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We report on the dependence of internal crystal structures on the electrical
properties of a catalyst-free and undoped InAs nanowire (NW) formed on a
Si(111) substrate by metal-organic chemical vapor deposition. Cross-sectional
transmission electron microscopy images, obtained from four different posi-
tions of a single InAs NW, indicated that the wurtzite (WZ) structure with
stacking faults was observed mostly in the bottom region of the NW. Vertically
along the InAs NW, the amount of stacking faults decreased and a zinc-blende
(ZB) structure was observed. At the top of the NW, the ZB structure was
prominently observed. The resistance and resistivity of the top region of the
undoped InAs NW with the ZB structure were measured to be 121.5 kQ and
0.19 Q cm, respectively, which are smaller than those of the bottom region
with the WZ structure, ie., 251.8 kQ and 0.39 Q cm, respectively. The
reduction in the resistance of the top region of the NW is attributed to the
improvement in the crystal quality and the change in the ZB crystal structure.
For a field effect transistor with an undoped InAs NW channel, the drain
current versus drain—source voltage characteristic curves under various
negative gate—source voltages were successfully observed at room tempera-
ture.
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INTRODUCTION

In recent years, compound-semiconductor nano-
wires (NWs) have been actively studied with refer-
ence to their fundamental physics and potential
device applications due to their unique electrical
and optical properties.'™ In particular, InAs NWs
have attracted considerable interest for applications
in optoelectronic devices, such as terahertz emit-
ters/detectors and transistors.”™® Typically, InAs
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NWs are fabricated using metallic catalysts, such as
gold and nickel (Ni). However, metallic catalysts
often create deep levels in the energy bandgap
mainly due to chemical contamination.”'%" This
has the potential to degrade their electrical and
optical properties. Wang et al.!! reported that Au
catalysts introduced deep-level traps in the semi-
conductor band gap, limiting the performances of
functional Si-based optoelectronic devices. Recently,
several research groups have reported catalyst-free
or self-catalyst InAs NWs using vapor-liquid—solid
or Volmer—Weber modes to reduce the chemical
contamination caused by the metallic catalysts.'*~*
The catalyst-free InAs NWs were mostly fabricated


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5849-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-017-5849-2&amp;domain=pdf

Dependence of Internal Crystal Structures of InAs Nanowires on Electrical Characteristics of 945

Field Effect Transistors

on Si substrates.!>'® However, because of the
large difference in material parameters between
InAs and Si, including lattice constants and thermal
expansion coefficients, it is quite difficult to form
InAs NWs with a high crystal quality; that is,
catalyst-free InAs NWs on Si substrates showed
many structural defects, including stacking
faults.!”® In addition, two different crystal struc-
tures, zinc-blende (ZB) and wurtzite (WZ), are
usually observed inside InAs NWs. The co-existence
of both crystal structures inside the NWs signifi-
cantly influences their electrical and optical
properties.

Miao et al.?° demonstrated InAs NW-based near-
infrared photodetectors having a detection wave-
length of up to ~ 1.5 um and a small hysteresis
width with a high on/off ratio. Cuil et al.?! reported
spintronic devices (Datta—Das spin transistor) with
an InAs NW as the transport channel. Chen et al.?*
reported on the correlation of the electrical trans-
port properties with the crystal phase and orienta-
tion of single-crystal InAs NWs used in field effect
transistor (FET) channels. They showed that ZB
and WZ crystal phases significantly influenced the
band structure of InAs NWs resulting in }gerfor-
mance variations of the device. Dayeh et al.®° com-
pared the contact resistance of an InAs NW grown
on Si0y/Si with that of a WZ-InAs NW formed on a
boron substrate. The contact resistance of the ZB-
InAs NW was 1.48 kQ, which is smaller than that of
the WZ NW. However, the dependence of internal
crystal structures on the electrical properties of a
single InAs NW with both ZB and WZ structures
has yet to be studied. In addition, the low-temper-
ature operation of a FET with the InAs NWs as the
channel medium was reported.®?® Konar et al.??
reported that the carrier transport in FETs with a
NW channel was limited by the remote Coulomb
scattering and acoustic phonon scattering at room
temperature (RT). That is, it is quite difficult to
measure the electrical characteristics of a FET with
a single InAs NW at RT mainly because of the many
stacking faults and carrier—phonon interactions
that disturb the carrier movement.

In this paper, we discuss the effects of the internal
ZB and WZ crystal structures on the electrical
properties of a catalyst-free and undoped InAs NW
formed on a Si substrate. Transmission-electron
microscopy (TEM) images indicated that the ratio
between WZ and ZB structures were differently
observed depending on the position of the single
InAs NW in the vertical direction. To investigate the
electrical properties of the InAs NW with respect to
their internal crystal structures, current—voltage
(I-V) curves were measured at two different areas.
The resistance and resistivity at the top region of
the InAs NW were measured to be 121.5 kQ and
0.19 Q cm, respectively, which are smaller than
those of the bottom area, ie., 251.8 kQ and
0.39 Q cm, respectively. In addition, we fabricated
a FET with an undoped InAs NW as a channel

medium and investigated the drain current (Ip)
versus the drain—source voltage (Vpg) at negative
gate—source voltages (Vgg) ranging from 0 V to
—20V.

