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Abstract

High-performance photodetectors are desirable for various applications, including
multi-wavelength image sensing, communication and safety monitoring. In this study; we
report the construction of dual-surface plasmon enhanced silicon Schotty photodetector. using
Au nanoparticles (NPs)/graphene/Au NPs hybrid structure as electrode. It was found that the
as-assembled device exhibited broad sensitivity ranging from ultraviolet to near-infrared light
(360-1330nm) at room temperature, with high response speed of 360 ns-and 3dB bandwidth
of 780 kHz at zero bias. Further theoretical simulation based on finite-element method (FEM)
revealed that the good device performance is associatedrwith the‘contribution of the Au
NPs/graphene/Au NPs electrode: Intense dual plasmonici.resonance couplings is induced in
hybrid structure of two layers metallic NPs separated'by unifgrm monolayer graphene. It not
only can enhance light trapping and the localized electric field at the resonant and
off-resonant wavelength region, but also.are beneficial for the tunneling of hot electrons. This

work demonstrated the great potential of the dual plasmonic resonance couplings in

optoelectronic devices and will'lead to the development of advanced plasmonic devices.
N

Keywords: graphene; loealized surface plasmon resonance, photodetector, hot electrons, fast

response speed.
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Introduction

Photodetectors are the mainstay of imaging systems, environmental surveillance,
communications and space explorationt™®. Present photodetection technologies rely
primarily on photoactive semiconducting materials with certain band gaps corresponding to
distinct spectral ranges. Silicon (Si) is prevalent in electronics and also a dominant material in
photonics for its natural advantage in monolithic integration of optics and ‘electronics 71,
However photonic components seems unlikely to be all Si-based. Si shov?s weak absorption
beyond wavelength of 0.9um and less than 0.4um due to its bandgap (1.12eV), indirect
absorption mechanism, low photo-responsivity caused by high reflection coefficient and
shallow penetration depth of UV light in Sil"l, )

Plasmonics can induce dense electro-magnetic (EM) hot spots with high field
enhancement over a large areal’l, even in the off-resonant wavelength region®lt, It is worth
noting that harvesting hot electrons from plasmonic nano-particles (NPs) can circumvent the
challenge of detecting photons with energies below the bandgap of semiconductor(®2-23 The
attachment of plasmonic NPs.to, semiconductor surface has proved to be beneficial to
increasing photocurrent, improving response speed and extending the response spectrum of
photodetector!!°ll14l The effective absorption cross-section of semiconductor material and the
number of hot electrens both increases with the strength and density of EM hot spots!*>16l, |t
is well established that EM field is mainly determined by the inter-particle distance of NPs.
Generally, intense dual plasmonic resonance couplings should be induced, if two layers of
metallic NPs are separated by suitable ultrathin two-dimensional (2D) material uniformly:.

This will lead to remarkably elevated localized electric fields and stronger hot spots with high
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density™”*] which can be used to improve the performance of photoelectric device.

As a robust and stable 2D material, monolayer graphene has high carrier mobility and
light transmittancel*®?°. It is an ideal material to be used as electrode material bin
optoelectronic devices!???l and also the intermediate material in the dual plasmonic
resonance couplings hybrid structure®>28l, So far the performance and detection wavelength
region of Si can be improved and broadened by plasmonics, only when monolayer noble
metal nanostructures combining with the texture of Si surfacel®I?7l, In this work, we propose
a dual-plasmon enhanced planar Si Schotty photodetector with a AusNPs/graphene/Au NPs
hybrid electrode. The device exhibited a broadband response ranging from UV to
near-infrared light (360-1330nm), with a high response speed ,Of 360ns and 3dB bandwidth of
780 kHz at zero bias. Further analysis based.on theoretical simulation revealed that the high
device performance mainly originates from the contribution of hybrid Au NPs/graphene/Au
NPs electrode. This work demonstrated the great potential of the dual plasmonic resonance
couplings in optoelectronic devices;,and will lead to the development of advanced active
plasmonic devices and high-bandwidth on-chip plasmonic circuits.

