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ABSTRACT Here we report InAs nanowire (NW) near-infrared photode- 2 o
tectors having a detection wavelength up to ~1.5 um. The single InAs NW —980nm
—1064nm

photodetectors displayed minimum hysteresis with a high /,,//«; ratio of 10°. At
-1470nm

room temperature, the Schottky—Ohmic contacted photodetectors had an

lds(nA)

external photoresponsivity of ~5.3 x 10° AW™", which is ~300% larger than
that of Ohmic—Ohmic contacted detectors (~1.9 x 10° AW™"). A large ;
enhancement in photoresponsivity (~300%) had also been achieved in metal — 0

1
Vds(V)

Au-cluster-decorated InAs NW photodetectors due to the formation of Schottky
junctions at the InAs/Au cluster contacts. The photocurrent decreased when the
photodetectors were exposed to ambient atmosphere because of the high surface electron concentration and rich surface defect states in InAs NWs. A theoretical
model based on charge transfer and energy band change is proposed to explain this observed performance. To suppress the negative effects of surface defect
states and atmospheric molecules, new InAs NW photodetectors with a half-wrapped top-gate had been fabricated by using 10 nm Hf0, as the top-gate dielectric.
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tor NWs have received considerable at-

tention as potential building blocks for
a variety of fundamental optical and elec-
tronic components, including radio fre-
quency electronics, solar cells, photonic de-
vices, and photodetectors.' 8 For instance,
ultrahigh photocurrent gain was achieved
in GaN NW photodetectors, which was ap-
proximately 3 orders of magnitude higher
than for thin film counterparts; the GaAs/
AlGaAs core—shell NW photodetectors
had a picosecond response time, show-
ing its high-speed performance, and very
high room-temperature mobility was also
obtained in radial core—shell InAs/InP
NWs.”~"" Of particular interest in lll—V semi-
conductor NWs is the InAs NW because of its
high carrier mobility, narrow band gap for
infrared detection, ease of Ohmic contact
formation, and surface Fermi level pinn-
ing above the conduction band edge.'> '

I n the past few years, lllI-V semiconduc-
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According to the radio frequency response
of InAs NW array field-effect transistors
(FETs), the InAs NW can be used for ultra-
high frequency electronics.' It is also a
promising candidate for ballistic transistors
given its long bulk electron mean free
path.2%2" InAs NWs passivated by an Al,O;
dielectric show mobility enhancement and
minimum hysteresis which are attributed to
the reduction of surface trap density and
surface recombination.? In addition, InAs
NWs are very sensitive to chemical molecules
and can be used as biochemical sensors due
to their high surface electron concentration
and rich surface defect states.''9?* As a
result, it is of particular importance to manip-
ulate the surface defect states and chemical
molecules to meet the applications of InAs
NWs. However, most research mainly focuses
on the electrical characteristics of InAs
NWs,'=>11=1319726 T4 the best of our knowl-
edge, no room-temperature InAs NW infrared
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Figure 1. (a,b) SEM images of InAs NWs. The scale bar is 1 um and 50 nm, respectively. (c) High-resolution TEM image and
corresponding selected area electron diffraction (SAED) pattern (inset). The scale bar is 5 nm. (d) Photocurrent spectra of InAs
NW near-infrared photodetectors changing from red to near-infrared light. The inset is the SEM image of a representative InAs

NW photodetector. The scale bar is 1 um.

photodetectors having a detection wavelength up to
~1.5 um have been reported. Therefore, it is necessary
to study the optoelectronic properties of InAs NWs
in the infrared region, especially the effects of sur-
face defect states and atmospheric molecules on its
photoresponse.

