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We demonstrate the isolation of two free carrier scattering mechanisms as a function of radial band
bending in InN nanowires via universal mobility analysis, where effective carrier mobility is
measured as a function of effective electric field in a nanowire field-effect transistor. Our results
show that Coulomb scattering limits effective mobility at most effective fields, while surface
roughness scattering only limits mobility under very high internal electric fields. High-energy o
particle irradiation is used to vary the ionized donor concentration, and the observed decrease in
mobility and increase in donor concentration are compared to Hall effect results of high-quality
InN thin films. Our results show that for nanowires with relatively high doping and large diameters,
controlling Coulomb scattering from ionized dopants should be given precedence over surface
engineering when seeking to maximize nanowire mobility. © 2011 American Institute of Physics.

[doi:10.1063/1.3611032]

. INTRODUCTION

Successful realization of useful device applications
from nanoscale semiconductors necessitates a comprehen-
sive understanding of their electronic properties, in particu-
lar, carrier mobility, which is more difficult to directly
engineer than carrier concentration, yet is equally critical
to controlling dc and high-frequency conductivity. Specifi-
cally, the large surface-to-volume ratio of many nanoscale
semiconductors has led to increased interest on the impact
of surface roughness scattering on the overall carrier mo-
bility. This is especially true for semiconductor nanowires,
which, as a result of intense research over the past two
decades, have shown promise in a variety of topical appli-
cations, including photovoltaics,' energy storage,” and
sensing,3 to name a few. Nevertheless, detailed experimen-
tal results distinguishing between different scattering
mechanisms that limit nanowire carrier mobility have been
rarely reported. Moreover, a correlation between free car-
rier scattering mechanism and free carrier distribution
within nanowires was most often discussed only qualita-
tively, despite the fact that applied gate fields can
significantly affect both carrier distribution throughout the
cross-section of a nanowire and the relative importance of
different scattering mechanisms. In this work, we demon-
strate a way to quantify different electron scattering mech-
anisms in single nanowires.

For temperature ranges where shallow dopants are fully
ionized, the dominant free carrier scattering mechanisms
are Coulomb scattering from ionized impurities, phonon
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scattering, and surface roughness scattering. The mobility
(u) limited by these different scattering mechanisms is
described by
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where fic is the Coulomb scattering limited mobility, i, is
the phonon scattering limited mobility, and uy, is the surface
roughness scattering limited mobility.

In contrast to bulk semiconductors where mobility can
be measured via the Hall effect, the mobility of single nano-
wires is most often deduced from field-effect transistor
(FET) measurements. Mobility can be defined in two ways
from FET measurements:* field-effect mobility (urz) and
effective mobility (u.4). The field-effect mobility is propor-
tional to the slope of the current (/i) versus gate voltage
(V) curve, i.e., transconductance (g,, = 0l;/0V,). For a
nanowire,
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where C is the gate-nanowire capacitance, L is the channel
length, and V, is the source-drain voltage. In contrast, the
effective mobility is given by

Ide2
Uopp = o, 3)
7 dec(vg - Vth)
where V,, is the threshold gate voltage, which often has a
range of uncertainty and qualitatively corresponds to the
gate voltage required to induce strong inversion (inversion-
mode FETs) or accumulation (accumulation-mode FETS).
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Notably, although p.4 is the more accurate predictor of de-
vice characteristics such as source-drain current, gz has
been most often used for nanowire characterization, presum-
ably due to uncertainty in defining V. However, at gate vol-
tages greater (e.g., more positive when accumulating
electrons) than where the transconductance peaks, ppg is
always lower than g and is not as physically meaningful.*

Nonetheless, prz has been used to probe the impact of
surface roughness scattering in semiconductor nanowires by
several groups,”’ who have observed a decrease in peak [z
with decreasing nanowire diameter, attributed to an increase
in surface roughness scattering with decreasing nanowire di-
ameter. However, this technique of measuring peak pgg as a
function of nanowire diameter does not allow one to quantify
the magnitudes of different scattering mechanism at the sin-
gle nanowire level, nor does it address the effects of radial
carrier distribution and band-bending on dictating which
scattering mechanisms dominate. Moreover, these studies
implicitly assume that nanowires with different diameters
have equal dopant concentrations and uniform dopant distri-
butions, which requires independent testing given the com-
plications of dopant distribution® and incorporation'’ in
nanowires.

