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A new and exciting pattern transfer method is presented to enhance the photoconductivity of Ag/CSA-PANI/
PMMA/ITO, organic field effect transistor (OFET) by employing soft-lithography based grating over the channel
region. The light is diffracted by the 265 nm gratings to enhance the UV (365 nm) activity of the channel ma-
terial. The electrical characteristics of the grating-based OFET exhibited p-channel properties with the saturated
hole mobility and the threshold voltage of ~9.5 x 10~° cm?/V-s and ~ —1.72V respectively. The photo-
generated charge carriers strongly influence the drain current in comparison to the dark condition. The External

Quantum Efficiency of ~2.45 x 10° establishes the photo-multiplication as a dominant factor for enhancement
of the drain current. Moreover, the fabricated grating based OFET exhibited high photo-sensitivity and photo-
responsivity of ~1.16 x 10% and ~7.33 x 10* A/W, respectively. Thus, the proposed soft-lithography grating
based Ag/CSA-PANI/PMMA/ITO, OFET is an exceptional candidate for phototransistor applications.

1. Introduction

Organic semiconductors have captivated the recent research interest
in the development of thin film transistors owing to the flexibility, cost-
effective manufacturing and straightforward bulk scale fabrication
techniques [1-3]. The Organic Field Effect Transistors (OFET) have an
extensive range of applications such as gas sensing, smart cards, com-
plementary logic, active matrix displays and photodetection [4], [5].
The OFET's sensitive to light are often termed as phototransistors which
are used in numerous applications such as artificial eye detection, op-
tical sensors [6], optical memory [7], and optical switches [8]. In lit-
erature, the phototransistor based on polymers such as naphthalene bis-
benzimidazole [9], BPE-PTCDI [10], Pentacene [11], P3HT:PCBM [12],
PDPP-DBTE [13], and conjugated polymer/fullerene blends [14] have
been reported. In addition to these organic semiconductors, Polyaniline
(PANI) is a potential p-type semiconductor material with higher stabi-
lity, high electrical conductivity and low processing cost [15], [16].
Thus, it has been extensively explored for OFET [17-20], super-
capacitors [21], [22], sensors [23], [24], medical applications [25] and
optoelectronic applications [5], [26], [27].

In recent times, grating in the channel material has attracted the
immense attention of optoelectronic community as it enhances the path
length of photons. Thus, generates a higher number of electron-hole
pairs which enhances the photoactivity of channel material [5].
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Conventionally, the gratings in the channel are usually fabricated by
expensive optical lithography and chemical etching techniques [28].
Conversely, Soft lithography [28-31] is a cost-effective non-photo-
lithographic approach used to replicate microstructures by pouring the
active elastomeric material on the surface of master mold. The sig-
nificant increment of light trapping in the active semiconductor film for
a specific wavelength depends on the geometric parameters of the
diffraction grating [32]. Grating-induced light trapping and subsequent
carrier enhancement have been extensively investigated by several
groups such as Niggemann et al. [32], Seok-In Na et al. [33] for solar
cells. Roman et al. demonstrated the effect of grating on the enhance-
ment of EQE factor [34]. Campbell et al. [35] observed that textured
surface entraps light in the semiconductor. Hsuet et al. [36] studied
dual grating and its limitation in light trapping. Sasaki et al. and Ha-
vinga et al. [37], [38] reported that CSA doped polyaniline enhances
the conductivity of the overall polymer on UV exposure. However, to
the best of the author's knowledge, no report is available of using
grating-based CSA doped polyaniline for phototransistor applications.

