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Electrical Transport in Polymer-Covered
Silicon Nanowires
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Abstract—The influence of polymer layers wrapped around n-
type Si nanowires (NW) on their electrical characteristics is in-
vestigated. The NWs are fabricated via metal induced excessive
oxidation and dissolution of Si, and have a diameter of ~350 nm.
Single wires are covered by various polymer layers. The polymers
used are both insulating [poly (methyl methacrylate) (PMMA),
polyethylene (PE), polystyrene, and polyethylene oxide (PEQ)] and
semiconducting poly (3,4-ethylenedioxythiophene):poly (styrene-
sulfonate). Four-point probe measurements are used to measure
the conductivity changes of single NWs. The NW resistivity in-
creases with PE and PMMA coverage, but decreases with PEO
coverage. The changes are attributed to carrier exchange between
the polymer and NW. The measurements also confirm active elec-
tron trapping with PE coverage that is not observed with the other
polymers.

Index Terms—Composite, nanowires (NWs), polymer, surface
treatment.

1. INTRODUCTION

N RECENT years, there has been great interest in Si
I nanowires (NWs) as a consequence of their potential impor-
tance for sensors, and for optical and electronic applications [1].
Two key issues in the application of Si NWs are: the control of
their thermal and electrical conductivity and their (self-) as-
sembly into certain positions within circuits. It is well known
that the large surface to volume ratio in NWs results in elec-
trical transport highly sensitive to the surface condition of the
wire [2]. This suggests that the NWs’ electrical conductivity
can be tailored using surface-modification techniques. In bulk
Si, the electrical conductivity is varied via dopant implantation.
However, for doping densities larger than ~10'® cm =3, impurity
scattering decreases the mobility and thus the conductivity [3].
In principle, dopant implantation can also be used to change
the conductivity in NWs. Though, damage to the NW structure
during implantation, and for NWs with diameter ~10 nm, the
statistical character of the position of the doping atoms can cre-
ate local electrostatic potential variations and lead to mobility
degradation [4].
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TABLE I
ELECTRONIC PROPERTIES OF THE MATERIALS FROM VARIOUS SOURCES
Property Work Electron lonization
function affinity energy
Material (eV) (eV) IE (eV)
Lowly-doped n- | 4.3 [3] 4.05[3] 5.15[3]
Si
PE 4.9[11] -0.14[12] | 8.8[12]
PS 4.9 [11] 0.4 [13] 6.95 [13]
PMMA 4.68 [11] 0.65 [14] 9.21 [14]
PEO 3.95[11]
PEDOT:PSS 4.7-5.1115] | 2.2[16] 5[17]

The easy adsorption of molecules on the surface of the NWs
can influence the conductivity in an uncontrolled manner. Dif-
ferent methods exist to manage the condition of the surface of
NWs. While traditional surface passivation techniques such as
the thermal growth of SiO, protect the NW and reduce surface
defects, they may also greatly influence carrier concentrations
and mobilities [5], [6]. Hydrogen treatment is used both in bulk
Si, as well as in Si NWs, to neutralize defects on the surface
of the Si [7]. Chemical treatment of the Si NW surfaces with
organic compounds may also be used for trap reduction and sur-
face passivation [8]. The use of coatings as, e.g., diamond has
also been reported to dramatically improve thermal and electri-
cal properties of Si NWs [9], [10]. Control of the trap density at
the surface of the wires is essential for maintaining the electrical
performance of NWs, and for minimizing aging effects due to
surface reactions.

In this study, we investigate how covering Si NWs in
polymers changes their conductivity, and how this conduc-
tivity change is dependent on the doping type. Experiments
were carried out on low-doped n-type Si NWs and low-doped
p-type thin Si SOI films (doping level: ~10'® cm™3). We
encapsulate the Si NWs with polymers dissolved in sol-
vents and spun in liquid form onto the wire. We use the
following polymers: Poly (methyl methacrylate) (PMMA),
Polyethylene (PE), Polystyrene (PS), Polyethylene oxide (PEO),
and poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate)
(PEDOT:PSS). PE, PS, PEO and PMMA are insulating poly-
mers and PEDOT:PSS is a semiconductor. Table I summarizes
the electronic properties of all materials used [11]-[17].