EXPERIMENTAL

InAs NWs were grown on a Si(111) substrate by
Aixtron metal-organic chemical vapor deposition
(MOCVD). Before InAs NW formation, the Si(111)
substrate was chemically cleaned by a standard
wet-etching process using acetone, methanol, iso-
propyl alcohol, and deionized water. After the
chemical deoxidation process, the Si(111) substrate
was immediately loaded into a MOCVD system. The
MOCVD reactor was pumped down to a pressure of
50 mbar and heated to 570°C. After temperature
stabilization, arsine (AsHj3) gas was flowed into the
reactor for 1 min, and then trimethylindium (TMIn)
gas was simultaneously supplied into the reactor for
InAs NW growth. The molar flows of the AsH3 and
TMIn were 2.2 x 10~ mol/min and 2.2 x 10~° mol/
min, respectively.

The as-grown InAs NWs were characterized using
field-emission scanning electron microscopy (FE-
SEM; Hitachi SU-70) and aberration-corrected TEM
(Cs-TEM; JEOL JEM-ARM200F). Prior to electrical
property investigation, the NWs were separated
from the Si substrate by 1-min sonication in iso-
propanol to afford a diluted InAs NW solution. The
InAs NWs were dispersed by dropping the diluted
InAs NW solution onto a Si substrate covered by a
Si0, layer with a thickness of 300 nm. Then, 80 nm-
thick Ni electrodes were deposited on selected
positions of a single InAs NW by using e-beam
lithography and lift-off processing. For the fabrica-
tion of a FET with an InAs NW channel, source and
drain terminals were formed by depositing Ni at two
different positions separated by 5 um.

RESULTS AND DISCUSSION

Figure 1a and b shows the cross-sectional and
plan-view FE-SEM images, respectively, of catalyst-
free InAs NWs formed on a Si(111) substrate. In
Fig. 1a, chunk structures right above the Si sub-
strate indicate that the InAs NWs were formed by
the Volmer—Weber growth mode.®?* The average
width of the InAs NWs was measured to be 293 nm.
The lengths of the InAs NWs were distributed in the
range from 8 ym to 18 um. The external shape and
width of each InAs NW were not significantly
changed along the vertical direction. However, the
relatively long InAs NWs were lightly bent near the
top. As seen in Fig. 1b, the top surfaces of relatively
short InAs NWs, marked as blue dotted circles,
show a hexagonal shape, while the relatively long
InAs NWs, denoted as a red circle, show a polygonal
shape. The inset in Fig. 1b is a magnified image of a
single InAs NW with the length of 15 um, where the
polygonal surface was clearly observed. That is, the
surface is regularly rugged because of alternating
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polar-type facets in the InAs NW with a ZB
structure.?®?® These two different surfaces corre-
spond to the internal WZ and ZB crystal structures.
That is, even if an InAs NW is grown on the same Si
substrate, the crystal structures vary according to
the position of InAs NWs.

Figure 2 shows the Cs-TEM image of a catalyst-
free and undoped InAs NW with the length of
18 ym. The high-resolution TEM (HRTEM) and
diffraction patterns, which were measured at four
different positions of the NW along the vertical axis,
are added in the right-hand side of the Cs-TEM
image. The HRTEM images show that the stacking
faults (alternate bright and dark features) were
observed from all regions of the InAs NW. However,
the upper region of the InAs NW corresponding to
regions (I) and (IT) has fewer stacking faults than
the bottom areas denoted as regions (III) and (IV).
The relatively large amount of stacking faults at the
bottom area of the InAs NW can be attributed to the
large lattice mismatch and difference in thermal
expansion coefficients between InAs and Si sub-
strate. For the bottom region of the InAs NW, the
diffraction patterns are rather complex mainly due

Fig. 1. (a) Cross-sectional and (b) plan-view FE-SEM images of
InAs NWs. Inset a magnified image of a relatively long InAs NW.

to irregularities of the crystalline structures of the
WZ and the ZB, and the influence of stacking faults.
Particularly for the region (IV), it is not easy to
analyze the diffraction patterns. As marked by the
black dotted circles, the WZ and ZB crystal struc-
tures are weakly confirmed from the diffraction
patterns of [0110] and [111], respectively. For region
(ITI), the diffraction patterns are more clearly
distinguished than those for region (IV), where the
pattern information on the [0001] was newly mon-
itored. Moving upwards to regions (I) and (II), the
diffraction patterns of [111] and [022] corresponding
to the ZB structure are predominantly observed,
because of the reduction in stacking faults in the
WZ portion. Since the lattice constant of the ZB-
InAs NW is similar to that of the WZ one, the
difference in the total system energy caused by the
lattice constant should be small between the two
crystal structures. As a result, metastable multi-
phase structures can be easily formed inside InAs
NWs.22? That is, the ZB and WZ structures are
mixed up in the middle of an InAs NW. However,
since the ZB structure for InAs is intrinsically more
stable than the WZ structure, there is more ZB and
less WZ structure in the NW along the vertical axis.

