Downloaded via FUDAN UNIV on October 15, 2020 at 03:11:59 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO.. .5

pubs.acs.org/NanoLett

Ferroelectric Enhanced Performance of a GeSn/Ge Dual-Nanowire

Photodetector

Yuekun Yang, Xudong Wang, Chen Wang, Yuxin Song, Miao Zhang, Zhongying Xue, Shumin Wang,
Zhongyunshen Zhu, Guanyu Liu, Panlin Li, Linxi Dong, Yongfeng Mei, Paul K. Chu, Weida Hu,

Jianlu Wang,* and Zengfeng Di*

Cite This: Nano Lett. 2020, 20, 3872-3879

I: I Read Online

ACCESS |

[ihl Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: GeSn offers a reduced bandgap than Ge and has
been utilized in Si-based infrared photodetectors with an extended
cutoff wavelength. However, the traditional GeSn/Ge hetero-
structure usually consists of defects like misfit dislocations due to
the lattice mismatch issue. The defects with the large feature size of
a photodetector fabricated on bulk GeSn/Ge heterostructures
induce a considerable dark current. Here, we demonstrate a flexible
GeSn/Ge dual-nanowire (NW) structure, in which the strain
relaxation is achieved by the elastic deformation without
introducing defects, and the feature dimension is naturally at the
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nanoscale. A photodetector with a low dark current can be built on a GeSn/Ge dual-NW, which exhibits an extended detection
wavelength beyond 2 yim and enhanced responsivity compared to the Ge NW. Moreover, the dark current can be further suppressed
by the depletion effect from the ferroelectric polymer side gate. Our work suggests the flexible GeSn/Ge dual-NW may open an
avenue for Si-compatible optoelectronic circuits operating in the short-wavelength infrared range.
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uasi-one-dimensional (1D) semiconducting nanowires

(NWs) have been recognized as potential building
blocks for optoelectronic devices' such as solar cells,”” light-
emitting diodes,”* nanolasers,”” and photodetectors®™"" due
to their high surface to volume ratio (S/V). In particular, NW
photodetectors operating in the short-wavelength infrared
(SWIR) range beyond 2 um'? have attracted tremendous
interest since SWIR is efficient for data communication,
thermal imaging, and molecular vibrations characterization for
spectroscopy or biomedical applications.>™" Traditional
SWIR photodetector technologies are mainly based on
HgCdTe, InSb, InGaAs, and other compound semiconductor
materials. Due to either the poisonous property or the limited
detection wavelength of these compound semiconductor
materials (as displayed in Table S1), their application in
SWIR technologi<esl6_18 is still limited. In addition, these
compound semiconductor materials are incompatible with the
mainstream Si-based complementary metal oxide semiconduc-
tor (CMOS) process, which hinders the future development of
high-density SWIR photodetectors from integrating with the Si
platform.