Note that the insulating polymers have a very low electron
affinity, in general, one order of magnitude smaller than the
value for Si. This would imply, if dipole moments are ignored,
that for all the polymers, the highest occupied molecular or-
bital/lowest unoccupied molecular orbital (LUMO/HOMO) lev-
els are offset from the conductance/valence band in Si. In order
to make a simple prediction of the influence of the polymer, one
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Fig. 1. (a) Schematic cross section of a polymer-wrapped NW on SiO;.
(b) Energy bands through the cross section of the wire along the dashed line in
(a) before contact. The energy band of the thin native oxide layer is not drawn.
E.,E,, and E; are, respectively, the bottom of the conduction band, the top
of the valence band, and the Fermi level.

can, for a first approximation, use the work function difference
between the polymer and Si. However, dipoles may exist in the
polymer, caused by interface states or the possible polar char-
acter of the polymer. These dipoles can influence the position
of the LUMO/HOMO levels in the polymer relative to the con-
duction/valence band in the Si NW [18]. The work function
difference may also cause electron depletion/accumulation at
the surface of the low n-doped Si NWs after polymer coverage.
A schematic energy band alignment is given in Fig. 1.

PS and PMMA both are believed to reduce the concentra-
tion of interfacial traps [19], [20] and are, therefore, ideal for
protection of the surface of the NWs. PE and PS are nonpolar,
although the individual molecules can have a large dipole mo-
ment [21]. PMMA, PEO, and PEDOT:PSS, however, are polar
with various magnitudes of dipole moment [21]. The existence
of the surface dipole will change the band bending imposed
by the electron-affinity rule and thus have an influence on the
magnitude of the change of the conductivity of the NW when
wrapped in the polymer.

II. MATERIAL PREPARATION

The Si NWs are fabricated using metal-induced excessive
local oxidation and dissolution of a Si wafer using electro-
less plating in HF/AgNOs, followed by an etch in an aqueous
HF/Fe(NOsy); solution [22]. The process forms NWs with a di-
ameter between 100 and 400 nm and a uniform length up to
~300 pm. The average wire diameter depends on the doping of
the Si wafers used as start material, with heavy p-type doped
wafers giving thinner wires. Doping concentration may also af-
fect the crystallinity of the NWs [23]. The low doping level
chosen for our wires results in crystalline material.

Fig. 2 gives the SEM image of an array of NWs obtained
after etching. The NWs are harvested via ultrasonic agitation
in isopropyl alcohol and are then dispersed on a preprocessed
Si02-on-Si wafer. The SiO, layer is 1 pm thick and thermally
grown. The NW concentration in solution is kept low for control
of the density of the dispersed wires. The wafer also contains a
suitable geometry for four-point probe measurements [24]. This
consists of four equidistant Au lines (2 pm in width), leading to
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Signal A= SE1 Date :13 Jul 2006

EHT =26.06kV  WD= 19mm Photo No. = 7631  Time :14:40:29

Fig. 2. SEM Cross section of an array of Si NWs made by metal-induced
excessive local oxidation and dissolution of a Si wafer and after removal of the
Ag layer.

Signal A = SE1
Photo No. = 4609  Time :18:44.27

Date :14 Jan 2006
EHT =30.00kv WD= 5mm

Fig. 3. SEM picture of a Si NW on the four Au lines of the four-point probe
structure on SiOs . At each crossing between Au and Si NW, a thin, small layer of
Pt is deposited by FIB to reinforce the contacts and improve the ohmic behavior.

large contact regions (each 100 x 100 zm?) for electrical probe
measurements. Four-point probe measurements are essential for
the extraction of the resistivity of the Si NW without the influ-
ence of the contact resistances. An SEM picture of a Si NW
lying across the four Au contact lines of the four-point probe
geometry is given in Fig. 3. In these measurements, a current is
driven through the outer contacts and the voltage drop between
the inner two contacts is measured with a high-impedance volt-
meter. In our initial four-point probe structures, it was found
that the Au contacts to the NW were rectifying in both bias
directions and that, due to the simple NW dispersion technique
on the preprocessed sample, multiple wires could potentially
contact two or more of the Au lines. We used focused ion beam
(FIB) to first deposit Pt locally on the crossing points between
the NW and the Au lines, and second to ion-mill all other wires
that could potentially short the Au contact lines. The contacts
were then annealed for 90 s in an Ar ambient at 500 °C in an
rapid thermal annealing. This annealing resulted in good ohmic
contacts.

