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Abstract: Realizing optically transparent functional circuitry continues to fuel scientific and technological
interest in transparent conducting oxides (TCOs). However, precise means for creating transparent
interconnects for device-to-device integration has remained elusive. Here we report on the chemical,
microstructural, and electronic properties of transparent conducting oxide nanowires (Ga-doped In,O3)
created by direct-write focused ion beam (Ga*) implantation within an insulating oxide substrate (In,O3).
First, methodology for preparing TEM-ready samples is presented that enables detailed TEM-based analysis
of individual nanowires. Differences in diffraction features between doped and undoped oxide regions,
accompanied by RTA results, support a model in which oxygen vacancies and amorphization comprise
the predominant doping/carrier creation mechanism. The same isolated nanowires are then subjected to
chemical profiling, providing quantitative information on the lateral Ga doping dimensions, which are in
good agreement with conductive AFM images. Furthermore, spatially selective nanoscale EELS spectros-
copy provides additional evidence for changes in the oxygen site chemical environment in the FIB-processed/
doped In,0O3, and for negligible changes in the surrounding non-FIB-processed/undoped oxide. The
nanowires exhibit ohmic electrical behavior and with an average estimated conductivity of 1600—3600 S

cm™%, similar to macroscale Ga-doped In,O5 films grown by conventional processes.

1. Introduction

The implementation of transparent oxides as the basis for
all-transparent electronic circuitry has attracted great interest
as a driver in both scientific and consumer electronics.* 2 The
required transparent oxide (TO) materials suite must necessarily
include transparent conducting oxides (TCOs), transparent oxide
semiconductors (TOSs, which are not degenerately doped in
contrast to their TCO counterparts), and transparent oxide
insulators (TOIs). Thisrange of electrica properties, combined
with optical transparency, renders this materials family uniquely
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suitable to serve as the foundation for all-oxide electronics.>*°
The reason why TOs>" can play aprimary rolein this emerging
field isthat, when degenerately doped, they exhibit near-metallic
conductivities while maintaining 3.6—3.8 eV bandgaps.™
Transparent conducting oxides™* were first discovered by
Badeker, who observed that oxidized metallic Cd films are both
transparent and electrically conducting.*® Although CdO was
the first TCO discovered, it is tin-doped indium oxide, (ITO)
that isthe most widely used in commercia optoelectronics. More
recently*® research turned to multication TCOs such as Gd-
doped InO, and F-doped 1n,03;*° Al-, In-, B-, and Ga-doped
Zn0;%* and Sc-, In-, and Zn-doped CdO.Y"~*° Ternary systems
are also being studied, including (Zn-In-Ga)-O, (Ga-1n-Sn)-0,
and (Cd-In-Sn)-0.*® Applications of TCOs are diverse and
include transparent anodes in optoelectronics,*>?°"2* heat
mirrors for solar collectors,?*~2° electrodes and antireflection
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coatings in photovoltaics,>>2"~2° photodetectors, 2 flat panel
and liquid crystal displays,®* deicers, and |R-reflective coatings
for architectural windows to reduce heating and cooling
costs. 3233

The possibility of redizing truly “invisible electronics’*? is
promising since efficient transistor function utilizing all-
transparent oxide active materials>®®3*3® has recently been
demonstrated. Note, however, that in addition to transistors,
transparent electronic integrated circuits will require transparent
interconnects at or near the nanoscale. To address this need,
patterning of TCO films via chemical/physical means has been
reported,®®~“° specifically by subtractive wet etching through a
resist mask.“® While this offers large-scale parallel processing
of transparent features, it islimited by poor control of the etching
process, which depends on local microstructure, in turn limiting
pattern resolution to a few hundred nanometers. Another means
of creating nanoscale wires in predetermined patterns, although
not demonstrated for TCOs, is using 35—100 keV ion beams
(eg., B, O, P, or As" beams) at 5 x 10%*—10% ions cm™2
to locally decompose thin metal —organic blanket films. While
this can create highly conductive 250 nm tall metallic structures
with linewidths of ~330 nm,**? these structures are at most
optically trandlucent at the densities necessary for integration.
Thus, there remains a need for precisely positioned transparent
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Figure 1. Conductive AFM image of asingle FIB patterned nanowire. (a)
Topography and (b) current map for a nanowire written with ~9 x 10
jons cm~2 using a 5 kV beam energy at 1.5 pA beam current. Note that
clusters of domain-like regions of higher conductance comprise the
nanowires created by the implantation process. The average electrically
active width of these nanowires is 100 nm.

conductive nanowires. To this end, a versatile means to create
nanoscale, optically transparent, electrically conducting features
on highly insulating host films would be highly desirable.

