Laser Photonics Rev. 10, No. 4, 595-602 (2016)/DOI 10.1002/lpor.201500179

Abstract Light manipulation is paramountly important to the
fabrication of high-performance optoelectronic devices such as
solar cells and photodetectors. In this study, a high-performance
near-infrared light nanophotodetector (NIRPD) was fabricated
based on a germanium nanoneedles array (GeNNs array)
with strong light confining capability, and single-layer graphene
(SLG) modified with heavily doped indium tin oxide nanopar-
ticles (ITONPs), which were capable of inducing localized
surface plasmon resonance (LSPR) under NIR irradiation.
An optoelectronic study shows that after modification with
ITONPs the device performance including photocurrent, re-
sponsivity and detectivity was considerably improved. In ad-
dition, the ITONPs@SLG/GeNNs array NIRPD was able to
monitor fast-switching optical signals, the frequency was as
high as 1 MHz, with very fast response rates. Theoretical

simulations based on finite-element method (FEM) revealed
that the observed high performance was not only due to the
strong light-confining capability of the GeNNs array, but also
due to the plasmonic ITONPs-induced hot electron injection.
The above results suggest that the present NIRPD will have
great potential in future optoelectronic devices application.
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1. Introduction

Localized surface plasmon resonance (LSPR) is known to
be the collective oscillation of electrons gas in nanoscale
solids when stimulated by incident light. Plasmonic metal
nanostructures (e.g. Au, Ag, Pt and Al) with high sensi-
tivity of optical response to the surrounding environment
have proved to be promising platforms for various biosens-
ing applications [1, 2]: such as surface enhanced Raman
spectroscopy [3], theranostics [4], biomolecular interaction
examination [5], and gas sensing [6-8]. In addition, plas-
monic nanomaterial has also been regarded as one of the
most efficient light-trapping platforms to boost the per-
formance of light-harvesting optoelectronics in that it is
capable of coupling and trapping freely propagating plane
waves into an adjacent semiconductor. By this token, plas-
monic metal nanostructures have been widely applied in a
number of fields [9, 10], such as inorganic material so-
lar cells [11-13], organic photovoltaic devices [14, 15],
nanoantennas [16—18], electrochromic devices [19], light-
emitting diodes (LEDs) [20, 21], photocalalysts [22, 23],
water splitters [24,25], and photodetectors [26—30].

The excitation of LSPR fundamentally relies on the
interaction between free charge carries and incident light.
Although LSPR has been widely observed in a number of
metals with high electron density, some nonmetal semi-
conductor nanostructures are able to exhibit obvious LSPR
as well [31, 32], which is attributed to the availability of

a high density of free charge carrier (electrons or holes)
as a result of controlled doping [33]. For example, non-
stoichiometric copper chalcogenides (e.g. Cu,_,S, Cu,_,Se
and Cu,_,Te) were found to exhibit a tunable and re-
versible LSPR band in the range of 900-1800 nm by
controlled oxidation of monovalent copper [34]. Further-
more, impurity atom-doped metal oxides such as Sn:In30,,
Al:ZnO, Ga:ZnO and Nb:TiO; have also displayed tunable
LSPR. More recently, strong LSPR has been observed in
other nonstoichiometric high-valence metal oxides (XO3_,:
X = Re, Mo and W) due to high carrier density [35, 36].
In spite of these tremendous efforts, most of the work
mentioned above has dealt with the synthesis and optics
of nonmetal plasmonic nanostructures, and there are few
reports about the utilization of nonmetal plasmonic mate-
rials for optoelectronic devices application. Herein, a high-
performance NIR light photodetector was fabricated by in-
troducing plasmonic tin-doped indium oxide nanoparticles
(ITONPs) into a nanoheterojunction. Unlike conventional
noble-metal nanocrystals normally with tunable LSPR band
in the visible and UV region, the present heavily doped
ITONPs exhibited typical LSPR in the NIR region, which
was completely compatible with the detection of NIR ir-
radiation. Both theoretical simulation and device analysis
revealed that the plasmonic ITONPs were capable of induc-
ing near-field enhancement and injecting hot electrons into
the SLG, leading to an obvious increase in photocurrent,
responsivity and detectivity.
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2. Experimental section