In this work, for the first time grating-based Ag/CSA-PANI/PMMA/
ITO, OFET structure is fabricated by using spin coating and soft-litho-
graphy techniques. The electrical characteristics i.e. Output character-
istics (Igs-Vqs) and transfer characteristics (Igs-Vgs) are measured in dark
and under UV illumination with a 365 nm light (intensity ~ 300 pW/
cm?). The performance parameters of the phototransistor such as drain
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current, responsivity (R), photosensitivity and external quantum effi-
ciency (EQE) are successfully analyzed in both accumulation and de-
pletion mode. Further, the capacitive-voltage (C-V) characteristics of
Ag/CSA-PANI/PMMA/ITO, structure are investigated to reveal the in-
terface trapping properties. Furthermore, the surface morphology of
deposited thin films and gratings are investigated by atomic force mi-
croscopy. Finally, the high performance of Ag/CSA-PANI/PMMA/ITO,
OFET structure is supported by proposed model and energy band dia-
gram.

2. Experimental
2.1. Materials and instruments

Fisher Scientific made monomer aniline (purity 99%), Oxidant
Ammonium peroxydisulphate (APS) (purity 98%), and hydrochloric
acid (HC) is utilized to polymerize the aniline. Camphor sulfonic acid
(CSA) was procured from Alfa Aesar and used as the doping material,
whereas Merck made m-cresol (purity 99.5%) was the solvent.
Elastomer cast for the Grating was prepared using commercially
available Sylgard-184, PDMS kit, from Dow Corning (USA). The ITO
coated glass (Sigma Aldrich) with the resistivity in the range of 8-12 Q/
cm? was used as a substrate. The PMMA (Poly (methyl methacrylate))
950 Al is obtained from Microchem. Note that, all the chemicals were
utilized as received without any further purification.

The surface morphology of as-deposited CSA-polyaniline, the
grating pattern and the PMMA dielectric were examined by using
atomic force microscopy (AFM); Dimension Icon from Bruker) in tap-
ping mode with a scan rate of ~0.5Hz at room temperature. The high
aspect ratio TESPA-HAR, AFM probe with resonant frequency
320-369 kHz and spring constant (k) of 20-80 N/m was used for AFM
measurements. The thickness of the films was confirmed using Stylus
Profilometer. The output (I4s-Vgs) and the transfer characteristics (Igs-
V) of the fabricated photo FET were measured using Keithley SCS
4200 characterization system under dark and light illumination using
UV lamp (365 nm) of power 300 uW/cm?.

2.2. Synthesis of polyaniline

PANI is synthesized chemically by the oxidation process at ~0-5 °C.
Initially, 0.2 M aniline monomer is dissolved in 100 ml of HCI (1 M),
and the solution cooled at 0 °C. Then, 33 ml of 0.8 M solution of am-
monium peroxydisulphate ((NH4)»S,0g) in HCl (1 M) solution was
added dropwise to the monomer aniline solution; continuous stirring
changes the color to green which physically signifies polymerization.
The stirring was continued for next 4h at ~0 °C to achieve the desired
molecular weight of the polymer. Next, the solution was kept overnight
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. Further, the precipitates were vacuum dried at 60 °C
for 12h to obtain emeraldine PANI powder. Ensuing to this, the CSA
powder is added to Polyaniline powder to enhance the conductivity
followed by addition of an m-cresol solvent in the ratio of PANI (1): CSA
(0.5): m-cresol (10). Finally, the solution is stirred at 90 °C for 2h fol-
lowed by ultrasonic treatment for 15min to obtain a homogeneous
CSA-PANI solution.

2.3. Fabrication of organic field effect transistor (OFET)

OFET is fabricated with top contact/bottom gate geometry to
minimize the contact resistance. Fig. 1 shows the process steps followed
for fabrication of phototransistor. Initially, indium tin oxide (ITO)
coated glass is cleaned with soapy solution followed by DI water rinse
then sonicated in Acetone, ethanol and DI water for 15min each
(Fig. 1(a)). To form the insulator/dielectric layer, PMMA 950 Al was
spin-coated on the ITO coated glass at 1000 rpm for 60 s, and the curing
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Fig. 1. Process flow used for fabrication of Nano-Grating Polyaniline based Field Effect
Transistor.

