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ABSTRACT

Semiconductor nanowires, especially Si nanowires (SINWs) have attracted much attention due to its high broadband
absorption, high density and extra ordinary surface/volume ratio. Moreover, nanowires are ideal candidates for light
detection, large responsivity, a fast response speed, and an excellent detection limit. These opto-physical properties
demonstrates their high potential for practical applications in advanced devices such as transistors, photodetectors, light-
emitting-diodes, solar cells, bio/chemical sensors, and etc. Graphene on the other hand, exhibits an extremely high charge
carrier mobility, a very broad spectral range of detection from ultraviolet to terahertz and quasi wavelength independent
absorption, which is a result of its gapless band nature. Compatibility of Graphene with Si or SINWs makes it a promising
candidate for large-scale and cost effective ultrafast photodetection. The growth of high-quality CVD graphene from
camphor and its high performance optical device has not been addressed so far. We have presented high performance near
infrared photodetectors (NIRPDs) by using camphor as solid source of carbon for developing mono-bi layer Gr/SiNW
arrays schottky heterojunction. The nanowire arrays shows excellent optical light trapping properties and on the other
hand, graphene act as transparent conductive metal sheet. Hence a combination of graphene over SINWs serves as an
excellent NIR light coupling system. The as-prepared device has also shown remarkable responsivity from pA/W to mA/W
at 0 V bias, for Gr/Si and Gr/SiNWs heterojunction, respectively. On the other hand, as prepared device shows excellent
responsivity upto 2V bias, which suggests that our approach to make graphene sheet by natural camphor will have a
potential application to make self-driven low bias NIRPDs in future optoelectronic devices.

Keywords: Si nanowires; Graphene; Atmospheric chemical vapor deposition (APCVD) process; near infrared
photodetectors; metal assisted electroless chemical etching (MACE); Schottky heterojunction.

1. INTRODUCTION

A two-dimensional layer of carbon atoms known as Graphene consists of a unique band structure and its tunable
work function, has recently attracted much interest in photonic applications such as sensors!, polarizer?, modulator?,
transparent electrodes*, surface plasmonic device (SPs)?, surface plasmon polaritons (SPPs), solar cells® and photodetectors
(PDs)’. In addition, one of the most impressive advantages is its ability to absorb 2.3% of incident light over a broad
wavelength range regardless of its one-atom layer thickness. This extra-ordinary advantage makes the realization of
broadband photodetectors possible, far exceeding the bandwidth of the existing photodetectors’.

Silicon (Si) on the other hand, with its indirect narrow band gap (~1.12 eV) is a key material for nano-electronic
industry. As compared to its bulk and thin film structures, vertical Si nanowire arrays (SINWs) with its large surface to
volume ratio, strong light trapping ability and superior electron transport properties, has shown a tremendous potential as
a building block for various optoelectronic devices such as field effect transistors (FETs)®, solar cells®, sensors!® and
photodetectors!!*'2, Among various operational nanoscale devices, SINWs based PDs has received special research interest
due to its ability to probe incoming infrared light with high sensitivity and excellent photo response, which can have a

* Correspondence: indrajit. m@sse.pdpu.ac.in, phone no: +91-9586864936.

Optical Sensors 2019, edited by Francesco Baldini, Jiri Homola, Robert A. Lieberman, Proc. of SPIE
Vol. 11028, 1102803 - © 2019 SPIE - CCC code: 0277-786X/19/$18 - doi: 10.1117/12.2522581

Proc. of SPIE Vol. 11028 1102803-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 May 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