Preparation and characterization of ITONPs, GeNNs array
and SLG film: The heavily doped ITONPs were synthe-
sized by a reflux method in oleylamine, in which the doping
level of Sn was controlled by tuning the In/Sn precursor ra-
tios (detailed information about the synthetic process was
described by Kaneharra et al. [37]). The vertical GeNNs
array was prepared through a silver-catalyzed HF etching
method. In brief, n-type (100) single-crystalline Ge wafers
(size: 4 x 8 mm?) were treated in acetone, ethanol and
deionized water for several times to remove contamination
or organic grease. Highly ordered hexagonal-packed mono-
layer polystyrene (PS) spheres (~900 nm) were allowed to
self-assemble on the clean Ge substrate by a slow-pulling
strategy. The close-packed single-layer assembly was then
treated by reactive ion etching (RIE) to form a nonclose-
packed PS. Afterwards, an electron beam evaporator was
used to coat a 20-nm thick silver film on the Ge wafer,
followed by dipping into the mixed solution composed
of deionized water, HF, and H,O, (the concentrations of
HF and H,0, were 4.8 and 0.2 M, respectively). After
etching, the wafers were taken out and then dipped in
acetone to dispel the polymer spheres [38, 39]. The re-
maining Ag film was finally removed by immersing in a
solution composed of deionized water, NH;.H,O, and
H,0,. Then, the sample was rinsed with deionized water,
and dried at ambient condition. The SLG films were grown
by a conventional Cu-catalyzed chemical vapor deposition
(CVD) method, which was carried out at 1000°C using a
mixed gas of methane (40 SCCM) and hydrogen gas (20
SCCM) as the reaction source. The as-synthesized thin film
were then spin-coated with 5 wt% polymethylmethacry-
late (PMMA) and then immersed in an etch solution
(CuSO4:HCI:H,0 = 10 g:50 mL:50 mL) to remove the
catalytic Cu foil.

Device construction and characterization: To assemble
the ITONPs@SLG/GeNNs array Schottky junction pho-
todetector, a HfO, film was first deposited on one side of
the GeNNs array using magnetron sputtering for the sake
of insulation. Then, the above PMMA -supported SLG was
transferred onto the top of the GeNNs array and dried on
a hotplate at 100°C for 10 min, followed by removal of the
PMMA by acetone. A drop of silver paste was then placed
at the SLG where the HfO, film was deposited. Finally, the
ITONPs were modified onto the SLG by spin coating the
ITONPs suspension. The electrical property assessment of
the NIRPD device was performed on a semiconductor I-V
characterization system (4200-CSC, Keithley Co., Ltd.).
The optoelectronic properties of the NIRPD were studied
by using a 1550-nm laser (Thorlabs-PPL1055T) as a light
source. Furthermore, to determine the response rate of the
NIRPD, a home-built system composed of an oscilloscope
(Tektronix, TDS2012B), and a 1550-nm laser driven by a
high-frequency generator was used.

Theoretical simulation: The modeling was performed
by the finite-element method (FEM). During simulation,
the incident light is set to be an x-polarized plane wave

propagating along the —z-axis. Boundary conditions of per-
fect magnetic conductors (PMCs) were used for y = 0 and
y = L/2 planes, and perfect electric conductors (PECs) con-
ditions were used for the other two planes, x = 0 and x
= L/2. Perfect matched layers (PMLs) were used at the
top and bottom of the model and ended with the scattering
boundaries. The graphene layer was considered as an in-
finitely thin conducting layer, and treated as the transition
boundary condition. The optical data of Ge were from the
Sopra S. A. company database and those of ITO were from
the E. F. Schubert’s Handbook of Optics. The optical date
of graphene was described by the o0 model [40].

