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Transport Coefficients of InAs Nanowires as a Function of

Diameter**
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InAs nanowires (NWs) have been the subject of intensive
research recently in both synthesis[1'3] and transport[4"6]
studies due to their potential for future high-speed nanoelec-
tronic devices. Back-,”) top-,1®¥! and wrap-gate!”! NW field-
effect transistors (NWFETs) have been employed to study the
low-field transport properties of InAs NWs at room
temperature. Among these properties, the capacitive effects
of interface states on FET characteristics and parameter
extraction,'”) and the field-dependent transport properties in
InAs NWs' have been explored by us recently in the top-
gate geometry. Using conductive atomic force microscopy, the
effects of channel-length scaling!'?! and the transition from
diffusive to ballistic carrier transport in InAs NWs has been
identified.'*! On the other hand, systematic experimental
characterization and detailed analysis of the effects of channel-
width scaling and channel dimensionality on the transport
properties in NWs are still lacking.

Herein, we present a comprehensive method to extract the
transport coefficients in NWs as functions of their diameter
and vertical (gate) and lateral (drain) fields, thus enabling
consistent comparison due to their field dependence.[m This
extraction technique extends earlier studies on the variation of
transport properties in NWs as functions of their diameter,
which was attributed to either 1) only changes in carrier
concentration (Si NWs)!"* or 2) only changes in carrier
mobility (GaN NWs).['>] One-dimensional (1D) Schrédinger—
Poisson self-consistent solutions for a material structure
similar to that used in our experiments, but with different
InAs thicknesses, was performed to validate our experimental
observations and analysis.

Metal-organic chemical vapor deposition was utilized to
grow the InAs NWs on thermally grown SiO,/Si substrates
with 40-nm-diameter Au nanoparticles on top, at a substrate
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temperature of 350 °C and a chamber pressure of 100 Torr.
Trimethylindium and arsine precursors in H; carrier gas were
used at an input V/III ratio of 50 and for growth times of 13, 20,
and 30 min.!"®! This results in n-type NWs!®! with lengths of
~10 pm and diameters of ~60-120 nm. Following growth, the
InAs NWs were suspended in an ethanol solution and
transferred to a thermally grown 600-nm SiO,/n*-Si substrate
with a prepatterned grid for lithography alignment. Electron-
beam (e-beam) lithography was then used to pattern source—
drain electrodes with variable spacing followed by 15/85 nm Ti/
Al deposited by e-beam evaporation and lift-off. This results in
ohmic contacts with a contact resistance of ~1 K. A 73-nm
ZrO,-Y,0; dielectric layer was then deposited, followed by
e-beam lithography to define a ~1-pm-wide gate. A 100-nm-
thick Al top-gate metal was sputtered, which left extension
regions with the source and drain electrodes as shown in the
field-emission scanning electron microscopy (FESEM) image
in the inset of Figure 1b.

In electrical measurements, we observe that, as expected,
the current capacity of the NW decreases as the NW diameter
decreases, as illustrated in Figure 1a, which shows the current—
voltage (I-V) characteristics of a selected set of InAs NWs
with different diameters taken at an applied gate voltage of
V2 =0V. The observed trends in the I-V characteristics as a
function of diameter are valid for all Vs values, and V3 =0V
is chosen for convenience. However, the measured current at a
given value of applied source—drain bias V3 depends on both
the NW length Lsp and the NW cross-sectional area A.
Variation of the transport coefficients as a function of NW
diameter can be better evaluated through conductance,
0 = qnavpgg = Lsp / |[AdVDs/dI3s| 0 _y). calculated near
Vgs =0V, where q is the fundamental charge constant, n,,
is the average carrier concentration, and wgg is the effective
mobility. Figure 1b shows a plot of conductance versus NW
diameter calculated from the I~V curves of Figure la. It is
evident that the conductance decreases as the NW diameter
decreases. For a proper interpretation of the decrease in NW
conductance with diameter, however, the effects of diameter
reduction on n,, and wrg have to be isolated.

For the underlap top-gate geometry, one can assign a drain
series resistance, Ry, which accounts for the contact and gate-
to-drain extension region resistances, and a source series
resistance, Ry, which accounts for the contact and gate-to-
source extension region resistances. The presence of positively
charged surface states!'”) at the oxide/InAs interface decreases
the gate field by Qin/eox, Where Qi is the interface charge
density and ¢y is the oxide dielectric constant, and prevents
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Figure 1. a) Current-voltage (/-V) characteristics of several InAs
NWFETs with different diameters D at V& =0V. b) Corresponding
conductance o calculated near V3 =0V. Inset: representative FESEM
image of a top-gate InAs NWFET used in this study. GS = gate—source,
DS = drain—source.

full depletion of the InAs NW channel. Thus, a leakage
resistance, Rj..x, associated with the lowest source—drain
current I3 through the channel at negative Vs, is introduced.
Simple circuit analysis can then be used to account for
potential and current drops across these parasitic resistances
to extract the intrinsic /-V characteristics of the active portion
of the InAs NWFET according to Equations (1-3):[°!