2. Experiment

2.1 Device fabrication

The dual-plasmon enhanced planar Si Schotty photodetector with a hybrid Au
NPs/graphene/Au NPs electrode was fabricated on commercially available lightly-doped
n-type Siwafer substrates (resistivity:~1-10Qcm, thickness: 240£10um) with a 300 nm SiO>
layer. The main fabrication process is displayed in Figure la. Si substrate was cut into small
pieces with an area of about 11 cm?. Photolithography was then used to pattern windows
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with the sizes of 0.2X 1 cm?. SiO; in the window was subsequently etched away by using a
buffered oxide etchant, where Si was exposed for fabricating Schottky-junction with Au
NPs/graphene/Au NPs hybrid electrode. To fabricate hybrid electrode, 5 nm Au films were
first deposited on the substrate at a rate of about 1As™ under a pressure of abeut 10 Pa’by
electron beam deposition, and turned into Au NPs by following rapid annealing in a
protective atmosphere of argon at 500°C for 30min. Afterwards CVD-grown‘graphene was
transferred onto the top of Si wafer covering the window!®. The sample\was then baked at
60°C for 5min to improve the adhesion with graphene. After that, another 5 nm Au film was
deposited on the top of graphene film and annealed at 250 °C.for 30 min to form the second
layer of Au NPs. For comparison, other two kinds of Si Schott.ky photodetector were prepared,
whose schematic structures are shown in Figure S1(a-b) in the Supporting Information. One
is constructed by n-type Si wafer and 10 nm Au film;,named D1. And the other is fabricated
with n-type Si wafer and Au NPs/graphene electrode, named D2. Its Au NPs were also
obtained by annealing Au films_of 5. nm in a protective atmosphere of argon at 500°C for
30min. N

2.2 Characterization and measurement

The morphology of+Au. NPs.was examined by FESEM (Philips XL 30 FEG), and Raman
study of the graphene film was performed on a Raman spectrometer (JY, LabRAM HR800).
I-V curves of devices were measured on the semiconductor characterization system (Keithley
4200-SCS). To determine the spectral response and time response, lasers of different
wavelengths and a xenon lamp equipped with a monochromator (Omni-1300) were used as
the illumination source. The measurement of response speed were carried out using a
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self-built setup composed of an oscilloscope (Tektronix, TDS2012B) and a pulsed light
illumination, which was obtained by a mechanically rotating chopper (LEoc120) operated at
different frequency. During testing, the fast-switching photovoltage was collected by the
oscilloscope.

2.3 Theoretical simulation

The proposed structure is simulated by using a home-made program based on the
finite-element method (FEM). The size of the structure is mainly obtained?rom SEM images.
Surface wave is excited by a surface current from the top side to model the solar spectrum
with wavelength range 200-1200nm. Both scattering boundary  condition and perfectly
matched layers have been used to absorb any reflected and tr.ansmitted fields. The boundary
condition implies that our substrate and free-space are semi-infinite to keep the simulation as
close to the real world as possible. The monolayer graphene is treated as an ultrathin film
layer with a thickness of A =0.35nm. Iniaddition, the device is simulated in the air whose

permittivity is 1. And the permittivity. of Si and Au is obtained from the Sopra SA Company

database. ~
3. Results and discussion

Figure 1a shows the fabrication process of planar Si Schottky photodetector (D3) with Au
NPs /graphene/Au NPs hybrid electrode. After depositing and annealing gold film on the
monocrystalline Si wafer, a layer of Au NPs were obtained on Si substrate. Then graphene
film was transferred onto the surface of Au NPs. After that, another layer of Au film was
deposited and annealed on graphene to form Au NPs/graphene/Au NPs sandwich structure