3. Results and discussion

The proof-of-concept NIRPD is composed of a free-
standing GeNNs array [Fig. 1a], and a SLG film decorated
with heavily doped ITONPs, which were fabricated by a
reflux method in oleylamine [37]. The doping level of the
Sn atoms can be controlled by changing the In/Sn precur-
sor ratio. Figure S1 shows the XRD patterns of ITONPs
with doping levels from 5-30%. It is revealed that all peaks
can be readily ascribed to the phase of In,O; NPs, and no
obvious impurity peaks due to either SnO or SnO, are ob-
served (supporting information). This result suggests that
the Sn atoms have replaced the In atoms in the crystal
lattice to provide sufficient donors in the nanostructures,
leading to high carrier density to support LSPR. Figure 1b
shows the TEM image of ITONPs with 10% Sn doping.
The diameters of the ITONPs are in the range of 15-25 nm,
with an average value of 21 nm. Further HRTEM analysis
[inset of Fig. 1b] depicts that the as-prepared ITONP is
single crystalline, and the d-spacing of the adjacent lattice
of ITONPs is ~0.21 nm, corresponding to the (422) plane
of ITO (JCPDF No. 06-0416). In fact, the Sn doping is
also verified by energy-dispersive spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS) analysis (Figs. S2
and S3). Furthermore, the single layer of graphene is con-
sistent with the Raman analysis shown in Fig. lc, from
which an intensity ratio of Irp:Ig =2.49 was obtained. The
negligible D-band at ~1320 cm™! indicates the high qual-
ity of the SLG. The highly ordered n-GeNNs array with
identical period and dimension was fabricated by a metal-
assisted chemical etching approach, prior to which a silver
film with hexagonal nanoholes was defined by a polystyrene
(PS) nanosphere lithography technique, followed by reac-
tive ion etching (RIE) treatment [41]. Since the length of
the GeNNs is primarily determined by the etch duration,
GeNNs with different lengths can be easily obtained by
tuning the etch time.

Figure 2a shows a representative SEM image of an
NIRPD that consists of ITONPs-modified SLG and free-
standing GeNNs array (Structure I) with a height of ~3 pum.
To minimize the surface-state density, the GeNNs array was
immersed in an aqueous HF to remove native oxide, fol-
lowed by chemical passivation through a hot (NHy4), S solu-
tion [22% (v/v)] [42]. Figure 2b plots the absorption curves
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Figure 1 (a) The schematic illustration of the ITONPs@ SLG/GeNNs array NIRPD. (b) TEM image of ITONPs, the above left and right
insets are the HRTEM image and size distribution of the ITONPs, respectively. (c) Raman analysis of the SLG, the inset is SEM image
of the SLG on Ge wafer. (d) Schematic illustration of the procedures for fabricating GeNNs, the SEM images show the corresponding

morphologies.
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Figure 2 (a) SEM image of Structure | NIRPD. (b) The absorption of ITONPs with different doping levels. (c) The electric-field intensity
distribution of ITONPs (Sn10%) with different diameters. (d) Electric-field energy-density distribution of Ge, Structure |, and Structure
Il under 1550-nm illumination. (e) The experimental absorption spectra collected from Structure I, Il, and Ill, ITONPs @planar Ge wafer

and ITONPs@GeNNs array.

of variously doped ITONPs, in which strong absorption  to 1580 nm, and then redshift 1680 to 1760 nm. Such a
peaks due to LSPR are found to depend on the doping level ~ doping level-dependent LSPR peak is due to the following
of the NPs. Remarkably, with the increase of Sn doping  reason: In the lattice structure of a ITO nanoparticle, a Sn
level from 5% to 10%, 20% and 30%, the wavelength of  atom can replace an In atom, giving rise to a free electron.
the LSPR peak was observed to firstly blueshift from 1730  In the low-doping range (1-10%), higher %Sn usually leads
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Figure 3 (a) Typical rectification characteristics of the NIRPD in dark. (b) Photovoltaic characteristics of the Structure | and Il Schottky
junctions. (c) Photoresponse of two representative devices with and without ITONPs modification under 1550-nm light illumination at
Woias = 0 V. (d) Photoresponse of the Structure | array NIRPD under various light intensities. (e) The fitting of the relationship between

the photocurrent and light intensity.