InAs NWs used in this work were synthesized on
GaAs (111)g substrates by the molecular beam epitaxy
(MBE) technique. Room-temperature near-infrared
photodetectors have been constructed with these as-
grown single-crystalline structures. The source/drain
(S/D) electrodes of the detectors were defined on each
NW by electron-beam lithography (EBL), metallization,
and lift-off processes. This study investigated the
photoresponse of Schottky—Ohmic and Ohmic—Oh-
mic contacted InAs NW photodetectors. We also ana-
lyzed the effects of atmospheric molecules, metal-
cluster decoration, and a HfO, passivation layer on
the photoresponse. Furthermore, new InAs NW photo-
detectors with half-wrapped top-gate structures were
introduced to suppress the negative effects of surface
defect states and atmospheric molecules by employ-
ing the 10 nm HfO, as the top-gated dielectric. These
devices are attractive for potential applications in
integrated optoelectronic systems such as on-chip
information communication and processing.

RESULTS AND DISCUSSION

The scanning electron microscope (SEM) images of
InAs NWs indicate that they are very uniform with a
length of ~10 um (Figure 1a) and a diameter of
~40 nm (Figure 1b). The typical high-resolution trans-
mission electron microscopy (HRTEM) image is pre-
sented in Figure 1c. It shows that the InAs NWs are
relatively homogeneous without any obvious domain
boundaries, demonstrating their single-crystalline nat-
ure. It also shows that the InAs NWs have a native oxide
layer (L ~ 2 nm), which has already been demonstrated
by previous work.? To further characterize the crystal-
line structure of the NWs, the selected area electron
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diffraction (SAED) pattern of the same NW is shown in
an inset of Figure 1¢, indicating that the InAs NW has a
wurtzite single-crystal structure with a dominate
growth direction of [0001]. Figure 1d displays the
photocurrent spectrum of a representative InAs NW
near-infrared photodetector changing from red
(A ~ 632 nm) to near-infrared light (1 ~ 1.5 um). It
shows that the detector has a distinct photoresponse.
The inset of Figure 1d shows the SEM image of the InAs
NW near-infrared photodetector. Figure S1 (Supporting
Information) presents the photoluminescence (PL)
spectrum of InAs NWs which displays a wide peak
around 3.4 um.

To investigate the electrical properties of InAs NWs,
FETs were fabricated on a P*-Si/SiO, (300 nm) sub-
strate. The Ohmic—Ohmic contacted FETs (inset, Fig-
ure 2a) were fabricated by employing metal Cr/Au
(20 nm/40 nm) as S/D electrodes, while the Schottky—
Ohmic contacted FETs (inset, Figure 2d) used metal
Cr/Au (20 nm/40 nm) and Au (60 nm) as S/D electrodes,
respectively. The representative NW FETs consist of a
single InAs NW as the channel material with length of
L~ 7 um and diameter of d ~ 40 nm, as depicted in the
SEM images of Figure 2a,d (inset). Figure 2a,c presents
the drain current versus gate voltage (I4s—Vys) transfer
characteristics of Ohmic—Ohmic contacted FETs. The
device displayed minimum hysteresis with a high
lon/loff ratio of 10°, which is much larger than the previous
results,"**372% as shown in Figure 2f. This is mainly
attributed to the good single-crystalline nature of the
InAs NW as well as the contacts of the devices.
Figure 2b depicts the Iys—Vys output characteristics
of the same device. The linear /s behavior at low Vs
indicates the good Ohmic contacts between the InAs
NW and metal Cr/Au electrodes. Figure 2d shows the
las—Vgs transfer characteristics of Schottky—Ohmic
contacted InAs NW FETs. The diode-like /I4s—Vys curves
(Figure 2e) show that the contacts at the two electro-
des are different; one side has a higher Schottky barrier
(SB), while the other side has a lower or zero height SB,
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Figure 2. (a) Iy versus Vg curve of Ohmic—Ohmic contacted InAs NW FETs. The inset is the schematic and SEM image of
Ohmic—Ohmic contacted InAs NW FETs. The scale bar is 4 um. (b) Family of /45 versus V45 curves for various gate biases. (c)
Logarithmic curve of panel a. (d) /g versus Vg, curve of Schottky—Ohmic contacted InAs NW FETs. The inset is the schematic
and SEM image of Schottky—Ohmic contacted InAs NW FETs. The scale bar is 4 um. (e) Family of Iy45 versus V45 curves for various
gate biases. (f) lon/lof ratios of InAs NW FETs from previous publications and our work. All of these measurements were

conducted in the vacuum conditions at room temperature.

