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Temperature dependent resistance and cryogenic microwave spectroscopy
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We investigate the electrical transport properties of silicon nanowire arrays grown by Au catalyzed

chemical vapor deposition, resulting in prominent Au nanoparticle sidewall decoration. dc electrical

measurements show symmetric nonlinear I-V characteristics with a zero field conductivity

temperature dependence consistent with nearest neighbor hopping. The characteristic energy for this

temperature dependence is similar to the expected charging energy of the Au nanoparticles. The

measured resistance is also dependent on the bias voltage history if large electric fields are applied.

Random telegraph noise events at low temperature indicate that the measured resistance is

dominated by a small number of electrons confined to a single nanowire in the array. With a fixed

bias, the resistance can be influenced by indirectly coupled microwave radiation at low temperature.

This results in a large number of high quality factor resonant features, indicating significant

excitation lifetimes. The origin of these resonances is thought to be due to spatial Rabi oscillations of

trapped electrons between pairs of trap sites located close to the channel. Such systems are

promising for charge qubit-based quantum information processing. VC 2011 American Institute of
Physics. [doi:10.1063/1.3592271]

I. INTRODUCTION

Previous studies on vertically aligned low doped epitax-

ial silicon nanowires (SiNWs)1,2 have shown asymmetric I-V
characteristics, which suggests that the measured characteris-

tic is dominated by the contact or measurement strategy.

Because these measurements were carried out using a scan-

ning probe to contact individual wires, the measured I-V
characteristic may be a result of a Schottky barrier between

the probe tip and the nanowire. Nevertheless, in this previous

work, it was proposed that the conduction mechanism was

hopping at the oxide-silicon interface surrounding the nano-

wire; this would give rise to a symmetric characteristic and

could be confirmed by low temperature measurements. In

this work, we carry out low temperature electrical characteri-

zation of intrinsic SiNWs in order to investigate the transport

mechanism. We use nanowire arrays with a deposited metal

top contact to avoid the possible influence of a scanning

probe measurement. The temperature dependence of the con-

ductivity is shown to be consistent with nearest-neighbor

hopping, characterized by an energy of magnitude compara-

ble to the expected charging energy of the Au nanoparticles.

Finally, we employ cryogenic microwave spectroscopy to

study individual trap behavior, which shows surprisingly

long excitation lifetimes. The strong localization that occurs

with a hopping transport mechanism is unattractive for

switching devices, such as transistors; however, the unusual

trap behavior offers an alternative device operating mecha-

nism that may be useful for quantum computing.

II. EXPERIMENTAL

SiNWs were formed on As-doped Si (111) substrates

(resistivity,� 0.01 Xcm) by defining an array of � 120 nm

diameter holes in a thin resist layer, using electron beam li-

thography. After a buffered HF etch to remove the native ox-

ide, a 5 nm thick layer of Au was evaporated and lifted-off

to form � 120 nm diameter catalyst dots. The samples were

transferred to a custom-built chemical vapor deposition

(CVD) reactor and first annealed at 1 mbar in H2 for 15.5

min and then exposed to diluted SiH4 (4% in H2) for 7 min

at � 495 �C at a total pressure of 5.8 mbar.

The heavily doped Si (111) substrate is used as the bot-

tom contact in our two-terminal device configuration. A

layer of SU-8 resist (� 2 lm), followed by back etching

using O2 plasma is used to expose the top part of the SiNW

array. This resist layer ensures that all of the transport

between the two contacts occurs through the nanowires. The

sample was then dipped again into buffered HF to remove

the native oxide on the SiNWs before aluminum deposition,

which served as the other contact. In order to produce devi-

ces without the sidewall Au nanoparticles, we used buffered

HF followed by aqua regia (HCl:HNO3¼ 3:1) etches before

SU8 spin coating. A schematic cross section of the device is

shown in Fig. 1(a). Devices were attached into leadless

header packages for electrical testing.

The SiNWs were characterized by scanning electron mi-

croscopy (SEM, FEI Philips XL30 sFEG), scanning transmis-

sion electron microscopy (STEM, Hitachi, S-5500) and high

resolution transmission electron microscopy (HRTEM, Jeol

4000EX). Images of typical individual nanowires are shown

in Fig. 1(b). Transport measurements were carried out using a

Keithley 236 source-measure unit, controlled by a LABVIEW
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program, via a BLP1.9 low pass filter (LPF) [Fig. 1(c)]. The

temperature dependence was measured in vacuum using a

cryo-cooler to control the temperature down to � 70 K. For

low temperature high frequency spectroscopy, the device was

cooled by direct immersion into liquid N2. The microwaves

were generated by an Agilent E8257D supply and coupled to

the device-under-test inductively, with a 50 X resistor for im-

pedance matching. Indirect coupling of the high frequency

source avoids electrical noise and heat transfer to the device

under test, which causes particular problems with transport

measurements on very high impedance devices.