Vs = Vig — Ips(Ry1 + Ry2) (1)
(Rsl + Rs2)> VO
Ins =101+ — DS 2)
bs DS ( Rieax Rieax
_ o 0
VGS — VGS - IDsRsz (3)

where V35, Vg, and 3sare the applied drain-source and gate-
source voltages and the measured drain—source current, respec-
tively, and Vps, Vs, and Ips are the potential and current values at
the terminals of the NWFET segment directly under the gate.
The field-effect mobility and the average carrier concen-
tration are typically calculated from the transfer character-
istics in the linear operating regime.!*°! Figure 2a shows a set
of intrinsic transfer curves extracted using Equations (1-3),

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

) —_—
70 4
—-—D=6%nm
6oL| - ---D=82nm i
- D=95nm

50 e D= 106 M

< 40 F -
=5
~ 30} "
S
20r S .
10} - .
N L
-4 -2 0 2 4
Vgs !V
b) 25 . : y

Ve !V

Figure 2. a) Extracted transfer curves for a set of InAs NWs with
different diameters at V3 =0.5V and b) their corresponding trans-
conductance as function of gate voltage.

which is then used to calculate the intrinsic transconductance
gm = dlps/ 8VG5|VDS:CS, (cst =constant) plotted in Figure 2b.
The intrinsic transconductance, which is linearly dependent on
;J«FE,[é] decreases as the NW diameter decreases. Moreover,
the transconductance plot develops a plateau as the NW
diameter is reduced. It is known that the surface Fermi energy
in InAs is pinned in the conduction band,[ls] which causes the
formation of a surface accumulation layer.'”] The transcon-
ductance is thus expected to peak at flat-band voltages, Vi,
which are negative due to the presence of positively charged
interface states, at which surface accumulation is elimi-
nated.”” In the depletion regime, at negative gate voltages
relative to Vg, coulomb scattering due to fixed oxide charges,
interface-state charges, and ionized impurity charges reduces
}LFE.IZH Coulomb scattering is reduced in the accumulation
regime, at positive gate voltages relative to Vi, due to
screening from accumulated electrons; however, surface
scattering becomes dominant leading to reduced pee 22 21As
the NW diameter is reduced, surfacelike transport coefficients
dominate the transport properties of the InAs NW due to
carrier transport predominantly in a surfacelike region, and
strong peaking in the transconductance is less likely to occur,
which is clearly evident in Figure 2b. This is consistent with
variation of transport properties for InAs epitaxial layers with
different thicknesses, where the bulk contribution to the
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mobility decreases as the thickness of the InAs layer
decreases.*¥

For the NW lengths used in this study (Lsp=3-4um,
L ~1 pm) ballistic effects can be neglected, as the mean free
path determined from scanned probe measurements®! or
estimated from the Fermi wave vector!!%" s consistently
smaller than Lg. From the I-V curves extracted from
Equations (1)-(3) one can therefore compute prg by using
Equation (4):

e = 8mLg/CVps “)

where C is the gate-to-channel capacitance and is equal to the
oxide capacitance in the linear operating regime.?®! Note that
Equation (4) does not account for the effects of interface states and
the associated interface-state capacitance correction for C, which
leads to an underestimation of . Also, prior measurements have
shown!?”! that apparent mobility values are highly dependent on
the Vs sweep rate and direction that allow different interface-state
dynamic charging and discharging, which leads to different C
values. To minimize measurement artifacts, a fixed sweep rate of
~20mV s~ ! was used in measuring all 26 devices in this study.*%

Figure 3a shows a plot of the average values of calculated
prg versus NW diameter computed from extracted -V
characteristics, and accounting for parasitic resistances of each
device depending on its particular geometry for all 26 devices.
From the extracted I~V characteristics, and for fair compar-
ison between different NW diameters, wpg was calculated
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Figure 3. a) Measured field-effect mobility and b) measured average
carrier density as functions of InAs NW diameter. Dashed lines are linear
fits with statistical weighting for both sets of data.
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according to Equation (4) at constant Vgs =0V and constant
Vbs=0.15V. These values of Vgs and Vpg are used for
consistency in comparison, and do not reflect the highest value
of g that can be obtained in each NW. Specifically, it can be
seen from Figure 2b that V55 =0V does not necessarily result
in the highest obtained transconductance, and consequently
the highest wgg, in each device. The low Vg value chosen here
lies within the linear biasing regime where the pgg is constant
and is the low-field mobility. It is evident from Figure 3a that
wre decreases as the NW diameter decreases, consistent with
enhanced surface scattering in smaller-diameter NWs. This is
also in agreement with recent mobility—diameter dependence
studies in GaN NWs!"! obtained from back-gate geometry.

