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We demonstrate quantitative determination of surface Fermi level pinning position in InN nanowires
using polymer electrolyte gating and three-dimensional �3D� electrostatic modeling of charge
distribution. We find pinning of the Fermi level 0.6–0.7 eV above the conduction band minimum at
the surface of the nanowires. After taking into account the Fermi level pinning, doping concentration
and carrier mobilities are also evaluated and compared with InN thin films. This general approach
of combining electrolyte gating experiments with 3D numerical modeling can be applied to
nanowires of other materials to determine their surface Fermi level pinning position. © 2009
American Institute of Physics. �doi:10.1063/1.3255010�

Surface Fermi level pinning has long been a major issue
for semiconductor technology. Despite displacement of the
Fermi level �EF� in the bulk of a semiconductor by extrinsic
doping, the surface or interface EF can remain pinned at a
particular energy with respect to the band edges due to a high
density of surface or interface states that trap charges and
induce an electric field near the surface region. The charac-
teristic distance required to screen this electric field, the De-
bye screening length, is typically on the order of tens of
nanometers. This means the majority of the material is unaf-
fected for bulk semiconductors, but nanoscale semiconduc-
tors such as nanowires can have the majority of their volume
be under the influence of this internal electric field. Thus,
surface EF pinning can have dramatic effects on the elec-
tronic properties of nanoscale semiconductors.

Unfortunately, measuring band bending in nanowires
and other nanoscale semiconductors is not straightforward.
In III-nitride nanowires, for example, the existence of surface
EF pinning has so far been only indirectly deduced. In GaN
nanowires, reports show a sharp increase in nanowire resis-
tance below a certain diameter, suggesting near mid-gap pin-
ning of EF at the surface.1 In InN nanowires, conductivity
scaling with diameter has been used to suggest the existence
of a surface electron accumulation layer,2,3 corresponding to
a pinning of EF above the conduction band minimum.4

Unfortunately, these techniques do not quantify the level of
band bending in the nanowires. That is, the thickness and
charge distribution of the band-bending shell in the nano-
wires are unknown. As a result, contributions to electrical
conduction from the core and shell cannot be accurately de-
coupled. A more quantitative analysis of the band profile in
nanowires is lacking.

Methods of quantifying band bending in semiconductors
typically involve applying an external gating electric field to
modulate the band bending and measuring a resultant change
in current or capacitance. The most accessible of these tech-
niques is the transconductance or field-effect transistor �FET�

measurement, where the free carrier concentration in the
channel is modulated by the gating field via the gate-channel
capacitance. As the gating field is varied, the conductivity of
the channel is measured, which is proportional to the product
of carrier mobility ��� and concentration �n�. As the capaci-
tance of a single nanowire is difficult to measure,5 � and n
are typically decoupled by analytically calculating the ca-
pacitance between the gate and the channel. As we6 and
others7 have shown, for nanoscale semiconductor devices,
numerical electrostatic modeling is often required to accu-
rately determine the gate-channel capacitance depending on
the gate geometry. Since surface EF pinning significantly af-
fects the carrier distribution in nanowires and thus influences
channel conductivity, if it is included in the electrostatic
modeling, the surface EF pinning position can be deduced by
fitting to the measured transconductance data.

In this paper, we use InN nanowires as a model material
system and a polymer-based electrolyte as the gating me-
dium to demonstrate extraction of the surface EF pinning
position from transconductance measurements. We also show
that this method of taking into account band bending in ana-
lyzing the transconductance data yields more precise esti-
mates for ionized dopant concentration and free carrier mo-
bility of the nanowires. InN is an ideal material to study the
band bending effect because its EF at the surface is pinned
at a very high energy above the conduction band minimum
��0.9 eV� �Refs. 8 and 4� in all polar �c-plane� and nonpo-
lar �a/m-plane� films exposed to ambient.9 This property,
combined with the propensity of native defects to dope InN
n-type, makes unintentionally doped InN nanowires display
heavily n-type characteristics and makes them difficult to
fully deplete with a conventional back-gate; a higher dielec-
tric constant or tighter gating geometry such as an electrolyte
gate is required to achieve larger gating capacitance.10,11 We
also note that studying single-crystal nanowires avoids the
complication in thin film experiments of differentiating be-
tween effects of the film surface from the film-substrate
interface.10a�Electronic mail: wuj@berkeley.edu.
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InN nanowires were grown by plasma-assisted molecu-
lar beam epitaxy on �100� Si substrates. The nanowires grow
in the c-direction �thus have non-polar sidewalls�, show clear
hexagonal facets �Fig. 1�a��, and are free of extended defects
as detailed in a previous publication.12 Nanowires were
transferred from their growth substrate onto SiN �200 nm�/Si
chips by the standard drop-casting technique. Ti/Au contacts
were patterned by electron-beam lithography and deposited
by electron beam evaporation after an O2 plasma treatment
�70 W/30 s� to remove organic surface contaminants �Fig.
1�c��.

