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ABSTRACT

The existence of large densities of surface states on InAs pins the surface Fermi level above the conduction band and also degrades the
electron mobility in thin films and nanowires. Field effect transistors have been fabricated and characterized in the “as fabricated” state and

after surface passivation with 1-octadecanethiol (ODT). Electrical characterization of the transistors shows that the subthreshold slope and

electron mobility in devices passivated with ODT are superior to the respective values in unpassivated devices. An X-ray photoelectron
spectroscopy study of ODT passivated undoped InAs nanowires indicates that sulfur from ODT is bonded to In on the InAs nanowires.
Simulations using a two-dimensional device simulator (MEDICI) show that the improvements in device performance after ODT passivation can
be quantified in terms of a decrease of interface trap electron donor states, shifts in fixed interfacial charge, and changes in body and surface
mobilities.

InAs is a very interesting semiconducting material, which  In thin film InAs devices, the surface accumulation layer
has potential applications in high-speed circuits and other has a relatively low mobility, resulting in an overall channel
special devices, like superconductor/normal conductor/ mobility that decreases with decreasing layer thickiAéss.
superconductor Josephson junction deVicesand dilute Though reports of mobilities in InAs nanowires are somewhat
magnetic semiconductor devices. However, in InAs, as  limited, it appears that the mobility decreases with decreasing
in other IlI—-V semiconductors, there are a large number of nanowire diameters with values of about 30002k s)
surface states, which pin the InAs surface Fermi level in the reported for 80 nm diameté¥,1500 cnd/(V s) for 50 nm
conduction band, resulting in a surface accumulation layer diameterf® and about 200 cH(V s) for 25 nm diamete¥
of electrons. Various organic and inorganic approaches for This trend is expected to become worse when the diameter
passivating thin film or bulk InAs have been reportetf. of nanowires is less than one electron de Broglie wavelength,
Passivation with inorganic sulfide or thioacetamide does not which is 40 nm for bulk InA<8 For a 20 nm diameter
eliminate the surface accumulation layer significaffly. npanowire, this means that all of the body electrons will be
Raman spectroscopy studies indicate that the adsorption ofscattered by interactions with the surface, blurring the
alkanethiols molecules on InAs unpins the Fermi lé¥el, gistinction between body electrons and surface electrons.
which implies a significant reduction of surface states. InAs nanowires with diameters larger than one de Broglie
It is not surprising that p channel conduction has been wavelength should contain a central region with the mac-
difficult to achieve in InAs nanowire field effect transistors roscopic properties of InAs. This accounts, in part, for the
(NWFETs) due to the Fermi level pinning above the qbservation of lower mobilities in InAs nanowires with
conduction bané? We have recently demonstrated ambipolar diameters of 50 nm and below.
(p and n channel) conduction in NWFETSs employing 20 nm | s study, we have fabricated FETs from individual
Cd doped InAs nanowires encapsulated during growth with 54, *ndoped InAs nanowires and shown that relatively
surface Ilgands. and shown n channel conduction after high mobility can be realized in nanowires passivated with
removal of the ligands by oxygen plasiita. 1-octadecanethiol (ODT). X-ray photoelectron spectros-
copy (XPS) studies of the ODT passivated nanowires indicate

:gﬂ:&iﬁpﬂﬂ?\ig?sﬁ;thor' E-mail: janes@ecn.purdue.edu. that ODT molecules are bound to InAs nanowires through
*Washington University. In—S bonds. The formation of these+® bonds is believed
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was dipped in a 1:1 (v/v) solution of deionized (DI) water
and 49 wt % HF for 2 s, rinsed in DI water, dipped in
ethanol, and then immediately puta 5 mM ODTsolution

in ethanoRk® After 24 h in the solution, the wafer was
removed and rinsed with ethanol.