(Detail fabricated procedure can be seen in the Experimental Section.). Figure 1(b-c) shows
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the schematic structure and photograph of D3, respectively. The size statistics of Au NPs in
the first layer were obtained from the SEM image (Fig. 1d). It can be seen that the gold
particles obtained by annealing at 500°C, are mainly spherical with a diameter about 40nm.
This indicated that the contact area of Si and Au shrank to be about 48% of the.original value
after turning Au film into NPs. And the diameter of the Au NPs in second layer is about 60nm
(Fig. 1e) for its lower annealing temperature (250°C). It can be seen clearly that Au NPs of
the second layer and the first layer are interlaced and separated by.a tr%sparent graphene
film. There are two major scattering peaks in the Raman_spectrum»of the graphene film:
2D-band peak at ~ 2682 cm™ and G-band peak at ~ 1589 cmii(Figure 1f). The intensity ratio
of Iz2p:lgis about 2, indicative of monolayer graphene[19][28'3‘2. Thereby the gap between the
two layers of Au NPs should be uniform, and about 0.35 nm due to the separation of
graphenel®l. There are three peaks, labeled as G, 2Dand D, respectively, in the spectrum of
AuNP/graphene/AuNP structure. The Dipeak due to defect is probably generated at the
AuNP/graphene interface during annealing processt®s. Furthermore, compared with pure
graphene, the intensity of.,G_peak and 2D peak increased substantially after the

functionalization with plasmonic Au NPs.
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Figure 1(a) Illustration of the step-wise flow chart of fabricating dual-plasmon enhanced Si Schottky
photodetector with Au NPs /graphene/Au NPs hybrid electrode. (b)" The /schematic view of the
dual-plasmon enhanced photodetector. (c) A digital photograph of the:device. (d-e) Typical SEM images of
the first layer Au NPs and the second layer Au NPs in Au NPs/graphene/Au NPs hybrid electrode. The
insets show the size histogram of the Au NPs and its corresponding Gaussian fits. (f) Raman spectrum of
pure graphene and the Au NPs/graphene/Au NPs hybrid structure.

Y Do @ (R 400 am

To investigate the effect of electrode structure on,photodetector, I-V curves of D1, D2 and D3
were measured in darkness and under white_ light (Fig. 2a). D3 and two reference samples
(D1 and D2) all show obviously rectification behavior for the Schottky junction existed
between n-type Si and Au as well as n=type Si and graphene®3, In addition, D3 and D2
exhibit obviously smaller/dark Rrrent and larger turn-on voltage than D1. The Schottky
barrier height of D1, D2 and D3 is calculated to be 0.89, 0.95 and 0.96eV, respectively,
according to the formula:ps=(KT/e)In(A*T?/J5)*4. Here A* is Richardson constant for the
n-lightly doped Si; and Jsis the current density. This indicates that annealing process can lead
to the increase of 'Schottky barrier height for the improvement of junction quality. Under
pulsed-incident'white light, D3 shows the largest photo-current and lon/loff ratio among the
three photodetectors (Fig. 2b). And its lon/loff ratio increased with negative bias voltage

approaching OV (Fig. 2c). Figure 2d shows the logarithm plot of the 1-V curve with absolute
8/ 21
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value of the D3 current. There is obvious photocurrent existed when no external voltage was
applied. The photoresponse of the device is stable and repeatable at OV bias, even after 50

cycles of white light illumination (Fig. 2e).
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Figure 2 (a) Current-voltage (I-V) curves of device D1, D2 and D3 under darkness and white light. (b)
Time responses of D1, D2 and D3 under white light illumination‘at bias voltage of -1V. (c) lon/lofs ratio of
D3 with the change of negative bias voltage. (d) Logarithm plot of the 1-V curve with absolute values of
D3 current under darkness and white light. (e) Stability test/of D3 under 50 cycles of switch operation at
0V bias.

The performance of D3 and other two reference devices were compared under lights with
four typical wavelengths of 365 nm (UV), 532 nm(Vis), 980 nm(NIR), and 1330nm (NIR) as
excitation sources in different.spectral range (Fig. 3(a-d)). It is shown that the performance of
D2 is obviously enhanced, compared with D1, which is understandable considering the fact
that transforming Aufilm to.Au NPs can reduce reflectance and help trap the incident light
for the plasmonic resonance couplings. What is more, the D3 exhibits more pronounced
photosensitivity/S(=[(lph-ldark)/laar] x100%)E5] than D2 (Fig. 3(e-f)). Further analysis also
reveals that the enhancement ratio of D3 to D2 is different on different wavelength (Fig. 3f).
Under theirradiation of 532nm and 1330nm light source, the photoresponse of D3 is
significantly better than D2.
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Figure 3 Time-resolved photoresponse of D1, D2 and D3 are shown iny(a) 365nm (UV light) irradiation, (b)
532nm (Vis light) irradiation, (c) 980nm (NIR light) irradiation, and (d) 1330nm (NIR light) irradiation
with intensity of 0.6mW/cm?; the bias voltage was fixed at'QV.«(e) Photosensitivities of D1, D2 and D3
under lights with four typical wavelengths of 365(UV);. 532(Vis), 980 (NIR), and 1330nm (NIR).(f)
Corresponding bar chart of the photosensitivities of D2 and D3.

