbonyl group [18].
Graphene oxide provides a specific bandgap thus providing a favourable and satisfactory
electronic property [19]. Many researchers have used nanocomposites of graphene oxide (GO)
with metal oxides to investigate the properties of the hybrid, which is valuable in different
domains like photocatalysis and hydrogen evolution, [20],[21] H2 sensing, [22] cellular
imaging and drug delivery, [23] ammonia sensing,[8] solar mineralization etc.[24] The
nanocomposite formed with graphene as a substrate and metal oxide nanoparticles decorated
on it provides excellent properties.[25] In an effort to achieve a high sensitivity in the detection
of volatile organic compounds (VOCSs), heterojunction of graphene or graphene oxide with
different metal oxides like TiOo, [3] SnO2, [4] ZnO, [5] Cu20 etc. [6] have been reported
exhibiting excellent properties which are better than sensors fabricated using pure GO and
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pure metal oxides. TiO. is very much reported and excellent metal oxide for gas sensing
because of its wide bandgap, chemical stability, easy synthesis of various nanoforms etc. [26]
Highly promising electrochemical and biosensors design by hydrothermally grown
TiO./graphene nanocomposite was demonstrated by Fan and group [10],[25]. Galstyan and co-
workers reported a comprehensive study on reduced graphene oxide/TiO, nanotube composite
for electrochemical sensing [27]. Lee and group reported sensing of reducing gases at room
temperature by GO/TiO, composite fabricated using a simple solution method. They also
studied the gas sensing behaviour of UV assisted GO/TiO2 nanocomposite [9]. Li and group
reported the synthesis of reduced graphene oxide (rGO) decorated TiO. microspherical
particles with fine sensitivity and selectivity for ammonia at room temperature [11]. Ye and
co-workers demonstrated graphene/TiO2 hybrid synthesized through hydrothermal method for
excellent ammonia sensing at room temperature [28]. Dutta and group fabricated p-TiO2/n-
graphene heterojunction prepared by sol gel coating of TiO2> on CVD grown graphene layer
which showed a better selectivity towards H, than methane [12].

Also, graphene and its derivatives have been investigated widely to develop field effect devices
because of its unique and rich electronics properties. A few reports are available where
graphene-derivatives like reduced graphene oxide (rGO) based FETSs are reported on flexible
substrate for the future electronic applications [29-32]. On the other hand, graphene oxide (GO)
and rGO were used as the dielectric material [33],[34] and the channel materials respectively
in graphene FET [35] to enhance the device performance effectively.

Owing to the zero-energy band gap of graphene, on/off ratio is observed very low in graphene-
based field-effect transistors (GFET) that restricted its acceptability in mainstream electronics
[36-38]. Multiple approaches have already been taken to open the band gap in graphene and
increase the on/off ratio of GFET. Among all the attempts, the geometric patterning of
graphene in the form of nanoribbon (GNR) has mostly been demonstrated where the bandgap
has been open by quantum confinement and edge effects to enhance the on/off ratio of GFET
[39],[40]. Most of the GNR-FET exhibited an on/off ratio below 100 at room temperature and
high at shallow temperature [36],[38],[41-43]. A few articles were found where on/off ratio
was reported in-between 600 to 1000 at 300 K for the nano-patterned graphene channel, but no
significant transport bandgap was observed in their results in support of the effective turn off
of the devices [44],[45]. Also, the applied gate potential was reported to be very high
(approximate 40 V) for GNR-FET that poses a significant drawback of the devices for the use
of low power electronics [36],[38],[42],[43].[45].

72



Also a few reports have been published in the area of graphene field effect transistor (FET) for
efficient detection of gases and VOCs. Liu and group have described different methods for the
selective detection of NO2 NHs, H.O and CH3OH using single graphene FET. They have
depicted the carrier mobility and gate voltage for each gas in real time [46]. Inaba and group
demonstrated ionic liquid gated graphene field effect transistor (ILGFET) for ammonia
sensing. They reported the sensing range from 9 to 2400 ppm with good response time at low
gate voltage but the response magnitude and the recovery time were according to conventional
GFET [47]. Ren and group worked on the detection of SO, with graphene FET applied with a
large gate voltage (-50V). They have reported a positive Dirac point shift of 1.09 V/ppm to 100
ppm of SO, at 100 C with slow recovery of the system (10 min) [48]. Lu and co-workers
synthesized rGO FET for ammonia sensing where they achieved quick response/recovery at
room temperature but under large positive gate potential (40V) [49]. Some groups reported
unique methods like substrate surface modifications [50], doping in GO layer [51] etc. to make
the graphene field effect transistor (GFET) more appropriate for gas/vapor sensing
applications.

FET structured gas/vapor sensors also showed multiple advantages due to the application of
gate voltage as mentioned by the Liu and co-workers. They proposed a new method for the
selective detection of different gases/VOCs like NO2, NHs, H.O and CHsOH by using the
conductance vs gate voltage characteristics of GFET sensor [46]. Lu and group reported
efficient ammonia sensing at room temperature by GFET sensor applying a suitable gate
voltage. They also depicted an immediate response and recovery of the sensors in p mode (hole
majority) and repeatable sensor operation in n mode (electron majority) [49]. Falak and group
reported a highly selective NHs sensing based on the TiO2-graphene hybrid FET. In the same
hybrid FET sensor, high response magnitude with full recovery at room temperature was
observed under a suitable gate bias [52]. Except gas sensing, TiO2 loaded graphene field effect
transistor (GFET) was also reported versatile applications. Graphene field effect transistor
decorated with TiO. nanoparticle successfully used for the ultraviolet detection [53],[54]. A
few other reports shows promising photoresponse in single layer graphene FET decorated with
TiO2 nanoparticle [55-57].

In this chapter, two different types of GO-TiO2 nanostructures composites with their detailed
characterizations and VOC sensing performance have been represented. GO loaded TiO>
nanotube composite was fabricated by simple electrochemical anodization route. Uniform

doping across the nanotubes was achieved with the help of anodization. GO loaded TiO>
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nanotube composite sensor was fabricated having sandwich structured and tested against
methanol vapours at room temperature.

GO-p-TiO2 nanoparticles composite channel based back gated FET sensors were developed
for the detection of volatile organic compounds (VOCs) of very low concentrations. Graphene
being ambipolar in nature exhibits FET behaviour. This FET behaviour is thoroughly studied
in pure graphene oxide and p-type anatase TiO2 nanoparticles implanted single layer graphene
oxide through electrical characterization. Current-voltage (Ip-Ves) characteristics were
measured for the samples including the pure TiO2 nanoparticles, pure graphene oxide and
nanocomposites. lon/lorr ratio, transconductance and mobility was measured for GO-p-TiO>
nanoparticle composite and compared with pure graphene oxide. Detection of VOC was
performed at Ves= 0 V and under positive gate bias also (VGS > 0 V). Ip-Vgs characteristics
were measured for nanocomposite samples which depicted adequate ambipolar behaviour in
two different ambient i.e. air and 100 ppm ethanol at V,¢ = 0.5V at 100°C and their
corresponding response magnitude was calculated for variable V;s. The field assisted
sensitivity amplification technique was applied in GO-p-TiO2 NPs FET sensor for enhancing
the lower detection limit of the VOCs significantly.

4.2 GO loaded TiO2 nanotube array
4.2.1 Synthesis

Pure TiO2 nanotubes (So) were synthesized by electrochemical anodization method which has
been discussed in section 2.2.1 of chapter 2. Graphene (supermarket brand) aqueous solution
synthesis procedure discussed in section 2.4.1 of chapter 2. of 500 lit was added in the previous
electrolyte for synthesizing GO-TiO2 nanotube composite (S1).

