FULL PAPER ARUANTER. 0
INTERFACEY Gtecksor

updates

www.advmatinterfaces.de

Ambipolar Plasmon-Enhanced Photodetector Built
on Germanium Nanodots Array/Graphene Hybrid

Min Gao, Ziao Tian, Shiwei Tang, Xiaowen Han, Miao Zhang, Zhongying Xue, Wei Zhu,
Yongfeng Mei, Paul K. Chu, Gang Wang,* and Zengfeng Di*

1. Introduction
Graphene with gate-tunable electronic properties is promising as the channel

materials in ambipolar multifunctional photodetectors. However, owing to Photodetectors are crucial to a myriad of
the zero bandgap and weak light absorption, photodetectors fabricated on applications including optical communica-

. . . . . . q tion, military surveillance, and consumer
pristine graphene have low photoresponsivity. Herein, an ambipolar multi-

functional photod ithii d oh d p electronics.[!! In particular ambipolar photo-
unctional photodetector with improved photocurrent and response spee detectors that can switch between posi

is constructed on germanium (Ge) nanodots array-decorated graphene. The tive or negative photo-response depending
photocurrent map and simulated electric field distributions reveal that the on the external field?? or illumination
enhanced photo-response is attributed to the localized surface plasmonic wavelength*?! provide the platform for

multifunctional phototransistors with inte-
grated circuit compatibilities such as light
switching,[*® optical modulator,*% and
thermography."l However, common ambi-

resonance effects by trapping light around the Ge nanodots. The photo-
detector exhibits ambipolar photo-response and the photocurrents can be
tuned from negative to positive by applying different gate voltages due to the

gate-tunable Fermi level of graphene. This ambipolar photodetector with fast polar materials like organic semiconductors
response has excellent potential in imaging and sensing arrays as well as cannot be synthesized precisely due to the
multifunctional photodetectors. unknown relationship between the mole-

cular structure and system performance.?
Graphene is a natural ambipolar material
and its carrier polarity can be easily tuned by
applying different gate voltages. In addition,
on account of the atomic thickness and excellent electronic prop-
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current can be switched from negative to positive and there-
fore, the photodetector can be operated in the ambipolar mode.
This ambipolar photodetector composed of the Ge nanodots
array/graphene hybrid provides a convenient and valid strategy
DOI: 10.1002/admi.202001122 for mass production of high-performance photodetectors.
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Figure 1. a) Schematic diagrams showing the synthesis of the Ge nanodots array on the graphene/SiO,/Si substrate. b) SEM image of the AAO
membrane (Scale bar = 80 nm. c¢) SEM image of the Ge nanodots array on the graphene/SiO,/Si substrate (Scale bar = 80 nm). d) Raman spectra
of Ge nanodots array/graphene/SiO,/Si (red line) and graphene/SiO,/Si (blue line). e) TEM image of the cross-sectional 30 nm thick Ge nanodots
array/graphene/SiO,/Si and corresponding TEM-EDS maps of Ge (yellow), Si (orange), and O (blue) (Scale bar =40 nm). f) 3D AFM image of the Ge
nanodots array/graphene/SiO,/Si (Scale bar = 80 nm). g) Depth profile along Line 1 and Line 2 in panel f.

2. Results and Discussion

The anodic aluminum oxide (AAO) membrane is often used
as a template to synthesize large-scale ordered arrays of nano-
structures.?>?4 In our study, the geometry of the Ge nanodots
array is defined by the selected AAO membrane as shown in
Figure 1a. The AAO membrane is first transferred onto the gra-
phene/SiO,/Si substrate. According to the statistical analysis
(Figure Sla—c, Supporting Information), the average diame-
ter and periodicity of the AAO membrane are about 78 and
97 nm, respectively, which are verified by the zoom-in scanning
electron microscopy (SEM) image in Figure 1b. Subsequently,
a 30 nm thick Ge layer is deposited by thermal evaporation
and then the AAO membrane is removed to yield a highly
ordered Ge nanodots array on the graphene/SiO,/Si substrate
as revealed by Figure 1c and Figure S2, Supporting Informa-
tion. Statistical analysis discloses that the average diameter of
the Ge nanodots is 77 nm and the average periodicity is 96 nm
(Figure S1d—f, Supporting Information) is consistent with the
dimensions of the AAO membrane template. The presence
of graphene is confirmed by comparing the Raman spectra
collected from the graphene/SiO,/Si and Ge nanodots array/
graphene/SiO,/Si. The characteristic features of graphene
including the G band peak at 1580 cm™ and the 2D band peak
at 2700 cm! are shown in Figure 1d. Before deposition of
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the Ge nanodots array, graphene retains the high crystallinity
after transferring to the SiO,/Si substrate, as suggested by the
absence of the D band at 1350 cm™ and large I,p/I¢ ratio of 1.45
(Figure S3, Supporting Information). After deposition of the Ge
nanodots array, the graphene signals change barely implying
that the deposition process has little influence on the crystalline
quality of graphene and the Ge nanodots array is responsible
for the extra peak at 300 cm™.. Figure le shows the cross-sec-
tional transmission electron microscopy (TEM) image of the
Ge nanodots array disclosing a uniform height of 30 nm, and
the corresponding TEM-energy dispersive X-ray spectroscopy
(TEM-EDS) images reveal that the Ge nanodots are discon-
nected from each other. Inheriting the regularity of the AAO
membrane template, the Ge nanodots are well ordered forming
an array pattern as shown by the 3D atomic force microscopy
(AFM) image (Figure 1f). The line profiles of the Ge nanodots
array (Figure 1g) show that the Ge nanodots have a periodicity
of 100 nm, a uniform height of 30 nm, and an average diameter
of 80 nm in agreement with the statistical analysis of the SEM
image (Figure S1d—f, Supporting Information).