The ODT-passivated wires for XPS characterization were
prepared separately as follows. The purified wires (about 1
mg) as described above were washed with ethanol four times.
An ODT—ethanol solution (5 mM, 7 mL) was added to the
suspension of the purified wires in ethanol (2 mL), followed
Figure 1. (a) High-resolution transmission electron microscope PY @n HF—ethanol solution (1.2 M, 1 mL) with stirring. After
image of as-synthesized 20 nm undoped InAs nanowire. The arrowsover 24 h this nanowire solution was purified with ethanol
indicate the location of twin defects. (b) Diffractogram taken from by centrifugation for five times, followed by deposition of
the white box in (a). The'blue and (ed par'allelograms are used t0the nanowires on a gold surface. Note that somewhat
demonstrate that the lattice defect is a twin. . . .

different procedures were used in the preparation of XPS

to passivate the surface states on the nanowires, so thafa@mples because the solution-based techniques did not allow
the body electrons experience less scattering due to surfacés short of an HF exposure as was used in treatments on the
states. fabricated devices.

InAs nanowires were synthesized from 44 nm diameter The XPS data were obtained using a Kratos Ultra DLD
Bi nanoparticles (containing 0.003 mmol Bi atoms) in spectrometer using monochromatic Attkadiation fw =
polydecene (4.5 g) by the solutiefiquid—solid (SLS) 1486.58 eV) and fixed analyzer pass energy of 160 eV for
method, using conditions comparable to previous repdtts.  survey spectra and 20 eV for high-resolution spectra. The
In(myristate} (0.282 mmol) and As(SiMgs (0.161 mmol)  XPS spectra were analyzed by CasaXPS software version
were used as the In and As precursors, respectively, and2.3.12. The spectra were curve-fitted assuming Gaussian
1-hexadecylamine (HDA, 1.26 mmol) andtrectylphospine  |orentzian line shape. The atomic concentrations of the
(TOP, 0.243 mmol) were used as additional surfactants. Thechemical elements in the near-surface region were estimated
nanowires were synthesized at 3@ and were nominally  after the subtraction of a Shirley type background, taking
undoped. These nanowires were passivated with HDA jnto account the corresponding Scofield atomic sensitivity
molecules, which could be easily removed from the nano- factors and empirically chosen attenuation function to
wires by ultrasonication. The nanowires exhibited the zinc compensate the different attenuation length for the photo-
blende crystal structure and the d-spacings determined fromg|ectrons emitted from the different electron levels. The

powder X-ray diffraction weretyy = 3.5147 A, dpzo = binding energy (BE) values referred to the Fermi level were
2.1455 A, andis1, = 1.8295 A. The theoretical spacings  cajiprated using Cu 2p and Au 4f lines. Typical resolution
of bulk InAs materials areh,; = 3.4980 A,z = 2.1420 measured as a full width at half-maximum (fwhm) of the
A, and doy; = 1.8263 A The difference between the A, 4 peaks was 0.65 eV. To avoid differential charging,
measyred and theor_etlcal_values IS within Fhe range.of the sample was disconnected from the ground and XPS
experimental uncertainty. Figure 1a shows a high-resolution spectra were acquired using the Kratos charge neutralizer.

transmls?(;'n eIectroThmllcrodsgc())pe |ma:jge (dH:?;EM) of 4 The charge was then compensated by setting the Ap 4f
representative as-synthesize M undopedin/As nanOWIre'peak at 84.0 eV or by setting the C 1s peak at 285.0 eV, if

Multiple twin defects along the nanowire are indicated by the Au 4f peaks were not detectable

arrows in the image. Similar twin defects have been reported i

in GaP nanowires synthesized by metafganic vapor-phase Room-temperature electrlgal measurements were per-
epitaxy?22The surface of the nanowire exhibits corrugations formed onan HP 4156A semiconductor parameter analyzer.
along localll11directions as well as 1 nm of a disordered/ Figure 2 shows the measured transfer characteristics at a

amorphous phase. As discussed later, this surface laye/drain/source voltageps = 0.1 V for a representative InAs
appears to consist of In and As oxides. NWFET with channel length &m. Curves are shown for