to higher free electron density. However, further increase
in Sn doping level can cause electron trapping around the
Sn atoms, leading to a decrease of the electron density and
therefore a longer LSPR wavelength [43]. In fact, the LSPR
effect is also confirmed by the simulated near-field intensity
distribution of ITONPs. As shown in Fig. 2c, all the ITONPs
with diameters in the range of 14—-30 nm can induce obvious
enhancement in the dipolar electric energy under irradia-
tion of 1550-nm light. Since the ITONPs were fabricated
by a reflux method, and they were further decorated on the
SLG by a simple spin-coating approach. Such synthesis and
decoration methods lead to randomly distributed ITONPs
array. Therefore, it is nearly impossible to induce collective
lattice resonance (Fano-like resonance) in this case [44].
To disclose the effect of the plasmonic ITONPs on the op-
tical property of the SLG/GeNNs (Structure II) Schottky
junction, the electrical field-density distributions of both
Structure I and IT with and without ITONPs were compared
by theoretical simulation based on FEM [Fig. 2d]. It is seen
that a strong electric field (hot spots) can be observed at
both central and superficial parts of the GeNNs when il-
luminated by NIR light. This finding is different from the
electrical-field distribution of SLG/planar Ge (Structure IIT)
where only plane-wave profiles were observed, suggesting
the strong light-confinement capability of the GeNNs ar-
ray. Remarkably, such a light-trapping effect can be further
enhanced by the introduction of the plasmonic ITONPs on
the SLG surface. In this case, the Structure I heterojunction
is essentially an SPP-based light-coupling regime in which
the plasmonic ITONPs can function as subwavelength scat-
tering elements to couple and trap freely incident NIR light
into the GeNNs array [10]. Figure 2e plots the absorption

spectra of the three nanostructures in the NIR range. In
comparison with both Structure II and III, Structure I ex-
hibited the strongest light absorption due to the combination
of both LSPR effect and light trapping. It is worth noting
that during this study, two other structures (“a graphene-
coated Ge layer with a NP decoration”: Structure A; and
“a GeNNs array decorated with ITO particles without a
graphene flake”: Structure B) are also considered. How-
ever, further experimental analysis finds that the perfor-
mance of the device based on Structure A is rather poor.
Understandably, the poor device performance is probably
related to the weak light absorption of the planar Ge wafer
relative to that of GeNNs array (Fig. S4). On the other
hand, even though Structure B may exhibit even stronger
light absorption than the GeNNs array, due to the absence
of graphene, however, no built-in electric field was formed
in the device. As a result, the photogenerated electron—hole
pairs cannot be efficiently separated, leading to no pho-
tocurrent in the device. In light of the above analysis, the
ITONPs@SLG/GeNNs array (Structure I) is the best choice
from the perspectives of both optical property and carrier
collection.