To evaluate the photoelectric conversion performance of Ge
nanodots array/graphene, a standard device (Figure 2a) is fab-
ricated and assessed using the semiconductor characterization
system. Figure 2b displays the photo-response of the device
illuminated with 1550 nm light at V3¢ =0V and Vpg =1V with

© 2020 Wiley-VCH GmbH
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Figure 2. a) Top panel: Schematic of the Ge nanodots array/graphene/SiO,/Si photodetector; Bottom panel: Optical image of the photodetector during
measurement (Scale bar =100 um). b) Photo-response under the 1550 nm light illumination with different light intensities (Vps =1V and Vg =0V).
c) Photocurrents of the photodetector versus light intensity with the red line being the fitted curve expressed as | = P'%. d,e) Photo-response under
1550 nm light illumination for frequencies of 500 Hz and 1 kHz. f,g) Fall time () and rise time (t,) derived from the enlarged photo-response in panel
(e). h) Photocurrent map under 1550 nm light illumination for an intensity of 1 mW cm™2 (Scale bar = 80 nm). The dashed circles represent the Ge
nanodots. i) Plane view (top) and side view (bottom) of the simulated electric field distribution of the Ge nanodots on graphene under 1550 nm illu-

mination. j) Electric field profile along the dotted line in panel i.

different light intensities. The photocurrent which exhibits
excellent stability and reproducibility falls immediately
in the on-state (under illumination) and rises in the off-
state (without illumination) indicating a negative response.
The photocurrent increases gradually as the light density
goes up, from 5 up to 50 mW cm™2, and it follows I e P,
where 6 determines the responsivity?’! (Figure 2c). Data fit-
ting yields a 6 value of about 1.04 suggesting a low density
of trap centers in the Ge nanodots array/graphene photode-
tector.?’l The responsivity (R), specific detectivity (D), and
noise equivalent power (NEP) are often used to evaluate the
performance of a photodetector and are calculated by the fol-
lowing equations:[18:23]
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R=- M
D =ﬂ 2)
(2q1p)"
NEP _JA (3)
D

where Ip, Py, A, and I are the photocurrent, effective light
power, device area, and dark current, respectively. For the
Ge nanodots array/graphene photodetector, R, D, and NEP
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Device architecture Rise time (t,) Fall time () Responsivity [mAW]  Detectivity [cm Hz!'/2 W] Ref.
Ge nanodots/graphene 18.7 us 18.7 us 44.5 2.16 x 10'° Our work
Graphene-Ge Schottky junction 23 us 108 s 51.8 1.38 x 101 [26]
PbS quantum dots/graphene 10 ms 10 ms 1% 101 7x10" [25]
PbS quantum dots/N,S co-doped graphene 3ms 200 ms 2.6 x107 5.5x10" [27]
CsPbBrs_,l, perovskite nanocrystals/graphene 0.81s 3.65s 8.2x 10" 2.4%10' [28]
CsPbCl; perovskite nanocrystals/graphene 03s 0.35s >10° >10" [29]
WO, o/graphene 36 Us 35us 824 - [30]
Cus_,P colloidal nanocrystals/graphene 420 ms 1s 934 5.98 x 10" [37]
Graphene on InGaN quantum dots >100 s >100 s >10° 5.8 x 10" [32)