process was carried out at 60 °C for 20 min (Fig. 1(b)). The process was
repeated four times to achieve a thickness of ~120nm. The semi-
conductor layer was formed using CSA doped polyaniline film by spin
coating at 3000 rpm for 90's and cured at 65 °C for 30 min (Fig. 1(c))
and thickness obtained after 15 cycles were ~200nm. For metal
electrodes, Ag (99.99% purity) ~100 nm thin films were deposited by
thermal evaporation at an ultimate pressure of ~2 X 10~ ° torr using
shadow mask with the channel length (L) of 100 pum and channel width
(W) of ~1mm (Fig. 1(d)).

The PDMS elastomer was prepared from Sylgard-184 by the addi-
tion of part B crosslinking agent to part A in the ratio of 1:10 to get
desired flexibility. This elastomer solution was manually stirred for
10 min, and then ultrasonication was done for 5min in a water bath.
The desiccating process in vacuum was carried out to remove the air
bubbles. Thereafter, the PDMS mold was spin-coated at 3000 rpm for
60 s to obtain ~110 nm thick film over the channel region (Fig. 1(e)).
The optical storage disk was used as the master mold to transfer pattern
on the PDMS coated channel region. A force of 7.85N was applied
while desiccating the sample for 1 h to efficiently transfer pattern on the
channel region. Thereafter, the soft curing process was carried out at
35°C for 4 h to ensure the cross-linking of PDMS chains and further to
prevent the deformation of the PDMS surface structure (negative DVD
pattern) a hard curing was obtained by subjecting a thermal treatment
for 2h at 90°C. This results in the grating formation as shown in
Fig. 1(H.

3. Results and discussions

Fig. 2 (a) illustrates the output characteristics of the bottom gated
Ag/CSA-PANI/PMMA/ITO, OFET without gratings in dark condition. In
a typical p-channel operating mode, a negative gate bias induced the
accumulation of hole carriers at the interface between active semi-
conductor (CSA-PANI) and dielectric layer (PMMA). A linear increase in
the drain current with the increase in drain voltage and a considerable
saturation of the drain current after an increase in the applied drain
voltage establishes the transistor action [39]. The output characteristics
of the bottom gated Ag/CSA-PANI/PMMA/ITO, OFET with gratings in
dark condition is shown in Fig. 2(b). On comparing the I4s value of Ag/
CSA-PANI/PMMA/ITO, OFET devices without and with gratings, it is
observed that there is insignificant variation in I4 value (~-3 to ~-
13 nA with deviation in Vg from +2 V to -2 V at Vg of -4 V) which may
be due to the isolation of the devices from environment due to elas-
tomer gratings and hence increases the reliability of OFET. Further,
Fig. 2 (c) and 2 (d) shows the output characteristics of the bottom gated
Ag/CSA-PANI/PMMA/ITO, OFET without and with gratings under
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Fig. 2. Output characteristics (I45-Vgs) of Ag/CSA-PANI/PMMA/ITO Organic Field Effect Transistor (OFET) with variation in gate-source voltage. (a) OFET without Gratings and (b) OFET
with Gratings under dark. (c) OFET without Gratings and (d) OFET with gratings under 365 nm UV illumination.

365 nm UV illumination, respectively. It is observed that the Iy value
(at Vgs of —4V and Vg, of —2V) increases from ~ —2.8625 X 107%A
(Dark) to ~ —2.8647 x 10~7 (UV) in Ag/CSA-PANI/PMMA/ITO,
OFET without grating, i.e., ~900% increase in I45 value on UV illu-
mination. On the Other hand, the I4 value (at Vg4 of —4V and Vg of
-2V) upsurges from —4.1924 x 10~8 A (Dark)
to ~ —4.1952 x 107% A (UV) in Ag/CSA-PANI/PMMA/ITO, OFET
with gratings, i.e., ~9900% increase in I4s value on UV illumination.
Therefore, the large increase in the current with gratings under UV il-
lumination is possibly due to the enhanced scattering/trapping of light
by the gratings. Here, the contribution of photo-generated carriers may
be due to (i) Exciton formation and subsequent dissociation into free
carriers by an electric field; or (ii) Photo-injection of carriers from the
metal source/drain electrodes into the polyaniline [40].

