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Fluorine-Chlorine, co-doped TiO, and CSA, doped Polyaniline based n-p heterostructures (F-Cl-
TiO,/CSA-PANI) are fabricated on ITO-coated glass substrate by spin coating at room temperature. The
Al/CSA-PANI/F-CI-TiO,/ITO, structures are highly sensitive to UV illumination with a considerable photo-
to-dark current contrast ratio of ~381 at —1V, exceptional ideality factor ~1.9, substantial barrier height
~0.73 eV at zero bias, significantly large responsivity ~24.9 A/W, photoconductive gain ~84.59 and rea-
sonable rise/fall time ~0.6/1.6s. The CSA-PANI/F-CI-TiO, interface/surface morphology, phase analysis,

g?; ;Vr?irctjig;lorganic elemental composition and the optical properties of F-CI-TiO, are investigated by FESEM, X-ray diffrac-
F-CI-TiO, tion, EDX and UV-vis spectroscopy. The significant enhancement in photo current is elucidated with the
CSA-Polyaniline proposed energy band model and a corresponding collateral conduction mechanism as anticipated for
Heterostructure the F and Cl doping in TiO, based hybrid photodiode. The long-living radiant trapping sites and enhanced
UV photodetector photoactivity by F and Cl co-doping divulge a potential candidature of the heterostructure as an alternate

for next generation UV photodetection applications.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ultraviolet (UV) photodetectors have drawn immense attention
due to their demand in various applications ranging from industry,
military, radiation detection, flame detection, optical communica-
tions, astronomical studies, chemical, medicine, environment and
biological fields [1-4]. The state-of-the-art Si-based UV photode-
tectors have limitations due to the small Si band gap of 1.1eV,
which require expensive optical filters to terminate photons with
low energy. Recently, research progress [5-9] of wide bandgap
semiconductors such as SiC, GaN, TiO, and ZnO, etc. have elimi-
nated the use of filters and opened pathways for next-generation
high-performance and low cost UV photodetectors.

Among the above, TiO, has emerged as a prospective wide band
gap semiconductor material for high performance UV photode-
tectors due to its large UV absorption coefficient, transparent in
the visible region, superior electrochemical activity, high refractive
index, low cost and non-toxicity [10]. It can be formed in three dif-
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ferent polymorphs: the anatase (~3.2 eV), the rutile (~3 eV) and the
brookite crystal structures [11]. The uniformity and quality of TiO,
thin films depend on the deposition technique and the choice of
substrate. There are several well-established physical and chem-
ical techniques listed in literature [13-18] to deposit TiO, thin
films such as, RF sputtering [ 13], pulsed laser deposition (PLD) [14],
electron-beam evaporation [12], chemical bath deposition (CBD)
[16], metal organic chemical vapour deposition (MOCVD) [15],
spray pyrolysis [17] and sol-gel [ 18] etc. on various substrates such
as, glass [11], quartz [12], Silicon [13], Fluorine-doped tin oxide
(FTO)-coated glass [19], Indium-doped tin oxide (ITO)-coated glass
[20]. Compared to the aforesaid deposition techniques, spin coat-
ing is an attractive process to deposit TiO, thin films due to its
numerous advantages such as low-temperature deposition, easily
controllable process parameters, ease of deposition, homogene-
ity on various substrates and requirement of low-cost production
facilities [17,21].

In addition, conducting polymers are of great importance for
optoelectronic devices due to their diversity in the structure, elec-
trochemical and electrical properties, high processability from the
solution, viz the simple and low fabrication cost [22-25]. From the
conducting polymer family, CSA-doped Polyaniline (CSA-PANI) is a
potential p-type semiconducting material with high chemical sta-
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bility, high electrical conductivity, high environmental stability and
low processing cost. Hence, CSA-PANI is extensively adopted in
optoelectronic and electronic applications such as electrochromic
displays rechargeable batteries, electronic switches, gas sensors,
and photovoltaic devices [26,27]. Moreover, it is well reported that
CSA-PANI synthesized using m-cresol as solvent exhibits superior
electrical conductivity due to the formation of expanded coil for-
mation [28,29].

In the past decade literature, numerous studies have been con-
ceded to tailor the band gap of TiO, by doping with metals (Ce
[30], Cr [31], Fe [32], La [33], Ru [22], V [23]) and non-metals (B
[24], C [25], F [34], N [35], P [36], S [37]) to augment the optical
properties of TiO; in the visible and UV regions. Amid the afore-
said, metal ion doping of TiO, reduces its thermal stability and
introduce recombination centers especially at increased doping
levels, whereas non-metal ion doping of TiO, has become a favored
research topic [38]. Among the non-metals, halogen ions (F [32], ]
[39],C1[40],Br[41]) have attracted enormous attention as a dopant
for TiO, because of their capability to narrow the band gap and
improve the UV activity [40]. In addition to single ion doped TiO5,
co-doped TiO, offers better utilization of sunlight in the visible
range and enhanced detection in UV range [38]. Thus, co-doped
TiO, has attracted the immense attention of scientific community
particularly for photodetection applications.

