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Abstract

InP nanowires, synthesized through a self-seeded growth approach, are used in the fabrication of field-effect transistors which
consist of source, drain, and back-gate electrodes. The weak gating voltage dependence implies low carrier concentrations whereas
its behavior reveals native n-type doping in InP nanowires. These InP nanowire devices exhibit a vast variation of room-temperature
resistance that raises a question about contact resistance. For devices of low room-temperature resistance, electron transport in InP
nanowires is investigated using temperature dependent resistance in the temperature range between 80 and 300 K, and it can be
analyzed using the model of thermal activation. For other devices of high room-temperature resistance, we take into account
nanocontact resistance. Models of both Schottky contact and Mott’s variable range hopping (VRH) are considered. The two
resistances are connected in parallel to give total contact resistance of InP nanowire devices. After fitting experimental data by the
proposed model, we estimate effective Schottky barriers and disorder contributions to nanocontact resistance. The effective
Schottky barrier, and the nanocontact Schottky and Mott’s VRH resistances are plotted as a function of the device room-temperature
resistance which indicates the scale of disorder. Using room-temperature resistance of InP nanowire devices, the devices are
classified into nanowire- or contact-dominated devices. The two different class of devices are used to check their photo- and gas-
sensitivities. The contact-dominated InP nanowire devices show low dark current and low photocurrent as usual, but these contact-
dominated devices give high ratio of photo- to dark-current. That result reveals a high photo-sensitivity for those devices of high
nanocontact resistance. On the other hand, for gas sensing experiments, the contact-dominated devices show as well a high ratio of
resistance under Oz to that under N2 gas exposure.
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1. Introduction

The importance of the contact resistance in the investigation of intrinsic resistance of nanostructures has been
pointed out when probing electron transport in nanomaterials such as carbon nanotubes.® In addition, the Schottky
contact needs to be considered for the nanocontact formation between metal electrodes and semiconductor nanowires.?
Moreover, the existence of disorder, presenting one-dimensional (1D) Mott’s variable range hopping (VRH), in the
contact between metal and semiconductor has been observed in Schottky diodes on n-type GaN.® The disorder effect
in the nanocontact was observed in Pt contacts on GaN nanowire as well whereas the theory of two-dimensional (2D)
Mott’s VRH was implemented in analysis of experimental data.* On the other hand, the specific contact resistance of
GaN nanowire devices has been studied and it was found to be dependent on the carrier density of the nanowire.® The
importance of nanocontact resistance was then emphasized again and it was stressed that the small nanocontact area
shall magnify the domination of specific contact resistivity. The magnified nanocontact resistance can dominate total
resistance of nanowire devices.®

The 111-V compound semiconductor InP has a direct band gap of 1.4 eV and it usually presents high sensitivity and
photocurrent under visible light exposure.” Like ZnO, there are several kinds of defects, thus raising conductivity in
InP.” InP played an essential role in optoelectronic integrated circuits® and, after integrated with InGaAs, InP
heterojunction bipolar transistor revealed high operating speed.® On the other hand, InP was successfully converted to
either n- or p-type nanowires by using laser assisted catalytic method.*® Using both n- and p-type InP nanowires,
nanoscale p-n junction was made and electroluminescence was measured from such a nanoscale light-emission diode.°
Recently, another preparation method, the self-seeded growth, was developed to synthesize InP nanowires which were
then used in the fabrication of field-effect transistors and Schottky devices.!!

In this work, we will present investigation of intrinsic electrical properties of InP nanowire field-effect transistors.
The dependence between the nanocontact resistance and the room-temperature (RT) resistance of nanowire devices is
examined. The increase of disorder and nanocontact resistance give a high RT resistance for nanowire devices. The
nanocontact resistance is then studied in devices having high RT resistance. After the temperature dependent resistance
of nanocontact is analyzed, two types of nanocontact resistance are discovered. One type of nanocontact resistance
originates from Schottky contact, coming from the contact between metal electrodes and InP nanowires. The other
type of nanocontact resistance is due to nanoscale disorder that can be fitted by Mott’s VRH. The InP nanowire devices
are classified into either nanowire- or contact-dominated. The contact-dominated InP nanowire devices present a much
high sensibilities when using as light or gas sensors.

