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Abstract
Highly UV sensitive sub-5 nm Sn nanoparticles-Polyaniline (Sn (NPs)-PANI) composite material has been formulated by 
chemical polymerisation. A thin film of the composite is deposited on Micro-Interdigitated Electrode (µ-IDEs) array for 
photodetector application. Considerably, higher optical density (10–12), w.r.t carbon of Sn (NPs) in Sn (NPs)-PANI/Al-IDE/
Glass structures exhibit the exceedingly enhanced sensitivity towards UV illumination. There is substantial large contrast 
ratio of ∼ 2290 at − 1 V, significantly large responsivity ∼ 3.05 A/W, detectivity of ~ 2.26E + 13 Jones and reasonable rise/fall 
time of ∼ 0.7/1.7 s observed for Sn (NPs)-PANI/Al-IDE/Glass devices. Surface morphology, phase analysis, and elemental 
composition of Sn–PANI systems have been investigated by X-ray diffraction and Energy Dispersive X-ray analysis (EDX), 
respectively. Transmission electron microscopy (TEM) analysis confirms the size of the Sn (NPs) and blend with Polyaniline. 
The significantly enhanced sensitivity of ~ 228514.3 for λ ~ 254 nm establishes the clear potential of the fabricated structure 
for UV-C detector application.

1  Introduction

Ultraviolet (UV) photodetectors have drawn immense atten-
tion due to their applications in various fields like indus-
try, military, radiation detection, flame detection, optical, 
chemical, medicine, non-line-of-sight communication, envi-
ronment and biological fields [1–6]. Generally, UV light is 
classified into four spectral regions based on the wavelength 
(λ): (i) UV-A (λ − 400 to 320 nm), (ii) UV-B (λ − 320 to 
280 nm), (iii) UV-C (λ − 280 to 200 nm) and (iv) far UV (λ 
− 200 to 10 nm). Among these, the Solar blind UV-C pho-
todetectors have attracted considerable attention owing to 
their applications in missile plume sensing, flame detection, 
UV astronomy, ozone layer monitoring, chemical-biological 

agent sensing, water purification, medical, submarine and 
space applications [7–9].

The commercially available Si-based UV photodetectors 
have limitations; small Si band gap of 1.1 eV, low respon-
sivity and higher cost due to the ultrahigh vacuum, high 
temperature, expensive substrates, rigorous fabrication pro-
cessing and also involvement of expensive optical filters to 
terminate photons with low energy [10]. In the past decade, 
UV-C photodetectors of Diamond, ZnMgO, AlGaN, and 
β-Ga2O3 material systems are explored and used [11–14]. 
Alternatively, the use of polymer films in composition with 
the nanoparticles or colloidal quantum dots as photoconduc-
tors are a crucial step for realization of low cost photodetec-
tors, ranging from UV to the infrared wavelength [15, 16].

Recently, research progress of composite and nanostruc-
tures such as ZnO nanowires [17], PANI-TiO2 composite 
[18], single layer graphene-TiO2 composite [19], PANI-Au 
nanoparticles (NPs) [20], etc. have eliminated the use of 
any extra accessories like filters and ushered a new fabri-
cation technique for the low cost and flexible photodetec-
tors. Among the above, PANI based composites have drawn 
significant attention due to their enhanced photodetection 
properties that are unattainable either in a pure or in a doped 
form [20–22]. PANI based composites have been extensively 
studied for the detection of dopamine [23], microbial fuel 
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cells [24], photo-detection [20], chemical sensors and bio-
sensors [25]. Note that, few efforts have been reported in the 
literature [20] related to the photo-detection property of the 
polyaniline–metal nanoparticles composite.

Metallic nanostructures can strongly absorb and scatter 
light due to their ability to support surface plasmon (SP) 
resonances. These are coherent oscillations of surface con-
duction electrons that can often be excited by light in vari-
ous ways and manifest themselves as evanescent (confined) 
surface waves from a classical electrodynamics perspec-
tive. Hence, they are the most desirable candidate for the 
Photodetection application. There are several reports sup-
porting the SPs of nobel metals (Ag and Au) in the visible 
spectral region [20, 26] and near UV [27, 28], whereas a 
very scare reports of the metallic nanostructures active in 
the UV-C region. J. M. McMahon et al. reported that Sn 
nanoparticles(< 20 nm) exhibits SPs in the deep UV [29]. 
The various applications of Sn nanoparticles include anode 
for lithium-ion batteries [30], gas sensing [31], hydrogena-
tion of Polyenes [32] and as dopant with inorganic material 
for photocatalytic activity [33] are demonstrated. There is 
no such reports available of Sn nanoparticles blend with 
polyaniline for UV detection.