similar to Ohmic contact. Figure S2 and Figure S3
(Supporting Information) display the top-gated
Ohmic—Ohmic and Schottky—Ohmic contacted InAs
NW FETs in the ambient atmosphere. The devices ex-
hibited good electrical properties with a 10 nm HfO,
dielectric. The high saturation current and conductance
of the InAs NWs arise from their high electron mobility,

which can be estimated by using the equation®**’
gml?
= (m
Uee CoVes

in the linear operation regime. Here the channel length L
is ~7 um and g, = dlys/dV is the NW device transcon-
ductance. Cy is the back-gate capacitance which can be
deduced based on the cylinder on-plane model:>**’

2megell

9 = In(@h/d) @

where ¢, is the dielectric constant of SiO,, ¢, is the
permittivity of free space, h ~ 300 nm is the thickness
of the SiO, layer, and d ~ 40 nm is the InAs NW diameter.
The calculated carrier mobility is ~2000 cm? V' s,
which is comparable to previous results reported by
other research groups.>%°

To shed light on the mechanism of Schottky—Ohmic
and Ohmic—Ohmic contacted InAs NW FETs, energy
band diagrams are introduced in this section, as de-
picted in Figure 3. Since the Fermi level (Ef) of intrinsi-
cally n-type InAs is ~5.0 eV, which is higher than the
work function of metal Cr (1, ~ 4.5 €V), the metal Au
has a work function of y, ~ 5.4 eV. Therefore, the
negative work function difference (W, — Winas) in-
duces a downward band-bending at the InAs NW/Cr

MIAO ET AL.
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Figure 3. (a) Cr/InAs/Cr energy band diagram. (b) Cr/InAs/
Au energy band diagram. The work function of Cris ~4.5 eV.
The work function of InAs is ~5.0 eV. The work function of
Auis ~5.4 eV.

contacts (Figure 3a), thus forming Ohmic contacted
electrodes. The positive work function difference
(Wau — Winas) induces an upward band-bending at
the InAs NW/Au contacts (Figure 3b), thus forming
Schottky contacted electrodes. The height of Schottky
barrier is gy = q(y, — x), where y is the InAs NW
electron affinity. The Schottky—Ohmic contacted NW
FETs exhibit much greater drain current when the SB is
reversely biased than when it is forward biased, as
depicted in Figure 2e.

The photoresponse of InAs NW photodetectors is
explored by investigating their output characteristics
of photocurrent and switching behavior at room tem-
perature. The inset of Figure 4a illustrates the SEM
image of Ohmic—Ohmic or Schottky—Ohmic con-
tacted InAs NW photodetectors. The photoresponsivity
of the Ohmic—Ohmic contacted photodetectors is
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Figure 4. (a,b) Photoinduced Iy, versus V45 curves and time-dependent photoresponse of Ohmic—Ohmic contacted InAs NW
photodetectors. The inset is the SEM image of the device. The scale bar is 1 um. (c,d) Photoinduced /4, versus V45 curves and
time-dependent photoresponse of the Schottky—Ohmic contacted InAs NW photodetectors.

~1.9 x 10* AW™', as shown in Figure 4a. The photo-
responsivity can be calculated by the following
equation:®

Ioh

R =
PS

3)
where the I, is the photocurrent of the device, P is the
average light power on InAs NW (~1 mW/cm?),and S is
the effective illuminated area. The photoresponse can
also be observed in a dynamic way. The on—off
photoswitching behavior (Figure 4b) is well retained
even after 14 cycles. All of these results confirm the
good stability of the InAs NW photodetectors. The
photoresponsivity of Schottky—Ohmic contacted
photodetectors is ~5.3 x 10> AW™', which is ~300%
larger than that of Ohmic—Ohmic contacted devices
(~1.9 x 10® AW™"), as depicted in Figure 4c. This is
attributed to the strong built-in electric field in the InAs
NW/Au electrode Schottky junctions, thus efficiently
separating the photon-generated electron—hole pairs
or suppressing the recombination rate of photon-
generated electron—hole pairs.>’ Furthermore, the
migration of electrons to the electrode side and holes
in the depletion layer reduces the local net charge
density, thus, the built-in field is lowered, resulting in a
reduced SB height.®® Figure 4d shows the on—off
photoswitching behavior of Schottky—Ohmic con-
tacted InAs NW photodetectors.