In a preliminary communication,*® we reported focused ion
beam (FIB) fabrication of nanoscale TCO wires in 1,05 as
judged by AFM imaging and SIM S depth-profiling.*® The wire
dimensions achieved were <160 nm wide and nominally ~7
nm deep, with user-defined lengths (Figure 1). Importantly, state-
of-the-art FIB processing implies full lithographic control,
enabling the patterning of completely arbitrary shapes that are
in principle limitless in length and connectivity. From the
preliminary data, the “writing” mechanism was proposed to
involve controlled FIB beam implantation of Ga dopant ions
into the undoped host to create high electrical contrast between
doped and undoped regions. Although this mechanism is
qualitatively reasonable, numerous unanswered quantitative
questions remained regarding the detailed chemical, structural,
dimensional, and electrical properties of these wires, including
the actual magnitude of the conductivity achieved and the carrier
generation mechanism. Answering these key questions is the
goal of the present study. This information is directly relevant
to the chemical mechanism of charge carrier generation. To gain
insight into the nanoscale compositional and structural changes,
the nanowires are characterized using severa transmission
electron microscopy (TEM) techniques including bright-field
(BF) and scanning TEM (STEM) imaging (Z-contrast imaging),
aswell as X-ray spectroscopy (EDXS) and electron energy loss
spectroscopy (EELS). STEM mode information probes the Ga
spatial distribution and provides oxygen site chemical informa-
tion. In conjunction with paralel conductive AFM imaging,
oxidative and reductive post rapid therma annea (RTA)
experiments, nanodiffraction data, and distinctive EEL S spectral
features, it will be seen that definitive chemical and carrier
generation mechanistic information is revealed. Finally, the FIB-
derived nanowire electrical conductivity is quantified for the
first time.
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Figure 2. Fabrication and characterization of nanowires. (a) FIB implantation directly onto ~96 nm thick suspended SisN4/SiO,/In,O; film (cross-section
of membrane layers is shown) at 5 kV. Au anticharging layer is removed immediately after fabrication. A cross-section schematic of the layered structure
postdoping is shown on the right. (b) SEM image (top view) immediately after implantation showing FIB wires written at the edge of one window (arrows
flank one wire). Although some film corrugation is observable, it does not interfere with AFM scanning or TEM imaging. (c) Schematic of the conductive

AFM setup for collection of current maps.

2. Microstructure Background

To provide context for the discussion of potential doping
mechanisms, a background on the relevant microstructure is first
provided. In,Os has a cubic crystal structure, and whereas the
fully stoichiometric material is insulating,* introduction of
substitutional dopants or creation of oxygen vacancies generates
charge carriers, and the material becomes an n-type conductor
while retaining its optical transparency. Detailed single-crystal
X-ray diffraction studies reveal that In,Os has a cubic bixbyite
structure, also known as the C-type rare-earth sesguioxide
structure. The body-centered unit cell has 80 atoms with alattice
parameter of 10.117 A.*® The crystal structure can be visualized
by removing one-fourth of the anion lattice sites of the 2 x 2
x 2 fluorite superstructure; these bixbyite empty anion (oxygen)
sites are referred to as structural anion vacancies. The 48 lattice
oxygen atoms are found in the e sites, and the 16 structural
vacancies at ¢ sites.

It is generally accepted that charge carrier generation in
undoped 1n,Q; involves oxygen vacancies.>* However, recent
first-principles computational studies®™*° suggest that intertitial
In is responsible for the intrinsic conductivity of 1n,0s. These
results argue that In interstitials generate shallower donor levels
than those created by oxygen vacancies and that even shallower
levels are formed when the interstitial In ions form complexes
with the oxygen vacancies.*” Another group® has proposed that
persistent photoconductivity, resulting from oxygen vacancy
defect states within the conduction band, |eads to the observed
free carriersin undoped 1n,0s. In addition, recent experimental
studies of O, partial pressure effects on pure and doped 1n,0;
suggest yet another possible intrinsic defect cluster:>* a singly
positively charged cluster composed of both interstitial In and
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O. Despite the complexities arising from the rich chemistry of
IO, the general consensusis that nonstoichiometry and crystal
defects lead to charge carrier generation and that the intrinsic
behavior of this oxide is n-type, i.e., electrons are the magjority
charge carriers.