Likewise, in recent years, a number of TiO, based photodiode
structures such as Schottky [42,43], metal-semiconductor-metal
(MSM) [44], n-TiO,/p-TiO, homojunction [45] and TiO, thin film
based heterojunction devices [10,11,46] have been explored for UV
detection. Among the above structures, the n-TiO,/p-PANI hybrid
heterostructure is attractive due to its low-temperature processing,
flexible nature and highly advanced electronic, electrical, sensing
and heterojunction properties [47,48].

Inrespect of the above, Liu et al. reported TiO, /PANI heterostruc-
ture for solar cell applications [47] and Ameen et al. reported the
diode behaviour of PANI/TiO, heterostructure [48,49]. In addition,
Dozzi et al. observed that doping TiO, with Fluorine (F) induces
surface, bulk defects and long-living radiant surface trapping sites
(tens of nanoseconds or more) that are beneficial for photoac-
tivity [50] and Xu et al. fabricated a high performance Chlorine
(Cl)-doped TiO, using soft interface method for solar cell device
applications[51]. However, limited literature is found regarding the
doped TiO,/PANI, n-p heterostructure especially for UV detection
applications. The idea is to use the long-living radiant surface trap-
ping sites by Fluorine doping and enhanced photoactivity obtained
by Chlorine doping.

In this work, first time spin coated F-CI-TiO,/CSA-PANI, n-p
heterostructure is fabricated on ITO coated glass. The electri-
cal characteristics i.e. Current-Voltage (I-V), Current-Time (I-T)
measurements are obtained in the dark and under the UV illu-
mination with a 365 nm light (intensity ~35 wW/cm?). Moreover,
the thermal stability and the effect of lateral/vertical conduc-
tion in Al/F-CI-TiO,/CSA-PANI/ITO, structure is investigated by -V
measurements with variation in temperature and electrode area,
respectively. F-CI-TiO, /CSA-PANI interface analysis is investigated
by cross-sectional Field Emission Scanning Electronic Microscopy
(FESEM). Furthermore, to support the significant enhancement
in photo-conduction the F-CI-TiO, powder which is used for
thin film deposition is examined for the surface morphology,
crystallinity, chemical composition and the optical properties by
FESEM, X-ray diffraction (XRD), Energy dispersive X-Ray Analysis
(EDX), and UV-vis spectroscopy, respectively. Finally, the notewor-
thy improvement in photo current of Al/F-CI-TiO,/CSA-PANI/ITO
hybrid system is elucidated with the suitable energy band diagram
and an anticipated conduction mechanism for F and Cl doping in
TiO, based hybrid photodiode system.

2. Experiment
2.1. Materials

The titanium (IV) isopropoxide (TIP) was procured from Sigma
Aldrich (purity 97%). The monomer aniline (purity 99%), oxidant
Ammonium peroxydisulphate (APS) (purity 98%), hydrochloric acid
(HCI), sodium chloride (NacCl), Isopropyl alcohol (IPA) and hydroflu-
oric acid (HF) are provided by Fisher Scientific. The doping material
camphor sulfonic acid (CSA) was purchased from Alfa Aesar. The
solvents ethanol and m-cresol (purity 99.5%) were acquired from
Merck and TCI Chemicals, respectively. Note that, all the chemi-
cals were utilized as received without any additional purification.
The Deionized (DI) water (resistivity ~18.2 M2/cm) obtained by
ELGA water purification system was used during the cleaning and
solution preparation processes.