The InAs NWFETs were fabricated using previously the device inthe as-fabricated state and after passivation with

reported procedurédusing a 40 nm Si@gate insulator over ODT. The as-fabricated device shows n channel conduction,
a heavily doped p-type Si substrate, and Ni source/drain With an inverse subthreshold slope (SS) of 3.5 V/decade and
contacts. Prior to deposition in devices or XPS characteriza- field-effect mobility fire) of 740 cn#/(V s), inferred from

tion, the nanowires were purified by ultrasonication (1 min) €xtraction using the measured transconductance and a
in a mixture of toluene and 2-propanol, followed by cylinder-over-plate capacitance moéét! The low mobility
centrifugation, with the ultrasonicatiertentrifugation pro-  of our InAs nanowire devices compared to bulk InAs may
cess repeated three times. The isolated nanowires were thehe partly from the twin defects observed in the HRTEM
dispersed in the mixture of toluene and 2-propanol for image. To passivate the large number of surface states and
subsequent device fabrication. Following fabrication, the reduce the scattering of the body electrons with surface states,
InAs nanowires within the FET structures were passivated the same device was passivated with ODT as described
with ODT using the following procedure. The device wafer above. The transfer characteristic showed an improvement
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Table 1: Atomic Concentration of Elements Determined by 165 160 155

XPS from Area 1 with ODT Passivated InAs Nanowires and
Area 2 without Nanowires

S2p O1s In3d As3d Cls Audf Figure 3. XPS spectra showing S 2p and Bi 4f peaks for (a)
unpassivated nanowires and (b) nanowires with ODT passivation.

Binding Energy, eV

area 1 1.8 6.1 5.6 3.4 80.1 3.0

area2 1.0 8.5 0.0 0.0 655 255 . :
solution was nominally replaced by ethyl alcohol. The

in SS (1.0 V/decade), and thee increased to 1235 cifV decrease of oxygen content in area 1 could be explained by
s) for the device after passivation. passivating effects of ODT, which prevents oxidation of the
The improvement ofure and SS is believed to be [NAS nanowire. On the basis of the relative amplitude of the

associated with a reduction of InAs surface states due to theAU Signals in the two areas, the contribution to the C and S
bonding of the ODT molecules. Nanowires with and without Peaks from regions within area 1 that are not covered with
ODT passivation have been characterized by XPS. XPS nanowires is estimated to be -102%. On this basis, we
studies on the purified wires showed no measurable nitrogenc@n conclude that the data from area 1 are primarily
signature, which would be observed if HDA were present, associated with the nanowires. In the case of the unpassivated
indicating that the wires were no longer passivated by INAS nanowires, the layer was homogeneous enough to
ligands. For XPS measurements, nanowires passivated withScreen the substrate completely.

ODT have been deposited from suspension on a gold Figures 3-5 show the S 2p/Bi 4f, As 3d, and In 3d core
substrate. Because the entire Au surface was exposed to théevel spectra obtained from unpassivated and ODT passivated
solution containing ODT, control XPS spectra were acquired INAs nanowires, with the passivated data obtained from area
from the part of the Au surface that visually did not have 1. As represented in Figure 3, the unpassivated nanowires
nanowires. By repeatedly dropping nanowire solution onto demonstrate the presence of Bi, which originates from Bi
a specific area, a dense multilayer mat of nanowires was particles at the nanowire tips. Two chemical states of bismuth
formed on the gold surface (denoted area 1). In other regionsare distinguishable: the Bi 45 peak at 156.8 eV corre-

on the surface (area 2), a much smaller number of nanowiressponding to a metallic state and the Bi4peak at 159.1
which is mainly from the diffusion of ethyl alcohol on the €V corresponding to an oxidized state. The separation in the
Au surface, was observed. Table 1 shows the atomic Bi 4f doublet was assumed to be 5.30 eV. The ODT
concentration of elements in these two areas inferred from passivated nanowires also show the presence of sulfur, which
XPS measurements. In and As were found in area 1, but notalso exists in two chemical states. Assuming the S 2p doublet
in area 2, as expected. Within the XPS detection sensitivity, Separation to be 1.10 eV, the Sz2ppeak at 161.9 eV

we can conclude that area 2 is free of InAs nanowires. The corresponds to sulfur covalently bound to InAs nanowires,
significantly lower Au concentration, 3.0% in area 1 versus and the S 2g, peak at 163.4 eV originates from sulfur that
25.0% in area 2, indicates that there are thick layers of InAs is not bound to the surface. Peaks associated sulfur oxides
nanowires in area 1. In addition, the larger amounts of C would be expected at binding energies above 166°We

and S within area 1 are consistent with ODT bound to the lack of a peak in this range in Figure 3b indicates that there
nanowires, although the observation of both C and S within is not significantly bonding between S and O. Similar thiol
area 2 indicates that ODT molecules have also bonded toadsorption has been reported on Au surfé€es.