The issue of radial carrier distribution is especially sig-
nificant in nanowires due to their small size. For example,
significant effects on the electronic and optical properties of
nanowires have been attributed to the intrinsic surface band
bending of different semiconductors.''™"* Band bending and
radial carrier distributions in nanowires can be affected by a
variety of growth and post-processing parameters, including
doping conditions, surface treatments, and alloying. Most
importantly, the carrier profile can be significantly modified
during device operation in various applications, for example,
by the adsorption of chemical species in nanowire sensors,”
or most dramatically, by an applied electric field in an
FET.' In all of these situations, a slight change in band
bending can dictate whether the majority of free carriers are
located within a few nanometers of the surface or shielded
from the surface by a depletion region. A difference in sur-
face versus core mobilities can thus appreciably affect device
current. This is in contrast with bulk and thin-film semicon-
ductors where current often flows many microns from the
surface, and as a result, differences in surface and core mobi-
lities often have little effect on the overall measured current.
Therefore, the common practice of assigning one peak uyg
to a single nanowire, irrespective of internal electric fields, is
an incomplete description of nanowire conduction; an exper-
imental method to quantitatively distinguish between differ-
ent scattering mechanisms as a function of band bending at
the single nanowire level is desirable for both a better funda-
mental understanding of nanowire conduction as well as for
improved nanowire device engineering.

Fortunately, the issue of mobility dependence on band
bending and carrier distribution has been studied in detail for
Si-based metal oxide FETs (MOSFETs). In particular, Sab-
nis and Clemens'® observed that when the channel effective
mobility is plotted versus the average (or “effective”) electric
field (E.4) in the inversion layer, the mobilities of samples
with different background dopant concentrations merge onto
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a single curve, referred to as the universal mobility curve.
Further studies by multiple groups found that three distinct
regimes were present in the universal mobility curve of
inversion-mode MOSFETSs: an upward slope at low effective
fields ascribed to mobility limited by Coulomb scattering, a
shallow downward slope at slightly higher effective fields
ascribed to phonon scattering, and a steeper downward slope
at the highest effective fields ascribed to surface roughness
scattering,'® as shown schematically in Fig. 1. The universal
mobility curves for accumulation-mode MOSFETSs with dif-
ferent channel doping are identical except for the low-field
Coulomb scattering regime, where p is constant with
respect to electric field due to the screening of ionized
impurities by majority carriers even at near-zero electric
fields.'” Since phonon and surface roughness scattering are
independent of dopant concentration, the mobilities of
MOSFETs with different dopant concentrations merge to-
ward the same values at high Ez, giving the mobility curves
their “universal” behavior. This behavior was subsequently
used by multiple groups to extract detailed information
regarding carrier scattering as a function of electric field in
MOSFETs, including distinguishing between different scat-
tering mechanisms.'® Despite the abundance of FET experi-
ments performed on nanowires, to our knowledge, an
analysis of nanowire effective mobility as a function of inter-
nal electric field aimed at distinguishing between different
scattering mechanisms has yet to be reported. In this paper,
using InN nanowires as an example material in careful com-
parison to InN thin films, we separate the effects of surface
roughness scattering from other scattering mechanisms in
individual semiconductor nanowires following universal mo-
bility analysis.

InN was chosen due to its naturally strong surface elec-
tron accumulation, which makes it sensitive to surface elec-
trostatics without the need for extreme gate voltages.'® In
addition, surround-gating of InN nanowires, as used here,
avoids the complication inherent to InN thin film experi-
ments of having to decouple front surface conduction from
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FIG. 1. Schematic of typical Si MOSFET universal mobility curves where
Uepr is plotted as a function of E,4 on a log-log scale for three background
dopant concentrations (Np; < Np, < Npj3). Solid lines show mobilities lim-
ited by Coulomb, phonon, and surface roughness scattering.
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back-interface (film to substrate) conduction, the electronics
of which are poorly understood.'” The InN nanowires were
grown by molecular-beam epitaxy (MBE), as described in
Ref. 39. Nanowire FETs were fabricated by detaching them
from their growth substrate by ultrasonication in 2-propanol,
followed by dropcasting onto a 200 nm SiN-on-Si chip for
device fabrication by electron-beam lithography. The contact
metals (20 nm Ti/120 nm Au) were deposited by electron-
beam evaporation.