Ge, as a CMOS compatible group IV semiconductor
material, has been considered as a good candidate for a Si-
based SWIR detector. However, the light absorption capability
of Ge is low due to the indirect bandgap nature, and the cutoff
detection wavelength is limited to 1.8 ym due to its bandgap of
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0.66 eV.""~*' By alloying Ge with Sn, the indirect (L) and
direct (I") valleys in the conduction band of Ge will be lower,
and thus, a narrower bandgap can be achieved.””** Therefore,
compared to a Ge-based photodetector,'”™>" GeSn has the
potential to be utilized as photodetectors with extended
detection wavelength, even for mid-infrared ranges.24_26
Strain-free GeSn alloy displays a direct bandgap nature when
Sn concentration is above ~9%.”** Owing to the reduced
bandgap compared to Ge,””** GeSn QWs on Ge buffer have
been utilized to build photodetectors with an extended
detection wavelength as reported previously.” ~>° However,
due to the large lattice mismatch between GeSn and Ge, the
compressive strain is always introduced in the GeSn epilayer,
and defects like misfit dislocations are easily generated to
partially relax the consequent compressive strain,”* > which
contributes to the dark current of the photodetector built on
GeSn QWs. In addition, limited to the resolution of the
conventional photolithography process, the feature size of the
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Figure 1. Growth and characterization of the GeSn/Ge dual-nanowires (NWs). (a) The schematic of the GeSn/Ge dual-NWs synthesis process.
Inset: Indium layer on graphene acts as a catalyst for Ge NW growth. (b) TEM image of a single Ge NW. The corresponding energy-dispersive X-
ray spectroscopy (EDX) mappings of Ge and Pt are shown in panels ¢ and d, respectively. Nonuniform distribution of Pt originates from the TEM
sampling process. (e) TEM image of a GeSn/Ge dual-NW. The corresponding EDX mappings of Ge, Sn, and Pt are shown in panels f, g, and h,
respectively. Scale bar, 1 ygm in b—h.
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Figure 2. Cross-sectional TEM and EDX compositional mapping of single GeSn/Ge dual-NW. (a) Schematic of a GeSn/Ge dual-NW (The blue
plane represents the cross section of the NW). (b) Cross-sectional TEM image of the single GeSn/Ge dual-NW. The yellow dashed rectangle
shows the Ge core, and the outer region is the GeSn overlayer. The corresponding EDX mappings of Ge and Sn are shown in panels e and f,
respectively. (c) High-resolution TEM image of the red rectangle region shown in panel b. The white arrow indicates the growth direction of GeSn.
(d) An overlay EDX mapping of panels e and f. (g) EDX linescan of the blue dashed line in panel d. Scale bar, S0 nm in panels b, d, e, and f, 2 nm
in panel c.

GeSn QW photodetector device is relatively large, which the photodetector device based on the bulk QW structure, the
induces considerable dark current as well.>"*> Compared to dimension of the NW counterpart always has a low defect
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Figure 3. Photoresponse characteristics of the GeSn/Ge dual-NW photodetector. (a) I;,—Vy, characteristics of the GeSn/Ge dual-NW device in
the dark and under different light intensities (2 ym). Inset: SEM image of the GeSn/Ge dual-NW device with a channel length of S um. (b)
Photocurrent response of the device under 2 ym laser light illumination with different intensities at Vg = 1 mV. The light is switched on/off at an
interval of 2 s. (c) Dependence of the photocurrent on different light intensities. Error bars represent standard deviations. (d, e) Photoresponse
behaviors obtained under 1.55 pm, 2.0 gW/um? laser and 2.0 pum, 2.0 gW/um? laser at V4, = 1 mV, respectively. (f) Spectral responsivities of
GeSn/Ge dual-NW and Ge NW photodetector devices under illumination wavelengths from 1.0 to 2.2 ym with a light intensity of 2.0 yW/um? at

V4 = 1 mV. Scale bar, 10 ym in panel a.

density and is naturally at the nanoscale, which yields the
ultralow dark current, as compared in Table SI. Since the dark
current is the main origin of noise and may limit the ability for
weak light signal detection, new architecture needs to be
integrated with the GeSn system to extend the photodetecting
capability to the infrared range with the considerably low dark
current.

In this work, we propose and experimentally demonstrate a
new flexible dual-NW structure consisting of a GeSn layer with
Sn content ~10% heteroepitaxially grown on the sidewall of a
Ge NW by molecular beam epitaxy (MBE). Compared to the
GeSn/Ge bulk QWs, owing to the flexibility of GeSn/Ge dual-
NW, the lattice mismatch induced compressive strain in GeSn
can be fully relaxed by the elastic deformation without forming
dislocations and defects. Photodetectors based on GeSn/Ge
dual-NW are found to exhibit an extended detection range
beyond 2 ym and enhanced responsivity compared with the
Ge NW counterpart due to the reduced direct bandgap of
GeSn.>>** Furthermore, due to the nanoscale dimension of the
NW structure, the dark current (I,;.) of the GeSn/Ge dual-NW
photodetector can be reduced, which can be further sup-
pressed by the incorporation of the ferroelectric polymer as a
side gate.