Nanocomposite preparation

An electrolyte was prepared with 0.5 wt% NHa4F, 10 vol% of GO aqueous solution and ethylene
glycol for the preparation of graphene loaded TiO. nanotubes array. Again, the anodization
was performed for 120 min by applying a constant voltage of 40 V. Due to the constant
availability of GO in the electrolyte, graphene was doped uniformly in the TiO, nanotubes.

4.2.2 Characterizations

Morphological Characterization
FESEM images of pure (So) and GO loaded (S:) TiO2 nanotubes array had no significant
morphological variation. Both the samples offered ordered and oriented TiO2 nanotubes array
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without any significant change due to GO loading. Similar nanotubes images were observed
for GO loaded TiO2 nanotubes as depicted in Fig. 2.1.

Weight %

Fig. 4.1. EDS Spectra: (a) pure TiO2 nanotubes array (So) and (b) GO loaded TiO2 nanotubes
array (S1).

To the study the chemical composition of pure TiO2 nanotube and GO loaded TiO2 nanotube
array EDS was done. EDS spectra confirm the formation of TiO2 showing the existence of Ti
and O in the Fig. 4.1(a) and (b). The existence of carbon in the sample S; is clearly envisaged

from EDS spectra shown in the inset of Fig. 4.1(b).

Structural characterization
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Fig.4.2. (a) XRD spectra and (b) Raman spectra of pure TiOz hanotubes array (So) and GO
loaded TiO- nanotubes array (S1).

A high-intensity peak of anatase (101) crystallinity at 25.3° and low-intensity anatase (105)
peak is observed in both the samples (Fig.4.2 (a)). Low-intensity anatase (211) peak is shown
in So but invisible in S; samples. Additional Ti peaks, originated due to the presence of Ti
substrate, are almost similar for both the So and S1: sample. The intensity of Ti peaks is relatively
less compared to the anatase (101) in case of GO loaded samples (i.e. S1). The anatase peak A
(211) is only present in the So sample showing that more anatase phase is present in the pure
TiO2 nanotube array than in GO loaded TiO2 nanotube.
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Raman spectra were recorded at room temperature (300 K) using a 532 nm laser to study the
composition of Sg and S; samples. The Raman spectra of both the samples were compared.
Also, the common modes situated at 144 cm™ (Eg), 197 cm™ (Eg), 399 cm 1 (Bg), 516 cm 1 (A4
+ Bg) and 639 cm™ (Eg) corresponds to the pure anatase TiOz (Fig. 4(a) and (b)). The main high
intensity peak located at 144 cm™ (Eg) describes the Ti-O bond formed in the anatase phase of
TiO, nanotubes. Two bands located at 1348 cm™ (D) and 1600 cm™ (G) corresponds to
graphene for S; sample (Fig. 4.2(b)). The Raman bands of anatase TiO> and graphene confirms

to their respective positions even after the loading of GO in the sample S;.
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Fig. 4.3 Photoluminescence spectra of pure TiO2 nanotubes array (So) and GO loaded TiO:
nanotubes (S1) at 300 nm of excitation.

The photoluminescence spectra of both the samples were recorded at an excitation of 300 nm
at room temperature (300 K). The lower peak intensities of GO-loaded TiO: indicate the less
recombination rate of photo-induced electron-hole pair as compared to the plane TiO2 nanotube
(Fig. 4.3). Peak B (near 388 nm) in the UV region corresponds to the direct and indirect band
to band recombination. Peak G (near 470 nm) in the visible region indicates the shallow trap
levels that are associated with the oxygen vacancies stated below the conduction band [3, 40].
Two significant changes are observed in PL spectra in Fig. 4.3 i.e. (i) a right shift of band-to-
band emission peak (peak B) in case of S; compared to So and (ii) increment in the intensity
ratio of peak G and peak B for S; compared to So. Right shift of peak B confirms lesser band
gap and high-intensity ratio (Ic/lg) confirms the existence of more defects for GO-doped TiO:

nanotubes array compared to the pure one.
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4.2.3 Device fabrication

Vertical (MIM) device structure was fabricated for GO-TiO2 nanotube composite as considered
for pure TiO2 nanotube array. Metal insulator metal (MIM) device structure was explained in
detail in chapter 3 (section 3.2.3).

4.2.4 VVOC sensing
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Fig. 4.4. Transient behaviour in exposure to 100 ppm methanol at room temperature of (a)
GO-loaded TiO2 nanotubes, (b) pure TiO2 nanotubes.

The fabricated sensors using two different types of TiO, nanotubes array i.e. So and S; were
used for methanol sensing. Both the sensors (So and S1) were exposed to 100 ppm of methanol
at room temperature (300 K). The baseline resistance of sample Spand S; was measured as 90.7
MQ and 30 MQ respectively (Fig. 4.4). Presence of GO in TiOz increased the overall
conductivity compared to the pure one. GO was responsible for more defects in TiO>
authenticated from PL study. Enhanced mobility was also expected in the GO loaded TiO>
nanotubes array compared to the pure nanotubes.

However, n-type conductivity (electron dominating) was observed for both the samples and
sensor resistance was decreased in presentence of reducing vapor methanol. In the exposure of
100 ppm of methanol, sensor resistance of Sp was decreased from 90.7 MQ to 75.4 MQ and S:
was dropped from 30 MQ to 21 MQ. So, corresponding response magnitude (AR/Rx100) of
So and Sy were calculated and found to be ~20 % and ~28 % respectively. The fall time and
rise time of sample Sp is 116 s and 576 s respectively. The sample S: (GO loaded TiO2 nanotube
array) has better fall time and rise time that is 34 s and 34 s.
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Fig. 4.5. GO- loaded TiO2 nanotubes (a) transient response behaviour within the concentration

range of 10 to 1000 ppm, (b) repeated cycles in the exposure to 100 ppm of methanol at room
temperature.

These parameters show that sensor response has been improved in case of a GO loaded TiO>
nanotube array than in pure TiO2 nanotube array. Transient response behaviour of S; sensor
was obtained from a concentration range of 1000 ppm to 10 ppm of methanol at room
temperature (Fig. 4.5(a)). Detection till 10 ppm was achieved with a fair response magnitude
of 19 %. S; sensor depicted a stable baseline resistance with highly repeatable transient
behaviour at room temperature (Fig. 4.5(b)). Sensor response was increased with short response
and recovery time also in case of GO loaded TiO2 nanotube (S1) compared to the plane
nanotube sensors at room temperature (300 K).

4.2.5 Sensing mechanism
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Fig. 4.6. Heterojunctions are formed between p-type GO and n-TiO2 nanotubes.

The 2-D layered structure and large surface area of graphene oxide improve the gas sensing
performance when incorporated in TiO2 nanotubes array. Good electrical conductivity and high
mobility of charge carriers were observed in case of S; that eventually decreased its resistance
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as compared to So sensor. The sensitivity of the GO loaded TiO2 nanotube sample was greater
than the pure TiO2 nanotube sample. Presence of graphene had enabled the sensing device to

work at room temperature.

Energy band diagram of p-GO and n-TiO2 have been sketched by considering the work
function of GO q@so = 4.7 eV [58] and anatase n-TiO2 q@ ;0. = 5.1 eV [59]. Energy band
gaps of 3.59 eV for pure GO and 3.2 eV for pure TiO2 (So) were estimated from the UV vis
spectra represented in chapter 2. On the formation of heterojunction between TiO, and GO,
electrons are transferred from GO to TiO. and get accumulated on the TiO2 surface. Therefore,
conductivity of TiO2 nanotube, after GO loading was increased lowering the base line
resistance as evidenced from Fig. 4.5.