Figure 3 shows the I-V characteristic curves of an
undoped InAs NW, measured at the top and bottom
regions. The inset is an optical microscopy (OM)
image of an InAs NW-based device fabricated on a
Si0./Si substrate. To study the electrical character-
istics of the device, we deposited Ni as electrode
material to form a quasi-Ohmic contact with the
InAs NW.3%31 The distance between two adjacent
metal contacts is 5 um. “Region-A” and “Region-B”
correspond to the bottom and top regions of a single
InAs NW, respectively. As described before, the
crystalline structures of the WZ and the ZB co-exist
with stacking faults at the bottom region of the InAs
NW. Meanwhile, the ZB structure was dominantly
observed with a reduced WZ structure and stacking
faults at the top region. These kinds of structural
properties certainly influence the electrical charac-
teristics of the InAs NWs. The slope of the I-V
characteristic curve for “Region-B” is steeper than
that for “Region-A”. The resistance and resistivity
estimated from the I-V curve for “Region-B” corre-
sponding to the top area of the undoped InAs NW
were measured to be 121.5kQ and 0.19 Q cm,
respectively, which are smaller than those of “Re-
gion-A”, 251.8 kQ and 0.39 Q cm, respectively. This
can be attributed to the many stacking faults and
the WZ structure in “Region-A” interfering with the
carrier behavior when compared to the ZB struc-
ture. Since the inherent crystal structure of bulk
InAs is ZB, resistance and resistivity for the ZB-
InAs NW are lower than those for the WZ-InAs
NWs. Generally, the WZ structure has non-zero
spontaneous polarization resultinggg in the existence
of an internal electric field.'®** Dayeh et al.®
reported that polarization charges create negative
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Fig. 2. Cs-TEM image (left) for an undoped InAs NW, the HRTEM
images (right), and diffraction patterns (inset), measured at four
different vertical positions of the InAs NW.

fields that lead to depletion of the NW surface,
disturbing carrier moment. Similarly, the addi-
tional internal electric field due to the existence of
more WZ structure in “Region-A” partly interferes
with the carrier movement inside the InAs NW,
leading to an increase in the resistance.

The electrical properties of the InAs NW depend-
ing on the crystal structures were additionally
explored by applying gate bias. Figure 4a shows
the transfer characteristic curves of InAs NW FET,
measured at RT. The inset is a schematic diagram of
the catalyst-free and undoped NW FET with a back
gate. Compared to “Region-A”, the device perfor-
mance was significantly improved at “Region-B”
with more ZB structure. More specifically, the field-
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Fig. 3. I~V characteristic curves measured at the bottom (Region-A)
and top (Region-B) areas of an InAs NW. Inset an OM image of an
InAs NW with three electrodes.
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Fig. 4. (a) Transfer and (b) Ib—Vps characteristic curves of a FET
with an InAs NW. Inset a schematic structure of the FET with an InAs
NW channel.

effect mobility increases from 507 to 1099 cm?/V s.
The on/off current ratio (~ 10%) was improved by
one order of magmtude Whlch is also larger than
those of previous works.”® The increase in the
mobility and on/off ratio is related to the reduction
in the influence of the WZ structure and the
stacking faults.?®3* Figure 4b shows Ip—Vpg char-
acteristic curves of the FET at various voltages of
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Vas, measured at RT. At a Vgg of 0V, the Ip
increases with increasing Vpg. In addition, the Ip—
Vps decreases by applying a negative Vgg. This
indicates that the InAs NW channel for carriers is
opened at the initial stage before applying an
external bias and depleted with decreasing Vgs.
As a result, the FET with an InAs channel is
considered as a depletion type. There was no Ip
flowing at the Vgg of — 20 V, because the InAs NW
channel was completely depleted. In addition, it is
noteworthy that the RT operation of the FET with
an InAs NW having both ZB and WZ structures was
successfully observed.

CONCLUSION

We investigated the positional effects of InAs
NWs internal crystal structure with respect to their
electrical properties. From the investigation of FE-
SEM and Cs-TEM images, the WZ structure was
predominantly observed with many stacking faults
at the bottom region of the InAs NW. Vertically
along the InAs NW, the number of WZ structures
and the stacking faults reduced and the ZB struc-
ture was predominantly observed. Finally, the ZB
crystal structure was dominant at the top region of
the InAs NW. The resistance and resistivity of the
top region of the InAs NW with the ZB structure
were smaller than those of the bottom region with
the WZ structure and had many stacking faults.
The difference in the resistance and resistivity
depending on the position of an InAs NW in the
vertical direction is attributed to the amount of
stacking faults and the degree of internal electric
fields inherently caused by the WZ crystal struc-
ture. The Ip—Vgs and Ip—Vpg characteristic curves
of the FET with an InAs NW as a channel were
successfully obtained at RT.
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