The above finding is further confirmed by the responsivity of D1, D2 and D3 in the spectrum
rage of 320-1330nm at OV (Fig. 4a). Compared with D2, the responsivity of D3 is enhanced
in the range of 1000-1300nm. l\keanwhile there is an obvious enhancement at 530nm. This
peak shows that there is.strong plasma resonance of Au NPs*, which should be caused by
special AuNPs/graphene/Au NPs hybrid structure. The obvious responsivity in 1000-1330nm
range is very abnormal for Si-based photodetctors which is usually unable to detect NIR
region beyond 1200nm. The photoresponsivity of D3 is 24.17mA W at 1330nm, which is
comparableito-reported plasmonic and non-plasmonic NIR detector of textured Sil®lE6-371 Ag
expected, dual plasmonic resonance couplings extends the response of Si-based photodiodes

into the NIR region, which is confirmed by the comparison of D3 to Si/monolayer graphene
10 / 21
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photodetector too (Fig. S2).
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Figure 4 (a) Wavelength-dependent photoresponsivity of D1, D2, and D3 calculated at a fixed bias voltage
of OV with light intensity of about 0.35uW. (b) Energy band diagram of the Sehottky junction.

There should be actually two kinds of process in D3 producing photocurrent (Fig. 4b). One is
the separation of electron-hole pairs by the internal elgctricfield after the photo-excitation in
Si (process 2), the other is harvesting the hot electron from the Au NPs/graphene/Au NPs
hybrid structure (process 1). As discussediabove, the gap between the two layers of Au NPs is
on the scale of sub-nanometer for the separation of monolayer graphene. Plasmonic particles
with smaller gaps can lead to larger EMifield enhancements!26I38-31 As a consequence, the
special Au NPs/graphene/Au N?S hybrid structure would produce stronger hot spots than
solely Au NPs due to the dual plasmonic resonance couplings. This will lead to strong
internal photoemission pracess in D3, since the number and energy of hot electrons grows
with the strength of hot spotst®l. A large number of hot electrons with high energy multiply
after part of the incident light is absorbed by Au NPs and graphene. And the small thickness
of grapheneican effectively shorten the distance of hot electron diffusing to the Schottky
interface. All these ensure that a large number of hot electrons have enough energy to cross

over the Schottky barrier, and contribute to the total photocurrent of the device. And this part
11 / 21



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-118933.R1

of photocurrent should be the main factor for improving the performance of Si photodetector
D3 in the UV and IR region.

The experimental results have been confirmed by theoretical simulation. Figure 5ashows the
FDTD simulation results for reflectance spectrum of Si film, Au film, single layer AuNPsand
Au  NPs/graphene/AuNPs. The reflectance is greatly weakened . in the Au
NPs/graphene/AuNPs hybrid structure. It should be attributed to multiple effects including
the increased dimensions of Au NPs and the presence of graphene with enh\anced light-matter
interactions“’l. Figure 5b illustrates the electric field energy distribution of the Au
NPs/graphene/AuNPs hybrid structure in the xz-plane. According to the size of Au NPs in the
device D3, the diameters of NPs of the first and second Iayer. are set to be 40 nm and 60 nm
respectively. It can be clearly seen that localized electrical field is mainly distributed at the
space between horizontal or vertical adjacent Au NPs,and the space between Au NPs and Si.
This indicates that dual plasmonic resonance couplings can effectively affect the light-matter
interaction not only in Au NPs/graphene/Au NPs hybrid structure but also in Si. Notably, the
electrical field is strongly enhanced in the gap between vertical Au NPs for the separation of
graphene. Further numerical.simulations show that electric field intensity will decrease when
the diameter of AusNPs of the second layer increases from 60nm to 80nm, leading to an