2.2. Synthesis of polyaniline

Polyaniline is synthesized chemically at ~0-5°C by the oxi-
dation process. Initially, 0.22 M aniline monomer is dissolved in
100ml of 1M HCI and the solution chilled at ~0°C (Fig. 1(i)).
Then, 33ml of 0.8 M solution of ammonium peroxydisulphate
((NH4)2S,0g) in HCl (1M) solution (Fig. 1(ii)) was added to
monomer aniline solution dropwise for 2 h with continuous stir-
ring at ~0-5°C (Fig. 1(iii)) and thereafter stirring further continued
for 4h at ~0-5°C(Fig. 1(iv)). Next, the solution was kept for 12 h at
0°C to allow settling down of the resultant polymerized PANI pre-
cipitates, followed by acetone and then DI water rinse to remove the
aniline oligomers (Fig. 1(v)). Further, the precipitates were vacuum
dried for 12 h at 60 °C to obtain emeraldine PANI powder (Fig. 1(vi)).
Ensuing to this, the CSA powder is added to Polyaniline powder
(Fig. 1(vii)) followed by addition of m-cresol solvent (Fig. 1(viii)) in
the ratio of PANI (1): CSA (5): m-cresol (20). Finally, the solution is
stirred at 90 °C for 1 h followed by ultrasonic treatment for 12 h to
obtain a homogeneous CSA-PANI solution (Fig. 1(ix)).

2.3. Synthesis of F-Cl Co-doped titanium dioxide powder

The sol-gel synthesis technique is used for TiO, and F-Cl doped
TiO, preparation. Here, TIP, HF and NaCl are used as the TiO, pre-
cursor, Fluorine dopant and Chlorine dopant, respectively. Whilst,
pure TiO, is prepared in the absence of dopants. Initially, 8.5 ml of
IPA was added to 20 ml of a mixed aqueous solution of NaCl and
HF under vigorous stirring at 27 °C (Fig. 1(x)). After 5min, 0.6 ml
of TIP was dropwise added to this solution with continued stirring
for 4-6 h at 27 °C until a whitish slurry solution of dispersed TiO,
is obtained (Fig. 1(xi)). Next, the alcohol and water are evaporated
from the solution at 60 °C for 12 h in air to obtain F~ and Cl~ doped
TiO, powder (Fig. 1(xii)). Finally, the obtained F-CI-TiO, powder
was calcined at 200°C in a vacuum oven to form amorphous TiO,
(Fig. 1(xiii)).

2.4. Fabrication of n-p heterostructure

Initially, the ITO coated glass is cleaned with soapy water for
15 min, followed by ultrasonication, sequentially in DI Water, Ace-
tone, Ethanol, and DI water for 15min each. The synthesized
formulation of TiO, was spin coated on cleaned ITO coated glass
at 3000 rpm for 30 s with 18 coating cycles to obtain the thin film
of TiO,. Ensuing this, the deposited TiO, thin films are annealed
for 20min at 100°C to evaporate the ethanol solvent. Further,
the CSA-PANI solution was spin coated over TiO, thin films at
4000 rpm for 90 s with 28 coating cycles to form the CSA-PANI/F-Cl-
TiO, heterostructure followed by annealing at 60°C for 10 min to
evaporate the m-cresol solvent. Finally, for the top ohmic contact,
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Fig. 1. Synthesis of CSA-PANI using Chemical Oxidation method by polymerization of aniline (i)-(ix), (b) Synthesis of F-CI-TiO, using Sol-Gel Method (x)-(xiii).
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Fig. 2. The Al/CSA-PANI/F-CI-TiO,/ITO, organic/inorganic heterostructure device,
(a) structure, (b) PANI/TiO, crystal structure (C-Blue, H-Yellow, NH-Red in PANI
and Ti-Grey, O-Red, F-Yellow, Cl-Green in TiO;) (c) under forward bias condition,
and (d) under reverse bias condition. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

rectangular Aluminium electrodes of area 0.1 cm? are thermally
evaporated at an ultimate pressure of 3 x 10~ torr, to obtain the
Al/CSA-PANI/F-CI-TiO,[ITO, structure as shownin Fig. 2(a). Here the
crystal structure of CSA-PANI/F-CI-TiO, is shown in Fig. 2(b) [70,71],
where it is represented that few F~ atoms replace the O atoms in
TiO, whereas the majority of CI- atoms replace O atoms and few
Ti atoms also. Furthermore, Al/CSA-PANI/F-CI-TiO,/ITO, structure
under the forward bias at 1V and reverse bias at —1V, is shown in
Fig. 2(c), 2(d), which shows the width of depletion region increases
under reverse bias.

2.5. Characterizations

The thicknesses of deposited F-CI-TiO, (~270nm), CSA-PANI
(~100nm) and Aluminium (~100 nm) thin films are estimated by
Nanomap-LS Profilometer and also further confirmed by cross-
sectional Field Emission Scanning Electron Microscope (SEM).
The electrical characteristics are determined using Keithley SCS
4200 system in dark and under 365nm UV illumination from
UV lamp (power 35 uwW/cm?). The surface morphology and ele-
mental composition are investigated by Field Emission Scanning
Electron Microscope (FESEM) (JFEI, USA) and Electron Dispersive
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Fig. 3. Current density-Voltage (J-V) Characteristics of Al/CSA-PANI/F-CI-TiO,/ITO,
structure. The inset shows the semi-log plot of dark and photo (365 nm illumination)
J-V characteristics of Al/CSA-PANI/F-CI-TiO,/ITO, structure.