Although the contact resistance should not be important in
a four-point probe measurement, the annealing of the contacts
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avoids current rectification and improves the accuracy of mea-
surements at low current levels. As a result of annealing, the
currents are higher and the voltage difference generated between
the contacts remains within acceptable values (<20 V). At larger
current levels and thus higher potential differences across the Si
NW, self-heating effects can influence the resistance measure-
ments of the wires. These self-heating effects can be expected
as the Si NWs are lying on SiO, and are covered in a native
oxide layer [25]. Coverage of the wire in polymers aggravates
the self-heating. As a consequence, good ohmic contacts are
essential for accurate resistance extraction at low current levels.

The diameter of the n-Si NW used in these measurements is
~350 nm. Four different polymers were spin-coated across the
Si NW assembled on a four-point probe structure. Since the NW
touches the SiO, substrate layer, the polymer does not cover the
NW completely. The PMMA film was formed from a solution of
5 wt% PMMA in toluene, the PE and PS film from a solution of
5%wt PE in decalin, and the PEO film from a solution of 5 wt%
PEO in Hy O. All polymer films were found to be insulating.
The conductivity of the chemically prepared and spin-coated
PEDOT:PSS is relatively low (o ~ 0.03 (Q2-cm)~!) and is at
least ten times smaller than the Si substrate from which the
NW have been fabricated [26]. PEDOT:PSS is typically used
as a p-type semiconducting polymer in organic LEDs. Before
measurements, the polymer is removed from the outer contacts
of the four-point probe structure by scratching the surface with
a probe needle such that direct contact to the Au probing pad
can be made.

III. RESULTS AND DISCUSSION

The resistance of the Si NW was measured before and af-
ter polymer deposition, over a current range between —5 X
10~* and 5 x 10~ A. The ratio of the measured voltage across
the inner four-point probe contacts to the current through the
outer four-point probe contacts was plotted as a function of cur-
rent. Near constant resistance as a function of drive current was
calculated from the measurements. A slight decrease of 10%
was seen in current for the highest drive current (+5 x 1074 A)
for both the covered and bare Si NW. This decrease in cur-
rent is probably due to self-heating effects in the Si NW, which
increases the carrier concentration. The measurement was re-
peated four times on the same NW in order to obtain an average.
An example of a measurement using PMMA is given in Fig. 4.

In Fig. 5, all results of the four-point probe measurements
are given at 10~* A only. Note that for the PEO experiment, a
second n-Si NW etched from a Si wafer with higher resistivity
was used. There is, therefore, another “bare NW” measurement
for comparison with the PEO measurement (see second wire in
Fig. 5). The resistivity measurements were repeated on p-type
material. In order to reduce the complexity of the preparation,
van der Pauw measurements were carried out on thin p-Si body
silicon-on-insulator (SOI) material [24]. This gives a good qual-
itative approximation to the NW coverage, sufficient to compare
n-type versus p-type Si behavior and support the work function-
related carrier transfer picture. For the van der Pauw measure-
ments, mesas were etched in the thin p-Si body down to the
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Fig. 4. Resistance across the inner contacts of the four-point probe setup as

a function of the current through the outer contacts. Dashed line: bare Si NW;
full line: PMMA-covered Si NW.
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Fig. 5. (a) Resistance of the polymer covered n-type Si NW compared to the
bare Si NW. The measurements for PEO were done on high-resistivity Si NWs
(second wire). (b) Resistance of the polymer-covered p-type Si thin film relative
to the bare thin film. (c) influence of e-beam radiation of PE. 1—PE-covered
p-Si, 2—freshly irradiated PE, and 3—five days after irradiation.

buried oxide layer. Here, the Si body was 150 nm thick, while
the buried oxide layer was 100 nm thick. The same insulating
polymers, including PS were dissolved and spun onto the mesa.
Van der Pauw measurements were done on a large number of
mesas (>10) in order to obtain an average resistance change.
The current densities used in these measurements were lower
than those used for the n-Si, as oxide breakdown can occur at
lower voltage differences across the thin buried oxide layer. The
results of these measurements are also given in Fig. 5.

Table II summarises the resistivity change. The resistivity is
estimated from the classical formulae for thin films [24]

=i (1)

where ¢ is the diameter/thickness of the wire/film.