The preparation of metallic nanostructures can be clas-
sified into physical and chemical methods. The physical 
method includes vapour condensation methods [34], spray 
pyrolysis [35], sonochemical synthesis [36, 37], sol-gel syn-
thesis [38], thermochemical decomposition of metal–organic 
precursors in flame reactor [39] and other aerosol processes 
which have been named after the energy sources applied to 
provide the high temperature during gas-particle conversion 
[40], whereas the chemical method [41, 42] are based on the 
reduction of metal ions or decomposition of precursors to 
form atoms, followed by aggregation of the atoms. Nano-
particles prepared by chemical methods generally have a 
narrow size distribution. The chemical route also involves 
the water-in-oil (W/O) micro emulsion technique. In this 
technique, the surfactant is used to cap the metal ions and 
further reduction of the ions using reducing agent and sepa-
ration of the nanoparticle in the oil phase.

There are several ways to prepare the composites of con-
ducting polymer and metal nanoparticles. It includes (i) one 
pot approach, (ii) reducing the metal salt with the conducting 
polymer, (iii) synthesis of conducting polymer by electro-
chemical oxidative polymerization followed by the electro-
chemical reduction of metal salt, and (iv) preparation of the 
NPs followed by either chemical/electrochemical polymeri-
zation of the monomer around the NPs or dispersion of the 
NPs into a polymer matrix [43, 44]. In literature, various 
process techniques have been reported on the synthesis of 
Sn (NPs) nanoparticles using facile hydrothermal process 
[45], modified polyol process [46, 47] and wet reduction 
method [48], etc.

The µ-electrode array including electrode shape, mate-
rial quality and spacing between the fingers can greatly 
influence the device performance [49, 50]. The periodic 
array of µ-IDE’s parallel in-plane fingers play an impor-
tant role to build up the highly sensitive photo detector. 
Recently, µ-IDEs are commonly used in humidity sensors 
[51], chemical sensors [52] and Biosensors [53] applica-
tions. The implementation of µ-IDEs in photodetectors has 
led to a huge attention in the bandwidth in comparison 
to a conventional one, due to the higher active area [54, 
55], while for the polymer-on-metal(µ-IDE) structure, the 
electrical behaviour is much better than metal-on -poly-
mer, due to the reduced density of the defects [56]. It has 
been observed that increasing the number and size of the 
µ-IDE’s fingers (up to a certain limit), drastically improves 
the signal strength without hampering the sensitivity [53, 
57, 58]. The µ-IDE’s structure have been investigated with 
PANI-Au nanoparticles [20], ZnO nanofibres [50], SrTiO3 
[49], single crystal GaN [59] and Poly(3-hexylthiophenen-
2,5-diyl) [57] for photodetection applications. To the best 
of the authors’ knowledge, limited literature is available 
on the formation of sub-5 nm Sn (NPs) nanoparticles using 
water-in-oil emulsion technique.

In this work, we synthesized for the first time the 
Sn(NPs)-PANI composite using water-in-oil emulsion 
technique, followed by the polymerisation of aniline in 
the presence of the Sn (NPs), to cap the nanoparticle in the 
polymer fibre chain. Next, the composite has been studied 
for its UV detection property by depositing thin film of 
composite on the Al based µ-IDE array. Since the organic 
compounds have higher resistance, the use of µ-IDE array 
effectively reduces the resistance hence, increases the 
effective sensitivity of the device [52].