For the nanowires studied (diameters 30-50 nm), our
results indicate that carrier scattering is dependent on band
bending in the wire but that surface roughness scattering
limits free carrier mobility only at high surface fields, con-
sistent with Si MOSFET behavior. The results suggest that
for most semiconductor nanowires with diameters equal or
larger than these, surface roughness scattering will not limit
mobility except for at large applied fields. This implies that
controlling Coulomb scattering from ionized dopants
should be given precedence over surface treatments when
optimizing nanowire mobility. The results also emphasize
the importance of considering band bending and Fermi-
level pinning when quantifying the electrical properties of
semiconductor nanowires, which are particularly sensitive
to surface effects.

Il. EXPERIMENTAL DETAILS

Both InN nanowires®® and InN thin films*' consistently
display heavily doped n-type behavior, due to an intrinsically
high donor-like point-defect density (~10'7=10%° cm ™). In
addition, it has been recently confirmed by several
groups'*?°2? that InN nanowires with non-polar sidewalls
display strong surface Fermi-level (Eg) pinning at ~0.9 eV
above the conduction band minimum (Ecg), which results in
a heavy electron accumulation layer, similar to InN thin
films. This is convenient for universal mobility analysis
because large internal electric fields are experimentally ac-
cessible with only moderate applied gate voltages. Electro-
lyte gating, where the gate voltage is applied to an
electrolyte in ~360° contact with the semiconductor was
used, due to its higher gate-nanowire capacitances compared
to solid gating.>> When a gate voltage is applied, ions in the
electrolyte (KCIO4 in 1000 MW polyethylene oxide with a
[K]:[O] ratio of 100:1) are driven toward or away from the
semiconductor surface depending on V, polarity, modulating
current in the semiconductor. By holding the gate voltage to
within a certain range (+/—2 V in our case), this charge
modulation can be achieved without appreciable leakage cur-
rent between the electrolyte and the semiconductor. Electri-
cal measurements were performed at 50 °C, which is above
the melting point of the polyethylene oxide (PEO) electro-
lyte, to minimize hysteresis in the current versus gate voltage
curves. The dopant concentration of individual nanowires
was varied by irradiation with 2 MeV « particles at fluences
between 2 x 10 cm ™2 to 2 x 10" cmfz, which has been
shown to increase the donor-like point defect concentration
in InN thin films.*"*** Multiple irradiation steps were done
on a single device chip allowing us to measure the same
nanowires with a range of controlled donor concentrations.
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lll. RESULTS AND DISCUSSION

Figure 2 shows I,(V,) curves of a typical InN nanowire
as a function of irradiation dose (Data from 5 nanowires
were recorded for every irradiation fluence). A droplet of the
PEO electrolyte was placed on the device chip for a short
time after each irradiation to measure the /;,(V,) behavior
and then immediately dissolved and rinsed in de-ionized
water, so each irradiation step was performed with no PEO
droplet covering the wires. To ensure that the changes in
I,4(V,) were due to irradiation and not consecutive rinsing
and reapplication of PEO droplets, /;,(V,) curves of multiple
devices were measured using consecutive PEO droplets
without an irradiation step in between. This is shown, for
example, at the fluence of 2.1 x 10'* ¢cm ™2 for the device in
Fig. 2; the difference in these two curves is negligible com-
pared to the effect of irradiation.