are estimated to be 45 mA W1, 2.16 x 10° cm HzY2 W,
and 4.9 nW Hz2, respectively, when the light intensity is
50 mW cm™2. Moreover, the photodetector also has good per-
formance in the visible light range (with light wavelengths of
440 and 780 nm) as shown in Figure S4, Supporting Informa-
tion. In addition, the photodetector exhibits reliable response
and operates very well upon 1550 nm illumination even at high
frequencies of 500 Hz (Figure 2d) and 1 kHz (Figure 2e). The
response time (current fall time, #f) and recovery time (cur-
rent rise time, t,) are 18.7 and 18.7 us, respectively, as shown in
Figure 2f,g. The photodetector shows faster response than other
graphene-based photodetectors reported previously (Table 1).
The high-resolution photocurrent image in Figure 2h shows
two enhanced spots around two individual Ge nanodots sepa-
rated by a distance consistent with the periodicity of the Ge
nanodots array. To further explore the enhancement effects,
finite element method (FEM) simulation is conducted. Figure 2i
shows the plane view and cross-sectional view of the simulated
electric field distribution during 1550 nm light illumination. It
clearly shows an enhanced electric field in the proximity of

the Ge nanodots (Figure 2j) which can be ascribed to the LSPR
effect in which the incident light is absorbed and scattered by
the Ge nanodots leading to the enhanced oscillation and local
electric field. More important, the enhanced electric field can
greatly facilitate the separation process of photo-generated
hole-electron pairs in the Ge nanodots and the transfer pro-
cess of photo-generated holes to graphene, which consequently
increase the response as previously observed from Au nanoar-
rays/MoS,?% and WO, nanoarrays/graphene.?” The perfor-
mance of Ge nanodots array/graphene photodetector closely
correlates with the distribution and the diameter of Ge nano-
dots (Figures S5 and S6, Supporting Information).

To elucidate the mechanism for the negative photo-response
of the Ge nanodots array/graphene photodetector, photocurrent
curves are collected at different back-gate voltages as shown in
Figure 3a. When Vpg > -3V, the photocurrent is negative but
the photocurrent changes to positive when Vpg < —3V. It sug-
gests that the Ge nanodots array/graphene photodetector is an
ambipolar one in which the sign of the photocurrent can be
easily switched by applying different gate voltages. This unique
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Figure 3. a) Photo-response of the Ge nanodots array/graphene photodetector device under 1550 nm illumination for different back-gate voltages
from Vg =0V to Vg =—6 V in =1V steps. The source-drain bias is 1V and light intensity is 40 m\W cm™2. b) Transfer characteristics under 1550 nm
illumination for different light intensities. c) Relationship between Vp;.,. and light intensity. SKPM images of the Ge nanodots array/graphene d) in
dark and e) in light irradiation. The scale bar is 80 nm. f) Surface potential profiles in the dark (green line 1in panel (d)) and upon light illumination

(blue line 2 in panel (e)).
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ambipolar property has resemblance to the gate-tunable carrier
species of graphene. To validate the ambipolar behavior, the
transfer characteristics are determined during exposure to light
of different intensity (Figure 3b). The Ips—Vpg curve of pris-
tine graphene in Figure S7, Supporting Information, shows
the typical gate-tunable characteristic with the Dirac point at
12.5 V indicative of the p-type behavior as a result of additional
oxidation or surface absorption.”®! After depositing Ge nano-
dots on graphene, the Dirac point shifts negatively to —3.8 V
implying that electrons are transferred from the Ge nano-
dots to graphene. As the light intensity is increased from 0 to
40 mW cm~2, the Dirac point shifts from —3.8 V to =~2.2 V as
shown in Figure 3c. The shift in the Dirac point suggests an
enhanced hole-transfer effect from Ge nanodots to graphene
with increasing light intensity. In general, the photodetector
produces a negative photocurrent, that is, Igyx > fighe When
Vic > Vpine but the photocurrent changes to positive, that
is, Igark < liight When Vg < Vpiy. It is verified by the photo-
detection behavior of the photodetector under illumination by
a large light intensity of 40 mW cm™ as shown in Figure 3a.
Scanning Kelvin probe microscopy (SKPM) is an effec-
tive method to explore the flow of the separated electrons and
holes by measuring the surface potential difference (SPD)
between graphene and Ge nanodots without and with light
irradiation.l33-361 SPD is defined by the difference in the Fermi
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level between graphene and Ge nanodots as shown in the
following:

AEf = cDgraphene - cDGe = ePGe - ePgraphene =eAP (4)

where ®grinhenes Poraphenes aNd @ge, Pge correspond to the work
function and surface potential of graphene and Ge nanodots,
respectively. As shown in the SKPM images (Figure 3d,e), the
SPD of the Ge nanodots/graphene hybrid is obviously higher
when exposed to light. The detailed SPD analysis is shown in
Figure S8, Supporting Information, in which Pgphenes Poes
and AP are well defined. Figure 3f shows the corresponding
AP profiles along the lines in Figure 3d,e yielding an average
AE; = eAP = 6 meV at dark and AE; = 15 meV with light. The
larger SPD upon light irradiation confirms the transfer of holes
from the Ge nanodots to graphene, which is in agreement with
the transfer characteristics in Figure 3b,c.