X-rays diffraction (EDX), respectively. The chemical phases are
investigated by the X-ray diffraction (XRD) of Agilent Supernova
diffractometer, Co Ka source (A =1.5418 A°) at an accelerating cur-
rent and voltage of 0.80 mA and 50KkV, respectively. The UV-vis
spectroscopy is performed for 200-800 nm wavelength using the
UV-2450 from Shimadzu.

3. Results and discussions

The current density-voltage (J-V) characteristics of Al/CSA-
PANI/F-CI-TiO,/ITO, structure obtained by sweeping the voltage
from —1 to+1V are shown in Fig. 3. The Al/CSA-PANI/F-CI-TiO, [ITO,
structure shows a rectifying behavior with a rectifying ratio (i.e.
the ratio of forward (If) to the reverse (I;) current) of ~132 at
a bias voltage of |1V|, attributes to the formation of heterojunc-
tion diode between CSA-PANI/F-CI-TiO,. From Fig. 3, it is clearly
observed that F-CI-TiO, /CSA-PANI, n-p heterostructure operates in
two regions, i.e. low injection region from 0.0 to 0.5V and high
injection region from 0.5 to 1.0V. As perceived from Fig. 3, at
lower voltage (0.0-0.5 V), the F-CI-TiO, /CSA-PANI, n-p heterostruc-
ture operates in low injection region due to electron-hole pair
generation-recombination in the depletion region and results in the
slight variation of the heterostructure current. When the applied
voltage varies from 0.5 to 1.0V, the F-CI-TiO, /CSA-PANI structure
operates in high injection region and results in the rapid increase



S. Sharma et al. / Sensors and Actuators A 261 (2017) 94-102 97

of heterostructure photo current. While in the reverse bias region
from —1 to 0V, depletion width becomes wider and the minority
carriers diffuse across the depletion region that are swept by the
applied field and contribute significantly to the reverse current [52].

The semilog J-V characteristics of Al/CSA-PANI/F-CI-TiO,/ITO,
structures are shown in the inset of Fig. 3, obtained by the voltage
sweep from —1 to +1V under dark and under 365 nm UV illumina-
tion. From the inset of Fig. 3, it is evident that there is a significant
variation in both the forward and reverse current on UV illumina-
tion, ascribed to the generation of electron-hole pairs by the process
of photogeneration. However, the variation of reverse current is
higher because in reverse bias the width of the depletion region of
F-CI-TiO, /CSA-PANI, structure is large that reveals the generation
of a higher number of electron-hole pairs, as compared to that in
the forward bias of n-p heterostructure.

Hence, the Al/CSA-PANI/F-CI-TiO,/ITO, structure depicts pho-
todetector properties, with the contrast ratio (i.e. the ratio of the
photocurrent (I,p,) to the dark current (I3)) of ~381 at —1V. There-
fore, the significantly higher rectifying ratio ~132 and contrast ratio
~381 of the n-p heterostructure, supports its potential candidature
as an efficient UV photodetector. The measured I-V characteristics
of the Al/CSA-PANI/F-CI-TiO,/ITO, structure is substantiated by the
standard thermionic emission theory, as follows [53,54]:

I=1I, [exp (%—1)] (1)
I, = AA* [exp (—qd)lf;ﬁ)] (2)

where, g, m, A, A", T, Io, K, and s are the electronic charge,
the ideality factor of the heterojunction, contact area, Richard-
son constant (~1200 Acm—2K~2 for TiO,) [54,56], temperature, the
reverse saturation current, the Boltzmann constant, and the bar-
rier height, respectively. Here, the reverse saturation current (I ) of
~6.36 x 106 Ais measured by the extrapolation of the linear region
in the dark In (I)-V characteristics from the inset of Fig. 3 [55]. This
extremely low reverse saturation current reveals high-quality F-Cl-
TiO,/CSA-PANI structure. Moreover, the value of I, ~6.36 x 1076 A
is smaller than the reported n-TiO,/p-Si (~12 wA) [55] and n-Al-B-
ZnO/p-Si, (~1.6-2.6 mA) [59]. Using Eqgs. (1) and (2), the effective
barrier height at zero bias (¢g.¢r) and the ideality factor () are cal-
culated from the following relations for Al/CSA-PANI/F-CI-TiO,/ITO,
heterostructures [55-59]:

kT AA*T?
¢Beff =—In ( I ) (3)
q 0

"= (%) <81?1‘21)> ®

Using Egs. (3) and (4), the ¢gesr and m for F-CI-TiO,/CSA-
PANI, systems are estimated ~0.728eV and ~1.9, respectively.
The exceptional ideality factor of ~1.9 for F-CI-TiO,/CSA-PANI,
n-p heterostructure, computed here is better than the NC-ZnO
(7.95)[9], n-TiO, /p-Si (~3.83) [55], n-ZnO/p-Si (~2.3-4.21) [60,61],
n-ZnO/p-GaN (~7-24) [62] and comparable to n-Al-B-ZnO/p-Si
(~1.6-2.4) [59]. Nevertheless, n-Al-B-ZnO/p-Si suffered from high
reverse saturation current ~1.6 mA, which limits its application
for commercial scale high sensitivity UV detector applications.
The F-CI-TiO,/CSA-PANI, system consists ~252 times less reverse
saturation current than reported elsewhere [59], which reveals
high-quality of fabricated n-p heterostructure due to significantly
lower reverse leakage current. The responsivity (Ryy), and the pho-
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Fig. 4. Current density-Voltage (J-V) Characteristics of Al/CSA-PANI/F-CI-TiO,/ITO,
structure with variation in temperature of 25, 50, 75 and 100°C. The inset shows
the J-V plots of Al/CSA-PANI/F-CI-TiO,/ITO, structure with variation in Al electrode
area.

toconductive gain (g) of F-CI-TiO,/CSA-PANI structure is computed
from the following relation [55,57,58]:

Ryy = - 5

=g (5)
_ 1240 x RUV

&= 5. (nm) x EQE ®)

where, Ipy, Popt, A (nm), and EQE, are the photocurrent at —1V, the
optical power, the wavelength (in nm) of the incident UV light, and
the external quantum efficiency (EQE assumed 1 for calculations
[55]), respectively. Using Egs. (5) and (6), the responsivity (Ryy) and
photoconductive gain (g) of F-CI-TiO,/CSA-PANI structure is calcu-
lated ~24.9 A/W and 84.59, respectively, which are much higher
than the existing photo detector literature [55,59-62,71].

Moreover, for real world photodetector applications the photo
diode must have good thermal stability and reliability. Thus, the
thermal stability analysis of F-CI-TiO,/CSA-PANI (n-p) photodi-
odes is performed from 25 to 100°C. Fig. 4 shows the current
density-voltage (J-V) characteristics of Al/CSA-PANI/F-CI-TiO,/ITO,
structure with variation in temperature of 25, 50, 75 and 100°C.
As revealed from Fig. 4, the current density of the Al/CSA-PANI/F-
CI-TiO,/ITO photodiode increases with increase in temperature. As
it is well established that TiO, will only show any significant vari-
ation in conductivity due to phase change at higher tempertaure
(>400°C), whereas the maximum temperature applied, here in this
thermal study is well below. It clearly indicates that this signifi-
cant enhancement in the hybrid photo diode current with increase
in temperature is because of higher charge transfer between CSA
and PANI and also might be due to PANI molecular rearrang-
ment or motion at such a high temperature treatment. Which
results the more ordered polyaniline chain due to molecular level
motion or rearrangment of dopant in the polymer chain that leads
to enhanced conductivity, similar observations are also reported
elsewhere in the literature [72]. Although, the increase in current
density with variation of temperature is in bearable range, which
attributes to a good thermal stability of the fabricated Al/CSA-
PANI/F-CI-TiO,/ITO, structure and its potential condidature for real
world photodiode applications.

Further, to verify that the observed electrical response of the
Al/CSA-PANI/F-CI-TiO,/ITO, structure is due to vertical charge
transport and not due to the lateral contribution, another set of
Al/CSA-PANI/F-CI-TiO, [ITO, samples were fabricated with similar
fabrication steps and also from same batch but of different elec-
trode area and the corresponding measured, J-V characteristics
are shown in the inset of Fig. 4. The calculated current density
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for Al/CSA-PANI/F-CI-TiO,/ITO, structure is ~1.9 x 1072,2.2 x 10~
and 4.0 x 107> A/cm? at —1V gate voltage with electrode areas
of 0.0042 cm?, 0.1 cm? and 0.45 cm?, respectively. This negligible
variation in current density, ~1% with respect to the large varia-
tion in electrode area ~100% attributes that the conduction path
in Al/CSA-PANI/F-CI-TiO,/ITO, photodiodes is due to the vertical
charge transport underneath the Al top electrode i.e. starting from
Al electrode and reaching the ITO electrode through CSA-PANI/F-
CI-TiO, layer. Moreover, the small shunt resistance in vertical
direction due to much smaller thickness of the PANI and TiO, thin
films (i.e. ~100 and 270 nm) as compared to the lateral direction i.e.
spacing between adjacent electrodes in few mm. This large space
between the Al/CSA-PANI/F-CI-TiO,/ITO devices results the higher
resistance for current flow to the lateral direction. Thus the domi-
nant current flow in Al/CSA-PANI/F-CI-TiO,/ITO system is vertical
direction and not in lateral direction. It designate that the vertical
charge transport is the governing mechanism for Al/CSA-PANI/F-
CI-TiO, /ITO structure current conduction whereas the contribution
of lateral conduction is negligible with respect to the variation in
electrode area or in other words lateral conduction mechanism is
utterly ruled out [73,74].

