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One-dimensional conduction properties of highly phosphorus-doped planar nanowires patterned
by scanning probe microscopy
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We present a detailed study of the cryogenic temperature conduction properties of a low resistivity, highly
P-doped nanowire lithographically defined by a scanning tunneling microscope. Temperature-dependent mag-
netotransport measurements allow us to determine the dominant scattering mechanism as one-dimensional
(1ID) Nyquist phase breaking. We extract quantum corrections to the Drude conductivity arising from both 1D
weak localization and 1D electron-electron interactions for this quasi-1D system. Below 450 mK, the electron
phase coherence length is observed to saturate consistent with a Thouless crossover into the strong localization

regime.
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I. INTRODUCTION

Silicon nanowires have recently attracted considerable at-
tention due to their technological potential as sensors, inter-
connects, and building blocks in silicon-based nanoelectron-
ics. Several strategies to realize narrow wires in silicon have
been pursued including top-down fabrication employing a
combination of electron beam lithography! and reactive ion
etching® as well as ion-implantation using focused ion
beams.> However, as devices scale down in size, the wire
integrity and uniform definition of its boundary become in-
creasingly challenging with such approaches. A complemen-
tary method has been developed based on laser-assisted,
catalytic growth* of free-standing nanowires. These wires
have well-defined boundaries but the conduction is sensitive
to the nature of the surface states that surrounds the conduct-
ing core.’

Recently, we have shown how forming Si:P wires, using a
combination of hydrogen resist-based lithography with a
scanning tunneling microscope (STM) and Si molecular
beam epitaxy (MBE), allows the formation of atomically
abrupt nanowires which retain their structural integrity down
to at least the ~10 nm level.® Using this technique,’” it is
possible to define highly planar, P-doped Si nanowires with
ultrahigh carrier densities (~2 X 10'* cm™2) and, by encap-
sulation with epitaxial Si, move the conduction electrons
away from detrimental surface and interface states. Conse-
quently, such nanowires provide an ideal testbed to study the
fundamental limit of conduction in highly disordered Si:P
systems.

In earlier work, we showed that lateral confinement of
dopants to a 90 nm wire using STM lithography resulted in a
demonstration of a crossover from two-dimensional (2D) to
one-dimensional (1D) weak localization behavior at low
temperature.” More recently, resistance saturation has been
reported in similar P-doped nanowires down to 50 nm in
width.” In this work, we specifically address the 1D conduc-
tion properties of such wires. For this purpose, we will
present a detailed electrical characterization of an STM-
defined, 27 nm wide nanowire to determine the quantum cor-
rections to the Drude conductivity.
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We use temperature-dependent magnetotransport mea-
surements to extract the dominant dephasing mechanism
which is found to be consistent with 1D Nyquist dephasing
below 4 K. The total conductance correction is well de-
scribed by a combination of both 1D weak localization and
1D electron-electron interaction effects. Interestingly, the
electron phase coherence length is found to saturate at low
temperature for which we propose the onset of a crossover to
strong localization consistent with the findings of Gershen-
son et al. in Si 5-doped GaAs wires.!?

II. SAMPLE FABRICATION AND INITIAL DEVICE
CHARACTERIZATION

The 27 nm wide (w) and 320 nm long (L) wire was fab-
ricated on a P-doped (1-10  cm) Si(100) substrate pre-
etched with registration markers'! to relocate the buried de-
vice once the sample is taken outside the ultra high-vacuum
(UHV) system. Figure 1(a) shows the wire pattern defined in
a hydrogen-resist layer by STM lithography using 6 V and
4 nA as the desorption conditions with a writing speed of
300 nm s~!. The lithographic region appears bright due to the
excess tunneling current from the silicon surface states.!?
Note that we can also see the underlying terrace structure of
the surface with six atomic steps. We expose this surface to
phosphine gas as the dopant precursor which, in conjunction
with a thermal anneal, allows the integration of P dopants
into the top layer of the silicon substrate defined by STM
lithography.'3 We then encapsulate the patterned dopant layer
with 25 nm of epitaxial silicon at 250 °C at a rate of
0.5As™" to move the dopants away from the surface
states.'* Buried dopant imaging provides a way to image the
dopant region after Si encapsulation and has been shown to
demonstrate the structural integrity of such wires below the
10 nm level.®® We also pattern large micron-sized regions at
each end of the wire which allow us to align four terminal
contacts to the wire using optical lithography as depicted in
Fig. 1(b). More details about the device fabrication process
can be found in Refs. 7 and 11.
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FIG. 1. (Color online) (a) STM image (-2 V, 0.15 nA) of the
27 nm wide wire between contact regions (bright area) after per-
forming STM lithography on a Si(100):H surface. (b) Left-hand
side: Schematic view of the contacted wire pattern showing four
terminals. Right-hand side: Two- and four-terminal /-V characteris-
tics across the wire show low, highly symmetric contact resistances