the Au surface. Likely some amount of ODT remained in  The As 3d spectra for unpassivated and ODT-passivated
the nanowire/ethyl alcohol solution, even though the ODT nanowires are shown in Figure 4. For the unpassivated
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Figure 4. XPS spectra showing As 3d peaks for (a) unpassivated
nanowires and (b) nanowires with ODT passivation. An As oxide
peak is observed at 44.5 eV in the unpassivated nanowires, but no
in the passivated nanowires.
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Figure 5. XPS spectra showing In 3d5/2 peaks for (a) unpassivated

nanowires and (b) nanowires with ODT passivation.

nanowires, XPS detects As@nd As characterized by the

As 3d; peaks at 44.5 and 40.9 eV with doublet separation
0.68 eV, respectively. The As 3d peaks of non-oxidized
arsenic are in good agreement with a prior XPS study on a

52

(100) InAs wafer® and the peaks were assigned to As bound
to In. The ratio between the areas of the As 3d peaks for the
nonoxidized state and As@ approximately 4, whereas the
same ratio calculated from the Asgromponents (spectra
not shown here) is equal to 0.6. The different inelastic mean
free path (IMFP) for photoelectrons emitted from the 3d and
2p core levels is 29.84 & and 6.68 A, respectively,
indicating that the AsQis at the surface. The increased
contribution of the As@components with decreasing IMFP
can be therefore assigned to the surface nature of the oxide
phase. No oxide phase was found on the ODT passivated
nanowires (Figure 4b). The absence of the peak4R eV
corresponding to a AsS bond® % indicates that S does not
bind to As.

Figure 5 shows the In 3d spectra obtained from InAs
nanowires with and without ODT passivation. For the
unpassivated nanowires, the Insgdpectrum can be curve-
fit by two components at 444.3 and 445.1 eV, corresponding
to an In-As bond and IgO; binding states, respectively.
The In 3d/, spectrum obtained from ODT passivated InAs
nanowires does not exhibit a pronounced high binding energy
shoulder as observed in unpassivated nanowires but shows
a weak component at445.0 eV. Due to the relatively low
intensity of this peak and the small binding energy difference
between the I50; and Ing binding states (this is also true

e‘or thioacetamide passivated InAs waf&)t is difficult to

state definitely that ODT binds to the nanowire by consider-
ing exclusively the In 3d spectra. However, on the basis of
the lack of peaks corresponding to-AS and S-O, it appears
that sulfur binds to In, that is to say, ODT molecules bind
to InAs nanowires primarily through S bonds. This is
consistent with the prior report of thioacetamide passivation
of planar (100) InAs surfac®.

For InAs nanowires without molecular passivation, the
XPS results indicate l®; and AsQ on the surface, which
agrees with the characterization of bulk In&&or nanowires
with ODT passivation, no significant oxidation is observed,;
presumably the OD¥FIn surface layer prevents the oxidation
of In and As. It therefore inferred for InAs nanowires that
AsOy and/or InO; are responsible for the surface Fermi level
pinning. For ODT passivated nanowires there are less surface
states, which lead to reduced surface state scattering.