The UV response and saturation behavior of Al/CSA-PANI/F-
CI-TiO, /ITO, structure is shown in Fig. 5. The heterojunction was
subjected to a bias of —1V to see the maximized effect of UV illumi-
nation (wavelength 365 nm and power 35 pW/cm?) in the reverse
bias, and the current was scrutinized by turning the UV light ON
and OFF atregular intervals of time (~100 s). Here, the rise time and
fall time are defined as the time taken by the current to increase
from 10% to 90% and decrease from 90% to 10% of its final value,
respectively. From Fig. 5, the rise time and fall time are estimated
to be ~0.6 and ~1.6 s, respectively. Therefore, the response of F-Cl-
TiO, /CSA-PANI, n-p heterostructure is acceptable and comparable
to other photodetectors which proves its potential candidature
for UV photodiode applications. Furthermore, the performance of
state-of-the-art UV photodetectors as reported in the literature is
summarized in Table 1.

To confirm the observed electrical characteristics are due to the
F-CI-TiO, /CSA-PANI, n-p heterostructure and not due to formation
of composite of F-CI-TiO, and CSA-PAN], it is desired to investigate
the cross-sectional structure of the fabricated F-CI-TiO,/CSA-PANI,
n-p heterostructure. Fig. 6 shows the cross-sectional SEM image
of F-CI-TiO,/CSA-PANI, n-p heterostructure which clearly indicates
demarcation between the deposited CSA-PANI and F-CI-TiO, thin
films. From Fig. 6, it is evident that there is no diffusion at the
F-CI-TiO, /CSA-PANI interface which rules out the possibility of
formation of composite at the interface. Moreover, the structural

Fig. 6. Cross-sectional FE-SEM image of the F-CI-TiO,/CSA-PANI, n-p heterostruc-
ture.

variation in CSA-PANI and F-Cl TiO, are recognizable and further
confirmed by EDX analysis (graphs are not shown here) with atomic
weight% of C 22.30%, N 15.20%, O 54.56%, S 8.80% in CSA-PANI and
Ti 1.81%, 0 69.58%, F 27.34%, C1 1.27%, in F-CI-TiO,, thin films.

Moreover, to support the observed electrical characteristics
of fabricated Al/CSA-PANI/F-CI-TiO,/ITO structure, the F-CI-TiO,
powder which is used for thin film deposition needs to be inves-
tigated. The FESEM micrographs of undoped TiO, and F-CI-TiO,
powder shown in Fig. 7(a), 7(b), reveals the repeatable structure
for both undoped and doped TiO,. The F-Cl co-doped TiO, shows
the flake-like structure which indicates the formation of anatase
phase on doping with chlorine and fluorine [64,65]. The presence
of chlorine reduces the surface area as well as porosity due to the
replacement of hydroxyl group (OH~) on the TiO, surface [64]. The
atomic weight% of fluorine and chlorine in TiO, are confirmed by
the EDX analysis. The computed elemental atomic weight% of vari-
ous species in undoped-TiO, and F-Cl co-doped TiO, are Ti ~52.7%,
0~47.30%and Ti ~46.35,0 ~18.65,F ~1.41,Cl ~33.58, respectively.
This significant variation in atomic weight are observed in Oxygen
(~29%) from 47.30% to 18.65% and Titanium (~6%) from 52.70% to
46.35% by co-doping F-Cl in TiO», is attributed to F~ and Cl~ ions
that substitute majority of O, ~ ions. F~ being more electronegative
replaces the O, atoms easily and leads to the enhancement in con-
ductivity, because O, ~ will be substituted by F~ which leaves one
free electron in the lattice. Moreover, the decrease in Ti weight%
may be due to the replacement of Ti-atom by Cl-atom that con-
verts Ti** to Ti3* thru charge compensation [38]. The replacement
of Ti site in TiO, exists as Cl4* (s2p!) results in instability to the
structure, which results in the creation of defects and hence hikes
the conductivity of F-CI-TiO, [66].