0,(gas) — 0,(absorbed) 4.2)
0,(absrorbed) + e~ — 05 (absorbed) 4.2)
0; + e~ — 20 (adsorbed) 4.3)

Surface adsorption of oxygen groups (O, O, 0O%) reduces the electron concentration (Eq.4.1-
4.3). In air ambient, electron concentration in TiO- is decreased due to the availability of the
oxygen species in large number. However, electron deficiency in TiO2 nanotubes extracts more
electron from GO, increasing the width of surface depletion region. On exposure to methanol
vapours, the trapped electrons oxygen groups are released back to the surface of TiO2 nanotube
array sensor, enhancing the conductivity.

CH;O0H+ 0~ - HCOH +H,0 + e~ 4.9

CH;0H + 05 - HCOOH + H,0 + e~ (4.5)
When methanol vapours reacts with the oxygen species it gets oxidised into formaldehyde and
afterwards to formic acid and then releases electrons to conduction band, which in turn reduces
the resistance of the sensor in exposure to methanol vapours (Eq.4.4 and 4.5) [60].

Formation of depletion regions across the TiO2 and GO junction plays an important role for
improving the sensor response. Uniform loading of graphene oxide on the TiO> surface can be
considered as the main reason for enhancing the change of current in-between air and VOC
ambient that eventually shows high sensitivity towards methanol by the graphene doped TiO>

nanotube sensor at room temperature with quick response time and recovery time.
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4.3 GO-p-type TiO2 nanoparticle composites

4.3.1 Synthesis

Undoped p-type TiO2 nanoparticles were prepared by sol-gel method as described in section

2.3.1 in chapter 2. The preparation of aqueous solution of graphene oxide solution is explained

in section 2.4.1 of chapter 2.

Nanocomposite preparation

Seven different nanocomposites (S2-Sg) were prepared by varying the ratio (in volume percent)

of both TiO2 nanoparticles and GO as represented in Table 4.1. A total of nine samples were

prepared including the pure TiO2 NPs (S1), nanocomposites (S2-Sg) and pure GO (So).
Table 4.1 Details of the sample (S1-Sg)

Sample Solution of TiO; 0.2 wt% Type of
number NPs 2ml TTIP + Solution of materials

10 ml CH3COOH+ single layer

40 ml H20) GO flakes
S1 100 vol% 0 vol% Pure TiO2
S2 99 vol% 1 vol% Composite
Ss 95 vol% 5 vol% Composite
S4 90 vol% 10 vol% Composite
Ss 50 vol% 50 vol% Composite
Se 10 vol% 90 vol% Composite
S7 5 vol% 95 vol% Composite
Ss 1 vol% 99 vol% Composite
So 0 vol% 100 vol% Pure GO

4.3.2 Characterization

Morphological characterization

The p-TiO2 NPs and GO solutions were prepared in such a way, the formation of

nanocomposite has neither distrusted the morphology of TiO. nanoparticles nor the graphene

oxide as confirmed from FESEM and TEM image in Fig. 4.7.
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Fig. 4.7. FESEM and TEM images of p-TiO2 nanoparticles (NPs) embedded graphene oxide
(GO) on SiO,/Si substrate. (a) homogeneous mixture of TiO2 and GO (T:G) in different ratio
including pure solution of TiO2 NPs (T:100%) and GO (G:100%)). FESEM image of (b) S1:
pure p-TiO2 NPs, (¢) S2: 1 vol% GO loaded 99 vol% of p-TiO2 NPs, (d) Ss: 5 vol% GO loaded
95 vol% of p-TiO2 NPs, (e) Sa: 10 vol% GO loaded 90 vol% of p-TiO2 NPs, (f) Ss: 50 vol%
GO mixed with 50 vol% of p-TiO2 NPs, (g) Se: 10 vol% p-TiO2 NPs embedded 90 vol% of
GO, (h) S7: 5 vol% p-TiO2 NPs loaded 95 vol% of GO, (i) Ss: 1 vol% p-TiO2 NPs loaded 99
vol% of GO, (j) Se: pure GO flakes. TEM images of (k) pure p-TiO2 NPs, (I) p-TiO2 NPs
decorated on GO flakes, (m) magnified TEM image of p-TiO2 NPs decoration on GO, (n) p-
TiO2 NPs marked with oval shape dotted line showing an average size of ~12 nm, (o) lattice
image of single p-TiO2 nanoparticle on GO, (p) HRTEM lattice image of anatase p-TiO, with
a d-spacing of 0.352 nm.

Uniform, continuous and compact distribution of p-TiO2 NPs was observed in S; and S (Fig.
4.7(b) and (c)). Ss, S4 and Ss exhibited densely occupied p-TiO2 NPs on GO flakes but the
separation of NPs was increased gradually from Sz to Ss (Fig. 4.7(d) and (f)). The uniform
separation of p-TiO2 NPs is very much clear in Se and the separation is increased further in S7
and Sg (Fig. 4.7(g-1)). FESEM image of Sg confirms the formation of mostly single layer of
pure GO flakes (Fig. 4.7(j)). However, the FESEM images in Fig. 4.7 successfully discriminate
the TiO2 dominated samples (i.e. S1 to Ss) and GO dominated samples (i.e. S¢ to So). The
uniform distribution of p-TiO2 NPs without and with GO flakes was further authenticated by
the TEM image in Fig. 4.7(k), (I) and (m). ~12 nm average size of TiO> NPs was estimated
from a high resolution TEM image in Fig. 4.7(n) and (0). The d-spacing of 0.352 nm measured
from lattice image in Fig. 4.7(p) confirmed the formation of anatase (101) crystallinity.
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Structural characterization

Raman spectroscopy scan, from 100 cm™ to 700 cm™ (for anatase TiO) and 1200 cm™ to 1800
cm* (for GO) are shown separately in Fig. 4.8(a) and Fig. 4.8(b) respectively. The presence of
anatase crystallinity in p-TiO2 NPs was confirmed by Raman modes like Eq (144 cm™), Eq (199
cm™), By (399 cm™) and Eg (639 cm™). The diminishing of these peaks from S; to Sg and
elimination in Sg is also visible clearly in Fig. 4.8(a). [61] The appearance of the D and G peak
from samples 2 to sample 9 is depicted in Fig. 4.8(b). The ratio of D and G peak intensity
(Io/lg), calculated from Fig. 4.8(b) was increased gradually from Sg to S> as shown in Fig.
4.8(e-i). So, the synthesized nanocomposite leads to the formation of more sp® carbon defects
[61], [62].
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Fig. 4.8. Structural analysis of S;-Sg. Raman spectra measured under 500 nm laser at room
temperature (300 K) shows (a) 100-700 cm™ scan for anatase and (b) 1200-1800 cm™* scan for
GO. (c) Photoluminescence (PL) spectra showing a shifting of peak position in visible region,
(d) UV Vis spectra of all the samples to estimate absorption edge, (e) sample wise variation of
In/lc from Raman spectra (i), centered wavelength shifting from PL spectra (ii) and band gap
variation from UV Vis spectra (iii).

This increased ratio of Ip/lg can also be attributed to the formation of Ti-O-C bond. The high
intensity peak at around 525 cm™ (Fig. 4.8(a)) is visible in all the samples is attributed to silicon
as the SiO/Si was the common substrate for all the samples.