future component for large scale applications in military surveillance, target detection and tracking!®. In order to exhibit
the extraordinary properties of both the materials, recent research interests lies to combine vertical SINWs with graphene
sheet, to construct high-performance energy selective metal/semiconductor Schottky heterojunction photodetectors. Till
now Gr/Si based Schottky junction solar cells' and photodetectors'> have been introduced by showing chemical vapor
deposition (CVD) graphene synthesis by methane as a main precursor. Since last decades, researchers have shown the
progress in graphene film from solid precursor, which can be much more suitable and alternative approach for CVD process
rather than using common and toxic gas sources as a carbon precursors such as methane'®!°. Among all precursors,
Camphor as an alternative green botanical source of carbon has been employed by few of the research groups all around
the globe?*?*, Few reports show the study on developing large single crystal graphene film by using camphor as a source
on various substrates such as Ni, Cu foil etc. at various temperature conditions but did not get ahead to fabricate a device
by camphor route???323-27, To the best of our knowledge, there are no such reports till now on development of a highly
sensitive and self-driven near infra-red photodetectors (NIRPDs) by using camphor as a source for Graphene/SiNWs
schottky heterojunction device. Herein, we have proposed a very first high performance SiNWs based NIRPDs by
exhibiting a facile and novel approach of making mono/bi-layer Graphene by camphor as a source of carbon. The as-
fabricated device is sensitive to 940 nm infrared radiation, with highest ON/OFF ratio of 10°, as comparable with the Si
based devices. The nanowire arrays show excellent optical light trapping properties and on the other hand Graphene act as
transparent conductive metal sheet together serves as an excellent NIR light coupling system. The as-prepared device has
also shown remarkably good performance at 0 V bias, which suggests that our approach to make graphene sheet by natural
camphor for developing SiNWs based NIRPDs will have a potential application in future optoelectronic devices.

2. EXPERIMENTAL PROCEDURE

2.1 Preparation of SiNWs and graphene

The SiNWs in the present work was fabricated by employing a very facile Ag assisted electroless etching technique.
In brief, 1 cm? Si samples (p =1-10 Q ¢m) were thermally oxidized at 1000°C for 4 h under O atmosphere to form 200
nm SiO»/n-Si substrates. Hereafter, an active area of 0.3 x 0.3 cm? were decided on n-Si (100) wafers. The buffer oxide
etch solution (BOE, NH4F/HF; 6:1) was further used for SiO; etching, to expose a chosen active window by masking the
remaining area by adhesive tape for the device fabrication. The as-obtained substrate was then immersed in an aqueous
solution of HF (4.8M) and AgNO3 (5mM) to coat AgNPs, which will act as a catalyst for further process. The Ag active
Si surface was then immersed in a mixture of HF (40%) and H,O» (30%) aqueous solutions for few minutes to obtain
vertically aligned SiNWs. Finally, the residual AgNPs on as-obtained SiNWs were soaked in an aqueous HNO3 solution
(in the ratio of 10:1 using 50%w/v HNO3), cleaned with deionized water and dried at room temperature in natural air.
Mono/bi-layer graphene sheet was grown on 25 pm Cu foil at 1020 °C by using natural camphor (3.5 mg) as a solid source
via atmospheric chemical vapour deposition method (APCVD). After growth, the Cu coated graphene sheet was spin
coated with polymethylmethacrylate (PMMA) in chlorobenzene, and finally the underneath Cu foil was removed by using
ammonium per-oxodisulfate ((NH4)>S,0s) as a Cu etchant solution. After, Cu etching, the PMMA coated graphene sheet
were rinsed 5 times in a DI water by lift-off process. Finally, graphene coated PMMA was transferred on to the n-SiNWs
in the active area window and PMMA was removed by acetone.

2.2 Device assembly

To fabricate the graphene/SiNWs Schottky junction photodetector, nanowire arrays which serves as an active layer
on Si02/Si wafers were first fabricated using electroless etching technique. Hereafter, PMMA coated graphene sheet was
directly transferred on the top of SINWSs. The samples were kept under vacuum for 24 h and then residual PMMA was
removed by acetone rigorously. Ag as an electrode was pasted on the front side and rear side of the Si substrate to achieve
an ohmic contact.

2.3 Characterization techniques involved

Surface morphological study for vertical SINWs were investigated by field emission scanning electron microscopy
FE-SEM (Zeiss, Ultra-55) equipped with EDX (Oxford Instruments). The optical study has been recorded using a UV-Vis
(UV-2600, Shimadzu) spectrophotometer in a wide range of 200-1400 nm equipped with an integrating sphere. Micro
Raman measurements has been carried out using (Renishaw inVia system) with an excitation laser beam focused at 532
nm to identify the crystallinity, defects states and the number of layers of graphene. The device characterization of mono/bi-
layer graphene/SiNWs were measured under solar simulator (SS80AAA, Photoemission Tech., USA) equipped with
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AM1.5G filter and source measuring unit (U2722A, Agilent) by applying the bias of -1 to +1 V. The photoresponse
measurements were carried out in the probe station which was equipped with a lamp source (190 nm — 2200 nm) for
detection and a source meter (Keithley 2450) Unit. X-ray Photoelectron Spectroscopic measurements for one of the
graphene transferred on Si samples were performed in multiprobe surface analysis (Scienta Omicron, Germany) using
monochromatized Al Ko (1486.7 eV) radiation source. The pass energy of the scans was kept at 20 eV with an ultimate
spectral resolution of ~0.02 eV. The transmission electron microscopic analysis (JEOL 2100) was conducted at 200 KeV
with a point to point resolution of 0.19 nm. Graphene samples were successfully transferred on the carbon coated Cu grid
by standard transfer method process.