With the above considerations in mind, detailed microstruc-
tural information on the FIB-derived nanowires was acquired
by TEM techniques. Specificaly, the STEM mode was com-
bined with EDXS and EELS to acquire spatially resolved
chemical information. These combined techniques provide
chemical information images at the nanometer to atomic scale.
For example, such instrumentation has been used to image single
Sb dopant atoms in Si,>? to decipher the atomic structure of
complex oxides such as the high temperature superconductor
YBCO™ and to map sp? and sp® C atoms at diamond-Si
interfaces,> thus providing an incisive tool for understanding
structure—property relationships in nanomaterials. Here we
employ it to analyze the spatial extent of Ga doping in the
patterned 1n,O3 substrates and to examine Ga implantation-
induced nanochemical changes, particularly at the host oxygen
Sites.

3. Experimental Section

3.1. TEM Sample Preparation. Because the am here is to
study implantation-induced phenomena, an important goal was to
create TEM samples without resorting to traditional sputtering or
ion milling-based thinning techniques. Rather, the present TEM-
transparent samples were prepared by depositing 1,05 films directly
onto specialty TEM grids (4107SN-BA, SPI Supplies, Inc.) having
a 20 nm thick SisN4 membrane suspended over 100 m windows.
Film depositions were carried out with a horizontal dual-gun ion-
assisted deposition (HDG-IAD) system at room temperature, to
deposit 30 nm of silica (99.99% target from Williams Advanced
Materials), followed by 38 nm of highly resistive In,Oz (99.99%
target from Williams Advanced Materials). More details can be
found in Supporting Information.

3.2. lon Implantation. Immediately following a 5 min UV-
ozone treatment, 8.5 nm of Au was sputtered onto the suspended
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Figure 3. Single nanowire current—voltage data collection. (a) Four-point
probe electrode configuration. A representative location of the FIB-doped
nanowires is indicated with a dashed line. (b) Stacked Ti/Au electrodes
deposited on top of the doped nanowires were used to collect current—voltage
curves from single nanowires.

oxide films. A dua-beam FElI NanoLab 600 FIB was used to
perform Ga implantations (Figure 2a) at beam settings of 5 kV
with a 1.6 pA beam current for an estimated surface dose of 4 x
10' jons cm™2. Simultaneous Ga ion beam and electron beam
operation is an essential detail because it alows imaging to be
performed without unintentional implantation. Following FIB
fabrication, the Au layer was removed with Kl/I, aqueous solution
(Transene Company, Inc.).

Secondary electron microscopy (SEM) images (Figure 2b)
acquired immediately following ion implantation proved to be
extremely useful for relocation purposes since the doped regions
are not easily discernible except by conductive atomic force
microscopy (CAFM). The FIB-doped nanowires were then electri-
cally grounded by depositing AuPd alloy or Ti/Au stack electrodes
at one terminus via photolithographic lift-off techniques (Figure
2¢). The film corrugation, which can be discerned in Figure 2b,
introduces some experimental complexity in the photolithographic
processing; however, it is an essential step because TEM imaging
requires the wires to be grounded in order to avoid severe damage
through electrical charging. See Supporting Information for further
details.

3.3. TEM Imaging and Other TEM-Based Techniques. All
TEM imaging was performed using a JEOL 2100F Schottky field
emission gun TEM operated at 200 kV in either conventional or
scanning TEM modes. The membrane corrugation introduced some
difficulty in STEM imaging because it led to changes in working
distance, and it was thus necessary to regularly perform Ronchigram
readjustment® when the beam traveled more than a few hundred
nanometers. The energy loss near-edge spectra (ELNES) from both
doped and undoped regions were collected using the Gatan imaging
filter system, in the STEM mode. The energy loss spectra were
collected using an energy resolution of 1.0 eV estimated from the
full-width at half-maximum of the zero loss peak.

3.4. Electrical Characterization. Electrical measurements were
carried out with a 4-point AuPd alloy electrode configuration
deposited via shadow mask onto the nanowires fabricated on TCO
films deposited on glass substrates (Figure 3). Multiple electrode
spacings were fabricated and used to verify the independence of
the nanowire conductivity as afunction of nanowire length. Voltage
ranges of +5—10 mV were used to collect current—voltage curves
with a Keithley 2400 sourcemeter. Rapid thermal anneals were
carried out on nanowires fabricated on thin films on glass substrates
(not TEM grids) with a RTP-600S (Modular Process Technology
Corp.) instrument at 955 °C (0.5 T,,). Conductive AFM scanning
was performed following annealing treatments to analyze annealing
effects on the electrical contrast. The metal stacks used were either
Ti/Au (15 nm/160 nm) or PdAu (160 nm) aloy.