The GeSn/Ge dual-NWs were synthesized through a two-
step process by MBE as shown in Figure la. In the first step,
Ge NWs were synthesized on a graphene substrate using the In
layer as a catalyst at 570 °C. In the second step, a GeSn
overlayer was deposited on the sidewall of the Ge NW at 210
°C, thus forming a dual-layer GeSn/Ge heterostructure NW.
The low growth temperature (210 °C) during the second step
allows a relatively high growth rate for GeSn, which enables the
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incorporation of more Sn atoms into Ge lattice without Sn
segregation and precipitation due to the low equilibrium
solubility of Sn in Ge.” In addition, the catalysis capability of
In on Ge NW growth was minimized during the second step
due to the low temperature, and thus, the GeSn/Ge dual-NW
grew thicker rather than longer during the GeSn deposition
process (for more details about dual-NW growth, see
Supporting Information). Transmission electron microscopy
(TEM) images of the Ge NW and GeSn/Ge dual-NW are
shown in Figure 1b,e, respectively, together with the
corresponding energy-dispersive X-ray spectroscopy (EDX)
mapping in Figure Ic,d,f—h. As shown in Figure 1b, the Ge
NW is rather straight, suggesting no strain is residual in the Ge
NW. In contrast, the GeSn/Ge dual-NW is self-bent, indicating
that the compressive strain in GeSn originating from the lattice
mismatch between Ge and GeSn is fully relaxed during the
formation of the bent GeSn/Ge dual-NW. For the conven-
tional epitaxy of GeSn film on a Ge substrate, the compressive
strain in the GeSn layer can only be partially released by
forming dislocations at the GeSn/Ge interface, which may
increase the dark current and form nonradiative recombination
centers. In our study, the GeSn epilayer is deposited on the
initial Ge NW with excellent flexibility. Due to the relatively
larger lattice constant of GeSn compared to Ge, the GeSn
epilayer tends to be compliant to the lattice structure of the Ge
core nanowire, which leads to the bending of the GeSn/Ge
dual-nanowire as observed. The elastic deformation by the
natural bending process enables the strain relaxation process
during the growth of the GeSn epilayer on the Ge core NW,
which results in the strain-relaxed GeSn/Ge dual-NW.>®
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Figure 4. Schematic illustration and electrical properties of a ferroelectric polymer side-gated GeSn/Ge dual-NW device. (a) Three-dimensional
schematic view of a ferroelectric polymer side-gated GeSn/Ge dual-NW device. (b) AFM image of the GeSn/Ge dual-NW device. (c) Schematic
diagram of the ferroelectric polymer side-gated GeSn/Ge dual-NW device operating in a positive polarization state (depleted state). (d, e) The
transfer curves of the GeSn/Ge dual-NW device with the ferroelectric polymer side gate at V= 1 V. (Inset in panel d) SEM image of the GeSn/
Ge dual-NW device with the side gate. (f) The I3, — V; characteristics of the ferroelectric polymer side-gated GeSn/Ge dual-NW device at various

side gate voltages. Scale bar, 2 ym in panels b and d.