The effect of doping on the crystallinity of TiO, is investigated by
the phase analysis of undoped TiO;, and F-CI-TiO, by XRD diffrac-
tograms as shown in Fig. 8. The absence of any rutile/anatase phase
of TiO, in the undoped TiO, samples reveals the amorphous nature
of TiO, crystallites. Similar, observations were reported earlier
by Liu et al. [63]. However, for the case of fluorine and chlorine
doped TiO, the indexed peaks at 20 ~31.72°, ~45.38°, ~56.30° are
attributed to the reflections from the anatase phase (110), (200) and
(006) planes. Here, the increase in crystallinity may be due to the
presence of chlorine and fluorine which replaces the TiO, surface
hydroxyl (OH™) groups and results in the formation of TiO, anatase
phase at low temperature (<400°C) [64,65].

Fig. 9 shows the UV-vis absorption spectra of undoped TiO, and
F-CI-TiO,, where TiO, solventi.e. ethanol is used as the reference for
baseline correction. From Fig. 9, it is evident that fluorine and chlo-
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Table 1
The progress of UV Photodetectors.

Photodetector Structure ~ NC-ZnO n-ZnO/p-PANI  n-TiO,/p-Si ~ n-Al-B-ZnO/p-Si  n-ZnO/p-Si n-ZnO/p-Si ~ n-ZnO/p-GaN  n-F-CI-TiO,/p-CSA-PANI
Operating Voltage 1V 0V 10V 4V 2V 5V 3V 1V
Rectification Ratio - 16 18240 10 145-650 210 4.5-8.6 132
Contrast Ratio - 46 56704 - - 120 - 381

Rev. Sat. Current (I,) 1.29nA 47 pA 122 pA 1.67-2.6 mA 25-87 nA - - 6.36 pA
Ideality factor 7.95 - 3.83 1.63-2.40 3.17-4.21 23 7-24 1.90
Barrier Height 0.83eV 0.79eV 0.81eV 0.4-0.6eV 0.68-0.75eV  0.78eV - 0.728 eV
Responsivity 8.5mA/W - 1.25A/W - 0.34 AW 0.6 A/IW 11 AW 24.9 AW
Photoconductive Gain - - 424 - - - - 84.59

Rise Time ~0.5s 47s - - - 0.22s 0.28 ms ~0.65s

Fall Time ~1s 58s - - - 03s 0.32ms ~1.6s
Reference [9] [26] [55] [59] [60] [61] [62] This Work
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Fig. 7. The Surface micrographs of (a) undoped TiO, (b) F-Cl doped TiO,. The F-Cl doping reduces the surface area as well as porosity in TiO, and the flake-like structure

confirms the formation of anatase phase in F-CI-TiO,.
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Fig. 8. XRD patterns of (a) Undoped TiO>, (b) F-Cl doped TiO,. The F-Cl doping
converts the amorphous phase of undoped TiO, to the anatase phase in F-CI-TiO,.

rine doping in TiO, results in the red (right) shift of the absorbance
spectrum due to narrowing of the bandgap [67]. The band gap
energy (Eg) of TiO, is determined by the following fundamental
relation:

hc
Eg = - (7)
where h, c and A, are the Planck’s constant, the velocity of light in
vacuum and wavelength of the absorbed radiation, respectively.
Using Eq. (7), the band gap of undoped-TiO, and F-CI-TiO, is
estimated to be ~3.517 and ~3.21 eV, respectively. The reduced

1.0

= Undoped TiO,
—0—F-Cl doped TiO,

0.8

0.6

0.4

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Fig.9. The normalized UV-vis absorption spectra of (a) undoped TiO3, (b) F-CI-TiO5.
Red (Right) Shift is observed in doped TiO,. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

bandgap in F-CI-TiO, is attributed to the presence of chlorine and
fluorine.

The schematic position of the energy levels and energy band dia-
gram of F-CI-TiO,/CSA-PANI, structure, under reverse bias and UV
illumination is shown in Fig. 10(a) and 10(b), respectively. Assum-
ing the electron affinity values of CSA-PANI and F-CI-TiO, as 4.7 eV
[66,68] and 4.26 eV [67,69]. Likewise, the energy bandgaps of F-Cl-
TiO, and CSA-PANI are Eg 1jp,~3.21eV and Eg pan; ~2.68 eV [75],
respectively. While, the conduction band and valence band off-
set is calculated using Anderson’s model [56] as AEc = Xpan; —
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Fig. 10. Schematic energy levels of the F-CI-TiO,/CSA-PANI, n-p heterostructure.
The energy band diagrams of F-CI-TiO,/CSA-PANI, n-p heterostructure under UV
illumination under reverse bias condition.