PL peak intensity in the visible range was maximum for S: (pure p-TiO2) and decreased
gradually from S; to Sg with increase of GO level in the nanocomposite and minimum for Sg
(pure GO) as shown in Fig. 4.8(c). The heterojunction formed between the GO and TiO2 NPs
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results in increased separation rate of electron hole pairs in which graphene attracts the
electrons and holes gets accumulated on the surface on TiO2 nanoparticles [63], [64]. This deter
the recombination of holes and electrons decreasing the PL intensity of the TiO2/GO
nanocomposites [63]. Also, the formation of Ti-O-C bond extends the light absorption
wavelength in the visible region. Centered absorption wavelength was found at 503 nm for Sy,
shifted maximum up to 519 nm for Ss and back to 508 nm for Sg as shown in Fig. 4.8(e-ii). Ti-
O-C linkage formation was maximum for Ss due to the appropriate ratio of TiO> and GO
showing a maximum shift towards the visible region. Whereas, S1 was pure TiO2 and Sg was
dominated by the concentration of GO showed lower value centered absorption wavelength in
the visible region.

The absorbance is high and almost constant in the TiO. dominating samples (S:-Ss) and
decreased gradually in GO dominating samples (Se-Se) as depicted in UV Vis spectra in Fig.
4.8(d). The pure TiO2 nanoparticles (S1) has an absorption edge at 336 nm while pure graphene
oxide represents its absorption edge at 345 nm. When, the TiO2 NPs dominated samples (S.-
Ss) have a shift towards the higher wave number due to the formation of Ti-O-C bond, GO
dominated samples (S7-Se) have a shift towards the lower wave number due to restricted TiO;
NPs on GO with limited Ti-O-C linkage. Thus, when the graphene oxide solution is mixed with
TiO2 nanoparticles, some of its unpaired I1 electrons forms a bond with free electrons that are
available on the surface of TiO2 nanoparticles. On the formation of nanocomposite, the
graphene oxide and TiO2 nanoparticles adjust their fermi level and thus modifying the bandgap
of the nanocomposite [65]. However, two composites i.e. Ss and Se exhibited very high
bandgap of 3.7 eV and 3.72 eV respectively which was greater than pure TiO2 NPs (S:: 3.69
eV) and pure GO (Se: 3.59 eV) shown in Fig. 4.8(e-iii).

Chemical characterization

Splitting of photoelectrons of Ti** is assigned to Ti2ps. and Ti2p1» with a separation of 6 eV
that authenticate the existence of anatase TiO: in Si, Sz and Sg whereas noisy spectrum
conforms the absence of TiOz in pure GO in Sg (Fig. 4.9(a)) [66].

Pure TiO2 NPs (S1) exhibited C1s level due to the availability of carbon impurities originated
from the Titanium (1V) isopropoxide and CHsCOOH during synthesis of TiO2 NPs by chemical
route. Carbon impurities in pure TiO2 (S1) exhibited two clear peaks at 284.5 eV and 286.3 eV
with a hump at 288.3 eV as shown in Fig. 4.9(b) [67]. The peak intensity at 284.5 eV (C-C and
C=C) was increased in the p-TiO2/GO nanocomposites (i.e. Sz and Sg) and was maximum in
pure GO (So) due to increase of sp? hybridize carbon atom [68]. Oxygen functionalized carbon,
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such as hydroxyl/epoxy (C-O) peak was located at 286.1 eV and found for all the samples as
shown in Fig. 4.9(b) [69]. High intensity peak at 288.3 eV for p-TiO, /GO nanocomposites
(i.e. Sz and Sg) is believed to originate from Ti-O-C linkage due to substitution of carbon atom
for some of the lattice Ti atoms [70],[71]. The strong Ti-O-C peak in C1s spectrum of Sz and
Sg also reveals the bonding creation by electronic exchange between TiO2 and GO
authenticating the good quality hybrid formation. Other oxygen functional groups, such as C=0
and COOH were found for pure GO (Sg). The small hump in S: (Fig. 4.9(b)) near 288 eV
possibly contributed by Ti-O-C and oxygen functionalized carbon groups like COOH etc. [67],
[69].
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Fig. 4.9. XPS spectrum of four selective samples among the nine i.e. S1 (pure p-TiO2 NPSs), S3
(95 vol% p-TiO2+5 vol% GO), Sg (1 vol% p-TiO2+ 99 vol% GO) and Se (pure GO). (a) Ti2p
doublet peaks for S1, Sz and Sg. Being a pure GO sample, no Ti2p peaks were observed for Se.
(b) C1s spectrum; Si1, Ss, and Sg are deconvoluted in three peaks, originated from sp? carbon
(C-C, C=C), ether (C-0O) and Ti-O-C linkage. Additional C=0 and COOH peaks were observed
for pure GO (Sg) without Ti-O-C peak at 288.3 eV. (c) O1s spectra of pure p-TiO2 NPs (S1)
showed high and low intensity oxygen peak from surface oxygen (Ti-OH) and TiO> crystal
(Ti-O). O1s spectrum were deconvoluted in three peaks (Ti-O, Ti-O-C and hydroxyl/epoxy)
for Sz and Sg. Strong O1s spectra at 432.6 V for pure GO (Sy) originated from hydroxyl/epoxy
groups are available on GO surface.

O1s spectra of pure TiO2 (S1) exhibited high intensity peak at 532.8 eV attributed to the surface
oxygen originated from Ti-OH, organic impurities, adsorbed oxygen species etc. whereas Ti-
O peak intensity at 529.8 eV was quite low (Fig. 4.9(c)) [68],[72]. The unusually high peak
intensity at 532.8 eV in S; was observed due to the extremely small dimensions (~12 nm) of

the particles that eventually increased the number of surface atom reducing the bulk formation
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that results a high intensity surface oxygen peak compared to the bulk oxygen (Ti-O). The
engagement of free electrons in surface adsorption by oxygen species, -OH etc. exhibited that
hole majority in the TiO2> NPs showing p-type conductivity [73]. O1s spectrum was
deconvoluted in three peaks attributed to Ti-O at 529.8 eV, [11] Ti-O-C at 531.1 eV [67], [74]
and surface oxygen (hydroxyl/epoxy) at 532.8 eV [75] for p-TiO2/GO nanocomposites (i.e. S3
and Sg) (Fig. 4.9(c)). As compared to Si, relative peak intensity of surface oxygen and bulk
oxygen was changed significantly in case of Sz and Sg due to (i) increment of p-TiO. in GO
and (ii) formation of Ti-O-C linkage. The existence of strong Ti-O-C peaks in both the C1s and
O1s spectrum for Sz and Sg confirmed the electron transfer between p-TiO2 and GO supporting
the formation of p-TiO2 /GO nanocomposites [74]. Strong O1s peak at 532.6 eV originated
from pure GO (Sg) due to presence of oxygen functionalized groups (mainly, hydroxyl/epoxy)
on GO surface [68].

4.3.3 Device fabrication

GO Channel P — Ti0, Nanoparticles

/
/

p — Si Substrate (Back Gate)

Fig. 4.10. Schematic of back gated field effect transistor (FET) having p-TiO2 NPs embedded
GO channel.