The Sn composition and distribution in the GeSn/Ge dual-
NW are studied via cross-sectional EDX mapping in scanning
transmission electron microscopy (STEM), as shown in Figure
2. Figure 2a depicts the schematic diagram of the cross section
of the GeSn/Ge dual-NW. Figure 2b shows a cross-sectional
TEM image of the GeSn/Ge dual-NW presented in Figure le,
and Figure 2d,ef corresponds to overlay, Ge, and Sn EDX
mapping images, respectively. The yellow dashed rectangle in
Figure 2b denotes the contour of the Ge NW core of the
GeSn/Ge dual-NW. A uniform Sn distribution is observed in
the GeSn region as shown in Figure 2f, indicating that there is
no Sn segregation and precipitation in the GeSn alloy. Figure
2g is an EDX linescan along the blue dashed line in Figure 2d.
The Sn concentration in GeSn alloy, which is estimated to be
~10% according to the EDX data (see Figure S2), is above the
indirect-to-direct bandgap transition threshold at 9%.””** The
Sn concentration of the strain-free GeSn/Ge dual-NW is
further verified by a 6 cm™' red shift of the Ge—Ge LO
mode®”* deduced from the comparison of Raman spectros-
copy between the Ge NW and the GeSn/Ge dual-NW (see
Figure S3). The crystalline structure of the GeSn/Ge dual-NW
is revealed by the aberration-corrected high-resolution TEM,
as presented in Figure 2c. No defects, such as mismatch
dislocations, are observed near the interface between the Ge
NW core and the GeSn overlayer. Both Ge and GeSn regions
show a single face-centered diamond-cubic lattice structure
with high crystalline quality. The white arrow in Figure 2c
shows the [1—11] growth direction of the GeSn NW overlayer
on top of the Ge NW core. Besides, the interplanar spacing of
the GeSn NW overlayer is about 0.36 nm, which is slightly
larger than that of the Ge NW (0.34 nm).
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The photoresponse characteristics of a single GeSn/Ge dual-
NW photodetector are examined under laser excitation with a
wavelength of 1.55 and 2.0 ym at an ambient temperature.
Figure 3a shows the typical output characteristics of the GeSn/
Ge dual-NW photodetector without additional gate voltage.
Under the identical positive source—drain voltage (Vy,), the
light current (I.) under the illumination of a laser with a 2.0
um wavelength increases with the increment of light intensity.
Figure 3b displays the dynamic photoresponse behaviors of the
photodetector under the laser with different incident powers at
V4, = 1 mV. The laser with a 2.0 um wavelength is periodically
switched on and off at an interval of 2 s. The GeSn/Ge dual-
NW photodetector can respond to the laser pulse very well and
exhibits perfect stability and reliability. In addition, the
photocurrent (Iph), which can be defined as the difference
between I. and I, under a light intensity of 5.9 gW/um? is
approximately 4 times larger than that obtained under the light
intensity of 2.0 yW/um>. I, exhibits nonlinear increments as
the incident light intensity (P) increases at Vi = 1 mV, which
can be fitted by the power law relationship of I;, = cP¥, where ¢
= 0.34 and k = 0.45 (Figure 3c), as reported previously.' The
nonlinear dependence of I, on the incident optical power
density indicates that the complex processes occur in the
GeSn/Ge dual-NW photodetector, including electron—hole
generation, trapping, and recombination.”"** Based on the Ln
dependence on light power intensity, the responsivity (R) can
be further evaluated as ~1.2 mA/W for the GeSn/Ge dual- NW
device. Figure 3d,e displays the performance comparison
between the GeSn/Ge dual-NW and the Ge NW device under
a laser light of 1.55 and 2.0 pm wavelengths, respectively.
Compared with the Ge NW photodetector, the GeSn/Ge dual-
NW photodetector has a higher responsivity under 1.55 ym
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Figure S. Photoresponse characteristics of a ferroelectric side-gated GeSn/Ge dual-NW photodetector device. (a) Schematic diagram of a
ferroelectric side-gated GeSn/Ge dual-NW photodetector device illuminated under the laser. (b) Photocurrent response of the photodetector
device under 2.0 pm, 2.0 gW/um? laser with an interval of 2 s after different positive side gate polarizations at V,, = 1 mV. (c) Photocurrent
response of the +100 V side-gated photodetector device under laser illumination (2.0 ym) with different intensities at V, = 1 mV. The laser is
switched on/off at an interval of 2 s. (d) Dependences of I and the I,./I . (on/off) ratio on the side gate voltage under 2.0 ym, 2.0 gW/um? laser

illumination. Error bars represent standard deviations.