An electrical study reveals that the as-fabricated device
with plasmonic ITONPs displays obvious rectifying behav-
ior because of the Schottky barrier between SLG and the
n-GeNNs array [Fig. 3a]. From the I-V curves, the rectifica-
tion ratio is determined to be ~10%. In addition, the turn-on
voltage is derived to be 0.3 V, which is relatively smaller
than that of SLG/GaAs nanocones [39], and SLG/ZnO
nanorods [27]. By using the thermionic emission-based
diode equation (Supporting information) [45], the barrier
height of the Schottky junction is calculated to be 0.47 V,
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comparable to that of Structure II (0.45 V), signifying that
the ITONPs modification can hardly alter the nature of
the Schottky junction. Figure 3b compares the photovoltaic
characteristics of two devices with and without ITONPs
when exposed to 1550-nm illumination. The open-circuit
voltages (V) at zero bias voltage are estimated to be 0.055
and 0.39 V for Structures II and I, respectively. As dis-
cussed later, the relatively large photovoltage is related to
the LSPR effect of ITONPs. Although the power conver-
sion efficiency (PCE) is very low (~0.23%), the plasmonic
nanoheterojunction can act as a self-driven device that is
capable of sensing NIR illumination without power supply.
Figure 3c depicts the photosensitivity of devices with and
without decoration of plasmonic nanocrystals. It is seen
that both devices can be reproducibly switched between
low- and high-resistance states when the NIR irradiation
was turned on and off repeatedly. The photocurrent for
Structure I is 0.26 mA, which is much larger than those for
both Structure II (0.18 mA) and Structure III (0.07 mA).
Moreover, the on/off ratios are determined to be 3 x 10%,
and 5 x 10* for Structure II and I, respectively. Further
device analysis reveals that the photocurrent (/) of the
Structure I is completely dependent on the intensity of NIR
light [Fig. 3d]. In fact, this relationship can be represented
by a power law: I, = AP’, where A is a constant for a
specific wavelength, P the power of NIR irradiation, and
0 the exponent (0.5 < 6 < 1) that determines the photore-
sponse of photocurrent to NIR illumination, respectively.
By carefully fitting the above formula to the photocurrent—
intensity curve, the 6 is calculated to be ~0.97 [Fig. 3e].
Such a near-integer 6 verifies the good quality of the present
NIRPD.

Next, in order to quantitatively delineate the device
performance of NIRPD, two important device metrics,

Wavelength (nm)

both rise time (z,) and fall time (z). (d)
Spectral response of a NIRPD.

responsivity (R) and detectivity (D), were estimated by
using the following relations [46]:

I—1
R(AW™") = —”Popl L=y <%) G (1)

pr= | AR )
C\V2qls

where I, is the current under light illumination, /4 is current
in dark, P,y is the power of the incident NIR light, 7 is the
quantum efficiency (assuming n = 1 for simplification), &
is the Planck constant (6.626 x 107* J s), ¢ is the light
speed (2.997 x 10% m/s), A is the illumination wavelength
(1550 nm), A is the effective area of the NIRPD, and ¢ is
the unit of elementary charge (1.6 x 107 C). In this
case, the light intensity is 5 mW/cm?2, and the area of the
Structure I NIRPD is 0.3025 cm?. Therefore, the R and D*
are estimated to be 185 mA W~! and 2.28 x 10'3 cm Hz!”?
W-!, respectively. Besides the high responsivity and detec-
tivity, the present plasmonic device is also characterized
by a fast response rate. Figure 4a plots the optoelectronic
property of the NIRPD under fast-switching irradiation. It is
seen that the device can be reproducibly switched between
“on” and “off” states even though the frequency of the NIR
irradiation exceeds 1 MHz. Further investigation showed
that the relative balance (Inax — Imin/Imax) of the NIRPD
only decreases by less than 30% when the frequency is
increased to 110 kHz. To estimate the response rate, one
normalized cycle of response to 1 MHz illumination was
provided in Fig. 4c, from which the rise time (t,, time
needed for the photocurrent to increase from 10 to 90%)
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Table 1 Summary of the device performance of the present NIRPD

and other devices with similar structures

Materials Responsivity T, /T¢ Loo/ 1o Detectivity (Jones) Ref
Structure I 185 mA/W 450/460 ns 5 x 10* 2.28 x 103 This work
Structure IT 92 mA/W 22/50 ps ~3 x 10* 3.57 x 10" This work
SLG/Ge wafer 51.8 mA/W 23/108 us 2 x 10* 1.38 x 10 [51]
SLG/GaAs nanocone array 1.73 mA/W T2/122 us 104 1.83 x 10" [39]
Ge nanowire — 0.2/1s ~10? — [52]