and ohmic conduction with a four-terminal resistance of Rz
=50 kQ at 4 K.

Previously, Hall measurements performed on both
micron-sized 2D STM-patterned devices’ as well as 5-doped
layers'> show that we can achieve full activation of the bur-
ied P dopants with a carrier density of ~2 X 10! cm=2.16

Initial device characterization in an Oxford instruments
Kelvinox K100 *H/*He dilution refrigerator is conducted at
a bath temperature of 4 K using standard two and four ter-
minal dc techniques. Figure 1(b) shows the two-terminal and
four-terminal /-V characteristics across the device from
which we determine the contact resistances at 4 K. The two-
terminal resistances across both sets of contacts (1-2) and
(3—4) exhibits a resistance of ~60 k() and show a high level
of device and contact resistance symmetry. Comparison with
the four-terminal resistance of 50 k() equates to a low con-
tact resistance of ~5 k() per contact.

Ohmic behavior is found for currents up to 100 nA in this
device. However at higher currents, we observe the onset of
Joule heating in our sample. This corresponds to current den-
sities in excess of 1200 kA/cm?, where we have assumed a
vertical layer thickness of 0.6 nm as determined from sepa-
rate STM studies.!” This highlights that care must be taken to
eliminate Joule heating at lower temperatures where current
heating'® and electromagnetic noise'® can result in a satura-
tion of the device resistance and consequently of the electron
phase coherence length.

To eradicate the effect of current heating and electromag-
netic noise, we performed temperature-dependent calibration
measurements using standard ac low-frequency (5 Hz)
lock-in techniques using both passive, low-pass filters
(Minicircuits BLP 1.9 MHz) and 1 K cold filters with a turn-
over frequency of 10 kHz. Figure 2 shows the temperature
dependence of the four-terminal wire resistance in the range
between 150 mK and 4 K for device currents of 0.2, 0.5, 5,
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FIG. 2. (Color online) Comparison of the temperature-
dependent four-terminal device resistance Ry{T,I] for different
currents to illustrate the effect of sample heating. At 4 K, the device
resistance is independent of the sample current. For lower tempera-
tures, different sample currents lead to resistance saturation due to
Joule heating. For sample currents below 200 pA, the device resis-
tance is independent of the device current down to at least 300 mK.
A continuous measurement with a sample current of 0.2 nA [blue
(dark) circles] fits well to the individual R, measurement points at
set temperatures. No saturation is observed over the whole mea-
sured temperature range down to 150 mK, although current heating
cannot completely be ruled out below 300 mK (open circles). Inset:
The four-terminal wire resistance follows a 1D variable range hop-
ping model with an extracted value of 7,=330 mK indicating the
beginning crossover to strong localization.

and 15 nA, respectively. At 4 K, the sample resistance is
found to be independent of the measurement current consis-
tent with the results from the dc /-V measurements in Fig.
1(b).

For temperatures below 4 K, we find that sample currents
above 0.2 nA cause a saturation of the wire resistance at low
temperature, the value of which depends on the level of cur-
rent heating. Only below 0.2 nA do we find that the sample
resistance remains independent of the current down to
300 mK. The wire resistance further increases exponentially
and shows no signs of saturation down to 150 mK in contrast
to other measurements of narrow STM-patterned P-doped
nanowires.’

We have fitted the measured resistance to models of hop-
ping conduction,?’?!