illumination, which is believed to be due to the direct bandgap
nature and enhanced light absorption capability of the GeSn
NW in the GeSn/Ge dual-NW. In addition, due to the reduced
bandgap of GeSn, the detection wavelength can be extended to
2.0 pm for the GeSn/Ge dual-NW photodetector, as shown in
Figure 3e. However, no photoresponse is observed in the Ge
NW photodetector under the identical 2.0 ym illumination.
Figure 3f depicts the spectral response of two detectors under
the illumination with the light intensity of 2.0 yW/um* at a
bias of 1 mV and the wavelength varying from 1.0 to 2.2 um. It
is found that, for the Ge NW device, the maximum value of
responsivity is obtained at ~1.5 ym. The responsivity declines
dramatically when the wavelength is longer than 1.5 ym, and it
approaches nearly zero for the wavelength beyond 1.8 ym. The
cutoff wavelength, i.e, 1.8 ym, is consistent with the bandgap
value of pure Ge. On the contrary, the GeSn/Ge dual-NW
detector has an appreciable photoresponse even at a
wavelength of 2.2 um. The extended photoresponse wave-
length can be attributed to the reduced bandgap of GeSn in the
GeSn/Ge dual-NW compared to Ge NW. It is worth noticing
that the reduced bandgap of GeSn also induces the undesirable
increment of dark currents (I;.) in the GeSn/Ge dual NW
under the illumination of a laser with a wavelength of 1.55 or
2.0 um*’® (Figure 3d,e), which decreases the I./Iy ratio (on/
off ratio) of the corresponding photodetector, thus degrading
the detection performance.

The suppression of the dark current is essential to increase
the I, ./I; ratio, thus improving the detectivity of high-
performance photodetection.*”** In order to reduce I of the
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GeSn/Ge dual-NW photodetector, poly(vinylidene fluoride-
trifluoroethylene) P(VDF-TtFE) is used as the ferroelectric
side gate dielectric for GeSn/Ge dual-NW photodetectors (see
Supporting Information, Section I, for more details). The
schematic diagram and the corresponding atomic force
microscopy (AFM) image of ferroelectric side-gated GeSn/
Ge dual-NW photodetector are depicted in Figure 4a and b,
respectively. The inset of Figure 4d shows the corresponding
SEM image of the photodetector device. As the positive bias is
applied on the side gate electrode, the polarization of the
terroelectric film will be aligned to the NW under the positive
electrostatic field gradient, as schematically drawn in Figure 4c.
The Iy — V,, and I, — V,, transfer characteristics of the GeSn/
Ge dual-NW device are shown in Figure 4d,e, respectively.
Both curves clearly demonstrate the ferroelectric hysteresis
nature of the P(VDF-TrFE). The side gate current (L) is on
the order of pA even when the side gate voltage (ng) exceeds
+100 V, indicating that the P(VDF-TrFE) is working well
without breakdown even at high V. For the positive
polarization state, the source—drain current (I) decreases as
the positive bias applied on the side gate electrode increases, as
shown in Figure 4f. As +100 V is applied on the side gate, I, at
V4 = 1 Vis shrunk to ~15% of that obtained from the GeSn/
Ge dual-NW photodetector with V,, = 0 V. It indicates that,
after applying a positive side gate voltage, the electrostatic field
derived from the remnant polarization of P(VDF-TrFE) results
in depletion of the holes (majority carriers) of the p-type
GeSn/Ge dual-NW. However, when the ferroelectric dielectric
changes into the negative polarization state, Iy will barely
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respond to the variation of the negative bias applied on the side
gate electrode, indicating that the negative polarization state
corresponds to the depletion of the electrons (minority
carriers) in the GeSn/Ge dual-NW.* Therefore, it implies
that the positive bias applied to the ferroelectric polymer side
gate can be further utilized to reduce the dark current (1) of
the GeSn/Ge dual-NW detector.