Another important transport coefficient is the carrier
concentration dependence on NW diameter, which can be
computed, again at the same fields for fair comparison,
according to Equation (5):

Nay = IpsLa/qitps VpsA 5)

Figure 3b shows a plot of computed #n,, for different NW
diameters, and indicates an increase in n,, as the NW diameter
decreases. This is due to the presence of an accumulation layer
at the InAs surface whose relative contribution to n,, increases
as the NW diameter decreases. If the Fermi energy were
pinned in the bandgap at the NW surface, reduction of n,, or
DPav as the NW diameter decreases is expected (e.g., in Si
NWS),[14] where p,, is the average hole concentration in a
p-type NW. In InAs NWs, reduction of the interface states
through proper surface passivation or formation of core—shell
heterostructures may lead to unpinning of the Fermi energy in
the conduction band and reduction of its detrimental effects on
electron mobility.?*!

To validate the observed dependence of pgg and n,, on
NW diameter, numerical simulation using Silvaco Atlas in 1D
is carried out.””! For the NW diameters used in this study and
due to their cylindrical symmetry, 1D Schrodinger—Poisson
solutions for electron wavefunctions, energy bands, and
electron distribution in InAs slabs are close to the exact
solutions in cylindrical coordinates.*! A material stack similar
to that used in the actual NWFET device was employed to
perform the simulations. To account for the presence of
surface states at the oxide/InAs interface, a fixed positive
interface charge density of 2.7 x 10'2 cm ™2 eV~! 283U and a
bulk carrier concentration of 5 x 10'® cm ™~ were used to match
the simulated and the experimentally extracted values.
Figure 4a shows the radial distribution of the first four elect-
ron wavefunctions in a 70-nm-thick InAs slab at Vgg=0V.
The positive surface potential due to the fixed interface
charges pulls the electron wavefunction peaks toward the
surface of the InAs slab. The first four subband energies and
the energy band-edge profiles across the slab thickness are
plotted in Figure 4b, which shows ~270 meV band bending at
the slab surface due to the presence of interface charges.
Figure 4b also shows a plot of the electron distribution across
the slab thickness, and illustrates peaking in the electron
distribution near the surface of the NW.
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Figure 4. 1D Schrddinger—Poisson solution for a 70-nm-thick InAs slab
in the presence of Q¢/q = 2.7 x 10*? cm ™2 surface fixed charge density.
a) Distribution of the first four subband wavefunctions across the slab
thickness r. b) Energy-band diagram across the slab thickness showing
strong surface Fermi energy pinning in the conduction band together
with electron accumulation. The first few subband energies are shown
to the top left.

Figure 5a shows the calculated electron concentration
distribution for different InAs slab thicknesses with the same
background doping and fixed charge density of 5 x 10'®cm ™3
and 2.7 x 102 cm 2 eV, respectively. The electron concen-
tration peaks for thinner slabs are higher than those for thicker
slabs, due to the dominance of accumulation electrons in
thinner slabs. The average carrier concentration for a single
NW diameter can be obtained by using Equation (6):

R
27 [ nrdr
- (6)

Nay =

7R?

Figure 5b shows a plot of the average carrier concentration
for different NW diameters, which indicates an increase in the
computed n,, as the NW diameter decreases. This trend is
consistent with the experimentally extracted n,, from the InAs
NWFETs. Smaller-diameter NWs are thus dominated by
accumulated electrons that encounter enhanced surface scat-
tering. The numerical simulations thus support the experi-
mental observation of a pgg reduction and n,, increase with
decreasing NW diameter.

In summary, we have discussed the diameter-dependent
transport coefficients in InAs NWs at equal vertical and lateral
fields and at equal Vs sweep rates for consistent comparison.
Smaller-diameter NWs were found to have lower wrg and
higher n,, values due to the presence of an electron surface
accumulation layer that increases the effect of surface scat-
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Figure 5. a) Free carrier distribution along the channel for different NW
diameters obtained by the Schrodinger—Poisson solver in one dimen-
sion. b) Average NW carrier density obtained from (a) by integrating
across the radial direction and dividing by the NW area.

tering. For larger-diameter wires, bulklike transport proper-
ties lead to higher wpg and lower n,, values. Numerical
simulations with a 1D Schrédinger—Poisson solver support the
presence of the electron accumulation layer near the positive
interface-state charges that lead to the observed trends in the
transport coefficients of the InAs NWs. We believe that this
comprehensive extraction technique of the NW transport
properties as function of diameter enables fair and more
accurate assessment of the transport properties of NWFETs.
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