When the p-type device operates in the saturation region, the
standard equation is modulated to:

w
Tissar = #Cif(vgs - Vth)2 s Vs > (Vgs = Vi)

(€}

where y, G;, W, L, Vg, Vi, Vg are hole mobility, capacitance of
dielectric layer, channel width, channel length, gate voltage, threshold
voltage and drain voltage, respectively. When it operates in the linear
region, it is modulated as:

1
Tas_jin = HCi— [{Vgs Vin}Vas — EV;S], Vis < (Vs — Vin) @

Fig. 3 shows the transfer characteristics (Id;Z—VgS) of the OFET in the
dark and with light illumination for the Vg4 bias of —2V. The hole
mobility and the threshold voltage are calculated using the following
relation:

1

1 W2
Idszsat = Mcl(f) (Vgs_Vth) (3)
From Fig. 3 (a), the hole mobility and the threshold voltage in the
dark were calculated as ~9.55 x 10~° em?/V-s and ~ —1.72V, re-
spectively. Whereas the same parameters in the illumination were
computed as ~7.3 x 10”3 cm?/V-s and ~ —1.58 V, respectively from
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Fig. 3. Transfer characteristics (Ig;-Vgs) along with Tas™ 2-VgS of the device (a) in dark (b)
in illumination of 365 nm wavelength at Vg3 = —2V.
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Fig. 3 (b). The reduced value of Vy, in the case of UV illumination
substantiates the increase in carrier concentration in the channel re-
gion. The effect of UV irradiation has also been delineated in terms of
the change in transconductance of the device using the following
equation [39]:

Ids

g = 25
" Vgs_Vth

@

The extracted values of g, at the off state under dark condition are
~4.7nA/V and ~25.4nA/V for the linear and saturation regime, re-
spectively. Upon UV illumination, the g, has been increased to
0.53 pA/V and 3.6 pA/V for linear and saturation regime, respectively,
affirming the enhanced performance of the fabricated devices.

Photosensitivity is an important parameter which dictates the per-
formance of the device. It can be defined as the ratio of the photo-
current to the dark current (Ipn/Iqar) [51. The photosensitivity of the
device is calculated as ~1.06 x 102 in linear region before Vgs = —3V
and ~1.05 x 10% in the saturation region after V4= -3V for
Vgs = 0V. The illumination of the light causes to increase the con-
ductivity by increasing the generation of electron-hole pair, hence there
is high photosensitivity at the turn off state. The other parameter which
plays a prominent role in the phototransistor is the photo-responsivity,
defined as the ratio of the photogenerated current (I,) to the optical
power (P,p) input to the device area, related as [5]:

IP”! _ Tiwm — Taarc

B B)pt B PincA (5)

where, P,,. is the power of the incident light per unit area. The re-
sponsivity of the device in the depletion mode and in accumulation
mode are ~1.35x 10* A/W and ~7.33 x 10* A/W, respectively,
which is better than that of the previous reports summarized in Table 1
[40-42].

Furthermore, the external quantum efficiency () of the photo-
transistor is defined as the ratio of the photo-generated carrier that
enhances the drain current to the number of photons incident on the
channel, expressed as [10]:

Iillum_Idark )hc

- [PincipeakAe ©

Where h, c, e, A and Acqr are the Planck's constant, speed of light,
unit charge, area of the channel exposed and wavelength of the incident
light. The device exhibits very high 5 value of ~4.51 x 10* and
~2.45 x 10° in linear and saturation mode, respectively. The enhanced
n value confirms the photo multiplication of charge carriers. The similar
observations were made by Yu et al. [10], Huang et al. [43], and Li et al.
[44]. Higher EQE value predicts the defect-free nature of the film, and it
may be due to the scattering of the light which causes an increase in the
intensity of light responsible for photo-generated current [38], [39].