All devices measured showed linear I-VSD behavior with
resistances on the order of kilohms, corresponding to con-
ductivities in the range of 700 to 2300 �� cm�−1, which is
typical of InN nanowires �Fig. 1�b��.2,13,14 Extrapolating the
resistance of over 30 devices �not shown� to zero length, we
obtained a contact resistance of 440 �, which is non-
negligible compared to the lowest resistance in some of the
nanowires and must be included in the modeling as
discussed.15

A schematic of the electrolyte gating setup is shown in
Fig. 1�d�. A small source-drain voltage �VSD� was applied
across the nanowire to monitor the current while a third, gate
electrode was used to modulate the potential of the polymer
electrolyte relative to source-drain, The electrolyte is KClO4

−

in 1000 MW polyethylene oxide �PEO� with a �K�:�O� ratio
of 100:1.16 When a positive �negative� voltage �VG� is ap-
plied to the gate electrode, cations �anions� in the electrolyte
migrate to the nanowire surface and induce negative �posi-
tive� charges inside the nanowire channel. At sufficiently low
gate voltages, this process happens without appreciable ex-
change of charge �leakage current� between the ions in the
electrolyte and the semiconductor nanowire. In this way, the
electrolyte gate is electrostatically analogous to a solid sur-
round gate with a gate dielectric thickness equal to the sol-
vation shell of the ions in the electrolyte ��1 nm�.16

Figure 2 shows a typical I�VG� curve of the InN nano-
wires. VG was scanned from 0 to �1.5 V, and then back to
+1 V at a slow scan rate of 4 m V/s. At faster scan rates the
I�VG� curves developed wide hysteresis and we were unable
to deplete the nanowire completely, which is likely due to
slow diffusivity of ions17 to and from the surface of the nano-
wire.

Using electrostatic simulations as discussed above, I�VG�
curves were computed for different ionized donor concentra-

tions �ND� and surface EF pinning positions. Current was
calculated using a standard Drude model of conductivity, al-
lowing the electron concentration, n, to be a function of ra-
dial position across the nanowire,

I�VG� =
2�VSD

L
e��

0

R

r · n�r,VG�dr , �1�

where L is the length and R is the radius of the nanowire
channel. The contact resistance, RC, shifts VSD by an amount
of I ·RC, which was also taken into account.15 Note that holes
do not contribute to current even if they are induced, because
the EF pinning at the ungated InN-electrode interface blocks
collection and injection of holes.18

The radial electron distribution, n�r ,VG�, as a function of
VG was computed by solving the Poisson equation11 in three
dimensions using finite-element modeling software �COMSOL

MULTIPHYSICS� for the surround-gate FET geometry as de-
tailed in Ref. 6. The nonparabolicity4 of the InN conduction
band was also included in calculating the conduction band
density of states. The relative dielectric constant of InN �Ref.
4� and PEO �Ref. 16� were set to 10.5 and 10, respectively.

The initial surface EF pinning position �Epin� is the en-
ergy of EF relative to the conduction band minimum at the
surface. In the simulation, Epin was adjusted by varying the
fixed surface charge concentration on the nanowire, which,
for InN, is positive and induces a surface accumulation of
free electrons on the order of 1012 cm−2 even at zero VG.11

For a given ND and Epin, the Poisson equation was solved for
a range of VG. The resulting n�r ,VG� was then substituted
into Eq. �1� to give I�VG� curves for each combination of ND

and Epin. The mobility ��� used for each I�VG� curve was that
which made the simulated curve agree with the experimental
current at VG=0. The simulated and experimental I�VG�
curves were then compared to find the values of ND and Epin
that best fit the experimental data.