2. Experimental Methods

The detail of the synthesis of InP nanowires, morphology of nanowires, and atomic structures have been described
elsewhere.'? The as-synthesized InP nanowires were kept in toluene. The InP nanowires were dispersed on the Si
wafer substrate which was capped with a SiO; layer of 400-nm thick and was pre-patterned with micrometer-scale
connection leads to large pads for measurements in a probe system. The substrate with InP nanowires dispersed was
put in a high vacuum at 150°C for 12 h to remove organic materials. A standard electron-beam lithography with
thermal evaporation of Ti and Au (typically ~20 and ~100 nm in thickness) was used to deposit source and drain
electrodes on InP nanowires. The Si substrate which is heavily p-type doped was used as a back-gate electrode. The
morphology of nanowire devices is inspected using scanning electron microscope (SEM, JEOL JSM-7000F). The
structure of the nanowire device is displayed in the inset to Fig. 1(a). The as-fabricated InP nanowire devices were put
once more in a high vacuum at 400°C for couple minutes to improve the electrical contact between metal electrodes
and InP nanowires.
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The as-fabricated nanowire devices were loaded in an insert cryostat (Dstat, CRY O Industries of America Inc.) and
put in 1-atm helium gas. The electrometer (Keithley K6430) was used to obtain electrical features of current (1) as a
function of voltage (V) at zero back-gate voltages (Vi = 0). The resistance was estimated at zero Vgg in a small source-
drain voltage ranging from -10 to 10 mV. Other measurements, including transfer characteristics of field-effect
transistors, photocurrent, and gas sensors, were done by placing InP nanowire devices in a high vacuum and all
experiments were performed at RT. The photocurrent of InP nanowire devices was measured by shining a green light
laser with a wavelength of ~532 nm and an intensity of 0.5 W/cm?. The electrical signal due to gas exposure was
measured when the chamber was put in the sequence of 1-atm oxygen gas, low vacuum, 1-atm nitrogen gas, and low
vacuum again. It is suggested to read other published work'** for a more detail description of our experimental
methods.

3. Results and Discussions

Fig. 1(a) presents a SEM image of of InP nanowire devices from top view. The average diameter of the InP
nanowire is about 21 nm. Two Ti/Au electrodes, deposited on top of nanowires, are regarded as source (S) and drain
(D) electrodes. The substrate of a heavily p-type doped Si wafer is used as a back-gate (G) electrode at which a voltage
Vg is applied to turn on/off the channel current in InP nanowires. The S, D, and G are basic electrodes of a typical
field-effect transistor (FET) and the inset to Fig. 1(a) gives a complete structure of a nanowire FET device. The current
(1) between S and D electrodes as a function of its voltage (V) at various temperatures is demonstrated in Fig. 1(b).
The S-D current decreases more and more rapidly at a lower temperatures that indicates a semiconducting behavior
of InP nanowires. To check the carrier type in the nanowire channel, the gating behaviors are shown in Figs. (c)-(f).
Figs. (c) and (d) present the variation of S-D current (l) at three gating voltages. They show an increase of channel
current at positive back-gate voltage which confirms n-type (electron) doping in InP nanowires. For a wider voltage
range, as shown in Fig. 1(d), the current-voltage between S and D electrodes becomes nonlinear and asymmetric to
that of the zero back-gate voltage. Figs. 1(e) and (f) provide gating behaviors at other back-gate voltages.
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Fig. 1. (a) SEM image of a typical InP nanowire device where the Ti/Au electrodes are source (S) and drain (D) electrodes of a field-effect
transistor. The substrate is used as a back-gate electrode (G) as indicated in the inset. (b) The I-V behavior of the InP nanowire device at different
temperatures from 100 (light blue line) to 300 K (black line). The I-V behavior at different back gate voltages in a narrow and a wide S-D voltage

range are displayed in Figs. (c) and (d), and those at other back-gate voltages are shown in Figs. (e) and (f).

A large amount of InP nanowire devices are fabricated and these devices usually exhibit different RT resistance
and different temperature behaviors of resistance. As shown in Fig. 2(a), four typical InP nanowire FETs exhibit
distinct temperature behaviors. Obviously, the four devices have different RT resistances and the highest RT resistance
is about two orders of magnitude larger than the lowest RT resistance. For example, the RT resistance of the NW-A
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device is ~5 GQ and that of the NW-D device is ~90 MQ. The diameter and crystallinity quality of InP nanowires
shall be uniform thus such a big difference may originate from resistance in the nanocontact. As a consequence, we
learn that the RT resistance is directly dependent on the nanocontact resistance of InP nanowire FET devices. At a
temperature ranging from 80 to 300 K, the intrinsic electron transport and the resistance R as a function of temperature
T in InP nanowires may simply be analyzed using thermal activation in the mathematical form of3