The improvement of SS angee after ODT passivation
of InAs nanowires can be attributed to the change of surface
states on the InAs nanowire surface. Although absorbed
molecular layers on Au can modify the effective work
function of the exposed Au surface, the local work function
at the metal to nanowire interface is not expected to change
significantly. Generally speaking, there are two kinds of
charges, fixed charges and interface trap charges at the
surface of nanowires, which affect the transfer characteristics
of the FETs, modifying the threshold voltage and the SS. It
is well-known that fixed charges near the gate side are
responsible for the shift of the threshold voltage, and interface
trap charges can change the SS. It has been pointed out in
SiC thin film FETs that the degradation of field effect
mobility is due to interface trap electron acceptor charges at
the interface between gate dielectric and SiC thin fitm.
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sons to the experimental data were performed only in the
regions exhibiting clear n-channel behavior. In the simulation,
separate mobility values are set for the body and surface
electrons. Here the contact resistance is not expected to play
an important role in the on-state characteristics of the
NWFETs, because the contacts between Ni and InAs
(without molecular passivation for the contact segments)
should have small resistan&eThe surface Fermi level
pinning implies that there are interface trap states on the InAs
surface which behave as electron donors. In our simulation,
we use such trap states at the top and bottom nanowire
surfaces and assume that these trap states are distributed
uniformly in energy throughout the band gap. For the
Figure 6. Device structure for MEDICI simulation. The InAs slab  nanowire geometry, which is comparable to a floating-body
is 20 nm thick and 55 nm wide. The SiQielectric is 40 nm thick.  sjlicon-on-insulator (SOI) structure, both the voltage-variable

Qi refers to the interface trap charge states at the interface betwee - :
oxide and INAs.Qu refers fo the interface trap charges at the "Interface trap charges and the fixed charges at the interface

exposed nanowire surfac@, andQy refer to the fixed charges at ~ OPPOSite to the gate side contribute to changes in the SS,
the oxide/InAs interface and the exposed surface. which is reasonable considering that the number of interface

trap charges varies with gate bias and the fixed charges on
the opposite side of gate side contribute to the capacitance

We used the MEDICI semiconductor device simulation : .
softward? to quantitatively relate the changes in device of fche InAs slab. However, the fixed charges at the gate side
shift the Vr but do not contribute to the changes in

performance following ODT passivation to surface states and

charges on the nanowire surfaces/interfaces. The deviceSUb.threerOId slope.
structure used to simulate our InAs nanowire FET is shown Figures 7 and 8 show the measured transfer curves for
in Figure 6. We used InAs material parameters from ref 18, 8s-fabricated and ODT-passivated InAs NWFETSs, along with
for instance, static permittivity 15.15, electron affinity 4.9 the best-fit MEDICI simulation result, on a log scaleled

eV, energy band gap 0.354 eV, conduction band effective (Figures 7:_:1, 8a) to show the fitting of subthreshold slope
density of states 8.% 1019/cm? and valence band effective and on a linear scale (Figures 7b, 8b) fasto show the
density of states 6.6 10'8/cm?. The doping concentration fitting of the on-state of the device. In each case, the
was assumed to be 2 10'/cm?® according to ref 14 for ~ Parameters used in the corresponding MEDICI simulation
unintentionally doped InAs thin film. The channel length was @reé shown in the inset. For the unpassivated devices, the
set to 3um, the same as the actual device. The MEDICI interface trap densities are 1,6 10'%(cn? eV) (Qu) and
simulation is a 2-D simulation (effectively a vertical plane 1.0 x 10%¥(cn¥ eV) (Qi) for the bottom and top InAs
running from source to drain) and effectively assumes that surfaces, respectively. For the ODT passivated device, the
the structure is uniform in a direction perpendicular to this trap densities decrease tox710'9/(cn¥ eV) (Qi) and 5x
plane. Although the effects of charge on the side walls are 10"7(cn¥ eV) (Qi). The reduction in trap density is believed
not considered, the overall nanowire geometry can be to be due to the chemical bonding between the S in the ODT
approximated by utilizing an effective widtWggp) deter- and In on the nanowire surface. This decrease is consistent
mined by equating the capacitance predicted by MEDICI With the claim that the surface Fermi level is not pinned in
(capacitance per unit width tim&%:f) with that calculated ~ the conduction band for the passivated nanowires. A
from the cylinder-over-plate model for the cylindrical significant reduction is also observed in the magnitude of
geometny:324For the nanowire diameter and oxide thickness the fixed charge density) on the bottom InAs surface for