The fact that the nanowires are systematically harder to
deplete with increased irradiation dose is consistent with the
expectation of a larger donor concentration with increasing
irradiation fluence. In order to quantify this effect, we fit
computed /,,(V,) curves to the experimental /;,(V,) data via
finite element simulations of the electrostatics of a given
nanowire. This method for quantifying the extent of surface
Fermi-level pinning in nanowires is described in detail in
Ref. 20. Briefly, the theoretical /,,(V,) curves are computed
using a Drude model of conductivity, allowing the electron
concentration to be a function of radial position across the
nanowire. This radial electron distribution, n(r), is computed
by solving Poisson’s equation in three-dimensions via finite
element analysis using a classical 3D density of states. Since
n(r) is a function of the donor concentration (Np) and Fermi-
level pinning energy (E,;, = Er — Ecp), I,4(V,) curves for a
range of E,;, and Np can be computed and fit to the
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FIG. 2. (Color online) Experimental electrolyte-gated /,,(V,) curves as a
function of « particle irradiation fluence from a typical InN nanowire device.
For all curves, V, was swept from 0 to —1.5 to 1 V and back to 0 V at a rate
of 20 mV/sec. Inset: Conduction band energy profiles relative to the Fermi-
level (EF) as a function of radial position (r) in the nanowire at V, =0 from
fits to the as-grown and irradiated curves (same legend as main). Nanowire
core is at 0 nm and surface is at 25 nm. The Np values corresponding to the
as-grown, 2.1 x 10" cm’z, 7.1 x 10" cmfz, 2.0 x 10" cm™? fluences are
7% 10'® cm’3, 1.2 x 10 cm’3, 1.7 x 10" cm’3, and 7x 10" cm’3,
respectively.
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experimental /,,(V,) curves to find the E,;,, and N, that best
fit the data. Such fitting was performed on three nanowires in
this study. Radial conduction band profiles corresponding
to increases in Np by irradiation are shown in the inset of
Fig. 2.

The change in N with fluence for all three nanowires is
plotted in Fig. 3 along with the behavior of irradiated InN
thin films.?>*® We see that although the as-grown nanowires
start with a slightly higher Ny than the InN films, upon irra-
diation, Np, is dictated by irradiation fluence, evidenced by
the agreement between our nanowire data and the InN thin
films from Refs. 25 and 26 which were measured by Hall
effect. This agreement confirms that high-energy particle
irradiation increases the donor-like native defect concentra-
tion in InN nanowires in the same fashion as in thin films.
The Fermi level pinning position that best fit the experimen-
tal data for all wires and doses was 0.8 +/— 0.1 eV (Fig. 2
inset), in agreement with previous results in Ref. 20.

Previous reports?”*® on the effects of 10 MeV proton
irradiation on back-gated ZnO nanowire and carbon nano-
tube FETs attributed changes in /,(V,) behavior to irradia-
tion-induced trapped charges in their gate dielectric (SiO;)
and nanowire-dielectric interface. In this work, the excellent
agreement of our Np versus fluence data with InN thin films,
combined with a consistent E,;, extracted from all wires at
all doses, confirms that the changes in our /,(V,) data are
due to native defect generation and not trapped charges in
the nitride or nanowire-nitride interface. If trapped charges
in the silicon nitride substrate were responsible, we would
have observed a change in E,;,,, not Np, as a function of irra-
diation fluence. The discrepancy between our results and that
of Refs. 27 and 28 could be due to several factors, but
primarily, silicon nitride is known to be resistant to radia-
tion-induced changes in electrical behavior, unlike silicon
oxide.?”?° In addition, differences in gate geometry (sur-
round versus back) and ion energy (10 MeV versus 2 MeV)
may have also contributed to this discrepancy.

After quantifying the various electrostatic variables in
the nanowire [Np, E,;,, electric potential ¢, n(r)],
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FIG. 3. (Color online) Extracted Np vs irradiation fluence of three InN
nanowires of various diameters (D) from this study, plotted with electron
concentration vs fluence of InN thin films from Refs. 25 and 26.
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effective mobility and effective field were calculated as fol-
lows. The effective field is defined as the weighted average
electric field experienced by accumulated electrons.* For a
surround-gated cylindrical nanowire,

fo n(r, VG (r)rdr
fo G)rdr

where E(r) is the radial component of the electric field in the
nanowire, and R is the nanowire radius. Since, by definition,
the electric field is non-zero only in the accumulation region,
Uegr 1s defined as the effective mobility for only the accumu-
lated electrons, that is, the average electron concentration
(Mave) In excess of the background dopants, yielding the
following equation for current:

eﬁ (VG)

“)

nR?
Isp(VG) —Io = [nave(Vg) — 12, ] TQMEﬁVﬂ), (%)
where nm » = Np is the electron concentration from dopants,

which explicitly excludes electrons induced by band bending
(i.e., “flatband” electron concentration). Likewise, I, is the
flatband current [/p =1 (V,=Vpp)]. In all cases, Vy; was
modified to account for contact resistance (R,) via
Vit = Vsa + IR, where V,,, is the total voltage drop applied
between the source and drain electrodes.'