InAs NWs are very sensitive to chemical molecules,
due to excellent electronic transport performance,
large surface-to-volume ratio, and the existence of an
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intrinsic electron accumulation layer."” Moreover, the
rich defect states can facilitate electron transfers to
molecules adsorbed on InAs NWs." In this section, we
studied the effects of atmospheric molecules and a
HfO, passivation layer on optoelectronic properties of
InAs NW photodetectors. The sample chamber was first
pumped to a vacuum of 5 x 10~* Pa to remove the
ambient gases and moisture in the chamber. Figure 5a
shows the schematic illustrations of InAs NW photo-
detectors with adsorbed atmospheric molecules
(bottom image) or a 10 nm HfO, passivation layer
(top image). Figure 5b presents the /ys—Vg, transfer
characteristics of the same photodetector in both
atmosphere and vacuum conditions and with a
10 nm HfO, passivation layer. The hysteresis decreased
when the detector was in the vacuum condition (black
line, Figure 5b). The device had the least hysteresis with
a 10 nm HfO, passivation layer (red line, Figure 5b). The
on-current decreased after introducing atmospheric
molecules (blue line, Figure 5c¢), and the device with the
passivation layer had the largest on-current (red line,
Figure 5c). The mobility and photocurrent also obeyed
the same trend, as shown in Figure 5ef. Due to the
large surface-to-volume ratio of NWs and the Debye
length, the electronic properties of NW FETs are
strongly influenced by the scattering from surface
states. The exposed interstitials at the NW surface yield a
NW channel that is sensitive to ambient environment.3>3¢
The HfO, passivation layer can reduce the device hyster-
esis by protecting the NW from the ambient environment
and surface defect states, thus improving the device
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Figure 5. (a) Schematic of InAs NW photodetectors with or without a 10 nm HfO, passivation layer. (b) Iy versus V4 curves of
InAs NW photodetectors. (c) I4s versus Vys curves of the same detector. (d) Theoretical models of the effects of atmospheric
molecules. (e) Electron mobility changes of InAs NW photodetectors. (f) Photoresponse of the same InAs NW photodetectors.