2 � Experimental

2.1 � Materials and instruments

Fisher Scientific made monomer aniline (purity 99%), Oxi-
dant Ammonium peroxydisulphate (APS) (purity 98%), 
and hydrochloric acid (HCl) is utilized to polymerize the 
aniline. Merck made m-cresol (purity 99.5%) was the sol-
vent. For the preparation of the Sn(NPs) using water-in-
oil (W/O) micro emulsion technique, the metal salt SnCl2 
was obtained from fisher scientific, the surfactant Dioctyl 
sulfosuccinate sodium salt (AOT), the oil hexane and the 
reducing agent Hydrazine hydrate were purchased from 
Sigma Aldrich. Note that, all the chemicals were utilized 
as received without any further purification.
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2.2 � Characterization

The electrical characteristics are determined using Keithley 
4200 SCS in dark and under 254 nm UV illumination from 
UV lamp (power 300 µW/cm2). The as prepared Sn (NPs) 
were confirmed using Transmission electron microscopy 
(TEM) and Electron X-rays diffraction (EDX). The chemi-
cal phases are investigated by the X-ray diffraction (XRD) 
of Agilent Supernova diffractometer with Cu Kα source 
(λ = 1.5418 Å) at an accelerating current and voltage of 
0.80 mA and 50 kV, respectively.

2.3 � Synthesis Sn nanoparticles

The Sn nanoparticles were prepared using 0.04 M of SnCl2 
salt, 0.05 M of the AOT as the surfactant and 0.16 M of 
Hydrazine Hydrate as the reducing agent. Initially, 100 µl 
of the surfactant was added dropwise to 2 ml of Sn salt 
(0.04 M) and stirred for 5 min at 600 rpm. Further, 8 ml 
Hexane was added and the solution was stirred for 10 min 
at 600 rpm. After stirring 0.2 ml reducing agent was added 
dropwise to the above solution to reduce the Sn2+ ions into 
Sn (NPs) as shown in Fig. 1. Finally, the above solution 
was stirred for 8 h at 600 rpm to obtain the desired size and 
quantity of the nanoparticles.

2.4 � Synthesis of Sn (NPs)‑PANI composite

The composite was prepared by adding the nanoparticle dur-
ing chemical polymerization of the monomer lead to the cap-
ping of the NPs into a polymer matrix. Sn(NPs)-PANI com-
posite is synthesized chemically by the oxidation process at 
~ 0–5 °C. Initially, 0.2 M aniline monomer is dissolved in 

100 ml of HCl (1 M), and the solution cooled at 0 °C. Then, 
0.5 ml of the nanoparticle solution in hexane was added and 
stirred for next 15 min. After that, 33 ml of 0.8 M solution 
of ammonium peroxydisulphate ((NH4)2S2O8) in HCl (1 M) 
solution was added dropwise to the monomer aniline solu-
tion; continuous stirring changes the color to green which 
physically signifies polymerization. The stirring was contin-
ued for next 4 h at ~ 0 °C to achieve the desired molecular 
weight of the polymer as shown in Fig. 2. Next, the solution 
was kept overnight at ~ 0 °C to allow settling down of the 
resultant polymerized Sn(NPs)-PANI precipitates, followed 
by acetone and then DI water rinse to remove the aniline 
oligomers. Further, the precipitates were vacuum dried at 
60 °C for 12 h to obtain emeraldine Sn(NPs)-PANI powder. 
Ensuing to this, Sn(NPs)-PANI is mixed with m-cresol in 
the ratio 1:10. Finally, the solution is stirred at 60 °C for 
2 h followed by ultrasonic treatment for 15 min to obtain a 
homogeneous Sn(NPs)-PANI composite solution.

2.5 � Fabrication of the Al µ‑IDE array

Glass slide purchased from bluestar is cleaned with: sonication 
in (i) soapy solution for 10 min, (ii) DI water for 10 min, (iii) 
acetone boiling for 10 min @ 60 °C, (iv) Sonication in IPA for 
10 min, (v) N2 gas dry, and (vi) dehydration bake at 200 °C 
for 15 min. The samples were allowed to cool down till room 
temperature (RT). Al thin film (∼ 100 nm) was deposited over 
the glass samples using thermal evaporator under ultra-high 
vacuum of ∼ 1.0 × 10−6 mbar as shown in Fig. 3b. After that 
the SU-8 (2002, Micro-Chem) photoresist was spin coated on 
the Al/glass samples using the two step method: (i) The sam-
ples were spin coated at 500 rpm for 10 s for uniformly spread-
ing the photo resist over the substrate and (ii) immediately to 