Rru(T) = Rrn,o exp(Ea/kgT ), (1)

where Rry o is a constant, kg is Boltzmann constant, and E, is activation energy for carriers in InP nanowires. The
solid lines in Fig. 2(a) delineate fitting to experimental data for devices having different RT resistances. It is obvious
that resistance of devices with high RT resistance is described by Eq. (1) only in a very short temperature range at
high temperatures. At low temperatures, the resistance of high RT resistance devices may be dominated by
nanocontact resistance which will be discussed later. To investigate more about intrinsic electrical properties of InP
nanowires, we measured the resistance of the device with the lowest RT resistance and analyzed the temperature
behavior of resistance. Fig. 2(b) presents the best fitting to our experimental data. Because the intrinsic resistance of
InP nanowires is in a wide temperature range down to 10 K, an additional theory of three-dimensional (3D) Mott’s
VRH has to be introduced. The 3D Mott’s VRH is of expressed as the form of'®

Ryru(T) = Rygao exp((To/T)Y/ D), (2

where Rygry o IS @ constant, T, is a parameter about the strength of disorder, and the dimension of the electron system
d = 3 is used for InP nanowires. Since the two conduction mechanisms are connected in parallel, the total resistance
of InP nanowire is fitted by using the function of Ry (T), where Ry = R7f + Ryay. Fig. 2(b) presents the best
fitting. The resistance at temperatures lower than 60 K is dominated by 3D Mott’s VRH whereas that at high
temperatures is described very well by thermal activation.
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Fig. 2. (a) Resistance as a function of inverse temperature for InP nanowire devices of various RT resistances. The temperatures are in the range
between 100 and 300 K. The RT resistances of NW-A to NW-D devices are about 5 GQ, 1 GQ, 650 MQ, and 90 MQ. The lines are the best
fittings according to the theoretical model of thermal activation. (b) Resistance varied in a wide temperature range between 10 and 300 K for the
InP nanowire device having RT resistance of ~30 MQ. The intrinsic resistance of InP nanowire is fitted by theoretical models of both thermal
activation and 3D Mott’s VRH (red line). The blue and green dashed lines show the contribution of device resistance from thermal activation and
3D Mott’s VRH, respectively.

The intrinsic electron transport in InP nanowires is reasonably explained. Then, we want to look into the
nanocontact resistance of nanowire FET devices with high RT resistance. As presented in the introduction section,
two mechanisms need to be considered for the nanocontact resistance. One is the Schottky contact resistance due to a
metal-to-semiconductor contact and the other is disorder in nanocontact. Furthermore, it is argued in the literatures
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that disorder in contact shows either 1D or 2D Mott’s VRH and, in our previous report,® disorder in nanocontact shows
a variation from 1D to 3D Mott’s VRH. Thus, we do not freeze the dimensional parameter d of Eq. (2) in the following
fitting work. Fig. 3(a) presents a systematic temperature behaviors for nanowire devices of different RT resistances in
the temperature range from 80 to 300 K. The inset gives a simple circuit model that we used to analyze our data. In
this temperature range, thermal activation (Eq. (1)) is used to describe the intrinsic resistance of InP nanowires whereas
two mechanisms, Schottky contact and Mott’s VRH, are used to express a temperature behavior of nanocontact
resistance. The Schottky contact resistance is presented in the form'6

Rsc = (Rsc,o/T) exp(q®pg/kgT), 3)

where Rsc is a constant, g is the charge of carriers, and @gg is the effective Schottky barrier height. The two
mechanisms of nanocontact resistance contribute in parallel thus the total contact resistance Ryc(T) is given by Ry& =
R3¢ + Ryiy. The total device resistance including the contact and the nanowire resistances is fitted by Rty + Ruc,
where the resistance of thermal activation (Rry) is used to describe intrinsic temperature behaviors of nanowires. The
curves of data fitting according to the model are plotted in Fig. 3(a) as well.
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Fig. 3. (a) Resistance as a function of inverse temperature for InP nanowire devices (NW1-NWS5) at temperatures ranging from 80 to 300 K. The
RT resistance of the NW1 to NW5 devices are about 1 GQ, 310 MQ, 65 MQ, 30 MQ, and 22 MQ.The inset shows the equivalent circuit,
including the Schottky contact, the disordered contact (Mott’s VRH), and the intrinsic nanowire resistance (thermal activation), used for data
analyses. (b) The effective Schottky barrier height q®gg as a function of RT resistance of InP nanowire devices. (c) Resistance from the
Schottky and the Mott’s VRH as a function of RT resistance of InP nanowire devices. The solid lines are guide to eyes.