Figure 4 shows p.g as a function of E for a range of
irradiation fluences. Similar to the universal mobility curves
of accumulation-mode MOSFETsSs, we see a clear distinction
between a flat p.z regime at low E.z generally ascribed to
the Coulomb scattering limited regime, and a sharp drop in
Uegrat high E, 4, ascribed to surface roughness scattering. Cal-
culations of InN mobilities near room temperature have
shown that for Ny, above mid-10'® cm™>, phonon scattering
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FIG. 4. (Color online) Effective electron mobility as a function of effective
electric field for a series of irradiation fluences of the InN nanowire device
from Fig. 2. Dashed lines show fits using Eq. 1 where . is adjusted to fit the
low-field mobility from each irradiation fluence while p,, (Eq. 6) is held
fixed for all fluences and f=8.6 x 10'* (cm*? V'"' s ') and y=1.6 are
chosen to only fit the as-grown mobility data. Solid lines show the . and fig,
functions used for the fit to the as-grown mobility data. Short vertical lines
indicate the E, values that correspond to V, =0.
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is not a limiting factor’> and was thus not included in fits to
the mobility curves as discussed below. To gauge what scat-
tering processes limit nanowire mobility under no applied
field, the electric fields corresponding to zero gate voltage
(Vo =0V) are marked for each mobility curve in Fig. 4. For
our nanowires, s at Vo=0 V is in a transition regime
where both surface roughness and Coulomb scattering con-
tribute to limiting electron mobility. As discussed earlier,
however, InN has unique surface Fermi-level pinning that
gives it an unusually high internal electric field even at
V,=0 V. In most semiconductors such as Si and GaAs, the
surface Fermi level is pinned near the middle of the
bandgap,* which results in much smaller surface band bend-
ing or even a slight surface depletion. In these low-field con-
ditions, Fig. 4 predicts that u. will dominate over ug, for
nanowires with dopant concentrations (>10'"® cm™) and
diameters (> 30-50 nm) comparable to those in our work.
For more lightly doped semiconductors, fi.4 at low E.z may
be limited by pp,, rather than .. Thus, a priori assumptions
about conduction in semiconductor nanowires being limited
by surface roughness should be questioned. For smaller di-
ameter nanowires, where quantum confinement begins to
significantly affect both the density of states and the wave-
functions of the electrons, the strictly classical approach as
presented here does not apply and quantum mechanical con-
siderations are necessary. Our calculations indicate that con-
finement-induced singularities in the InN density of states
for nanowires of 30-50 nm will have energy spacings
between 4 and 11 meV, well below kgT in our experimental
condition (30 meV), and can therefore be approximated by a
classical density of states.

To further confirm that Coulomb and surface roughness
scattering are the limiting factors of mobility at low and high
fields, respectively, we fit the u (E.;) data with Eq. 1
(Fig. 4). As explained earlier, 1. is a constant with respect to
E4 for accumulation-mode FETs, while the surface rough-
ness scattering limited mobility is empirically known to
depend on E 4 as'®

1y = PE,. ©)

where 7 is generally 2 (at low temperatures) and the coeffi-
cient f§ is inversely dependent on material parameters such
as effective mass and surface roughness. Looking first at the
as-grown mobility curve in Fig. 4, we see that an excellent
fit can be obtained with just p. and pug,, without including
Upp, consistent with the expectation of a minimal influence
from phonon scattering at these donor concentrations. Also
shown in Fig. 4 are fits to the mobility data recorded after
the three irradiation fluences. In these fits, y. is adjusted to
best fit the flat low-field regime for each fluence (to account
for the increase in N, with increasing irradiation fluence) but
s (E.p) is kept fixed using the f§ and y values that best fit the
as-grown mobility curve. Clearly, a single u,(E.z function
cannot describe the high-field mobility behavior from all
irradiation fluences, suggesting that in addition to increasing
the ionized donor concentration, high-energy ion irradiation
may also effect the surface roughness of these nanowires, as
discussed below. In order to confirm that the reduction in .
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with fluence is due to an increase in Np, we compare our
results with Hall mobility measurements of as-grown, o
particle irradiated, and electrolyte-gated InN thin films.