The energy band models are established to understand
the flow of electrons and holes in the Ge nanodots array/gra-
phene system. Prior to the deposition of Ge nanodots, the
Fermi level of graphene is lower than that of Ge nanodots as
shown in Figure 4a. After deposition of Ge nanodots on gra-
phene, electrons are transferred from Ge nanodots to graphene
to equilibrate the Fermi level between Ge and graphene con-
sequently inducing electron doping in graphene and the shift

o
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. hv

J oles
‘\ VOO E,
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Figure 4. a,b) Energy band diagrams of the Ge nanodots array/graphene system in the separate state and contact state. ¢,d) Energy band diagrams of
the Ge nanodots array/graphene system in the contact state under illumination for Vg > Vpirac and Vg < Vpirae, respectively.
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of Dirac point to a negative value. Therefore, the valence band
and conduction band of Ge bend upward to the interface cre-
ating a built-in field (Figure 4b) .18l Figure 4c,d show the energy
band models for Vg > Vpiae and Vg < Vpirae, respectively. The
SKPM is measured at zero bias corresponding to the V¢ >
Vbirac case. In this case, when exposed to 1550 nm illumination,
the photo-generated hole-electron pairs in the Ge nanodots are
separated by the built-in electric field and holes are transferred
to graphene as a doping effect while electrons are trapped in
the Ge nanodots. Since graphene is electron-dominated at
Vic > Vpino the transferred photo-generated holes recombine
with electrons to decrease the Fermi level of graphene and
increase SPD under light illumination and the negative photo-
current. As for the Vpg < Vpi, case (Figure 4d), graphene is
hole-dominated, and the photo-generated holes from the Ge
nanodots increase the density of holes in graphene to increase
the current and produce a positive photocurrent.’”! Therefore,
the photocurrent of the Ge nanodots array/graphene photo-
detecting system is extremely sensitive to the gate bias and
the photocurrent can be tuned from negative to positive when
the gate voltage crosses the Dirac point, which is essential
for the design of a high-performance ambipolar photodetector.

3. Conclusion

A high-performance ambipolar photodetector is constructed
with Ge nanodots array-decorated defect-free graphene. The
periodic Ge nanodots increase the local electric field near
the graphene layer due to the LSPR effect giving rise to fast
response and recovery. In addition, owing to the gate-tunable
carrier polarity and density of graphene, the photocurrent can
be tuned from negative to positive as the gate bias is varied near
the Dirac point of graphene thus behaving as an ambipolar
photodetector. Our work reveals a convenient approach to
design and produce high-performance photodetectors by
integrating 2D materials with plasmonic nanostructures.

4. Experimental Section

AAO Membrane Transfer: The polymethyl methacrylate (PMMA)/AAO
membrane (purchased from TopMembranes Technology) with an initial
pore size of 78 nm and periodicity of 97 nm was placed in an acetone
bath for 30 min to dissolve the PMMA layer; and the residual AAO
membrane was then picked up by the graphene/300 nm SiO,/Si
substrate (purchased from SixCarbon Technology Shenzhen).

Photodetector Fabrication: The source and drain electrodes defined
by standard photolithography were formed on the monolayer
graphene/300 nm SiO,/Si and Ti/Au (10 nm/100 nm) was deposited by
thermal evaporation. Afterward, the graphene channel was patterned
by another photolithographic process and etched by an inductively
coupled plasma. The AAO membrane was transferred to the graphene
channel and a 30 nm thick Ge film was directly deposited onto the
AAO/graphene film by thermal evaporation with the evaporation rate of
0.1 nm s7". After removing the AAO membrane by a tap, the device was
annealed at 280 °C for 5 h under a mixture of H, and Ar (10:1 sccm flow
rates) to remove the adsorbate and contaminants.

Photodetector Characterization: The photocurrent was measured on
an Agilent (B1500A) semiconductor parameter analyzer together with
the Keithley 2400 semiconductor characterization system. The power-
tunable laser with a wavelength of 1550 nm was employed under
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ambient conditions and the on and off periods were controlled by a
mechanical shutter.

FEM Simulation: The electric field of the Ge nanodots array/graphene
system upon illumination with a 1550 nm light source was simulated by
FEM. The structure consisting of the Ge nanodots array (periodicity of
96 nm, diameter of 77 nm, and height of 30 nm), monolayer graphene,
300 nm SiO,, and a semi-infinite Si layer was adopted in the simulation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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