The extracted parameter of the effective Schottky barrier q®gg is drawn as a function of RT resistance and
presented in Fig. 3(b). It is surprisingly that the q®gg is systematically dependent on RT resistance of InP nanowire
devices. This systematic dependency confirms correct physical mechanisms used in our model for data analysis. With
a small increase of RT resistance, the q@gg Starts from zero and increases rapidly to a saturated value of about 400
meV. It is interestingly that, on devices having the lowest contact resistance, Ti metal film does not produce any
Schottky contacts on InP nanowires. The Schottky contact suddenly appears when the nanocontact resistance is higher
and starting to contribute to total device resistance. As pointed out previously, the two resistances of Schottky contact
and Mott’s VRH are connected in parallel. We plot the two contact resistance as a function of RT resistance in Fig.
3(c). For a parallel connection of circuit, the lower the resistance is, the higher in ratio it will dominate to the total
resistance. Mott’s VRH dominates to the total nanocontact resistance for InP nanowire devices having high RT
resistances. The systematic variation of resistance owing to the two different mechanisms corroborates, again, the
correctness of our model and our data analysis.

According to previous results, we rationally suggest that the control of Ti film deposition is essential in
determination of disorder in nanocontat. For a direct contact of pure Ti film on InP nanowires, the nanocontact
resistance is much smaller than the nanowire resistance. On the other hand, when the Ti film deposition is not in high
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vacuum, some residue O, gas will be introduced. Thus the control of background vacuum pressure will possibly help
to control the disorder in nanocontact. We have reproduced making high RT resistance devices by thermal evaporation
of Ti metal film in a vacuum level of 10 torr.
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Fig. 4. (a) Current-voltage (I-V) behavior of a typical nanowire-dominated device (RT resistance of ~22 MQ) with and without exposing to green
light. (b) Current-voltage behavior of a typical contact-dominated device (RT resistance of ~4 GQ) with and without exposing to green light. (c)
Ratio of resistance variation of nanowire-dominated (black squares, RT resistance of ~30 MQ) and the contact-dominated (red circles, RT
resistance of ~690 MQ) devices in response to exposure of O, gas. After the O, exposure, the device is put in low vacuum and then it is exposed
to N gas.

It is clear that the increase of RT resistance of InP nanowire devices are mainly due to introduced disorder in
nanocontact. We may then classified InP nanowire devices as contact- and nanowire-dominated devices for devices
having high and low RT resistance, respectively. In the next step, we look into special nanocontact properties and find
out any possible applications. We employ the contact- and nanowire-dominated InP nanowire devices to be light and
gas sensors. Figs 4(a) and 4(b) present green light sensitivities of nanowire- and contact-dominated InP devices. The
left y-coordinate gives the absolute current whereas the right y-coordinate gives the ratio between photocurrent and
the dark currentat V = 1 V. The absolute values show that photocurrent in nanowire-dominated devices is two orders
of magnitude higher than that in contact-dominated devices. This is rational because a disorder in nanocontact will
cause a serious reduction of dark- and photo-current. The ratio of the photo- to dark-current of nanowire-dominated
devices is, nevertheless, much lower than that of contact-dominated devices. Thus, the nanocontact disorder raises the
light sensitivities of InP nanowire devices.

In addition, the gas sensitivities of nanowire- and contact-dominated devices are measured and expressed in Fig.
4(c). The variation of resistance is expressed as the ratio of the resistance under gas exposure to the device RT
resistance. The variation ratio of nanowire-dominated devices is obviously lower in response to O, gas exposure when
comparing with contact-dominated devices. As a consequence, the nanocontact disorder raises the O, gas sensitivities
of InP nanowire devices evidently.

4. Conclusion
InP nanowire FET devices have been made. According to transfer characteristics of InP nanowire FET devices, the

channel material of InP nanowires exhibits natively n-type doping. After inspecting RT resistance of a large amount
of InP nanowire devices, we discover the domination of nanocontact resistance for devices having high RT resistance.
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For the device of the lowest RT resistance, the device resistance is dominated by intrinsic InP nanowire resistance. Its
temperature behavior shows thermal activation and 3D Mott’s VRH at temperatures above and below ~60 K,
respectively. For nanowire devices having high RT resistance, we analyzed resistance at temperatures ranging from
80 to 300 K by thermal activation, Schottky contact, and Mott’s VRH. Here the Mott’s VRH could be a 1D, 2D or 3D
system for disorders in nanocontact. The fitting results give the effective Schottky barrier height in nanocontact. More
interestingly, the Schorrky barrier height is rationally dependent on RT resistance of devices where the RT resistance
is taken as a scale of disorder. The InP nanowire devices are then classified into contact- and nanowire-dominated
devices according to their RT resistances. We investigate the application of nanocontact disorder in sensors including
light and gas sensibilities. We discover that the nanocontact disorder gives rise to a very high sensitivities in optical
and gas sensing.
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