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Universal conductance fluctuations in n-type doped InN nanowires are investigated at temperatures
down to 0.35 K. The nanowires were grown by molecular beam epitaxy. The effect of the contact
resistance is eliminated by performing the measurements in a four-terminal configuration. We find
that the decrease in the conductance fluctuation amplitude with temperature is due to small energy
transfer phase-breaking processes and thermal broadening. In contrast to measurements in a
two-terminal configuration, the symmetry of the conductance under magnetic field reversal is
lost. © 2009 American Institute of Physics. [DOI: 10.1063/1.3159626]

Semiconductor nanowires are very interesting candidates
for the realization of future nanoelectronic devices.” Be-
sides this application-driven research, nanowires are also
ideal systems to study fundamental quantum effects, i.e.,
single electron tunneling or phase-coherent tra1nsport.3_7
Among the III-V semiconductors, InN is a particularly inter-
esting material for nanowires because of its low band gap
and its surface accumulation layer.s_” This ensures a large
electron concentration, a high conductivity, and Schottky
barrier-free contacts. The low temperature transport in nano-
wires is affected to a large extent by electron interference
effects. In small size conductors such as semiconductor
nanowires, phase-coherent transport manifests itself by the
appearance of universal conductance fluctuations.'*" Upon
analyzing these fluctuations as a function of temperature,
valuable information on the phase-coherence of the electrons
can be obtained.

We measured universal conductance fluctuations in
n-type doped InN nanowires in order to study the phase-
coherence in the electron transport. In contrast to previous
investigations, the measurements are performed in a four-
terminal configuration, which allows to eliminate contribu-
tions of the contact resistances. By a direct comparison of
two- and four-terminal measurements, we are able to assess
the reliability of two-terminal measurements for the study of
phase-coherent transport. Moreover, the difference in the
symmetry of the magnetoconductance under field reversal in
both measurement configurations will be discussed in detail.

The n-type doped InN nanowires were grown on a Si
(111) substrate by plasma-assisted molecular beam epitaxy
(MBE). For the n-type doping Si was used. The resulting
wires have diameters between 90 and 130 nm with a length
up to 2.5 ,um.lo For electrical characterization the wires
were removed mechanically from the original substrate in an
acetone solution. Subsequently, they were placed on a Si
(100) wafer covered with a 100 nm thick SiO, insulating
layer. By using electron beam lithography each wire was
contacted individually with four nonalloyed Ti/Au Ohmic
electrodes.® Most of the measurements reported here were
performed on one representative nanowire (sample A). The
corresponding scanning electron micrograph is shown in the
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inset of Fig. 2(a). The wire has a diameter of d=95 nm.
From contacts 1-4 the length of the wire segments between
the contact pads are 280, 455, and 295 nm, respectively. At a
temperature of 0.5 K the following contact resistances were
obtained for contacts 1-4: 1090, 930, 230, and 440 (), re-
spectively. From resistance measurements in a four-terminal
configuration a resistivity of p;p=180 u{) cm was deter-
mined, which is by a factor of about 3 lower than for un-
doped InN nanowires. If one assumes that the mobility is not
changed significantly with carrier concentration n, one can
estimate n to be about 1.5X 10" c¢cm™ being a factor of 3
higher than the values reported for nominally undoped InN
nanowires. '’ Using this value for n, the mobility u and dif-
fusion constant D are calculated to be 2300 cm?/V s and
4.8X107% cm?/s, respectively. For comparison we also
present some measurements of a second nanowire (sample
B). This wire had a diameter of 100 nm and a length of the
center segment of 320 nm.

Transport measurements were performed in a He-4 flow
cryostat from room temperature down to 4 K and magne-
totransport measurements in a He-3 cryostat at temperatures
between 0.35 and 25 K. The resistance was measured by
using a standard lock-in technique with an ac bias current of
60 nA. The magnetic field was oriented perpendicularly to
the wire axis.