Boron-doped, ~500 pum thick <100> SiO2/Si wafer having SiO: thickness of 90 nm was used
as the substrate where resistivity of Si was 0.001-0.005 Q-cm. All the samples including the
pure TiO2 NPs (S1), nanocomposites (S2-Sg) and pure GO (Sg) were sonicated for 15 min and
then deposited on cleaned SiO./Si wafer (5 mm x 5 mm) by dip coating technique (Appex
Instruments: Xdip-SV-1). All the samples were subsequently kept for annealing at 250 °C for

5 hours.

p-TiO2 embedded graphene oxide field effect transistors (FETS) were fabricated on SiO2/Si
substrate which is specified in the previous paragraph. SiO, layer of the back side of the
substrate was etched selectively (1 mmx1 mm) by HF to create gate contact from p-Si by using

negative photoresists. Au drain and source electrodes of thickness 150 nm was deposited on p-
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TiO2/GO nanocomposites coated SiO»/Si substrate with a separation of ~1 mm by electron
beam evaporation method using Cu physical mask (Fig. 4.10(c)).

4.3.4 Electrical characterizations
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Fig. 4.11. Transfer characteristics (/ps- Vis) of p-TiO2/GO FETSs with variable V¢ (0.2-1 V)
for (a) Sy, (b) Sz, (c) Ss, (d) S4, (e) Ss, (f) Se (g)S7, (h)Ss and (i)Se. No significant field effect
was observed in S; to Ss.

All the FETs were tested at positive gate voltage (V¢ > 0) where drain current was controlled
by the field effect. Graphene oxide exhibits ambipolar transport in field effect devices structure
where the majority charge carrier in 2-D channel can change from holes to electron due to
application of appropriate gate voltage [15],[50].

The field effect was studied for all the samples (S1 to Se) where only GO dominated samples
(S4 to Sg) exhibited ambipolar behaviour in the transfer characteristics (Ips- Vi) for various
Vps (0.2t0 1 V) as shown in Fig. 4.11. Whereas the TiO2 nanoparticles dominated samples (S:-
S3) did not show any ambipolar behaviour. They depicted linear current- voltage characteristics
for different Vps (0.2 to 1 V) (Fig. 4.11(a-c)). Pure GO-FET (Sy) along with Sg and S7 exhibited
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‘V’ shaped transfer characteristics confirming strong control of the gate voltage over the drain
current (Fig. 4.11(g), (h) and (1)). On the other hand, transfer characteristics became ‘U’ shaped
with increase of TiO; ratio in the GO channel possibly due to the formation of more p-TiO>
NPs/GO heterojunctions in the channel (Fig. 4.11(d),(e) and (f)).

All the FETs showed depletion mode operation i.e. on-current at V¢ = 0 and the current was
decreased with the increase of V¢ in a positive direction. Minimum (off) current at Vg =
Vpirac Was recorded below 1.5 V for all the FETs while the complete transfer characteristics of

all the devices were recorded in the range of 0 <Vgs<4 V.

Due to application of field assisted doping of n(V,y), electron concentration increases towards
positive Vgs dropping the effective hole concentration in GO [25],[26] and the devices shows
“V”-shape transfer characteristics (Ips-Vgs) with a minimum charge density point (Vpiyqc OF

Dirac point) with lowest drain current (Ips) [17]. The n(Vgs) can be expressed as n(Vgg) =

Eo&r

(Cq_G) X Vs where the gate capacitance (g = =

. & IS the permittivity of free space, ¢, is the

ox

dielectric constant of SiO. (~3.9), ¢, is SiO2 thickness (90 nm) and q is unit charge of electron.

At Vs > Vpirqe, electrons become the majority carrier with a rapid increment of /5.

High lon/lorr ratio measurement

However, on/off ratio of pure graphene oxide (Sg) was recorded as 66 at 300 K. Initial current
level and non-linearity in I, — V¢ both were increased in GO/TiO; hybrid FETs (Fig. 4.12(a)).
Onl/off current ratio was calculated as 700, 2800, and 1350 for Sg, S7, and Se at room
temperature, respectively (Fig. 4.12(b) and (c)). ~42 times increment in the on/off ratio was
recorded for S;y as gm of S7 was appreciably high, i.e. 0.286 pS (Fig. 4.12(d)). I — Vps
characteristics of all the FETs were tested within £2 V while the devices were ‘on’ i.e. V=0
(Fig. 4.12(e)). I, — Vps in Fig. 4.12(e) exhibited a noticeable similarity with I, — V¢ in terms
of linearity. Sy exhibited a complete linear I, — V¢ and the non-linearity was increased
gradually from Sgto S7 to Se (Fig. 3.10(g)).

The effect of variable V¢ (0.2 to 1 V) on I,-V, characteristics was studied for S7 as shown in
Fig. 4.13(a). The current level was increased and the Dirac point was shifted rightwards with
increase of V. The influence of non-linear I,-Vp¢ of S7 (Fig. 4.12(e)) is clearly visible on the
on/off ratio and g,,, as a function of Vs as shown in Fig. 4.13(b) and (c). Though the on/off
ratio was increased with Vps, the rate of increment was slow at V¢ <0.6 V and fast at V¢ >0.6

V. On the other hand, the increment of g,, with V¢ was almost saturated at V¢ >0.6 V.
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Fig. 4.12. Electrical characteristics of GO-FET (TGO0) and three GO/p-TiO2 hybrid FETs
(TGO.5, TG1, and TG5) at room temperature (300 K). Drain current as a function of V¢ (at
Vps=0.8 V) in (a) linear and (b) log scale. (c) On/off ratio (lon/lorr) and (d) Transconductance
(gm) for four FETSs. (e) Drain current as a function of Vj¢ at normally ‘on’ condition i.e. V=0
V.

The electrical characteristics shown in Fig. 4.12 confirmed the overall performance
improvement of GO/p-TiO. hybrid-FET after incorporation of a certain amount of p-TiO:
nanoparticles in the channel region. The extraordinary enhancement of the on/off ratio in S7
was the cause of multiple effects i.e. (i) increment of on current at zero gate voltage due to the
hole transfer in GO layer from p-TiO2 nanoparticles and (ii) decrease of off current due to
increment of barrier potential in GO/p-TiO2/GO junction. The schematic of p-TiO:
nanoparticle decorated GO channel FET is shown in Fig. 4.10(a) where p-TiO2 NPs were
placed on both the sides of GO flakes (Fig. 4.14(a)) as observed in the FESEM image in Fig.
4.7. Fig. 4.14(b) and (c) show the hole transfer direction between p-TiO2 and GO layer which
has been further authenticated by using an energy band diagram in Fig. 4.14 (d).

Fig. 4.14(d) represents a schematic energy band (EB) diagram of p-type GO and p-type anatase
TiO,, indicating the interfacial charge transfer possibility among them. EB diagrams was drawn
by considering the work function of GO as q¢,> 4.6 eV [58],[75],[76] and anatase p-TiO as

qer>6.95eV (q)(T+l qE ) [59],[77]. Energy band gap, calculated from UV Vis spectra was
2 g
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used to draw the EB diagram in Fig. 4(d). As, qor > q¢,, the electron must flow from GO
to p-TiOz, accumulating the holes in GO at Vs = 0 (Fig. 4.14(d)).
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Fig.4.13. (a) Ip-Vss characteristics of S for variable Vs (0.2 to 1 V). (b) On/off ratio (g’—FNF)
and (c) transconductance (g,,) of S7 as a function of V.
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Fig.4.14. (a) A possible side view of the channel region where p-TiO2 nanoparticles were
decorated to both the bottom and top side of GO flakes, as evidenced from the FESEM images.
An extended view of (b) GO/p-TiO2 junctions and (c) GO/p-TiO2/GO junction showing the
hole transfer direction in-between GO and p-TiO.. (d) Energy band diagram of GO and p-TiO>
indicating the follow of electron based on the work functions.