3. RESULTS AND DISCUSSION

The surface of as-grown SiNWs as shown in Fig. 1 (a), indicates the formation of a highly dense and confined nanowire
structure. These highly random nanostructure on the surface can work as an effective path for the light to get trapped inside
the cavity of nanowires. As shown in Fig. 1 (b), cross sectional FESEM images indicates that SINWs are vertically aligned
and well inter connected in (100) orientation with typical length of about ~10 um. On the other hand, Fig. 1 (c) depicts the

Figure 1: (a) Surface morphology of the as etched SiNWs indicating highly dense structure; (b) surface cross
sectional image of highly dense SiNWs; (¢) demonstrates a cross-sectional view of graphene covered on top of
the vertical SINWs and (d) shows the mono/bi-layer graphene on the tip of SINWSs.

surface profile of graphene sheet as observed on the top of nanowire arrays with a difference in two regions. The camphor
grown mono/bi-layer graphene sheet has been transferred on the top of SINWs to act as a transparent conductive sheet for
the development of NIRPDs. The cross-sectional FESEM image as seen in Fig. 1 (d), clearly shows a fully covered
transparent conductive graphene sheet on the top of SINWSs, which possess higher transparency leading to maximize more
light absorption and increases carrier transport mechanism of the device?®3°. A homogeneous formation and island growth
of mono/bi- layer graphene sheet is very well connected over the SINWs to function as a transparent conductive sheet on
a semiconductor tip surface.

FromFig. 2 (a), it has been observed that about 35-40 % of incident light is reflected back at the interface. Interestingly,
when the incoming light interacts at the interface of the nanowire arrays, a tremendous reduction in reflectance upto 4%
has been observed over a whole visible to near-IR regime due to its effective light trapping properties as discussed in our
earlier reports 133, On the other hand, Fig. 2 (b) presents the transmittance spectra of graphene sheets transferred on glass

Proc. of SPIE Vol. 11028 1102803-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 May 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



100 100
—o— Bare Si
\? (a) —a—15min
< 80t 80 -
v )
< S
2 60} s ol
> = 5
D £ : ?
S 40t 5wl 3 i
& : i| ©
,g 20 = U
= WWW I 1200 1400 1600 2400 2600 2800 3000 3200
L 1 i 1 \ \ RanmSlLliﬂ(cn") ,

0 i 1 N 1 N
200 400 600 800 1000 1200 ° 500 300 000 1200
Wavelength (nm) Wavelength (nm)

Figure 2: (a) Shows the optical Reflectance spectra of planar Si and Si nanowires grown for 15 min over a wide range
0f200-1200 nm; and (b) shows the transmittance spectra of mono/bi- layer graphene sheet transferred on soda lime glass
substrates. Moreover, the inset of Fig. 2 (b), represents the Raman spectra of mono/bi-layer graphene sheet by using
camphor as a carbon source. The inset also shows an optical image of graphene transferred on a glass substrate.

substrate in the wide range of 300-1200 nm regime. The maximum transmittance value 84.4% has been achieved for
mono/bi layer graphene at 550 nm. The inset of Fig. 2 (b) demonstrates an optical image for graphene transferred on glass
substrates, which clearly indicates a very high transparency of graphene sheet. In addition, the inset of Fig. 2 (b) represents
a micro Raman spectra, taken at various regions to determine the uniformity and the surface defects of the as-grown
graphene sheet. It is observed that, there are two sharp peaks at ~2689 cm™! and ~1598 cm™!, which are the characteristic
2D and G band of graphene sheet. The intensity ratio of 2D:G = 1.40, respectively, suggests that camphor grown graphene
is monolayer at most of the places with a presence of few defects?*?%?’. In order to understand the chemical states of mono-
bi layer graphene sheet XPS study has been carried out as shown in Fig. 3 (a). The core level peak of the Cls is determined
into three major components corresponding to carbon atoms at different chemical environments. The convoluted peak
consisting of two broad peaks at binding energy 284.7 ¢V and 285.2 eV. The sharp peak at binding energy 284.7 eV
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Figure 3: (a) Represents the XPS core level spectra of C 1s for graphene sheet and (b) represents the