performance.?**>*® Figure S4 (Supporting Information)
shows the effects of N, and O, molecules on InAs NW
array photodetectors, indicating that the photocurrent
decreased after introducing the N, and O, molecules.
One possible explanation of the results presented
above can be interpreted as the charge transfer me-
chanism and energy band change at the metal/
semiconductor (M/S) region, which have been widely
used to explain the response of NW or CNT gas
sensors.'®'93%732 The chemical molecules adsorbed
on the surface of the NWs can change the device's
conductance, gate potential, local work function, band
alignment, gate coupling, and carrier mobility, which
are regarded as a “floating gate” effect on the con-
ducting channel of the FETs3° Figure 5d (bottom
image) presents a theoretical model to explain the
floating gate effect on the performance of InAs NW
photodetectors. The electrostatic interaction between
chemical molecules and M/S contacts will increase the
height of the energy band edge, thus prohibiting the
carriers' injection and further decreasing the conduc-
tivity of InAs NW photodetectors. The peculiar electron
accumulation layer and rich surface defect states of
InAs NWs are responsible for the charge transfer to the
adsorbed gas molecules.'® Figure 5d (top image) shows
the schematic of electron transfer from InAs NWs to the
adsorbed chemical molecules. As a result, the carrier
density decreased, as depicted in Figure 5c (blue line),
and the carrier mobility also decreased (Figure 5e) due to
scattering between carriers and adsorbed atmospheric
molecules. The raised energy band edge also prohibited
the injection of photon-generated electron—hole pairs
into the S/D electrodes, thus decreasing the output
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photocurrent. In addition, some photon-generated
electron—hole pairs also transferred to the adsorbed
atmospheric molecules, further reducing the photon-in-
duced carrier density, as shown in Figure 5f (blue line).
Since the adsorption of atmospheric molecules can
change the surface electron density and energy band
of InAs NWs, metals with different work function are
able to tune the electronic transport properties of InAs
NWs. The inset of Figure 6a shows the sketch (top
image) and TEM image (bottom image) of metal Au-
cluster-decorated NW photodetectors and NWs. The
Schottky junctions could form at the surface of InAs
NWs due to the positive work function difference
(Wau—Winas). As a result, free electrons of InAs NWs
are depleted, causing a lower on-current and positive
shift in device threshold voltage (Vy,), as depicted in
Figure 6a (red line). Figure 6b shows the Iys versus Vg
output characteristics of InAs NW photodetectors, in-
dicating that the output current reduced with Au
cluster. From the TEM image (Figure 6a, inset), it is
found that the Au cluster is distributed uniformly on
the surface of the NW (for more details on metal-cluster
deposition, see Supporting Information). The photo-
responsivity of metal Au-cluster-decorated InAs NW
photodetectors (red line, Figure 6¢c) was much larger
(~300%) than that of the original one (blue line,
Figure 6c¢). This is because the photogenerated elec-
trons and holes are quickly driven toward the InAs NWs
and metal Au cluster by the strong internal (built-in)
electric fields, respectively, as shown in the energy
band diagram of Figure 3b. Thus, the metal Au decora-
tion can effectively depress the recombination rate of
electron—hole pairs. Figure S5 (Supporting Information)
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Figure 6. (a) lys versus Vg, transfer characteristics of the Au-cluster-decorated InAs NW photodetectors. The inset is the
schematic and TEM image of 1 nm Au-cluster-decorated NW device and NWs. The scale bar is 30 nm. (b) /45 versus V45 output
characteristics of the Au-cluster-decorated InAs NW photodetectors. (c) Photoinduced Iy versus V45 curves of the same

detector.
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Figure 7. (a) Schematic and SEM image of half-wrapped top-gated Ohmic—Ohmic contacted InAs NW photodetectors. The
scale bar is 1 um. (b) 45 versus Vg4 curves of half-wrapped top-gated Ohmic—Ohmic contacted InAs NW photodetectors for
various top-gated biases. (c) Photoinduced Iy, versus V4 curves of the same photodetectors. (d) Schematic and SEM image of
half-wrapped top-gated Schottky—Ohmic contacted InAs NW photodetectors. The scale bar is 1 um. (e) Iy4s versus Vys curves of
half-wrapped top-gated Schottky—Ohmic contacted InAs NW photodetectors for various top-gated biases. (f) Photoinduced
l4s versus Vys curves of the same photodetectors. All of these measurements were conducted in the ambient atmosphere.

shows the effects of metal Cr cluster decoration on InAs
NW photodetectors. The negative work function differ-
ence (We,—Winas) induces a downward band-bending at
the n-type InAs/Cr contacts; thus, free electrons are
donated to InAs NWs. As a result, the on-current increases
and the device Vi, exhibits a negative shift.

In order to suppress the negative effects of atmo-
spheric molecules and surface defect states, new
photodetectors with a half-wrapped top-gate were
successfully fabricated. The 10 nm HfO, gate dielectric
was deposited via atomic layer deposition (ALD) tech-
nique. This type of photodetector geometry not only
has a small parasitic capacitance and strong gate
control effect but also could efficiently harvest the
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light energy. Figure 7a shows the schematic (top image)
and SEM image (bottom image) of a representative
half-wrapped top-gated Ohmic—Ohmic contacted
InAs NW photodetector. From the output characteris-
tics (Figure 7b), we can find that the photodetectors
had a good electrical property with a passivation layer
and the top-gated biases could effectively control the
carrier transport. Figure 7c presents the typical photo-
induced Iy4s—Vys curve of the same device also indicat-
ing a good photoresponse in the ambient atmosphere.
The schematic (top image) and SEM image (bottom
image) of a representative Schottky—Ohmic contacted
InAs NW photodetector with a half-wrapped top-gate
are shown in Figure 7d. The drain current versus drain

A N N
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voltage (l4s—Vgs) output characteristics (Figure 7e) shows
the good electrical performance of the half-wrapped top-
gated Schottky—Ohmic contacted InAs NW photodetec-
tors in the ambient atmosphere. The photoresponse in
Figure 7f also confirms their good optoelectronic property.