Fig. 1   Synthesis Process of Sn(NPs) using water-in-oil micro emulsion technique
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3000 rpm for 30 s to deposit uniform photo resist film, at an 
acceleration of 100 and 300 rpm/sec, respectively (Fig. 3c). 
The samples were then subjected to pre-exposure bake (PB) 
at 97 °C for 10 min and then cooled down to RT. Ensuing this, 
the samples were exposed using Maskless Optical Lithography 
(Intelligent Micro Patterning) to pattern µ-IDE structure as 
shown in Fig. 3d followed by post-exposure bake at 112 °C 
for 15 min. Thereafter, samples were developed using SU-8 
developer (Micro-Chem) for 1 min followed by IPA rinse, N2 
dry and hard bake at 150 °C for 20 min. In order to define 
the Al µ-IDE patterns, samples were etched using Al etchant 
(DI water, Acetic Acid, Nitric Acid, Ortho phosphoric acid, 

in the ratio 1:2:2:10) for 2–4 min at 50 °C with constant stir-
ring of 200 rpm and were washed with DI water couple of 
times. Further, the undesirable SU-8 was removed by dipping 
the samples in N-Methyl-2-pyrrolidone (NMP), at 60 °C for 
12 h under constant stirring of 100 rpm, and rinsed by IPA, 
DI water back to back as shown in Fig. 3e. Here, the dimen-
sional parameters of the µ-IDE array for the present study are: 
width (W) = spacing (D) = 300 µm, length (L) = 0.2 cm and 
number of µ electrode fingers (N) = 17. Finally, the Sn(NPs)-
PANI composite was spin coated over the Al µ-IDE electrode 
as shown in Fig. 3(f).

Fig. 2   Synthesis process of the Sn(NPs)-polyaniline composite

Fig. 3   Fabrication process of Sn(NPs)-PANI/Al-IDE µ-IDE structure of photodetector
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3 � Results and discussion

The current density–voltage (J-V) characteristics of 
Sn(NPs)-PANI/Al-IDE/Glass structure, obtained by sweep-
ing the voltage from − 1 to + 1 V are illustrated in Fig. 4. 
The Sn(NPs)-PANI/Al-IDE/Glass structure shows a small 
rectifying behaviour with a rectification ratio (i.e. the ratio of 
forward (If) to the reverse (Ir) current) of ∼5.83 at a bias volt-
age of |1 V|, probably due to the encapsulation of Sn (NPs) 
in Polyaniline [60, 61]. From Fig. 4, it is clear that there is 
a significant variation in both the forward and reverse cur-
rent on UV illumination, ascribed to the generation of elec-
tron–hole pairs by the process of photo-generation. Thus, 
the Sn(NPs)-PANI/Al-IDE/Glass depicts photodetector 
properties, with the contrast ratio (i.e. the ratio of the pho-
tocurrent (Iph) to the dark current (Id)) of ∼ 2290 at − 1 V. 
Therefore, the significantly higher contrast ratio ∼2290 of 
the Sn(NPs)-PANI/Al-IDE/Glass device system supports its 
potential candidature as an efficient UV-C photodetector.

The responsivity (RUV), and the photoconductive gain (g) 
of Sn(NPs)-PANI/Al-IDE/Glass, µ-IDE structure is com-
puted from the following relation [4]:

where IPH, POPT, λ (nm), and EQE, are the photocurrent at 
− 1 V, the optical power, the wavelength (nm) of the inci-
dent UV light, and the external quantum efficiency (EQE 
assumed 1 for calculations [55]), respectively. Using Eqs. (1) 

(1)RUV =
IPH

POPT

(2)g =
1240 × RUV

�(nm) × �

and (2), the responsivity (RUV) and photoconductive gain (g) 
of Sn(NPs)-PANI/Al-IDE/Glass, µ-IDE structure are calcu-
lated as ∼3.02 A/W and 12.6, respectively, which are much 
higher than photodetector reported in literature [17, 62, 63]. 
The sensitivity and the specific detectivity are calculated 
as ~ 228514.3 and ~ 2.26E + 13 Jones respectively from the 
following relation:

The UV response and saturation behaviour of Sn (NPs)-
PANI/Al-IDE/Glass, device is shown in Fig. 5. The µ-IDE 
structure was subjected to a bias of − 1 V to see the maxi-
mized effect of UV illumination (wavelength 254 nm and 
power 300 µW/cm2) in the reverse bias, and the current was 
scrutinized by turning the UV light ON and OFF at regular 
intervals of time (∼ 50 s). Here, the rise time and the 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 [4]. From Fig. 5, the rise time and fall 
time are estimated to be ∼ 0.7 s and ∼ 1.72 s, respectively. 
Therefore, the response of Sn (NPs)-PANI/Al-IDE/Glass, 
µ-IDE structure is acceptable and comparable to other pho-
todetectors which proves its potential candidature for UV-C 
detection applications. Furthermore, the performance of 
state-of-the-art photodetectors as reported in the literature 
is summarized in Table 1.

Moreover, for real world photodetector applications, the 
photodiode must have good thermal stability and reliability. 

(3)S =

(

Iillum − Idark

Idark

)

× 100

(4)D =

√

ARUV
√

2 × q × Idark

Fig. 4   Current density–Voltage (J-V) Characteristics of Sn(NPs)-
PANI/Al-IDE/Glass, structure. The graph shows the semi-log plot of 
dark and photo (254 nm illumination) J-V characteristics of Sn(NPs)-
PANI/Al-IDE/Glass, µ-IDE structure

Fig. 5   Current–Time (I-T) characteristics of Sn(NPs)-PANI/Al-IDE/
Glass, µ-IDE structure at − 1  V bias, where the UV light is illumi-
nated after alternate 50 s
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Thus, the thermal stability analysis of Sn(NPs)-PANI/Al-
IDE/Glass, µ-IDE structure is performed from 25 °C to 
100 °C. Figure 6 shows the current density–voltage (J-V) 
characteristics of µ-IDE structure with variation in tem-
perature of 25 °C, 50 °C, 75 °C and 100 °C. As revealed 
from Fig. 6, the current density of the µ-IDE array struc-
ture increases with increase in temperature. The amount of 
increase in the current density is in bearable range and hence 
it establishes the candidature for real world applications.

Figure  7 shows the TEM images of the as-prepared 
Sn(NPs) and the Sn (NPs)-PANI composite. It can be clearly 
seen that the Sn(NPs) with an average particle size of ~ 1.5 
to ~ 3 nm are uniformly dispersed. The uniform distribution 
and size of Sn(NPs) nanoparticles may be due to one step 
synthesis with the appropriate and lower concentration of the 
surfactant and the reducing agent. The crystal lattice fringes 
of Sn(NPs) particles are clearly detected and the average 
distance between adjacent lattice planes is ~ 0.29 nm, corre-
sponding to the (200) plane of crystalline Sn(NPs) [46, 67]. 

The atomic weight (%) of Sn nanoparticles in Sn(NPs)-PANI 
is confirmed by the EDX analysis. The computed elemental 
atomic weight% of Sn(NPs) in Sn(NPs)-PANI composite is 
~ 7.73% in the polymer matrix.

The effect of doping on the crystallinity of Polyaniline is 
investigated by the phase analysis of pure polyaniline and 
Sn(NPs)-PANI by XRD diffractograms as shown in Fig. 8. 
For the PANI, the characteristic peaks appear at 15.1°, 
20.4°, 25.43° corresponding to the (011), (020), and (200) 
crystalline planes, respectively. Similar results are reported 
by Li Tang et al. [68]. It can be clearly observed that the 
(200), (101), (220) and (211) phases of Sn nanoparticle are 
dominantly present in the Sn(NPs) PANI composite con-
firming the tetragonal phase of Sn [69]. The peak at 16.8° 
depicts the presence of SnOx content [31]. Here, the increase 
in crystallinity may be due to the encapsulation of Sn(NPs) 
in the polyaniline.