To validate the effect of the ferroelectric polymer side gate
on the reduction of Iy, photoresponse behaviors of the GeSn/
Ge dual-NW photodetector are investigated under the positive
polarization in detail, as displayed in Figure Sa. Photocurrent
response behaviors under a 2.0 4W/um? chopped laser with a
wavelength of 2.0 ym before and after different positive side
gate polarizations are displayed in Figure Sb. It is obvious that
Iy decreases significantly with the gradual increment of the
side gate pulse voltage. As +100 V bias with the pulse of 2 s is
applied on the side gate, the I;. of the GeSn/Ge dual-NW
photodetector is reduced to ~0.1 nA (comparable to NW
photodetectors based on other semiconductor materials as
displayed in Table S1), which is reduced 85% compared to the
value obtained at V,; = 0 V and even lower than that of the Ge
NW device obtained under the illumination of a 1.55 ym laser
with the same measurement condition (Figure 3b). Figure Sc
presents the photoresponse of the GeSn/Ge dual-NW detector
with +100 V side gate polarization toward chopped laser
illumination (2 pm) of different light intensities. It is found
that, different from I, I4. is not sensitive to the intensity of
excitation laser and always suppressed regardless of the laser
intensity. Even the laser intensity increases to 5.9 gW/um?; the
value of Iy is still as low as 0.1 nA. To further investigate the
ferroelectric polymer side gate effect, the dependences of I
and the I,./I;. ratio (on/off ratio) on the side gate voltage are
statistically presented in Figure 5d. It is observed that Iy of the
GeSn/Ge dual-NW photodetector can be manipulated by the
bias at the ferroelectric polymer side gate, and the appreciably
low Iy, can be obtained at a high side gate voltage.
Furthermore, the I./I;. ratio of the GeSn/Ge dual-NW
photodetector can also be improved significantly by the
increment of side gate voltage. Therefore, with the integration
of the ferroelectric polymer side gate and GeSn/Ge dual-NW,
the photodetector with the extended detection range and the
improved detectivity can be obtained.

In summary, we demonstrate a high-performance photo-
detector based on the GeSn/Ge dual-NW that possesses an
extended detection wavelength up to 2.2 ym compared with
the Ge NW counterpart. Furthermore, assisted by the
ferroelectric polymer side gate, the undesirable dark current
of the GeSn/Ge dual-NW photodetector can be effectively
suppressed by 85%; therefore, its detectivity can be
considerably enhanced correspondingly. Our strategy relying
on the conjunction of the ferroelectric polymer side gate and
GeSn/Ge duallNW may open a new avenue to explore
photodetection application based on group IV semiconductor
materials.

B METHODS

Nanowire Synthesis and Characterization. The GeSn/
Ge dual-NWs were synthesized using the DCA P450 MBE
system via a two-step process. First, the graphene-coated Ge
substrate was smeared with a thick In layer and heated by a hot
plate (200 °C) for 2 min prior to the transfer into the MBE
growth chamber. Then, the first step for Ge NW growth
started with the Ge flow flux of 0.012 nm/s at 570 °C and
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continued for 150 min. After the growth of the Ge NW, the
second step for the GeSn overlayer growth subsequently
started at 210 °C with Ge flux of 0.1 nm/s and Sn flux of 0.015
nm/s and continued for 850 s to form the GeSn/Ge dual NW
with a diameter of ~150—200 nm and a length of 8—10 ym.
The morphologies of GeSn/Ge dual-NWs were characterized
by SEM (HITACHI-S4700) and AFM (Bruker, Multimode 8).
The Sn concentration in the GeSn/Ge dual-NW was estimated
by Raman spectroscopy (HORIBA Jobin Yvon HR800) using
an Ar" laser with a wavelength of 514 nm and STEM together
with EDX mapping (aberration-corrected JEM-ARM300F
system) with an accelerating voltage of 300 kV.

Device Fabrication and Measurement. The GeSn/Ge
dual- NWs were mechanically transferred to the SiO,/Si
substrate (300 nm SiO,). Then, the substrate was spin-coated
with methyl methacrylate (MMA) and poly(methyl meth-
acrylate) (PMMA), and electron-beam lithography (Zeiss
Sigma system) was utilized to define the areas for drain, source,
and side-gated electrodes. The Cr/Au (S nm/4S nm)
electrodes were deposited via e-beam metal evaporation
(Kurt J. Lesker system). Ferroelectric polymer P(VDF-TrFE)
(200 nm thick) was deposited on the NW channels by spin-
coating. Afterward, the P(VDF-TtFE) layer was annealed at
130 °C for 2 h on a hot plate to improve its crystallinity. The
optoelectronic measurements of NW devices were performed
in a Lake Shore TTPX probe station connected to a Keithly
4200 semiconductor characterization system at an ambient
temperature.
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