increase of reflectance (Fig. 5(c-d)). These reveal that the morphology of Au NPs influences

the coupling effect greatly.
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Figure 5 (a) Simulated reflectance spectrum of Si film, Au<film, single”layer AuNPs and Au
NPs/graphene/AuNPs. (b) Corresponding electrical ~fieldeenergy.. distribution of the Au
NPs/graphene/AuNPs hybrid structure. The diameters of the first layer Au, NPs are 40 nm and the second
layer Au NPs are 60 nm, respectively. (c) Reflectance as a function,of Au NPs diameter in the second layer.
(d) Magnified electrical field energy distribution of Au NPs/grapbene/AuNPs hybrid structure with
different diameters of Au NPs in the second layer.

Besides morphology, we also simulated the effect of different horizontal distances between

the adjacent Au NPs on the reflectance and electric field distribution. The FDTD simulation
) ) » . )

results disclose that with the’increase of distance, the reflectance will be decreased

accordingly (Fig. 6a). In other words, Au NPs /graphene/Au NPs with relatively large

distance can suppress reflectance and confine incident light, which is highly beneficial for

conversion efficiency (Fig. 6 (b-1)).
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Figure 6 (a) Simulated reflectance of Au NPs/graphene/AuNPs hybrid structure with different horizontal
distance of the AuNPs in the first layer and second layer. (b-f) Electrical field energy distribution of Au
NPs/graphene/AuNPs hybrid structure with different horizontal distance of the AuNPs in the first layer and
second layer. The distance is 10nm (b), 20nm(c), 30nm(d), 40nm(e);:and 50nm((f) respectively.

As discussed above, it is revealed that the distinct structureof the Au NPs/graphene/Au NPs
electrode exhibits strong light confinement effect, which is helpful for the conversion of
photons to electricity. As a matter ‘ofyfact, .the dual-plasmon enhanced Si Schottky
photodetector D3 also exhibitséstrong dependence dependence on the intensity of excitation
light of different wavelength, including 365nm (Fig. S3), 532nm (Fig. 7), 980nm (Fig. S4),
and 1330nm (Fig. S5). Figure 7a\plots the time-resolved photoresponse of D3 under a light
source of 532nm wavelength with intensity varying from 0 to 8.6uW/cm2at0 V bias. When
the light intensity is 790 nW/cm?, its on/off ratio is about 10, showing considerable response
to this low intensity. However, according to power law lpnoto = AP fitting of the current
density shows sublinearity to the light power (Fig. 7b). This is probably because the light
absoarption of /Au NPs and graphene will lead to temperature rise with the increase of light
strength, which will promote the recombination of electrons and holes(*°l.

The corresponding respectivty (R), detectivity (D*) and external quantum efficiency (EQE)
14 / 21

Page 14 of 21



Page 15 of 21

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-118933.R1

of the device were further computed based on the dependence of photocurrent over light
intensity (Fig. 7(c-d)). Specific detectivity D*(=RSY?/(2qlar)"/?) describes the Smallest
detectable signal of the photodetector’®. And the external quantum fficiency
EQE(=hcRA/(qg))) presents the number of electrons probed per incident photon*d it is
showed that the R and D* both decrease with the light intensity and reach saturation, which is
consistent with previous report [, At weak light intensity, a large number of hot electrons
will generate under illumination, while thermal effect is still small, Ieadi?g to higher R and
D*. When the light intensity increases, thermal effect becomes strong.causing the saturation
of photoresponse. The D* and EQE can reach about 2.4%10% Jone and 20% under the

illumination of 532 nm at the lowest incident power; respectively.
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Figure 7 (a) Time-resolved.-photoresponse of D3 under different excitation intensity at wavelength of 532
nm. The bias voltage was fixed at OV. (b) The photocurrent of the device relative to the light intensity
density at zero bias. voltage.(c-d) Plots of responsivity, detectivity and EQE of D3 as a function of light
intensity,