HRTEM images for graphene sheet transferred on carbon coated TEM grid.

represents graphitic carbon i.e. sp2 hybridized while the characteristic feature attributed to the presence of defects states
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i.e. sp3 hybridized is observed at 285.2 eV 343627, The break in the ring of resonating aromatic carbon bonds maybe the
additional reason for the existence of such a broad defect peak. Moreover, the oxidized states of carbon (Cox) are also
observed at 288.3 eV. Moreover, Fig. 3 (b) presents the HRTEM images of a graphene samples grown from camphor to
identify the number of layers and to support the Raman observations. The edge of the graphene film that folds back and
allows us to identify the cross-sectional view of graphene sheet. It is evident to observe the existence of single layer
graphene by camphor as highlighted in the yellow circle which is similar with the existing literatures 2!- 2337 38

The work mechanism of the camphor driven Gr/Si and Gr/SiNWs devices, photovoltaic and photoresponse
characteristics have been investigated as shown in Fig. 4. The scheme shows a Gr/SiNWs schottky heterojunction device
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Figure 4: (a) Represents the scheme of Gr/SiNWs devices under NIR light with a mechanical chopper; (b)
displays the J-V curve of Gr/Si and Gr/15 min SiNWs PDs under dark and illumination condition; (c¢) and (d)
shows the photoresponse behavior at different bias of 0V and 2V of as mentioned devices.

in Fig. 4 (a) with front and back Ag metal contacts, connected externally by a source meter. As seen SiNWs are embedded
inside a transparent metal conducting graphene sheet. Fig. 4 (b) represents a typical dark and light current-voltage (J-V)
curve of Gr/Si schottky junction NIRPDs device. The excellent rectifying behavior has been observed due to the formation
of the schottky barrier. It is also observed that, the Gr/Si exhibit very less dark current; whereas as the current increases in
the case of Gr/15 min SiNWs device. Under illumination condition, it is seen that these devices exhibit pronounced
rectification and photovoltaic effect upon incident radiation of 1000 W/cm?. Moreover, Jsc value increases from 2.8
pA/cm? to 11.4 pA/cm? for Gr/15 min SiNWs devices at the expense of Gr/Si NIRPDs. This enhancement indicates that
nanowires which can now trap the light, shows an extreme support in the enhancement of current transport mechanism.
The inset of Fig. 4 (b), depicts the optical image of the as-fabricated Gr/SiINWs NIRPDs by using camphor as a carbon
source. Furthermore, the time-dependent photoresponse measurements were carried out at different bias variation from
Vbias =0, 1 and 2 V. Fig. 4 (c) demonstrates the photocurrent measurement at 0V bias for Gr/Si, Gr/15 min SiNWs devices,
respectively. When the light was turned ON and OFF alternatively at Viiis = 0 V, Gr/Si devices shows a minimum dark
current of (Igark) 0.1 pA and a maximum light current (Ijigne) of 0.01pA. Interestingly, the 15 min Gr/SiNWs devices shows
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Figure 5: Represents the photoresponse behavior at various power intensity variation for (a) Gr/Si and (b) Gr/15
min SiNWs under 2V bias conditions, respectively.

a tremendous increase in a photocurrent; with a minimum dark current of (Iyark) 5.5 x 10 uA, and a maximum light current
(Liignt) of 0.6 A, which yields to a high liigh/laark ratio > 10%. This high current under illumination can be attributed to the
maximum absorption of the vertically aligned nanowires which is not in the case of Gr/Si devices, and also due the
conductivity of mono/bi-layer graphene sheet that supports to enhance and conducts the electron flow into the circuit.
Moreover, the devices are highly reversible in the sense that electron and holes can be effectively separated and generated,
which facilitates to show a large current at 0 bias, yielding a self-driven capability of the devices. As we apply voltage of
Vhias = 2 V, there is a tremendous enhancement in the photocurrent for the Gr/15 min SiNWs devices as compare to Gr/Si
devices. The photocurrent current is even more than in the case of no bias condition as seen from Fig. 4(d). For instance,
at Vpias =2 V, when the light was turned ON and OFF alternatively the increment in light current Ljigy is found to be 50 pA
and 75 pA for Gr/Si and Gr/15 min SiNWs, respectively. This enhancement shows that the devices can delivers more
current at a typical applied bias voltages. It is to be noted that, at high bias voltages the dark current also increases
tremendously due to high surface recombination at the nanowire/Gr interface, which is not appropriate for a stability of
the device.