A decrease in Hall mobility with increasing donor con-
centration (Np) from high-energy o particle irradiation has
been well documented for InN thin films.>*2® Specifically,
Hall mobilities of irradiated InN films as a function of elec-
tron concentration have been shown to agree very well with
theoretical calculations of mobility limited by triply charged
donors. In Fig. 5 we plot our p. versus Np for three nano-
wires along with the InN thin-film Hall mobility data from
Ref. 25. Because the Hall effect technique samples a large
portion of the interior of a film, the Hall mobility of InN thin
films is limited by Coulomb scattering (at these high dopant
concentrations), not surface roughness scattering, and is
therefore comparable to the p. values of our nanowires. We
see that our p. versus Np data agree with the thin film data,
confirming that the native defects created by irradiation in
our nanowires are largely the same as those in InN thin
films.

Next, we turn to surface roughness limited mobility. By
comparing Figs. 2 and 4, we see that the decrease in g at
high fields corresponds to a decrease in transconductance at
more positive V,. Although a decrease in the transconduc-
tance of an FET at accumulation voltages can be caused by
FET-specific factors,” it is worthwhile to note that a similar
decrease in mobility at accumulation voltages has been
observed in InN thin films in electrolyte-gated Hall effect
measurements, where an increase in surface scattering was
qualitatively cited as the likely cause of the decrease.'® The
agreement of those Hall mobility results with the high-field
U decrease in this work strongly suggests that surface scat-
tering, not FET device artifacts, are responsible for the
decrease in transconductance observed at high E.z in our
nanowires.

Upon o particle irradiation, we expect that while .
reduces as a result of the increase in Np, u, will remain
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FIG. 5. (Color online) Hall mobility vs electron concentration (71,,.) of InN
thin films from Ref. 25 plotted with y. vs N of three nanowires from this
work. Also shown are theoretically calculated mobilities limited by triple
and single charged defects in InN from Ref. 26.
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unchanged, resulting in the universal mobility behavior simi-
lar to Si MOSFETs at high effective fields. However, Fig. 4
shows that a single u,, cannot describe the high-field behav-
ior of all of the curves; each of the first three mobility curves
(as-grown, 2.1 x 10" ¢cm~2 and 7.1 x 10" cm_z) can be fit
independently by reducing f while keeping y constant.*> To
elucidate this lack of mobility universality at high fields, an
understanding of the dependence of f§ on material parameters
is necessary. Lee ef al.* state that f§ is inversely proportional
to the effective mass (m.z) and surface roughness as per

1

ﬁ > meﬁ(LA)z '

(N

where L and A are the correlation length and mean asperity
height of the semiconductor surface, respectively, which are
two parameters used to characterize surface roughness. The
f values that fit the mobility curves for the first two irradia-
tion fluences, 2.1 x 10" em ™2 and 7.1 x 10™* cm_z, differ
from the f§ value of the as-grown curve by 44% and 60%,
respectively.

The effective mass of electrons is indeed expected to
increase with increasing irradiation fluence as a result of the
non-parabolicity of the conduction band minimum of InN.
However, from the known dependence of mi,.4 on conduction
band population in InN thin films,'® the maximum expected
change in m,z in our nanowires resulting from irradiation is
8%. Thus, effective mass changes alone cannot explain the
lack of universal mobility behavior at high fields.