III. RESULTS AND DISCUSSION

A. Epitaxial SiNW

For the given CVD conditions, over 50% of the SiNWs

were vertically oriented with almost no kinking and with av-

erage length of � 3.5 lm, measured over 50 SiNWs with a

variation of less than 10%. Typical SiNWs were slightly

tapered with average tip and base diameters of � 90 nm and

� 110 nm, respectively, measured using SEM. Figure 1(b)

shows a HRTEM image of the sidewall of an as-grown

SiNW. Clearly visible is a heavy Au sidewall decoration in

the form of � 4-5 nm-sized particles, which we find to extend

over the whole length of the nanowire although their density

decreases from nanowire tip to bottom. After post-growth air

exposure, the Au decoration is at the SiNW-SiO2 interface.

As previously reported,3–5 we find this Au sidewall decora-

tion to be CVD condition dependent, in particular related to

the relatively low SiH4 partial pressure used here. This effect

can be explained by the interplay of surface energies during

VLS based nanowire growth.3,6 The inset of Fig. 1(b) shows

that this prominent Au sidewall decoration can be removed

by post-growth wet etching, but this will only remove the

Au-rich sidewall nanoparticles, and any Au still remaining in

the nanowire will be unaffected.

B. dc current-voltage (I-V) characteristics at room
temperature and 77 K

Figures 2 (a) and 2(b), respectively, show the two termi-

nal dc I-V characteristics of the SiNWs at room temperature

and 77 K. In contrast to previous work,1,2 these characteris-

tics are symmetric with no indication that the contacts signif-

icantly affect the measured characteristics. This is probably

due to the much larger contact area between the nanowire

and the top metal used in this case compared to the scanning

probe case. The measured resistance is then due to the nano-

wire only, and contributions from the contacts are avoided.

FIG. 1. (a) Device schematic cross section. (b) HRTEM of as-grown SiNW

sidewall, showing that after post-growth air exposure, the Au decoration is

at the SiNW-SiO2 interface. Inset: STEM images (dark field) of the as-

grown SiNW tip before Au etch (left) and after Au etch (right). (c) Electrical

transport measurement setup.

FIG. 2. (Color online) dc I-V characteristics of the SiNW (a) at room tem-

perature (b) at 77 K.
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Random telegraph signal (RTS) events are also observed

at low temperature [Fig. 2(b)]; these become visible when

the channel contains a small number of active electrons, and

this number is affected by the occupation of a nearby trap.

Trap occupation switches discretely between being filled or

empty. At low temperature, these thermally driven events

occur sufficiently infrequently that individual changes may

be observed through the effect on the channel current. These

conditions can only be met if a single nanowire in the array

dominates the measured conduction.

Both states at the silicon-oxide interface and the Au

nanoparticles decorating the SiNW sidewall have previously

been suggested as the origin of trap assisted transport.1 A

control device without Au nanoparticles on the SiNW side-

walls showed significantly less RTS events, suggesting that

these are mainly due to the Au nanoparticles. As the temper-

ature is decreased, the charges in the SiNW responsible for

transport become increasingly trapped and so increase the

SiNW resistance. Such a transport mechanism is usually

described as hopping and is discussed in detail by Efros and

Shklovskii.7 The temperature dependence of the resistance

depends on the detail of the hopping mechanism. In the sim-

plest case of nearest neighbor hopping, this dependence takes

the form R Tð Þ � R0 exp �T=T0ð Þ, where R0 and T0 are con-

stants, and the latter is related to the energetics of the trap.

The energy change resulting from the addition of an electron

to a trap (known as the charging energy) is estimated to be of

order 100 meV (Ref. 8) for Au nanoparticles of this size.

This is much higher than the thermal energy at 77 K (� 6.6

meV) and ensures that transfers to and from an Au nanopar-

ticle are limited to a single electron. In contrast, point defect-

based traps (such as occur at an oxide-silicon interface or

due to isolated Au atoms in the silicon lattice) are expected

to have a much higher charging energy. This results in

charge transfers being much more likely to involve the Au

nanoparticles than the oxide traps, resulting in the observed

RTS behavior.

Clearly, a large number of SiNWs is expected to be in

parallel in a single device (area, � 1 mm2); so that it is

somewhat surprising that conduction can be limited to a sin-

gle nanowire as indicated by the RTS events. However, Au

present in the nanowire as separate atoms leads to deep traps,

which easily fill in response to transport, and the resulting

electrostatic field impedes further current flow. It is likely

that the density of Au atoms reaches a process condition de-

pendent equilibrium value, and if the nanowire is intention-

ally doped, then the free carrier concentration would be

reduced by this equilibrium value through compensation. For

higher doping densities, doping would be effective as seen

from the experimental results by Bauer et al.1 and Kanungo

et al.,2 suggesting that the equilibrium Au density is of the

order of 1017 cm�3. Transport via the sidewall Au nanopar-

ticles provides a potentially easier pathway when trapped

charge blocks the nanowire.