CONCLUSIONS

In summary, this study reveals near-infrared photo-
detectors with high-performance optoelectronic prop-
erties based on the MBE-grown InAs NWs. The single
InAs NW photodetectors have an impressive lon/los
ratio of 10° with a maximum field-effect mobility of
~2000 cm?/V-s. The photoresponsivity of Schottky—
Ohmic contacted InAs NW photodetectors is ~5.3 x
10® AW, which is ~300% larger than the Ohmic—
Ohmic contacted devices (~1.9 x 10> AW™"). We also

METHODS

InAs NWs Synthesis. The InAs NWs used in this work were
synthesized on GaAs (111)g substrates in a Riber 32 MBE system
by the Au-catalyzed vapor—Iliquid—solid (VLS) growth mecha-
nism. The substrate surface was first deoxidized at 630 °C for
15 min followed by growing a 300 nm GaAs buffer layer to
obtain a smooth surface. Then, the prepared substrate was
transferred to the MBE preparation chamber. An ultrathin Au
film was then deposited on it from the Knudsen cell at room
temperature. Subsequently, the Au-covered GaAs substrate was
transferred back to the growth chamber and annealed for 5 min
at 550 °Cin an As, ambient atmosphere to form gold droplets.
Finally, the indium source was used to grow InAs NWs at 350 °C.
Both the indium and As, fluxes were controlled by beam
equivalent pressure (BEP). The indium/As, BEP ratio was set at
1:20, and the growth time was 90 min. After the growth, the
indium source was switched off and the substrate was cooled
under As, overpressure to 300 °C. Finally, the substrates were
cooled to room temperature naturally.

Photodetector Fabrication and Characterization. The InAs NWs
were transferred to precleaned P*-Si/SiO, (300 nm) substrates,
followed by spin-coated MMA and PMMA. Then electron-beam
lithography (JEOL 6510 with NPGS System) was used to define
the S/D patterns. Before metallization, the NWs were dipped
into a 2% HF solution for 15 s to remove the native oxide (for more
details, see Supporting Information). The Ohmic—Ohmic con-
tacted NW photodetectors employed Cr/Au (20 nm/40 nm) as
S/D electrodes; the Schottky—Ohmic contacted NW photo-
detectors employed Cr/Au (20 nm/40 nm) and Au (60 nm) as S/D
electrodes, respectively. Optoelectronic measurements of InAs NW
photodetectors were performed with the Lake Shore TTPX Probe
Station with Agilent 4155C semiconductor parameter analyzer.
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studied the effects of atmospheric molecules, HfO,
passivation layer, and metal-cluster decoration on the
photoresponse of InAs NW photodetectors. It is shown
that the adsorbed atmospheric molecules can reduce
the current density, which is attributed to the charge
transfer and electrostatic interaction between InAs
NWs and atmospheric molecules. Additionally, the
metal Au cluster decoration could increase the photo-
responsivity by ~300%, which is due to the formation
of Schottky junctions at InAs/Au cluster contacts. To
suppress the negative effects of atmospheric molecules
and surface defect states, for the first time, half-wrapped
top-gated InAs NW photodetectors were introduced in
this paper. These interesting nanoscale infrared photo-
detectors may provide potential applications in photo-
nics, electronics, and their integrated systems.

photodetectors (Figure S3); photoresponse of InAs NW array
FETSs to various gases, such as O, and N, molecules (Figure S4);
effects of metal Cr cluster decoration on electrical properties of
InAs NW photodetectors (Figure S5). This material is available
free of charge via the Internet at http://pubs.acs.org.
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