Fig. 4.14(a) depicts two possible junctions in the hybrid channel i.e. (i) discrete GO/p-TiO:
junctions (Fig. 4.14(b)) responsible for the increase of hole concentration in GO layer that
increases the on-current at V;¢ = 0 but not playing a significant role in carrier transport at

higher V,sbetween source and drain and (ii) GO/p-TiO2/GO junctions (Fig. 4.14(c)) which is
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playing a significant role in current transport at higher V;¢ and most importantly restrict the

flow of current (off-current) near the Direct point voltage.
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Fig.4.15. A qualitative energy band diagram of GO/p-TiO2/GO junction in equilibrium (Vp¢ =
0) for different gate to source voltage (a) V;s=0, (b) 0 < Vis < Vpirae: (€) Ves = Vpirae (d)
VGS > VDiTac

Fig. 4.15 exhibits the energy band diagram of GO/p-TiO2/GO junction at different conditions
of gate voltage. As the carrier density of p-TiO2 NPs is quite high (in the order of 8x10* cm™
[78]) compared to the GO layer, the shifting of fermi level is more pronounced in GO as shown
in Fig. 4.15 (a). Whereas, the band bending in p-TiO: is negligible indicating a small barrier
height (¢p) at V¢ = 0. Due to the enhanced hole concentrations in GO and low barrier height
in p-TiO2, the amplitude of the on-current at V¢ = 0 is quite high in the hybrid channel as
compared to the pure GO as evident from the I, — V ¢characteristics in Fig. 4.12(b). At 0 <
Ves < Vpiraer €lectrons are injected in GO layer due to the positive field effect and transferred
to the p-TiO nanoparticles. Electronic exchange is quite easy in-between GO and TiO> due to
the formation of Ti-O-C linkage as discussed in XPS results in Fig.4.9. As a results, effective
hole concentration in GO layer is decreased (fermi level is shifted upward) and the barrier
height is increased in p-TiO2 nanoparticles (Fig. 4.15 (b)). With increase of gate voltage further
(in positive direction), the drain current is decreased rapidly due these dual effects. At Dirac

point (Ves = Vpirac), fermi level is aligned exactly at the middle of the GO and p- TiO; energy
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gap as shown in Fig. 4.15 (c). Not only the GO, p-TiO- also reached at the lowest doping level

and restrict the flow of drain current. Also, the barrier height at V5 = Vpjree 1S maximum in
TiO2 (= %:1.85 eV). The off-current in the hybrid channel is now quite low as compared to

the pure GO channel due to this high barrier height in TiO2/GO junction. Beyond the Dirac
point i.e. Vgs > Ve, OWING to the high field injection of electron, GO as well as TiO2 NPs
behaves like n-type semiconductors and the TiO2/GO behaves like an Ohmic junction (Fig.
4.15 (d)). Drain current increases almost linearly with further increase of Vi¢ in positive
direction. So, the above mechanism envisages the effective increment of on-current (at Vg =
0) and decrement of off-current (at Vg = Vpirac) in case of p-TiO2/GO hybrid-channel FET as

compared to the pure GO field effect transistors exhibiting on/off ratio more than 10% in order.

For long channel FET, using the drift-diffusion model, mobility can be estimated by Eq.4.6
[791,[80].

_ Gml
u

= 4.6
WC:Vps (4:6)

Using Eq. (2), hole mobility of pure GO-FET (S7) was calculated as 2.8 cm?/V-s considering
% ~ 1,C; = 3.835 x 1078 F/cm?and Vg = 0.8V where g,, = 86 nS was taken from Fig.

4.12(d). The mobility of S7 was also calculated as 9.32 cm?/V-s considering g,, = 286 nS
(Fig. 4.12(d)). So, the mobility of GO channel was increased almost three times after formation
of GO/p-TiOz hybrid.

4.3.5 VOC sensing

VOC detection at Ves=0

All the sensors were tested at zero gate voltage (i.e. Vs = 0 V) first that was equivalent to a
planer structure of the devices. Among all the nine sensors, Ss was considered for the selectivity
study due to its high bandgap (3.72 eV) and promising morphology where p-TiO2 NPs were
decorated with uniform separation on the GO surface (Fig. 4.7 and 4.8). Different groups of
VOCs like alcohol (ethanol, methanol and 2 propanol), aldehyde (formaldehyde), ketone
(acetone) and aromatic hydrocarbon (xylene) in its 100 ppm concentration were tested by Se at
100°C. The transient response in Fig. 4.16(a) and the bar plot in Fig. 4.16(b) envisages the
highest response (~30%) of the Se towards 100 ppm of ethanol. Se also showed an acceptable
response towards the other five VOCs. Due to the ethanol selective behaviour of p-TiO2/GO
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nanocomposites, the rest of the sensor study was performed by considering ethanol as the target
VOC.
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Fig. 4.16. Response characteristics of S; to Sg in two terminal form where Vps = 0.5 V and
Ves=0 V were used. (a) Se was considered for the selection of VOC mostly sensitive among
different group of VOCs. (b) Response magnitude was calculated from part (a) where Se
exhibited ethanol selective response. (c) Effect of variable operating temperature (50°C to
200°C) on S1-Sg in the exposure of 100 ppm of ethanol. (d) Effect of variable concentration of
ethanol (25 ppm to 300 ppm) on S:1-Sg operated at 100°C.

Sensors (S1-Sg) were tested under the temperature range of 50°C to 200°C in the exposure of
100 ppm ethanol as shown in Fig. 4.16(c). Response of TiO, dominated samples (S1-Ss) was
increased linearly from 50°C to 150°C and saturated above 150°C. On the other hand, GO
dominated samples (Se-S9) showed peak response at 100°C. However, 100°C was considered
as the optimized operating temperature to give more emphasis to the GO dominated sensors to
study the field effect on VOC sensing. At 100°C, response was increased from S; to Ss and
then decreased gradually from Se to So (Fig. 4.16(c)). Among all the nine sensors, Ss exhibited
highest response (~40% at 100°C in 100 ppm ethanol) at V;; = 0 V. Response of all the
sensors were increased monotonically with increase of ethanol concentration from 25 ppm to
300 ppm as shown in Fig. 4.16(d).

The transient response of all the sensors (S to Sg) within the ethanol concentration range of 25
ppm to 300 ppm were tested at 100°C and represented in Fig. 4.17. Current was decreased in
the exposure of reducing vapor ethanol for all the sensors confirming the hole majority in S; to
Se. Pure TiO2 NPs (S1) in current study exhibited p-type conductivity due to the availability of
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excess oxygen that declined the oxygen vacancy (Vo) significantly. Therefore, the number of
holes contributed by the titanium vacancy (Vi) became greater than the number of electrons
donated by the Vo and the current conduction was started through hole in the TiO, NPs
[26],[73].

Temperature: 100°C
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Fig. 4.17. Transient response of S1-Sg sensors within the ethanol concentration range of 25 to
300 ppm at 100°C where Vg = 0.5V and Vgg = 0.

On the other hand, surface adsorption of oxygen species reduces the effective electron
concentration in GO (Sy) that is responsible for the p-type conductivity in GO [75],[81].

In reducing ambient, electrons are donated to the surface of p-TiO2 NPs (S1) or GO (So),
fraction of holes are recombined and current level is decreased as shown in transient behaviour
in Fig. 4.17. However, the composites of p-TiO2 NPs and p-GO of any ratio (S2-Sg) showed p-
type conductivity confirmed from the transient behaviour in Fig. 4.17 where the current was
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decreased in the exposure of reducing vapor ethanol. When S:-Sg sensors showed response
under dynamic range of 25 to 300 ppm, pure GO sensor (Sg) was unable to show response
below 100 ppm. All the sensors exhibited a stable baseline with a repeatable sensing behaviour
(Fig. 4.17).