C. Temperature dependence of the SiNW conductance

The measured conductivity is strongly dependent on bias

history, which strongly affects charge trapping at high bias

voltages. In order to ensure that the conducting nanowire

does not change during measurement, it is necessary to use a

restricted voltage range so that the amount of trapped charge

in the nanowires is maintained. Figure 3 shows typical dc I-V

characteristics at temperatures between 70 K and 250 K from

a device measured over a limited voltage range. The inset

shows an Arrhenius plot for the conductance and indicates an

activation energy of order 60 meV, which is consistent with

the expected charging energy of the Au clusters at the surface

of the SiNW. A least square fit line to the data in Fig. 3 is

best for a T�1 dependence, compared to T�1/2, T�1/3, and

T�1/4. Such a dependence is consistent with nearest neighbor

hopping as seen by Iwano et al.9 in lowly doped p-Si wires.

D. Microwave spectroscopy

Wideband microwave spectroscopy was carried out at a

temperature of 77 K; here the two-terminal voltage is main-

tained at a fixed value and the microwave power atþ 15

dBm. The current is shown in Fig. 4. It can be seen that the

device current is generally increased by the microwave

FIG. 3. (Color online) dc I-V characteristics of the SiNW at five different

temperatures. Inset: temperature dependence of the SiNW conductance.

FIG. 4. Current as a function of an applied microwave radiation of 15 dBm

under 1.7 V dc bias voltage at 77 K. Inset: quality factor Q is 212, and life-

time t1 is � 1ls for the resonance at � 2.197� 108 Hz.
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radiation with the form of the increase taking on resonant

peaks, many of which are observed at different frequencies.

These resonant features are reproducible, provided that the

dc voltage or the temperature is not changed significantly.

These resonant features are aperiodic, suggesting that they

are not due to standing waves. Resonant features were not

observed with devices without the Au nanoparticles on the

SiNW sidewalls, suggesting that the trap sites are associated

with the Au nanoparticles.

Each Au nanoparticle is well-isolated, and charge trans-

port through the nanowire causes the number of electrons on

the trap to change by one, requiring the charging energy dis-

cussed earlier. However, rearrangements of charge distributed

between the traps may occur without an energy change of

this magnitude. Figure 5(a) shows the energy profile of two

sites, one occupied and the other unoccupied on separate Au

nanoparticles. The energy difference between the two traps is

a result of the disorder in the Au nanoparticles size and distri-

bution. This is much smaller than the charging energy of the

Au nanoparticles. If the electron in the occupied trap is trans-

ferred to the unoccupied one, the energy difference of the two

traps will increase by twice the charging energy due to the

spatial redistribution of the remaining neighboring charges7

[Fig. 5(b)]. Thus thermal activation of an electron transfer is

very unlikely. However, if the system is subject to a periodi-

cally fluctuating potential at a frequency that corresponds to

the occupation energy difference between the two traps, then

driven transfers can result. The transfer rate is directly related

to the amplitude of the periodically fluctuating potential and

so can occur at high speed compared to thermally driven

events. If the microwave driven rate is faster than the deco-

herence rate (which characterizes the interaction with the

environment), then coherent transfers are possible, known as

a spatial Rabi oscillation.10 The initially unoccupied trap is

only virtually occupied, and there is no change in its energy

level [Fig. 5(c)]. The amplitude of the current change result-

ing from the time averaged electron displacement within the

traps is a complex function of geometry, microwave power,

and trap lifetime.11 The width of the current change, charac-

terized by the quality factor, is a measure of energy loss in

the system. For the resonance shown in the inset of Fig. 4, the

resonant width is about 104 kHz. This corresponds to a qual-

ity factor of 212 (SNR � 20:1), implying an energy storage

lifetime of about 1 ls at 77 K. This quality factor is relatively

large possibly because the electrons involved in the Rabi os-

cillation do not contribute directly to charge transport in the

SiNW.

IV. SUMMARY AND CONCLUSIONS

We have measured the temperature dependence of the

electrical transport characteristics of Au-catalyzed SiNW

arrays with a prominent Au sidewall decoration. RTS events

are seen in measurements at low temperature, suggesting

that conduction is dominated by a single nanowire; very few

electrons participate in transport; and the electrical character-

istics are strongly influenced by trap occupation. This behav-

ior appears to depend on the presence of Au nanoparticles on

the sidewalls of the SiNW. Under dc bias, microwave radia-

tion gives rise to narrow current resonances at well-defined

frequencies. These characteristics are consistent with

strongly localized transport in the SiNW system, and a sig-

nificant coherence time can be inferred from the spectros-

copy. Such features may be useful for quantum information

processing.
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