in the current devices, a capacitance of 2:88076 F is the passivated devic€f), whereas the fixed charge density
calculated from the cylinder-over-plate model, corresponding at the exposed side of InAs nanowirQ) increased in

to a Werr Of 55 nm in the MEDICI simulation. Note that ~magnitude from—0.2 x 10%cn¥ to —0.3 x 10%/cn¥.
Werr is larger than the nanowire diameter due to fringing Because ODT is not expected to add a net charge, the
effects, which are not considered in the 2-D MEDICI mechanism of this shift in fixed charge is not clear. However,
simulation. In addition, as long as the device is turned on it should be noted that a fixed charge dipole, such as that
(V > V (threshold voltage)), the capacitances inferred from likely induced upon Ir-S bonding, will also contribute a
MEDICI simulations for device structures with or without shift in threshold that can be modeled as a change in fixed
surface charges are the same. This is confirmed by calculat-charge density. The body electron mobility.{x) increases

ing the number of carriers per unit area in the channel versusfrom 2100 to 3200 ci#(V s) after passivation, which is
gate voltage for voltages larger theiq To incoporate surface  reasonable considering the decrease of interface trap charges,
charges on the top surface, the simulation includes a layerwhich should decrease the scattering of body electrons by
of silicon nitride on top of the channel, which is electrically these impurity charges, given the de Broglie wavelength of
floating. From the calculated band diagrams, there is no 40 nm discussed earlier. To fit the roll-off Igs at largeVgs
obvious band bending in the nitride. In the simulation, only values (Figure 8b), a surface electron mobilit,ftacd Of
electrons are considered as current carriers and the compari32 cn?/(V s) was used for the passivated device. This is
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(open squares): (a) log scale showing the fitting of subthreshold slope and (b) linear scale showing the fitting of device turn-on. Fitting
parameters are shown in the inset.
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Figure 8. Transfer characteristics for ODT passivated NWFET, showing measured data (closed circles) and best-fit MEDICI simulations

(open squares): (a) log scale showing the fitting of subthreshold slope and (b) linear scale showing the fitting of device turn-on. Fitting
parameters are shown in the inset.

lower than the value of 210 cHV s) obtained for the heterostructures such as GaAs/AlGaAs heterojunctions. In
unpassivated device, which may be due to a rougher interfacethe case of 1V semiconductors, it has been noted that it
after ODT passivation. Note that the body mobilities obtained is possible to achieve unpinned interfaces in epitaxial
from both unpassivated and passivated devices are larger thaheterostructures, due to the relatively low densities of
the mobility determined from the calculation using the interface states that occur at well-matched interfd&&sr
cylinder-over-plate capacitance formula. The MEDICI values the case considered in this paper, theli® bonds at the
are believed to be more meaningful, because they considemanowire surface likely reduce the interface state density due
the effects of both the interface states and the body versusto bonding characteristics comparable to those in an epitaxial
surface mobility. The ratio between surface and body heterojunction, although the overall interface density is still
mobility values inferred from the two techniques is smaller somewhat higher than that expected for a well-matched
for the passivated wires, as expected due to the smallerheterointerface.
interface state density in this case. In conclusion, ODT passivation of InAs nanowires is
Although the models proposed for the interface states effective in passivating surface states and increasing the body
responsible for Fermi level pinnify®® are typically applied mobility. The passivated devices exhibited improved sub-
to the case of Schottky contacts, the extrinsic models explainthreshold slopes. XPS characterization indicates that ODT
the effects in terms of defect states native to the semiconduc-molecules are bound to the InAs nanowire surface through
tor. For the case of unmetallized surfaces considered in thisin—S bonds and that the passivated nanowires show negli-
paper, the more relevant prior studies involve sidewall gible surface oxidation. MEDICI simulation allows quanti-
passivation in semiconductor devices and semiconductorfication of the effects of ODT passivation, in terms of

54 Nano Lett., Vol. 8, No. 1, 2008



reducing the interface trap charge states and increasing the (15) Bryllert, T.; Wernersson, L.-E.; Froberg, L. E.; SamuelsorlHEE

body electron mobility.
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