Comparing the resistivity changes on n-Si to those on p-Si
show opposite resistance changes for the same polymer cover-
age, except for PE. Unlike the other polymers used, PE con-
tains active electron traps [27], [28]. In order to investigate this
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TABLE I
PERCENTAGE CHANGE IN RESISTIVITY OF THE SI NW AFTER COVERAGE BY
DIFFERENT POLYMERS

polymer @ A4p % A4p %

(eV) (n-Si (350 nm)) [ (p-Si (150 nm))
PS 4.9 NA -12
PE 4.9 8 380
PMMA 4.68 13 -7
PEO 3.95 -13 280

Work function ¢ for all polymers is also given. Negative signs mean decrease in
resistivity with polymer coverage.

further, a PE-covered p-Si thin film was measured and then
irradiated with an electron beam in the SEM (Ipeam =
300 pA, EHT =20 kV, causing small electron penetration depths
into the polymer). After e-beam irradiation, the PE-covered p-Si
thin film was measured immediately, and then remeasured after
5 days in ambient. We notice that the resistance of the wire de-
creases after e-beam irradiation and that the original resistance
value is restored after aging of the film. This is consistent with
the existence of electron traps in the PE layer. Unfilled trapping
centers are positively charged and cause depletion of mobile
holes at the surface of the p-Si layer. Irradiation with electrons
neutralizes the traps in PE, caused by surface charging and/or
electron penetration, such that more carriers remain in the p-Si
and a lower resistance is measured. Over time, the electrons are
released from the traps, restoring the resistance increase. For the
n-Si NWs, the electrons that fill the PE trap centers are supplied
by the NW, causing an increase in resistance.

To first approximation, the results of the four-point probe
measurements, except for PE, seem to suggest that the resis-
tivity changes are consistent with the work function difference
between Si and polymer. However, the amplitude of the resis-
tivity variation is not consistent with the difference in work
function. This can be caused by differences in work function of
our polymers to the values in the literature, by the effect of the
remaining nonneutralized traps at the insulator/semiconductor
interface, or by the polarity of (broken) polymer chains.

The variation of the current through the n-Si NW after cov-
erage with PEDOT:PSS is given in Fig. 6. Fig. 6 shows the
current—voltage characteristics of the bare NW, the NW freshly
covered with PEDOT:PSS, and the latter system measured af-
ter four days. The bare Si NW shows near ohmic behavior due
to good FIB reinforced Pt contacts. In the Si NW, freshly cov-
ered with PEDOT:PSS, the conductivity increases in a nonlinear
manner, with an increase in the conductivity at higher voltages.
This increase can be associated with changes in the polymer
at higher voltages. Furthermore, due to the work function dif-
ference between polymer and n-Si, band bending at the poly-
mer/semiconductor interface causes depletion in the n-Si layer.
This results in a lower total current (see negative bias) even at
low voltage, notwithstanding any parallel conduction via the
polymer. At higher voltages, PEDOT" and PSS~ segregate,
causing a change in band bending at the Si surface and eliminat-
ing the depletion region created by the work function difference.
In addition, the PEDOT:PSS layer goes into a low-conductivity
state, reducing the parallel conductance [29]. After aging, a cur-
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Fig. 6. Current—voltage characteristic of a fresh and “aged” PEDOT:PSS-
covered Si NW compared to the uncovered Si NW.

rent offset occurs, which may be due to charge detrapping in the
polymer layer, or due to the dipole moment introduced by the
polymer. The shape of the curve in the high-voltage region also
changes due to the increased resistivity of the PEDOT:PSS layer
after aging. The aging effect needs to be further investigated, but
is possibly due to ion-exchange processes between the polymer
film and Si in air [26].

IV. CONCLUSION

The conduction of Si NWs covered by various polymer layers
is investigated. To a first approximation, the qualitative changes
in resistivity of the Si NWs are consistent with the work function
difference between the wires and the polymer wrapping. How-
ever, the quantitative analysis is strongly dependent on charged
states in the polymer layer and possible dipole moments. Clear
electron-trapping effects were observed for NWs covered with
PE. Covering of Si NWs with the semiconducting polymer PE-
DOT:PSS leads to nonlinear current increase at higher applied
voltages and current/voltage offsets after aging.
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