Figure 2�a� shows the effect of Epin on I�VG� for a given
ND �3�1018 cm−3�. The three Epin curves are representative
of the range of Epin values tested for each nanowire, from no
surface EF pinning to Epin=0.9 eV. Figure 2�a� shows that
the best fit is achieved with an Epin in between the two ex-
tremes, at approximately Epin=0.7 eV. The flattening out of
the simulated I�VG� curves at positive VG is due to the inclu-

FIG. 1. �Color online� �a� Top-down SEM image of as-grown InN nano-
wires. �b� I-VSD curve of a typical InN nanowire device. �c� SEM of a
nanowire contacted with Ti/Au electrodes �nanowire diameter is 50 nm�. �d�
Schematic of the electrolyte gating setup. Semitransparent hemisphere is the
electrolyte.

FIG. 2. �Color online� �a� Experimental I-VG curves from an InN nanowire
�27.5 nm radius� along with simulated I-VG curves assuming an ND concen-
tration of 3�1018 cm−3 and Epin values of no pinning ��=1600 cm2 /V s�,
0.7 eV ��=340 cm2 /V s�, and 0.9 eV ��=240 cm2 /V s�. �b� Same
experimental I-VG as �a� with simulated curves assuming Epin=0.7 eV
and ND values of 1�1018 cm−3 ��=440 cm2 /V s�, 3�1018 cm−3

��=340 cm2 /V s�, and 5�1018 cm−3 ��=280 cm2 /V s�.
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sion of contact resistance in Eq. �1�. However, this limiting
of current by contact resistance is still insufficient to fit the
experimental curve at positive VG. Similar current saturation
in heavy-accumulation regions has been reported before in
polymer electrolyte gated FETs, though the exact mechanism
is not clear.17 Figure 2�b� shows the effect of varying ND on
I�VG� with Epin held at 0.7 eV. We see that the fit is quite
sensitive to the background donor concentration and the best
fit at this particular value of Epin is 3�1018 cm−3.

This analysis was performed on three nanowires with
radii of �26 nm and found Epin values of �0.6–0.7 eV�, ND
values of �2�1018–4�1018 cm−3�, and mobilities of
�400–550 cm2 /V s�. We note that the Epin range determined
for the nanowires is slightly lower than is commonly re-
ported for InN thin films �0.9 eV�.4 It has been suggested that
nonpolar planes of InN could display EF pinning at lower
energies with respect to the conduction band minimum than
the polar c-plane.19 However, we also note that this discrep-
ancy can be attributed to the limited accuracy of the material
parameters used in the simulations, most notably the relative
dielectric constants of the electrolyte and semiconductor.

The mobilities obtained fall within a much narrower
range than previous reports.2,14 We compare the mobility val-
ues of these three nanowires with Hall mobilities of InN thin
films20,21 in Fig. 3. The nanowire mobilities agree with mo-
bilities for InN thin films with similar ND, with slightly lower
values due possibly to the small diameter of nanowires �Fig.
3, inset�. This agreement suggests that electron mobility in
InN nanowires is also limited by scattering from charged
point defects, similar to InN thin films.20 Lastly, we note that
calculating a mobility from the data in Fig. 2 through the
conventional method14 of measuring the slope of the I-VG
curve and using an analytical expression for a surround gate
capacitance �C=2��L / ln��R+h� /R��,6 we obtain a mobility
of 195 cm2 /V s, which is more than a factor of 2 lower than
the mobility calculated from our numerical modeling
�550 cm2 /V s�. This difference arises from the erroneous
estimate of the total gate-channel capacitance with the ana-
lytical equation, which completely ignores the contribution
to capacitance from band bending inside the semiconductor
nanowire.6 More importantly, the free electron concentration
�between 1 and 5�1019 cm−3, determined at zero VG using

either of the above mobilities� originates from both ionized
donors �ND� and Epin-induced band bending. If the effect of
the surface EF pinning is ignored, all electrons would be
attributed to ND, and ND would be severely over-estimated as
shown in Fig. 3. This analysis highlights the importance of
band bending effects and surface EF pinning in considering
the electronic properties of semiconductor nanowires and the
performance of nanowire devices.

In summary, we have performed field-effect transistor
measurements on InN nanowires using a polymer electrolyte
gate, and taking this system as an example, provided a strat-
egy for quantitative estimate of the surface Fermi level pin-
ning position in the nanowires through numerical electro-
static modeling. We also report improved estimation of the
doping level and electron mobility that takes into account the
band bending in these nanowires. The analysis is of general
importance as it can be applied to understanding the electro-
static effects of the surface on the electronic properties of
other nanomaterial systems.
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