In Fig. 1(a) the temperature dependence of the four-
terminal resistance of sample A is plotted. The corresponding
measurement configuration is depicted in Fig. 3(d) (inset).
Down to about 150 K, the decrease in the resistance can be
expressed by a linear temperature dependence R(T)=R(T,)
X[14+a(T-Ty)], with Ry(Ty)=278 (), the resistance at T
=273 K, and a=5X10"* K. At temperatures below 150
K the resistance tends to saturate at a value of about 230 ().
The observed temperature dependence is characteristic for a
metal-like degenerate electron gas in the InN nanowire. The
results obtained here are in accordance with previous mea-
surements on InN nanowires performed in a two-terminal
conﬁguration.7 The comparison between both measurement
configurations confirms our former assumption that the tem-
perature dependence can be attributed to the InN nanowire
itself while the effect of the temperature on the contact re-
sistance is negligible.

© 2009 American Institute of Physics
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FIG. 1. (Color online) (a) Resistance of sample A as a function of tempera-
ture measured in a four-terminal configuration. The solid line represents a
linear fit at higher temperatures. (b) Normalized conductance fluctuations of
sample A in units of e?/h as a function of magnetic field and temperature.
The curve on the left side shows the conductance fluctuations at 0.35 K.

At low temperatures the four-terminal magnetoconduc-
tance fluctuates as a function of magnetic field. The fluctua-
tions 6G=G-G, were determined by subtracting the
average conductance G,. As can be seen in Fig. 1(b), the
fluctuation pattern is reproducible while its amplitude de-
creases with increasing temperature. The varying magneto-
conductance G can be attributed to universal conductance
fluctuations.'*"® As can be seen in Fig. 2(a), up to about
1.2 K the root-mean-square rms(8G) of the fluctuation am-
plitude decreases slowly with temperature, while at tempera-
tures higher than 1.2 K a much steeper decrease proportional
to 77034 is observed. As will be explained in detail below, the
slow decrease in rms(SG) at temperatures below 1.2 K can
be attributed to the fact that here the phase-coherence length
14 is comparable to the separation of the inner pair of con-
tacts. The steeper decrease at higher temperatures can be
attributed to two contributions. First, to the thermal broaden-
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FIG. 2. (Color online) (a) rms(8G) vs T of sample A measured in a two- and
four-terminal configurations (squares), respectively. The solid lines represent
the fitted temperature dependence. Also shown are the rms values obtained
from Eq. (1) by using [, extracted from B, (dots). The inset shows an
electron beam micrograph of the sample. (b) B, vs T of sample A (squares).
Above 1.5 K B, increases as 7% (dashed line). For comparison B, deter-
mined for sample B is also shown (triangles). (c) /4 determined from B, for
sample A (squares) and sample B (triangles), respectively. The dashed line
represents the fitted decrease in [, for sample A while the solid line repre-
sents /.
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FIG. 3. (Color online) Conductance fluctuations 6G of sample A in units of
€?/h as a function of magnetic field at 0.5 K: (a) comparison of the four-
terminal and two-terminal magnetoconductances; (b) symmetric and anti-
symmetric contributions of the conductance fluctuations measured in a two-
terminal configuration; (c) symmetric and antisymmetric contributions of
the corresponding four-terminal configuration; and (d) fast Fourier trans-
forms of the conductance fluctuations. The inset shows the schematics of the
four-terminal (left) and two-terminal (right) measurement configurations.

ing of the energy window of the states contributing to the
transport, which can be related to the thermal length /;
=\hD/kgT. Second, to the small energy transfer phase-
breaking (Nyquist contribution) being the most relevant
mechanism at low temperatures. Theoretically, for this pro-
cess, the corresponding phase-coherence length [, is ex-
pectetli4 to show a temperature dependence proportional to
T_1/3.

Owing to the limited length of undoped MBE grown InN
nanowires, usually the transport measurements are restricted
to two-terminal conﬁgurations.6’15 In contrast, for doped InN
wires, lengths exceeding 2 um are achieved which allow
measurements in a four-terminal configuration. Thus the con-
ductance fluctuations measured in both configurations can be
compared directly. In order to achieve this for the two-
terminal measurements [see inset of Fig. 3(d)], the contact
resistances of contacts 2 and 3 were first subtracted from the
total resistance before the two-terminal conductance of the
wire segment was obtained. As can be seen in Fig. 2(a), the
amplitudes and temperature dependence of rms(8G) are very
similar, indicating that in the two-terminal configuration re-
liable information on the transport properties of the wire it-
self can be obtained.