Various performance parameters of photodetectors have been calculated to compare the results for the fabricated
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Figure 6: displays the fitted curve for rise and decay time constants for (a) Gr/Si and (b) 15 min Gr/SiNWs
NIRPDs acquired at maximum power of 0.4 mW under 0 V bias.

devices for OV and 2V bias variation as shown in table 1. It is to be noted that all the devices response quite well and are
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more sensitive at 940 nm. The responsivity (R), Detectivity (D) and noise equivalent power (NEP) quantify the ability of
a photodetection device to be responsive towards a particular optical signal and is given by!3,

_ _Ipn
k= PinxA M
A
D =R x ET— (2)

NEp = ¥=2°d 2*;* la 3)

Where R = responsivity of device, D= detectivity, I,,= measured photocurrent ( iigh - Ldark), Pin = incident optical power in
(mW), e = electronic charge, I = dark current and A = active area of the respected devices (A = 0.09 cm?). The responsivity
increases in the order of 103 for Gr/15 min SiNWs device at 0 V bias. Moreover, the detectivity has also been significantly
increased and found to be in the order of ~10'2. Fig. 5 represents the photoresponse measurements for Gr/Si and Gr/15 min
SiNWs under illumination with various power intensities. It is evident from Fig. 5 (a) and (b) that, when the switching is
performed at various power intensities (from ~33.7 uW to 0.4 mW) of the optical signal, there is a clear enhancement in
the photocorrelated response and shows a good sensitivity with increasing power intensity'>!33¢ . Fig. 6 displays the fitted
curve for rise and decay time constants for Gr/Si and Gr/15 min SINWs NIRPDs acquired at maximum power of 0.4 mW
under 0 V bias. The rise time constant for Gr/Si and Gr/15 min SiNWs is 69.1 ms and 67.6 ms, respectively. This clearly
indicates, that the switching action of Gr/15 min SiNWs is faster as compared to Gr/Si NIRPDs.

Table 1: Various calculated photoresponse parameters for Gr/Si and Gr/15 min SiNWs devices.

Responsivity Ilight/I dark Detectivity Noise Equivalent power
Device (A/W) (Jones) (NEP)
(x 102 W (Hz)"?)
0V Bias 2V Bias 0V Bias 2V Bias 0V Bias 2V Bias OV Bias | 2V Bias
Gr/Si 36.7x 10° 1.12 ~103 ~10! 45x10° 2.0x 1012 161.6 1.39
15 min 16.4 x 103 0.88 ~10° ~10° 3.4x 10'2 7.3 x 10" 0.82 4.16
Gr/SiNWs

Fig. 7 (a) shows the comparison of Gr/Si and Gr/15 min SiNWs NIRPDs to evaluate the effect on responsivity
associated to the representative devices at various optical power intensities. Evidently, R value decreases as the power
increases from Eq. (1), but it is important to notice that even for lower power intensity the R value is ~1.68 A/W for Gr/15
min SiNWs which is very high as compared to 2.69 A/W for Gr/Si NIRPDs.
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Figure 7: Represents the effect of power on responsivity for Gr/Si and 15 min Gr/SiNWs NIRPDs
acquired at maximum power of 0.4 mW under 2 V bias.
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4. CONCLUSION

In summary, high performance NIRPDs have been successfully fabricated by using a very facile camphor based
mono/bi layer graphene sheet spreaded on n-Si and on SiNWs. A systematic study has been performed to realize the self-
driven NIRPDs with a novel synthesis of graphene on n-Si and Si nanowire arrays substrates. Device with planar n-Gr/Si
and Gr/15 min SiNWs shows a pronounced photovoltaic behavior under illumination condition. The optimization of
maximum absorption capability of nanowire arrays and an increase in surface recombination centers leads to the maximum
JSC of ~ 11.8 pA/cm? for Gr/15 min SiNWs PDs. Moreover, device analysis shows that Gr/15 min SINWs PDs can work
with high response speed with 67/69 ms and very low NEP of 0.82 pW (Hz)'? at the expense of planar Gr/Si devices.
Therefore, a facile fabrication process of synthesizing graphene from camphor can lead to a remarkable low cost
photodetectors and makes it a promising candidate for future high-performance SiNWs based NIRPDs.
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