Another._important metric for photodetector is the transient photoresponse, which was

characterized using a chopper-generated short light pulse (Fig. 8a). Figure 8b shows the
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normalized transient photocurrent of D1, D2 and D3 measured under a pulsed frequency of
10 kHz at bias of 0V. Compared with D1 and D2, the transient response of D3 are flat with
sharper rise and fall edges. The relatively fast respond speed of D3 should be the result of its
high strength hot spot, which can produce electrons of larger energy with higher speed8: A
set of photocurrents in D3 versus time scans at different frequency were shown in Figure 8c.
The response exhibits long-term repeatability in the frequency range from 10 kHz to 1MHz.
A single normalized cycle of 1MHz shows a rise time of 360ns and a rela\tively faster decay
time of 330ns (Fig. 8d). The shorter decay time means there should,be less trap or defect
states involved in the process for the high crystal quality of e-Si-and graphenel?l. And there
are a fast component of 244 ns and a slow component of.86 ns in the decay process of
photocurrent. This maybe be caused by he existence of two factors (thermalization or
recombination with hole) for the annihilation of electron!*®“®l in consistence with previous
analysis of energy band diagram. The corresponding 3dB bandwidth (B) of D3 is obtained to
be 780kHz, which is far above the value required for imaging applications®* (Fig. 8e). And
with the frequency increasing;the.noise current (in) decreases and reaches about 1 pA-Hz 2,
Based on it, the noise equivalent power (NEP=inxB?/R) is calculated to be 1.6x10® W at
zero bias (780kHz);swhich represents the minimum optical input power that the device can
distinguish from. the. noisel*®l. Table 1 summarizes some key parameters of the present
dual-plasmon enhanced Schottky photodetector and other devices. It can be easily found that
even though the detectivity of our device is lower than the majority of the devices listed in
Table 1, the detetecivity is however highly competitive. In addition, the response time is

faster than most of devices composed of ZnONW/array Si, plasmon-enhanced
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graphene/GaAs, SQ NW/c-Si, and SWCNTs/PC71BM.
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Figure 8 (a) Schematic illustration of the measurement configuration for the photoresponse speed detection.
(b)Normalized photoresponse characteristic of D1,D2 and D3vat,.a pulsed frequency of 10 kHz at
wavelength of 532 nm. (c) Response of D3 to pulsed light irradiation atfrequencies of 10 kHz, 100 kHz
and 1 MHz at wavelength of 532 nm. (d) Enlarged photoresponse peak for estimating the rise time (t;) and
fall time (t7).(e) Relative balance (Imax/Imin)/Imax versus switching frequency. (f) The dark noise current of
the D3 measured at different frequencies at zero bias.

Table 1. Comparison of the key parameters.of the dual-plasmon enhanced Si Schottky photodetector and
other devices.

Photodetector Light (nm) R[mA/W] D*@Vbvia Rise time and Reference
[*10'Jones] Decay time

Dual plasmon  365-1330 24.17-109.69 2.4-16@0V 360ns,330ns This work

photodetector N

SWCNTs/PC71BM  400-1010 20-260 0.2-2@0V 0.3s [46]

Plasmon-enhanced 325980 210 298@6V ls [47]

graphene/GaAs

Pt NPs modified 400900 ~26000 78ns [48]

graphene/Si

ZnO NW 442 ~ 1060 200-800 @-2Vv 0.84 ms1.28 [7]

arrays/p-Si ms

SQ NW/c-Si 254-980 1300-9800 0.06-0.45@-3V 0.6s,0.4s [2]

4. Conclusion

In summary, we have proposed and experimentally demonstrated a dual-plasmon
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enhanced Si Schotty photodetector by using a hybrid Au NPs/graphene/Au NPs electrode,
which can effectively enhance localized electric field in the resonant and off-resonant
wavelength region and improve the light trapping ability of device. It is worth mentioning
that such a structure is beneficial for the tunneling of hot electrons, contributing to a larger
photocurrent. Without texturing the surface of planar Si, the detecting wavelength region of
detector were broadened to be from UV to near-infrared light (360-1330nm) with improved
responsivity. Further analysis found that the dual-plasmon enhanced pho\todetector exhibits
high response speed and good performance at high frequency optical.signal. Its simple and
large-area preparation processes make the photodetector suitable for large-scale versatile

multi-wavelength imager and safety monitoring applications:
@
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