The conclusions drawn from the temperature depen-
dence of the mean fluctuation amplitude are supported by the
measurements of the correlation field B, shown in Fig. 2(b).
The latter is defined by F(BC)=%F(O) with F(AB) as the
correlation function F(AB)=(8G(B+AB)SG(B))."> Here,
(...) represents the average over the magnetic field. For one-
dimensional conductors with /,>d, B, is expected to be in-
versely proportional to the phase-coherence length: B,
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=y®y/l4d, with ®g=h/e as the magnetic flux quantum and
y=0.95 for l¢>lr.13’16 Indeed, as can be seen in the mea-
surements shown in Fig. 2(b), above 1.5 K B, increases pro-
portional to 7%!°. Thus the corresponding decrease in / 4 With
77919 [c.f. Fig. 2(c)] is close to the theoretically expected
decrease in /4~ T3 for Nyquist dephasing.14 Interestingly,
14 determined here is comparable to the length of the wire
segment between contacts 2 and 3 for low 7, supporting the
statement given above that probably at temperatures below
1.2 K, the transport within this segment is completely phase
coherent. As can be seen in Fig. 2(c), for T>1 K, the ther-
mal length /; determined from D is lower than [, For com-
parison the corresponding values of B, and [, of sample B
are plotted in Figs. 2(b) and 2(c), showing a consistent be-
havior with the data of sample A.

The values of /4 obtained from B, of sample A were used
to calculate rms(8G) following the expression derived by
Beenakker and van Houten:'®

2 32 27-12
rms(&G):B%(%) [l+i<l—(é>} , (1)

27T lT

with B predicted to be V6. As can be seen in Fig. 2(a), a good
agreement between the calculated and measured rms(8G)
values is achieved, however with 8 being smaller by a factor
of about 4. A possible reason for the discrepancy regarding 3
is the different geometrical situation, i.e., in the model a
confined two-dimensional electron was considered. Gener-
ally, the experimentally obtained temperature dependence of
rms(SG) of T8 shows a good agreement with the theoret-
ical dependence proportional to 773 expected from Eq. (1)
for the limit [,>I7.

According to the Onsager relations, the two-terminal
magnetoconductance should be symmetric under magnetic
field reversal. This is indeed the case as can be seen in Fig.
3(a). In Fig. 3(b) the magnetoconductance is decomposed
in a symmetric [8G(B)+6G(-B)]/2 and antisymmetric
[6G(B)+ 6G(-B)]/2 contribution. As a matter of fact, the
antisymmetric contribution is close to 0 in the complete mag-
netic field range, while the symmetric contribution matches
with the total magnetic conductance. More quantitatively,
one finds a rms value of the conductance fluctuations nor-
malized to e*/h of 0.96 for the symmetric part and a corre-
sponding value of 0.14 for the antisymmetric contribution.
For the four-terminal measurement configuration the situa-
tion is completely different, i.e., the symmetry under mag-
netic field reversal is lost [c.f. Fig. 3(a)]. As can be seen in
Fig. 3(c), now the amplitudes of the symmetric and antisym-
metric contributions of the magnetoconductance are compa-
rable. This is also confirmed by the rms value of the normal-
ized conductance, which are 0.65 and 0.47 for the symmetric
and antisymmetric contributions, respectively. Apart from the
different symmetry in the two measurement configurations,
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one can observe in Fig. 3(a) that in the four-terminal con-
figuration the magnetoconductance fluctuations possess com-
ponents of higher frequency compared to the two-terminal
case. This is confirmed by the fast Fourier transformations
shown in Fig. 3(d). The spectrum belonging to the four-
terminal measurement contains components above 57!,
while for the two-terminal configuration only components
below that frequency are found. The higher frequencies for
the four-terminal configuration is probably due to the fact
that here, an average voltage under the entire contacts is
probed, while in the two-terminal configuration a smaller
area restricted by the inner boundaries of the inner contacts is
relevant. The fact that in a four-terminal configuration an
antisymmetric contribution and higher frequency contribu-
tions are found is probably caused by the relatively weak
coupling of the wire to the inner voltage probes.

In summary, phase-coherence in n-type doped InN nano-
wires was investigated in a four-terminal configuration. It is
found that the decrease in the phase-coherence length with
temperature can be attributed to small energy transfer pro-
cesses. Owing to the four-terminal configuration, the symme-
try of the conductance under field reversal is lost. Due to the
large phase-coherence length found here, InN nanowires are
interesting candidates for nanodevices based on electron in-
terference.
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