and fall time (7¢, time needed for the photocurrent to de-
crease from 90 to 10%) were derived to be 450 and 460 ns,
respectively. Such a response rate is much faster than that of
Structure II (Fig. S5), and other devices with similar device
geometries (Table 1). Two factors are considered signifi-
cant to the fast response rate: (1) The high quality of the
GeNNs. The GeNNs array obtained via the chemical etch
method is single crystal with few trapping centers as a re-
sult of surface passivation. This feature is beneficial for the
fast achievement of steady states for photocurrent. (2) The
decoration of plasmonic ITONPs. Although the underlying
reason for this improvement is still unknown, a similar phe-
nomenon has been observed in other noble-metal plasmonic
nanoparticle-based devices [47,48]. It is also revealed that
the present device exhibits excellent spectral selectivity in
the wavelength range from 1300-1850 nm. As shown in
Fig. 4d, the NIRPD shows the highest sensitivity in the
range from 1400-1600 nm, but it is nearly blind to NIR il-
lumination with wavelengths larger than 1800 nm. Table 1
lists the device performance of the present NIRPD and other
photodetectors with similar device configurations. Appar-
ently, several key device parameters including responsivity,
response rate, on/off ratio, and detectitivity are higher than
not only those composed of SLG/Ge wafer and Ge NWs, but
also than that based on SLG/GaAs nanocones array. With-
out question, the good device performance as well as the
spectral response renders the present NIRPD highly promis-
ing for future photodetection applications, especially in
telecommunications.

The high sensitivity of the present NIRPD is related to
the operational mechanism. Figure S6 illustrates the energy-
band diagram of the Structure I array. Owing to the differ-
ence in work functions between the n-type Ge and graphene,
the electrons in Ge move to SLG and the energy level near
the Ge bends upward to form a built-in electric field (de-
pletion region) near the SLG-Ge interface. Under 1550-nm
light illumination, the built-in electric field can separate
the photogenerated excitons (electron-holes pairs), causing
the formation of photocurrent in external circuit. Remark-
ably, such a photocurrent-generation process was greatly
facilitated when plasmonic ITONPs were decorated on the
SLG surface. In this case, the energetic hot electrons within
ITONPsS as a consequence of LSPR can couple the resonant
energy, and then transfer to SLG. The injected electrons
at the depletion region were then separated by the electric

field [49]. It should be pointed out that such an injection of
hot electrons is highly spontaneous under NIR illumination
due to the high energy of hot electrons (1-4 eV) [50], and
low Schottky barrier between the heavily doped ITONPs
and SLG.

4. Conclusion and outlook

In summary, a high-performance near-infrared nanopho-
todetector (NIRPD) has been successfully fabricated by
coating germanium nanoneedle arrays (GeNNs) with non-
metal plasmonic indium tin oxide nanoparticles (ITONPs)-
decorated single-layer graphene (SLG). Device analysis
finds that the NIRPD exhibits high sensitivity to 1500-
nm illumination under zero bias with a high response
speed (response/recovery time of 450/460 ns), excellent
spectral selectivity and good reproducibility in a wide
range of switching frequency (100 Hz—1 MHz). In addi-
tion, the on/off ratio, responsivity and detectivity of the
device were estimated to be 5 x 10%, 185 mA/W and
2.28 x 103 cm Hz"?> W', respectively. Theoretical sim-
ulation of the ITONPs@SLG/GeNNs array based on a
finite-element method (FEM) reveals that the excellent
device performance is mainly attributed to the light con-
finement effect of GeNNs array, and plasmonic ITONPs-
induced electron injection. The totality of this study sug-
gests that the present plasmonic NIRPD will have promis-
ing potential for next-generation optoelectronic devices and
systems.

With the rapid development of synthetic technology,
plasmonic materials-based non-noble metal nanostructures
have enormously emerged and they display great potential
due to their low cost and tunable localized surface plas-
mon resonance (LSPR) frequency [38]. However, it is un-
deniable that the study of combination of these kinds of
materials for optoelectronic devices is still in its infancy
and needs extensive investigation. Among the various non-
noble-metal plasmonic materials, the heavily doped semi-
conductor nanostructure, in particular heavily doped sil-
icon, will be the most promising building block for in-
tegrating high-performance plasmonic optoelectronic de-
vices due to its ready compatibility with modern semicon-
ductor technology.
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