T M
R=R, exp(;‘)) : (1)

where ,u:ﬁ is determined by the effective dimension d of
the hopping transport. The inset in Fig. 2 shows a fit to the
1D model, where ,UF%- The fit gives a value of Ry=43 kQ)
which is close to the high-temperature value of Ry,=39 k)
measured at ~50 K. The extracted transition temperature

from weak localization to strong localization 7(=330 mK is
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FIG. 3. (Color online) (a) Four-terminal magnetoconductance in
the temperature range from 300 mK to 4 K for the 27 nm wire.
Solid lines (blue) are fits to 1D weak localization theory (Ref. 24).
(b) Temperature-dependent electron phase coherence as obtained
from 1D weak localization fitting. The solid line represents the pre-
dicted temperature dependence for 1D Nyquist dephasing.

within our measurement range. This suggests that we will
observe the onset of a Thouless crossover into the strong
localization regime at low temperatures. Note that neither a
2D hopping model (,u:%) nor a general activation-type hop-
ping model (u=1) resulted in good fits.

III. 1D WEAK LOCALIZATION

We have performed temperature-dependent magnetotrans-
port measurements to determine the dominant dephasing
mechanism in this highly disordered quasi-1D system. The
crucial length scale which governs the strength as well as the
dimensionality of weak localization (WL) is the electron
phase coherence length /.. A transition from 2D to 1D weak
localization occurs when the magnitude of [, exceeds the
wire width w and has previously been observed in a 90 nm
wide wire.”

While Nyquist dephasing was identified to be the govern-
ing dephasing mechanism in 2D P &-doped layers,>?? the
effective mechanism in quasi-1D has not been reported for
this system to date. Temperature-dependent magnetotrans-
port measurements allow us to determine the effective di-
mensionality of the wire.

Figure 3(a) shows magnetotransport data between
300 mK and 4 K for a constant device current of 0.2 nA. In
previous studies, we used the Hikami formula for 2D WL in
a disordered system?® to extrapolate the phase coherence
length of [,=24 nm at 4 K.® Below 4 K, however, we found
the 2D theory no longer provides a reasonable fit to the data
indicating a dimensional crossover from 2D to 1D WL
around this temperature for the 27 nm wide wire.

The 1D weak localization correction to the conductance
is given by

AGWL(B) = 5GWL(B) - 5GWL(B =0)

262 1 6232W2 -1/2
=L ’(77) > 0
¢

where [, and « are the only adjustable parameters. We found

24
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the dimensionless prefactor « to be unity in our samples
consistent with the case of strong intervalley scattering for
which a single valley approximation is valid.>>-%’

Figure 3(a) shows good fits to the 1D weak localization
model (solid lines) with the corresponding magnetotransport
data. At 4 K, we obtain the same [, of 24 nm as for the 2D
Hikami formula demonstrating that we are indeed in the di-
mensional crossover regime. Note that the zero-field conduc-
tance offset is added to the fits obtained using Eq. (2) to
match the measured magnetoconductance. This is done to
account for zero-field conductance corrections due to both
weak localization and electron-electron interaction, and will
be addressed in more detail in the following section. The
extracted values of the electron phase coherence length for
the 27 nm wide wire are shown from 300 mK to 4 K in Fig.
3(b). We note that [, increases up to 450 mK at which point
an apparent saturation is observed. Nyquist dephasing due to
quasielastic scattering of electrons with a fluctuating electro-
magnetic field produced by other conduction electrons is be-
lieved to be the dominant dephasing mechanism at low tem-
peratures and has been observed by several other groups.?8-33
Altshuler provided an analytical expression for Nyquist
dephasing given by

h2 1/3
DAL ) 3)

e < \r’EROeszT

where D is the diffusion constant and R is an approximation
of the Drude resistance. Using D=5X10"*m?s7,
L=320 nm, and Ry=39 k(), we obtain the calculated Ny-
quist dependence with no adjustable parameters given by
1,=45 nm X T, Figure 3(b) shows good agreement with
the experimentally determined phase coherence values down
to 450 mK where /,, starts to saturate. This finding is consis-
tent with a power-law fit to the data between 450 mK and
4 K giving [,=40 nm X 77931, 1D Nyquist dephasing can
therefore be identified as the dominant phase-breaking
mechanism consistent with 2D Nyquist dephasing found in
unpatterned P &-layers.??> Now that we have established the
presence of 1D weak localization, we will investigate the
role of electron-electron interactions in this system.