In order to confirm, the quality of the Ag/CSA-PANI/PMMA/ITO,
MOS structure used in the present work, the C-V characteristics are
obtained by shorting the drain and source to form one electrode as

Table 1
Progress of the phototransistors.

Semiconductor Channel  Photo- Photo- EQE Reference
Material sensitivity Responsivity
Naphthalene bis- 93.4 143 mAW ' - [42]
benzimidazole
poly(3-hexylthiophene) 3800 250 AW! - [40]
Hydrazonic Squaraine - 340 AW 74000 [46]
Graphene sensitized by — — 2400 AW - [471
Cu2-xSe
Nanocrystals
Copper Phthalocyanine - 430 AW ™! - [48]
CSA-PANI 106 73,300 AW? 245000 Present Work
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Fig. 4. Capacitance-Voltage characteristics of the MOS device formed by ITO/PMMA/
CSA-PANI/Ag.

shown in Fig. 4. Here, the cyclic C-V characteristics are obtained by
sweeping the gate voltage from positive (+ 3 V) to negative (—3 V) to
positive (+3 V). Initially, when the gate voltage is negative, the
channel is in accumulation mode and majority charge carriers (holes)
are accumulated close to the PMMA/CSA-PANI interface. As the gate
voltage approaches towards positive direction, the majority charge
carriers holes starts to depleted and finally ends up with strong inver-
sion at low and high frequency as shown in Fig. 4. It indicate that in
depletion region there is no conduction path near the PMMA/CSA-PANI
interface [49].

Thus, the C-V characteristics confirm the p-type nature of CSA-
PANI. The maximum oxide capacitance at —3V in accumulation is
~1.51 nFat 10kHz, which decreases to ~1.26nFat 100 kHz. This
trivial variation in accumulation capacitance of ~0.25nF with varia-
tion in frequency from 10 to 100 kHz may be due to more charge carries
resonance at driving voltage at low frequency [50]. Since, the accu-
mulation layer is formed if the input frequency is less than relaxation
time [51]. Moreover, the cyclic C-V curves showed negligible hysteresis
of ~0.3V, which confirms the high-quality PMMA/CSA-PANI interface
with low charge trapping desired for device applications [49], [52],
[53].

Further, to confirm the topology of gratings and investigate the
surface morphology of deposited thin films, surface analysis using AFM
is desired. The surface morphology of the dielectric layer plays a crucial
role in the charge transport near the junction and the interface of the
semiconductor because only a few layers of the semiconductor near the
dielectric layer take part in the accumulation of the charge [54]. The
roughness of the dielectric layer may lead to the charge trapping at
dielectric/semiconductor interface [45]. Smooth pattern transfer and
uniform line/space distribution across the channel region has been
clearly observed, as evident from Fig. 5(a) and (b). The grating size is
estimated to be ~265nm from AFM surface micrographs. In this work,
we have fabricated the gratings based on the principle of the Bragg's
grating law which states that grating period (i.e. distance between
centres of adjacent gratings) should be larger than the wavelength
which is intended for enhanced light trapping in the system. So, the
grating size significantly effects the device performance, e.g. the se-
lectivity for scattering of 365nm. The basic Bragg's law for mono-
chromatic waves incident normal to the gratings is expressed as follows
[54]:

A
sin(6)

)

where p is the grating period, A is the wavelength, and 6 is the half
angle between the two standing waves. Thus, using Bragg's law, to
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Fig. 5. AFM surface micrographs (2-D and 3-D) of nano gratings on CSA-PANI/PMMA/ITO structure ((a) and (b)), PMMA 950 A1l thin films on ITO ((c) and (d)), and CSA doped

polyaniline thin films on PMMA/ITO structure.

detect 365 nm wavelength incident perpendicular to sample surface, i.e.
half angle of 90°, the grating period is estimated to be ~365nm.
Therefore, for selective scattering/trapping of 365 nm wavelength, the
symmetric grating period must be equivalent to ~365nm [55]. Hence,
in the proposed system, the grating period is taken to be ~375nm
which is confirmed from AFM surface micrographs (Fig. 5 (a)) using
image analysis software.