Xrio, = 0.44eV and AE¢ = Eg 10, — Eg pani + AEc = 0.98eV, respec-
tively. When UV (365nm) light (A > Eg 1i0,) is illuminated, the
generation of more number of electron and hole pairs result in the
F-CI-TiO, due to the absorption of the photons. Nevertheless, CSA-
PANI have the bandgap which is transparent to UV. Additionally,
on variation of reverse bias from 0 to —1V, the depletion region
for the generation of electron hole pairs increases (Fig. 10(b) and
2(d)). The generated electron hole pairs in F-CI-TiO; because of the
influence of the electric field are dragged away from the depletion
region which reduces the area, probability of their recombination
and results in the increase of reverse current. While F-CI-TiO, /CSA-
PANI, n-p heterostructure is in forward bias (+1V), the depletion
region is narrow (Fig. 2(c)), the electric field is small, therefore
lower number of electron-hole pairs generation takes place by the
absorption of light and recombination is prominent. Therefore, only
small amount of the generated electron-hole pairs contribute to the
enhancement of forward current on UV illumination.

Finally, a conduction mechanism is proposed to support the
effect of doping on the performance of photo diode as shown in
Fig. 11. As shown in Fig. 11 that the doping of fluorine and chlo-

Ti 4
Conduction Band Ti 3d
|y,
. & ><
o o E,~35¢eV
Pre-existing trap/'@? ?
sites filled by ¢ on ppasesh
UV illumination Valence Band 02p

(a)

rine in TiO; induces a new interstitial state i.e. ~F and CI 2p, sub
levels above the O 2p sub levels of valence band which is account-
able for reduction in bandgap. Therefore, lower excitation energy
is required for electrons to move from valence band to conduc-
tion band and results in higher photo conductivity as shown in
Fig. 11 [76]. Moreover, the pre-existing defect sites near the valence
band of TiO, (Fig. 11(a)) act as probable recombination centers
for the charge carriers travelling from valence band to conduc-
tion band. These interfacial defect sites are filled by the co-doping
of the anions (F~ and CI~), which allows the electrons to travel
from valence band to conduction band with minimum hindrance
due to lack of trapping sites and contribute to significant enhance-
ment in photo conductivity. Additionally, the Fluorine and Chlorine
anions both replace the oxygen atoms in TiO-, as revealed from EDX
analysis, i.e. Ti** — Ti3* + e~. This formation of extra electron also
contributes to the increase in photo current and also the device
performance. Although, the contribution of fluorine is dominant as
compared to chlorine due to higher electronegativity and smaller
atomic size of fluorine. Therefore, the enhanced conductivity of
TiO, with F and Cl co-doping enhances the performance of the
photodiode.

4. Conclusion

In summary, the low cost, simple processing based Al/CSA-
PANI/F-CI-TiO,/ITO structures are fabricated with acceptable
CSA-PANI/F-CI-TiO, interface confirmed by crossectional FESEM
analysis. The Al/CSA-PANI/F-CI-TiO,/ITO, structures show an excel-
lent rectifying properties with a considerable rectification ratio
of ~132 and UV sensitivity of the contrast ratio of ~381 at —1V.
Moreover, it also exhibits an exceptional ideality factor ~1.9, large
responsivity ~24.9 A/W, photoconductive gain ~84.59 and reason-
able rise/fall time 0.6/1.6 s. The XRD and FESEM analysis reveal that
the conversion of the amorphous phase in undoped TiO, to the
more stable anatase phase in F-Cl-co-doped TiO, and also reduces
the porosity and surface area. The reduction in band gap of the
doped F-CI-TiO, (~3.21eV) in contrast to undoped (~3.517eV) is
estimated by the UV-vis spectroscopy. It attributes that the F~
and Cl- ions substitute 02~ jons and some of the Ti3* ions. There-
fore, the F-CI-TiO,/CSA-PANI, n-p heterostructure can be used for
next-generation high-performance and low cost photodetection
applications.

Ti*" — Ti** + e-

e-e_Conduction Band e_e- Ti 3d
e_ F 3

R Eg ~32eV
P
{

Interstitial sites
induced by F- and CI

......................... i e F & Cl12p

=
h* h* Valence Bandll ht O 2p

(b)

Fig. 11. Schematic diagram for (a) undoped TiO, and (b) F-Cl doped TiO,, showing the proposed mechanism for performance enhancement of photodiode with F and Cl

doping in TiO,.
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