IV. THE INFLUENCE OF 1D ELECTRON-ELECTRON
INTERACTIONS ON DEVICE CONDUCTANCE

At low temperatures electron-electron interactions (EEI)
effects originating from Coulomb interaction between con-
duction electrons start to have a considerable impact on the
conductance particularly for quasi-1D systems.>*

From the preceding section, we can determine the effect
of weak localization to the total conductance correction
AG4T(T,B=O)=ﬁ—I%O in our sample. In the asymptotic
limit for B— 0, the conductance correction due to WL is

2¢?
Gy (B=0)=——1,. 4
wi(B=0)=-"""l, (4)
The effective dimensionality of EEI is determined by the

magnitude of the thermal length I;= \@ compared to the
wire width.® For [;>w the sample is expected to follow 1D
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FIG. 4. (Color online) The temperature dependence of the total
conduction correction AGy4{T,B=0). The conductance correction
is well described by a combined contribution (open triangles) from
both 1D weak localization (solid squares) and 1D electron-electron
interactions.

EEI theory. In this 27 nm wide wire, we expect a dimen-
sional crossover below ~5 K, where [/; exceeds the wire
width.

EEI in a 1D system is expressed by
5G e 491, )
EE — aee V"Eﬂ-ﬁL - T

where «,, is an effective screening parameter typically be-
tween zero and unity.

By combining Egs. (4) and (5), we are able to explain the
total conductance correction AG(T) by a linear combination
of 6Gwy + 6Grg where we have used «,, as a fit parameter.

Figure 4 shows excellent agreement with our data down
to a temperature of 450 mK. The extrapolated screening fac-
tor a,, of 0.13 is slightly lower than a,,=0.37'" found in
wire arrays etched into silicon 5-doped GaAs where conduc-
tion also takes place in a highly disordered dopant plane.
This highlights that EEI are less pronounced in our system.
The dominance of 1D WL is further evidenced by comparing
its contribution to the total conductance also shown in Fig. 4.

The apparent saturation of the electron phase coherence
length below 450 mK is reflected in the 1D WL contribution
and has been observed in other systems.>’*! We showed that
the conductance of the wire is also well described by a 1D
variable range hopping (VRH) model which predicts a cross-
over temperature to strong localization at ~330 mK. The
fact that both descriptions can explain the conductance be-
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havior in our wire means that we are in a crossover conduc-
tion regime between weak and strong localization.

This crossover occurs when the localization lengt
§=§'—:2RLO, becomes comparable to the electron phase coher-
ence length l‘p, i.e., §~l¢.10 For the 27 nm wide wire, &
equates to ~100 nm, which is approximately 2 times the
value of the coherence length at 450 mK. Khavin et al.'®
have also observed a crossover with [, 2-3 times smaller
than & As such, it is feasible to assume that the 27 nm wire
approaches the strongly localized regime at temperatures of
T~330 mK. A smooth transition into the strong localization
regime is expected since both WL and EEI continuously
drive a disordered system into its localized state.

h 4244

V. CONCLUSION

We have investigated the 1D conduction properties of nar-
row (~25 nm), highly doped, planar nanowires in silicon
created with an atomically controlled patterning technique
employing STM lithography and low-temperature silicon
MBE.

From 1D weak localization measurements, we found that
the electron phase breaking rate is due to 1D Nyquist
dephasing whereas the total conductance correction could be
well described by a combination of both 1D weak localiza-
tion and 1D electron-electron interaction effects. The con-
ductance of the wire also follows a 1D VRH model with
Ty~ 330 mK. Both findings suggest an intermediate conduc-
tion regime between weak and strong localization consistent
with an apparent saturation of the electron phase coherence
length. Future studies on narrower wires are needed to fur-
ther explore the strong localization regime — a likely candi-
date to limit conduction in this highly diffusive system as the
wire width approaches the atomic scale.
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