The height of the gratings plays a vital role in the phase of the light
reflected by the grating which further influences the absorption of the
light in the material. Catchpole et al. [56] stated that there will be
maximum power absorption when the phase shift of the light with the
grating is the odd multiple of 180°. The phase shift of the grating is
related as:

_ 2mdAn

A n

(8
where An is the difference between the refractive index of the grating
material (~1.4 for PDMS) and the surrounding (~1 for air), A is the
wavelength of the incident light (~ 365 nm), and d is the depth/height
of the grating. Here, the height of the grating induced over the channel
material has been calculated from the AFM surface micrographs
(Fig. 5(b)) to be ~45nm. Therefore, using equation (8), the phase of
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the reflected light is calculated to be odd multiple of 180°, which is best
required for the large light path length and hence high light absorption
in the material [56]. It must be noted that, if the height of the grating is
increased or decreased then the reflection/transmittance of the light
becomes prominent instead of scattering/trapping in the material
which will reduce the responsivity of the devices [57], [58], [59].
Therefore, the optimum value of grating height ~45nm is used for
fabrication of the phototransistor by transferring the pattern on the
PDMS elastomer.

Fig. 5(c) and (d) show 2-d and 3-d AFM surface micrographs of the
solution processed PMMA Al thin films. It has been noticed that the
PMMA film formed is quite uniform with the rms roughness of
~4.49A. Fig. 5(e) and (f) represent 2-d and 3-d surface morphology of
the solution processed CSA-PANI thin film on the PMMA dielectric with
the rms roughness of ~6.19 A.

The accumulation of holes under the dark conditions is achieved at
the PMMA/CSA-PANI interface as shown in Fig. 6(a). Further, on UV
illumination, the gratings fabricated over the semiconductor (PANI)
channel region leads to the increased path length of the light which is
responsible for more light diffraction/trapping in the semiconductor.
The diffracted light increases the exposure area of UV irradiation in the
semiconductor that finally leads to the increase in electron-hole pair
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Fig. 6. Device structure and charge accumulation under (a) Dark, (b) 365nm UV illu-
mination. Energy band diagram of the organic FET in off-state under (c) Dark and (d)
365nm UV illumination.

generations (Fig. 6(b) inset (ii)). Consequently, the drain current of the
device increases signifying the enhanced photogenerated charge car-
rier, as depicted in Fig. 6(b). It might be due to that the applied drain
voltage drags the photo-generated holes away from their recombination
centres (Fig. 6(b) inset (iii)) and similarly more elucidated by the
proposed band model as shown in Fig. 6(c) and (d). The charge re-
combination centres within the semiconductor are confined due to the
upward band bending of the CSA-PANI caused by the negative drain
bias. Eventually, the increased hole collection for the same applied
drain voltage leads to the decrease in the threshold voltage.

4. Conclusion

In Summary, gratings over the channel material have been suc-
cessfully realized to enhance the photo-activity of the CSA doped
polyaniline organic semiconductor channel material. A new soft litho-
graphy based method of pattern transfer has been introduced. The
gratings over the semiconductor channel showed excellent light dif-
fraction behaviour resulting in the significant increase in drain current
under UV illumination and substantial high photo-responsivity
~7.33 x 10* A/W. The low surface roughness of the PMMA film fa-
cilitates the device performance by reducing the interface roughness.
The increased path length of the photons due to the diffraction induced
by the grating in the channel material produces the photo multi-
plication effect which is confirmed by the EQE factor of the device.
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