Here, device operational model is proposed and sche-
matically presented in Fig. 9(a) along with band diagram 
in Fig. 9(b). In the Sn (NPs)-PANI composite thin film, the 
PANI is in the emeraldine base form. The encapsulation of 
high optical density (10–12) w.r.t carbon, Sn (NPs) in PANI 
results the conduction path to the µ-IDE array since they 
act as nano conducting electrode for charge transport [70]. 
When the composite is illuminated to UV light of λ ~ 254 nm 
surface plasmonics perturbation take place on Sn(NPs) sur-
faces and result in the electron hole pairs generation in the 
nano metallic system due to decaying surface plasmonic 
response [71]. These excited (hot) electrons normally occupy 
available empty states in the nano metallic system and then 
get transferred to the polymer (LUMO) states of the hybrid 
system as shown in Fig. 9(b) [20, 51, 66]. Therefore, the 
enhanced current density of Sn(NPs)-PANI/Al-µIDE/Glass, 
in the illumination of λ ~ 254 nm light exposure, is attrib-
uted to the higher optical density and surface perturbation 
plasmons resonance at Sn(NPs) nano metallic surfaces as 
compared to the dark. The hybrid of Sn(NPs) nano metallic 
with conducting polymer PANI, paves the conduction paths 

Table 1   Comparison of State-of-the-art photodetector

Applied bias Structure Preparation method Responsivity 
(A/W)

Sensitivity Detectivity Refs

1 5 V Ag/V2O5/Ag Spray Pyrolysis 0.948 26,096 – [64]
2 1.8 V ZnO nanorods Hydro-thermal 0.0248 – – [17]
3 2 V Ge nanowires VLS methos 1.75 – – [65]
4 5 V NiO film Sputtering 4.5 6400 – [66]
5 0.5 V Single layer graphene-

TiO2 nanotube array
Hydro-thermal 0.126 – 3.3e + 11 [19]

6 1 V Sn(NPs)-PANI Chemical route 3.02 228514.3 2.26E + 13 This work

Fig. 6   Current density–voltage (J–V) characteristics of Sn(NPs)-
PANI/Al-IDE/Glass, structure with variation in temperature of 25 °C, 
50 °C, 75 °C and 100 °C
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to derive the generated charge carriers as shown Fig. 9(b) 
to the -µ-IDE’s electrodes array. Even though, the diffusion 
length in the conducting polymer are < 10 nm [72], only 
the charge carriers generated near the electrode might be 
extensively contribute to the Sn(NPs)-PANI/Al-µIDE/Glass 
photocurrent. In order to utilize the maximum charge car-
riers generated, the geometry of the µ-IDE electrodes array 
critically play an important role. It has been reported that the 
larger the µ-IDE’s electrodes array area the more will be the 
photo current [57]. Therefore, in the present work,  ~ 50% 
of the µ-IDE’s electrodes array area in order to collect the 
maximum amount of the photocurrent generated at the time 
of exposure without hampering the sensitivity of the detec-
tor is utilized.

4 � Conclusion

In Summary, sub-5 nm Sn Nanoparticles (Sn(NPs)) are 
synthesised with water-in-oil (W/O) µ-emulsion technique 
and encapsulated in Polyaniline by chemical polymerisa-
tion. The composite is integrated with the low cost, facile 
process based µ-IDE array to fabricate UV-C detector. 
TEM and EDAX analysis confirms the uniformly dis-
persed ~ 1.5 to ~ 3 nm Sn(NPs) encapsulate with Polyani-
line and composition ~ 7.73%, respectively. The fabricated 

Sn(NPs)-PANI/Al-IDE/Glass structures are found highly 
sensitive to UV-C with a considerable higher photo-to-
dark current contrast ratio of ∼ 2290 at − 1 V, large respon-
sivity of ∼ 3.05 A/W, photoconductive gain of ∼ 12.6, rea-
sonable rise/fall time of ∼ 0.7/1.7 s and large sensitivity 

Fig. 7   TEM images of the prepared samples (a, b) Sn(NPs) nanoparticles prepared by water-in-oil emulsion techniques (c, d) Sn(NPs)-PANI 
composite in which nanoparticles are capped inside the fibre of polyaniline

Fig. 8   XRD of the prepared samples a Polyaniline without nanoparti-
cles. b Sn(NPs) -PANI composite
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of ~ 228514.3 which establishes the device as a potential 
alternate for the UV-C Photodetection applications.
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