A possible explanation for the decrease in £ is that the 2
MeV o particle irradiation, besides increasing the native
defect concentration in InN, also increases its surface rough-
ness. Although sputtering or etching of semiconductors and
metals by high energy ions is generally considered to be
weak at MeV energies, Eq. 7 suggests that only a slight
increase in surface roughness is sufficient to account for our
observed changes in fi. For example, if A in an as-grown
nanowire is ~1 nm, an increase in A of only 6 A to 1.6 nm
upon irradiation would fully account for the observed 60%
change in f. Changes in surface morphology after irradiation
with ions of MeV energies have, in fact, been reported in the
literature. Maaza er al.>’ reported changes in indium tin ox-
ide surface morphology after irradiation with 2 MeV He™
ions with fluences comparable to this work (2 x 10"°—
6x 10" cm_z). In addition, a monotonic increase in surface
roughness of zirconia films irradiated with 250-450 keV
He" ions was found with atomic force microscopy (AFM)
by Kuri er al.® The rms roughness of these samples
increased from 0.17 to 0.4 nm.

J. Appl. Phys. 110, 033705 (2011)

As AFM measurements of single nanowire surface
roughness are difficult, to investigate the change in surface
morphology with irradiation, we performed high-resolution
transmission electron microscopy (TEM) on as-grown and
irradiated (2 x 10'® cm™?) nanowires. Bright-field images of
a large number of nanowires indicated that the vast majority
of wires were largely free of extended defects (e.g., disloca-
tions, stacking faults), consistent with previous reports.*
High-resolution phase contrast images were obtained from
many regions along the length of nanowires from both the
as-grown and irradiated samples (Fig. 6). We observed a sys-
tematic difference in amorphous layer thickness as well as
InN surface roughness between the two samples. Amorphous
oxide layers in the as-grown nanowires were limited in thick-
ness to less than 1-2 nm and appeared sporadically through-
out the length of any given wire. The interface between the
amorphous layer (if any) and the crystalline InN is extremely
smooth [Fig. 6(a)]. In contrast, amorphous oxide layers were
observed to be thicker and more frequent along the length of
irradiated wires [Fig. 6(b)]. Though the irradiation was per-
formed under vacuum (5 x 10°° Torr), it is possible that lat-
tice damage at the surface due to irradiation leads to
oxidation immediately upon exposure to ambient. A compar-
ison between Figs. 6(a) and 6(b) suggests the interface
roughness may be enhanced after irradiation, although a
quantitative correlation of the surface or interface roughness
to irradiation requires systematic investigations under better
controlled conditions. Lastly, it is possible that an increased
oxide thickness decreases the efficiency of gating by effec-
tively increasing the Helmholtz layer (i.e., “gate dielectric”)
thickness during electrolyte-gating. However, such an effect
would reduce gating efficiency at all gate voltages, not sim-
ply at large positive gate voltages that correspond to the
high-E 4 regime in discussion.

IV. SUMMARY

We have presented a technique for quantifying the mag-
nitude of individual scattering mechanisms that limit carrier
mobility in semiconductor nanowires. Using well-established
universal mobility analysis, which involves examining the
dependence of effective mobility on effective electric field in
a gated semiconductor, we were able to distinguish between
Coulomb scattering limited mobility at low-fields and sur-
face roughness limited mobility at high fields using MBE-
grown crystalline InN nanowires as an example material.
Our results show that for InN nanowires with diameters
between 30-50 nm, surface roughness scattering only limits
carrier mobility when there is heavy band bending near the

FIG. 6. High-resolution TEM micrographs of as-
grown (a) and irradiated (b) InN nanowires. The
edges on all images are the sidewalls of the nano-
wires. Scale bars are 2 nm.
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surface of the wire (le6 V/cm), which occurs naturally in
InN, but not in most other semiconductors. This implies that
for semiconductor nanowires where quantum confinement is
not significant, scattering from ionized dopants or phonons
rather than from surface roughness will limit the mobility
except at large internal electric fields.

These results have important device implications.
Namely, for high-mobility applications, optimizing dopant
and defect concentrations should be given priority over sur-
face engineering. We note that it is not possible to separate
different scattering mechanisms as a function of band bend-
ing in individual nanowires using the common technique of
comparing peak field-effect mobilities between different
nanowires. This u.s versus E,z analysis should thus be
exploited for future studies of, for example, the effect of dif-
ferent doping processes on the carrier mobility of bottom-up
vapor-liquid-solid grown nanowires. Finally, a direct com-
parison of results from universal mobility analysis of Si
nanowires grown under various conditions with established
Si MOSFET data would be extremely valuable in assessing
the effects of different growth, doping, and post-growth
processing on the transport properties of Si nanowires.
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