VOC detection under positive gate bias (Vgs > 0)
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Fig. 4.18. Ips- V¢ Characteristics in air and 100 ppm ethanol at 100°C for (a) S7 and (b) Se.
Response calculated from [I,4-V.s characteristics by wusing the expression

(IDS-LIW_IDS-“M”‘”) x 100 for (c) S7 and (d) Ss. Amplified transient response of (€) S7 with
DS ethanol

Ves = 0.6 V and (f) Ss with V¢ = 0.7 V. Repeated cycles for 100 ppm of ethanol at 100 °C (g)
S7with Vs = 0.6 V and (h) Ss with Vs = 0.7 V. (i) Sg sensor representing the selective nature

towards ethanol in comparison to other VOCs at V¢ = 0.7 V.

As described in section 3.3.4 (Electrical characterization), the field effect was studied for all
the FET sensors (S1 to Sg) where only GO dominated samples (S4 to Se) exhibited ambipolar
behaviour in the transfer characteristics (/ps- Vi) for various Vg (0.2 to 1 V) as shown in Fig.
4.11.Though the S7, Sg and S, all the three FETs exhibited strong control of the gate voltage

over the current in the channel, only Sz and Sg were considered for field assisted VOC sensing
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because of following reasons; (i) very poor response (~1.52%) in S¢ and no response was
observed below 100 ppm ethanol and (ii) Sy and Sg showed small but finite response throughout
the ethanol concentration range of 25 ppm to 300 ppm as shown in Fig. 4.17.

Ips- Vs Characteristics were measured for S7 and Sg in two different ambient i.e. air and 100
ppm ethanol at V¢ = 0.5V at 100°C and represented in Fig. 4.18(a) and 4.18(b) respectively.
Corresponding response magnitude was calculated for variable V¢ for S7 and Sg and plotted in
Fig. 4.18(c) and 4.18(d) respectively. A response peak with ~50% magnitude was observed at
Ves = 0.6 V for S7 and a response peak with ~120% magnitude was observed at Vg = 0.7V
for Ss. So, the study confirms that the response magnitude is amplified at particular gate
voltage. Now, the transient response was measured for S7 and Sg applying Vs = 0.6V and
0.7 V respectively while V,¢ = 0.5V was common for both the samples. Amplified transient
behavior of Sy (Fig. 4.18(e)) showed 41% response in the 100 ppm ethanol and the sensor was
able to detect minimum 1 ppm of ethanol at 100°C. 115% amplified response was recoded for
Sg (Fig. 4.18(f)) in 100 ppm ethanol and the sensor was successful to detect minimum 500 ppb
of ethanol at 100°C.

Sensors showed a stable nature at higher gate to source voltage (or optimized Vgs). The
repeatable nature of S; and Sg is represented in Fig. 4.18(g) and (h), respectively. Three
continuous cycles were taken in exposure to 100 ppm of ethanol for S; and Sg V¢ = 0.6 VV and
0.7 V respectively.

Sg sensor was exposed to 100 ppm of different volatile organic compounds vapours like
ethanol, methanol, formaldehyde, acetone and 2-propanol to observe the selective behaviour
of FET device at optimized Vgs i.e. 0.7 V. The response magnitude towards almost every VOC
was enhanced due to the sensitivity amplification. However, no significant increment in the
response magnitude was observed in case of acetone. Sg sensor was still selective towards the

ethanol under positive gate bias i.e. Ves=0.7 V (Fig. 4.18(i)).

The amplified response for Sy and Sg at higher V¢ as compared to the response at Vi = 0 is
represented in Fig. 4.19(a) and 4.19(b) respectively. A significant increment in the response
magnitude was observed at higher V;s as compared to the Vg = 0 for both the sensors.
Therefore, sensors were capable to detect ethanol of lower concentration at the appropriate gate
voltage. ~7 and ~34 time increment in the response magnitude at V;; = 0.6V and 0.7 V were

recorded for S7 and Sg at 100 ppm ethanol respectively (Fig. 4.19(a) and (b)).
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Fig.4.19. Comparative response magnitude between two terminal (V45 = 0 V) and three terminal FET
(Vgs > 0 V) as a function of ethanol concentration for (g) Sy and (h) Ss.

4.3.6 Sensing mechanism

In the p-TiO2/GO hybrid channel, two possible junctions were formed i.e. (i) intergranular
junctions between p-TiO2 nanoparticles and (ii) heterojunctions between p-TiO> NPs and p-
GO flakes. The energy band (EB) diagram of both the junctions were drawn by considering
work function of GO q@¢, > 4.5 eV [58] and anatase p-TiOz2 q@ 19, > 6.95eV (5.1 +
1/2E4 eV) [59]. Energy band gap of 3.6 eV for pure GO (Sg) and 3.7 eV for pure TiO2 (S1)
were estimated from UV Vis spectra in Fig. 4.8(d).

VOC sensing in TiO2 nanoparticles dominated samples are principally controlled by the

intergranular junctions between p-TiO2 nanoparticles as discussed in section 3.3.3 of chapter
3.

p-TiO2 Nanoparticles

= = ‘>

Source | «— <— GOChannel < — Drain
- >
e i 7

p-TiO; Nanoparticles

Fig.4.20. Schematic of GO channel decorated with distinct p-type TiO2 NPs indicating the
drain current in the channel.

p-TiO2 /p-GO heterojunctions

A schematic of back gated FET is shown in Fig. 4.10 where the GO channel was implanted
with p-TiO2 nanoparticles. Heterojunctions between GO and p-TiO2 NPs is formed transferring
the hole from p-TiO2 to p-GO (q@¢o < q@71i02) that results in a hole accumulation in GO (Fig.
4.21(a)). However, GO layers are 2D in nature with very few in number having very small
carrier density. Due to having only surface in GO (no bulk), carrier density of the whole GO
layer was assumed to be changed due to formation of heterojunction with p-TiOs.
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Owing to the transfer of holes in GO from p-TiO2, Fermi level in GO was shifted downwards
in air ambient as shown in Fig. 4.21(a). So, the hole density was increased in GO in air due to
(i) adsorption of oxygen species to the GO surface and (ii) the adsorption of oxygen ions to the
p-TiO2 NPs surface and further transfer of hole to the GO. As the surface interactions sites are
large in number in TiO, compared to the GO, heterojunctions can play a significant role in
VOC sensing in GO dominated samples. In VOC ambient, holes are extracted directly from
GO or through p-TiO2 NPs. So, the hole concentration must be reduced in GO channel shifting
the Fermi level upward, lowering the drain current (Ips) in the exposure of VOC as shown in
Fig. 4.21(a). High-density conductivity a(p,;;-) in GO is considered as proportional to the
effective carrier density (holes) p,; assuming a constant mobility p [82],[83]. Considering,
Ips qir 0 0(pg;r) at constant Vyg , sensitivity (Sg) of the GO channel at Vs =0 is represented
as in Eq.4.7 where p,;,- and pyo are the hole concentration in the GO channel in air and VOC
ambient respectively.