4, Results

4.1. TEM Imaging. To assay the In,Oz; microstructural
changes induced by Ga implantation, TEM imaging was

(55) Sigle, W. Annu. Rev. Mater. Res. 2005, 35, 239.
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Figure 4. TEM imaging and spatial chemical analysis of Ga-doped/
patterned In,O; films. (a) STEM image of a FIB-derived nanowire. (b)
EDXS Gal, profile from the white line in part a. (c) Three representative
EDXS spectra collected within the FIB-doped wire. Note the absence of a
Au signal at the three major Au peaks (2.20, 2.29, and 9.71 keV).

performed directly on stacked films (Figure 2a). Nanowires were
imaged by TEM to define their crystalline and nanochemical
properties. Figure 4a shows a typical STEM image. Here,
contrast principally arises from differences in atomic mass, with
negligible contribution from diffraction or crystdl structure. Since
STEM contrast from heavier elements is brighter while lighter
elements appear darker, STEM images provide a chemical map.
Furthermore, the beam is a mobile probe that alows local
interrogation using spectroscopic techniques. The STEM mode
was used here to aid in measuring the electrically active width
by spatially mapping the Ga dopant distribution within the host
oxide.

A GaEDXS profile (Figure 4b) was collected over the white
linein Figure 4a, sampling ~420 nm of both doped and undoped
oxide with 80 evenly spaced data points (1 nm beam). The
signal-to-noise ratio is modest due to the small dimensions of
the nanowire (3—7 nm deep by SIMS*) and the electron probe
(1 nm). Nevertheless, the increased Ga L, feature intensity in
the doped regions is clearly evident. When quantified from the
profile EDXS spectra (Figure 4b), the FIB-doped nanowire has
achemical width of ~140 nm. For completeness, the full EDXS
spectrum is shown in Figure 4c and will be discussed in more
detail in Section 4.3 below.

When imaged in the bright-field TEM mode, the wires afford
very low contrast (Figure 5a). Consequently, the image was
enhanced by increasing the digital contrast via a standard
graphics program to better define the wire in Figure 5a (flanked
by arrows). Using a 100 nm beam, diffraction patterns were
collected from both the doped and undoped areas (Figure 5b
and c, respectively). The undoped regions are clearly polycrys-
talline as indicated by the diffraction spots within the ring. In
marked contrast, although faint remnants of one ring are present,
the Ga-doped region shows almost completely amorphous
character. The lack of adiscernible crystal structure within the
doped area indicates the microstructural disorder induced by
the FIB implantation.
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Figure 5. Bright-field (BF) TEM imaging of Ga-doped/patterned 1n,O;
films. (a) BF TEM image of the FIB-doped wire. Arrows enclose the wire,
and the scale bar is shown across the wire. The image contrast and brightness
were increased to better visualize the FIB wire. (b) Nanodiffraction pattern
taken with a ~100 nm beam from the undoped In,O; region. Film
polycrystallinity is evident from the presence of faint diffraction spots aong
the outer ring. (c) Nanodiffraction pattern from the FIB-doped wire shows
that this area has been amorphized by the implantation cascade.

4.2. Annealing Experiments. The hypothesis of disorder-
induced doping via oxygen vacancies was tested by annealing
the patterned films in both reducing and oxidizing environments.
Reductive anneadls of n-type TCOs typicaly aid carrier
generation,®®” whereas the opposite behavior is observed for
oxidizing anneals. Indeed, conductivity can typically be cycled
with oxidative/reductive cycles,® and rapid thermal annealing
(RTA) has been used to modify TCO electrical properties.® ©°
Figure 6 shows current and topography AFM maps of FIB-
doped nanowires after reductive and oxidative RTA (the images
are of wires created on thin blanket films and not on TEM
suspended membranes). Here, RTA treatments (15 s) in flowing
N increase the conductivity of the entire surface, as indicated
in the cCAFM current maps, to the extent that a 25 mV sample
bias induces substantial tip—sample current flow. The reductive
RTA effectively “erases’ the contrast created by the doping. In
marked contrast, RTA treatments under oxidizing conditions
result in greatly decreased wire conductance to a level similar
to that of the background. A substantial decrease in conductivity
is observed as indicated by the higher bias necessary to achieve
asimilar electrical current scale as achieved following reductive
RTA.