1ps air(Ves=0)=Ips voc(Vgs=0) Pair(Ves=0)-pyvoc(Vgs=0)
S6(Ves = 0) = Ipsvoc(Vgs=0) x 100 ~ [ pvoc(Vgs=0) ] x 100

4.7)

Ves=0 Ves> 0

Hole accumulatton (b) Hole accumulatioq

o B

- f = \\\
m O p-GO o oo O

p-TiO2 p-TiO, p-TiO;
‘ ' ' 0
Ec E !
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Holes in GO: p,i, (Vs = 0) > pyoc(Vos = 0) > pair (Vs > 0) > pyoc (Vas > 0)

Fig. 4.21. Energy band diagram of GO/p-TiO: heterojunction at (a) zero gate voltage (Ves=0)
and (b) positive gate voltage (Ves>0) for both the air and VOC ambient.

Now, the VOC sensing behaviour of all the sensors (S1 to So) tested at Vgs=0 in 100 ppm
ethanol at 100°C represented in Fig. 4.16(c) and (d) and Fig. 4.17 can correlate with the
formation of these two junctions. ~10% response was recorded for pure p-TiO2 sensor (Si1)

which was the only contribution of intergranular junctions between p-TiO2 NPs. Intergranular
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junctions in p-TiO2 NPs were dominated in Sz to Ss and mostly contributed in VOC sensing.
The sensor response was increased progressively from S: to Ss due to increase of GO in the
sensing layer that eventually increased the additional p-TiO2/GO heterojunctions that
contributed in VOC sensing along with the intergranular junctions. Ss exhibited the highest
response of ~40% where both the junctions played a significant role in VOC detection.
However, intergranular junctions were not formed in Se to Sg due to large separation between
nanoparticles on GO surface (Fig. 4.20). So, the sensor response started to decrease from Se to
So due to gradual decrease of p-TiO> ratio as well as the density of p-TiO2/GO heterojunctions
in the channel region. The pure GO (Sy) showed lowest response (~1.52%) due to unavailability
of any heterojunctions.

Sensitivity amplification by field effect

Response of S7 and Sg sensors were further increased by using positive gate voltage (Ves>0)
as shown in Fig. 4.18 and 4.19. FESEM image in Fig. 4.7 confirmed that the p-TiO2 NPs were
very limited in number in S7 and Sg and distributed discreetly over the GO channel. So, the
drain current was solely flow through the GO channel where discrete heterojunctions of p-TiO>
NPs/GO influenced the gas/VOC interaction to the surface for these S7 and Sg samples (Fig.
4.20). At Ves=0, Fermi level shifting in GO channel was estimated as AE due to the change of
ambient from air to VOC and represented in Fig. 4.21(a). At Vgs>0, additional electrons
[n(Vgs)] were injected to the channel through field effect and the Fermi level in GO was shifted
upward lowering the effective hole concentration as well as drain current (Ips_air) in air ambient
as shown in the EB diagram in Fig. 4.21(b). Due to the change of ambient from air to VOC, a
fraction of holes were extracted further through p-TiO2 NPs/GO heterojunctions and the Fermi
level was shifted upward of AE amount. So, the effective hole concentration in GO was
decreased further in VOC ambient lowering the drain current (Ips_voc). So, the effective hole
concentration in GO channel in four different conditions can be written as pg;, (Vs = 0) >
Pvoc Vas = 0) > Pair(Vas > 0) > proc(Vs > 0)  and Ipg ¢ (Vos = 0) > Ips yoc (Vas =
0) > Ips qir(Ves > 0) > Ipg yoc(Vgs > 0). Now, the similar expression of sensitivity like

EQ.4.7 can be written in Eq.4.8 considering Vgs>0.

_ |ps air(Vgs>0)—Ips voc(Vgs>0) _ |PairtVes>0)—pvoc(Vcs>0)
Sa(Ves > 0) = [ Ips voc(Vgs>0) x 100 ~ [ pvoc(Vgs>0) ] x 100

(4.8)

However, surface interactions of gas/\VVOCs are not influenced by the gate voltage directly. So,

it can be assumed [IDs_air Vas = 0) = Ipsyoc(Vas = 0)] ~ [IDs_air(VGs >0) — Ips_yoc(Ves >
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0)]. But, the drain current in VOC ambient is much smaller at Ves>0 compared to the Ves=0
i.e. Ins voc (Vs > 0) < Ipg yoc(Ves = 0). So, the response magnitude must be amplified at a
certain positive gate voltage (Ves>0). Based on the above mechanism, ethanol sensitivity in Sg
was amplified ~34 times at Ves=0.7 V compared to the Vgs=0.

4.4 Conclusions

Electrochemical anodization technique was applied to develop pure TiO2 nanotube array and
graphene oxide loaded TiO. nanotube array. Uniform graphene doping inside the TiO>
nanotubes was obtained without hampering the original morphology of the nanotubes. Pure
and graphene oxide loaded TiO2 nanotube array sensor was fabricated in MIM structure where
Au is considered as the top electrode and Ti is considered as the bottom electrode. Pure TiO>
nanotube array depicted a response magnitude of 20% with slow response time (116 s) and
recovery time (576 s) to 100 ppm methanol at room temperature. Graphene oxide loaded TiO>
nanotube array depicted a better response magnitude of 28 % with quick response time (34 s)

and recovery time (40 s) to 100 ppm of methanol at room temperature.

The sol-gel derived p-TiO2 nanoparticles (NPs) implanted few layer graphene oxide (GO) field
effect transistors were fabricated. Total nine samples (S1 to S¢) were synthesized where S; and
So were pure p-TiO2 NPs and pure GO respectively and p-TiO2 NPs ratio in GO was decreased
gradually from Sy to Sg. All the sensors (Sy to Se) were tested at (i) zero gate voltage (Vg5 = 0)
and (ii) positive gate voltage (V;g > 0). At V5 = 0, Ss, having 50 vol% p-TiO2 and 50 vol%
GO (0.2 wt%) exhibited best response of ~40% among all the nine samples in 100 ppm ethanol
at 100°C. Both intergranular junctions between p-TiO2 NPs and p-TiO, NPs/GO
heterojunctions played significant role to enhance the sensitivity in Ss. Among all the nine
sensors, GO dominated samples i.e. S7, Sg and Sg exhibited appropriate ambipolar behaviour
in the transfer characteristics (Ips — Vi) indicating strong field effect over the channel. As the
ethanol sensitivity was too poor in Sg (pure GO), only S7 (5 vol% p-TiO2+95 vol% GO) and Sg
(1 vol% p-TiO2+99 vol% GO) were considered for the VOC sensing under field effect (i.e.
Ves > 0). S7 and Sg exhibited 41% and 115% response at V;3=0.6 V and 0.7 V respectively in
the exposure of 100 ppm ethanol, at 100°C under application of V¢ = 0.5 V. The response
magnitude of S; and Sg was amplified almost 7 and 34 times at Vs = 0.6V and 0.7V as
compared to the zero gate voltage condition (V;¢ = 0). Due to the amplification of response
magnitude at positive gate bias, lower detection limit of S7 and Sg were extended up to 1 ppm
and 500 ppb respectively. Moreover, S7 exhibited on/off current ratio of 2.8x102 (lon at Ves=0
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V and lorr at Vgs=1.2 V), the acceptable transconductance of 0.286 uS and high transport gap
of 54.2 meV at room temperature.

Fullerene, the third allotrope of carbon having a cage like structure exists in different forms
like -Cso, C70, C20. Multiple properties of fullerene have prompted researchers to explore its
properties in different fields but a very few experiments are carried out on fullerene or
fullerene-nanocomposite based chemical sensors. Different types Ceo-TiO2 nanostructure
composites can be synthesized and utilized for VOC sensing.
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