4.3. Nanoscale Chemical Analysis. In our preliminary report,
SIMS depth-profiling revealed negligible Au content (which
might arise from the Au anticharging layer) on either the surface
or within the Ga-doped regions.*® Thus, Au was eliminated as
a potential source of increased conductance in doped regions.
In the present study, we address this concern in greater depth.
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Figure 6. Effect of RTA treaments on Ga-doped/patterned 1n,0; films.
Conductive AFM current maps (top) and topography (bottom) after RTA.
Arrows point to the nanowires. A reductive atmosphere (N,) during RTA
essentially erases the FIB-patterned nanowire while increasing the entire
film conductivity as evidenced by the low bias necessary to obtain ~0.5
nA average current across the image. An oxidative atmosphere also erases
the FIB-patterned nanowires by lowering the nanowire conductivity as
evidenced by the higher bias necessary to obtain a similar current scale as
the reductive treatment.
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Figure 7. Representative EELS oxygen edge spectra from Ga-doped and
undoped regions of 1n,O; films collected in STEM mode. Eight equally
separated (10 nm) measurements were carried out in the profile mode over
doped and undoped material. The pre-edge “dip” feature noted by the arrow
is associated with changes in the chemical environment around the oxygen
sites, either as oxygen vacancies or oxygen interstitials.

Full EDXS profiles were simultaneously collected during the
Ga profiling so that Au signals could be analyzed across the
nanowires. Figure 4c shows three full EDXS profiles taken at
different positions within the FIB-doped wire. Clearly none of
the three major Au peaks (2.20, 2.29, and 9.7 keV, all of similar
expected intensities) are detected in the EDXS spectra taken
within the FIB-doped areas (Figure 4c).

Spatially resolved chemical imaging was performed employ-
ing incoherent Z-contrast (Z = atomic number) techniquesusing
a high-angle annular dark field (HAADF) detector. Figure 7
shows representative results for both FIB-implanted and non-
implanted areas probed with EELS. The prominent difference
between the two regions is the feature preceding the oxygen
K-edge (O K-edge) seen in the doped spectrum. Transition metal
oxide oxygen EELS spectra typically show only a single edge
and have been thoroughly studied, particularly for transition
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Figure 8. Current—voltage characteristics of a single Ga-doped/patterned
1,03 nanowire. The inverse of the slopeis ~10° Q (with an R fit of 0.9988
using linear regression). The average conductivity value given in the inset
is taken from multiple measurements of two wires prepared on separate
days and samples. For the data displayed in this figure, the wire dimensions
were 110 nm wide, 3.1 nm deep, and 120 um long.

metal oxides. The O K-edge typicaly has a step-like, abrupt
onset at 532 eV and is strong in intensity and rich in features
indicative of the chemical environment.®* Energy-loss near-edge
structure (ELNES) is also evident in the present spectra for
doped and undoped sample regions (Figure 7). For the FIB-
doped regions, 7 out of 8 spectra collected exhibit the pre-edge
“dip” feature at 527 eV. In the undoped material, however, the
EEL S spectra exhibit either an inclined slope over this 525—528
€V range (6 out of 8 spectra) or zero slope (2 out of 8 spectra).
4.4. Nanowire Electrical Characterization. The electrical
conductivity of the Ga-doped/patterned In,Oz; nanowires was
measured using a 4-point probe configuration. Figure 8 shows
a representative current—voltage plot obtained from a single
nanowire, which exhibits linear, ohmic behavior. An estimate
of the conductivity (o) can be extracted using the formulao =
I/(RA), where | is the wire length (electrode separation =120
um for the current—voltage curve in Figure 8), R the resistance
(inverse of the current—voltage curve slope), and A is the wire
cross-sectional area. Defining the cross-sectional area of awire
resulting from implantation is challenging because the dopant
distribution is not a step profile, i.e., the boundary between
doped and undoped materia is not atomically abrupt. Rather,
the distribution has an approximately exponential decay with
most of the dopants concentrated within 5 nm of the oxide
surface, with no detectable Ga beyond 7 nm as reported in ref
43. Therefore, to estimate the conductivity, the total Ga depth
was approximated by assuming a step-like profile having the
same area as the area under the experimental dopant profile
curve, which yields an approximate dopant depth of 3.1 nm.
Using this estimate, the average wire conductivity is ~3600 S
cm~L. More conservatively, if the vertical dimension of the wire
is assumed to be the depth for which the dopant SIMS signa
drops to undetectable levels (~7 nm), then a lower bound
conductivity estimate of 1600 S cm™ is calculated.

5. Discussion

For in-depth microstructural studies, TEM-ready samples
were prepared using specialty grids (see Experimental Section
for details). This preparative scheme provides unaltered nanow-
ires that can be scanned directly by AFM and subsequently
imaged with TEM. Thus, identical wires can be characterized
in terms of their chemical, microstructural, and electrical
properties. Nanoscale chemical investigations provide informa-

(61) Egerton, R. F. Electron Energy-Loss Spectroscopy in the Electron
Microscope; Plenum: New York, London, 1996.
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tion on the spatial precision of this doping/patterning technique.
Using the STEM mode, chemical image maps are readily
acquired and the lateral extent of Ga doping is directly imaged.
Spatialy resolved chemical imaging was performed employing
incoherent Z-contrast techniques®®“* using a JEOL 2100F
instrument and high-angle annular dark field (HAADF) detector.
Here, image contrast is approximately proportional to Z", where
the constant n depends on the collection angle, 0.6 < n < 2.5
Sharp contrast is noted between the doped and undoped areas,
underscoring the excellent spatial control achieved in the FIB
Ga doping.

When the electron probe is controlled to scan across asingle
nanowire while simultaneously collecting the EDXS signal,
further chemical details on the Ga content/distribution are
acquired. The Ga EDXS L, (1.098 keV) peak was chosen
because it is strong and well-isolated from other signals. While
the signal intensity is only ~3 times that of background due to
the extremely small volumes probed, it is nevertheless clear that
this technique can quantify the lateral Ga distribution (Figure
4b). The chemical nanowire width measured in the profile shown
is ~140 nm. However, this measured width is broadened to a
degree due to electron scattering, which is a function of sample
thickness, i.e., volume sampling effects must be taken into
account. Nevertheless, note that the conductive AFM-derived
width is in good agreement (CAFM width =160 nm when
averaged over 1 um of nanowire length). There are two potential
sources of this modest discrepancy. In STEM imaging, a
chemical signal is used to define the nanowire line width,
whereas in cAFM, the electrical current flow between the tip
and sample is used to define the line width. Any discrepancy
could be due to oxygen vacancy formation, which in principle
could exist at distances greater than the Ga implantation sites.
Furthermore, tip broadening effects can be non-negligible in
SPM since the effective tip radius affects achievable resolution.
For example, note the higher resolution image in Figure 1. While
the total ion dose here is 3 times greater than that yielding 160
nm wide wires, the derived nanowire width is closer to that
from the STEM EDX Ga chemical profile.

Additional chemical EDXS analysis yields important infor-
mation about the presence or absence of possible electrically
active Au contaminants. For maximum resolution, the FIB
implantation technique requires an anticharging layer, for which
we chose Au sinceit can be easily removed without using acidic
etchants. Whether Au might be unintentionally incorporated via
knock-on implantation during FIB processing isavalid concern.
Intheinitial study,* the Au ion peak was monitored throughout
the SIM S depth-profiling experiments, where sampling relatively
large areas (28 um x 28 um) was necessary to achieve
reasonable signal-to-noise ratios. Negligible Au peak counts
were observed throughout SIM S data collection. Here, thisissue
is now addressed at the nanoscale. Figure 4c shows three
representative EDXS spectra (out of several taken at various
points within the doped 1n,0s) that confirm the absence of the
three strongest Au EDXSS peaks. Note that in the previous work,
the Au SIMS peak was monitored simultaneously with depth
profiling, whereas the signal in the present work is collected
with a 1 nm electron beam that probes the entire sample
thickness. Thus, the signal is of high lateral selectivity yet with
full-depth range. The EDXS data unequivocally confirm the
absence of Au from the FIB-doped regions and show that
spurious coimplantation of Au during FIB implantation does
not contribute to the increased conductivity achieved with the
present fabrication technique.
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In this study, STEM provides chemical contrast imaging while
EDXS assays the lateral extent and location of Ga doping, while
also confirming the absence of adventitious Au. As a comple-
ment, bright-field (BF) imaging and nanodiffraction provide
information on microstructural changes resulting from the FIB
patterning process with Ga. The image contrast in BF originates
from both sample thickness and crystal structurein that thicker
samples attenuate the intensity of the transmitted beam, and
more crystalline materials have the same effect by diffracting a
greater portion of the beam. Since it has been shown here that
the FIB doping process leads to minimal topographic changes
as assayed by AFM, the observed BF TEM contrast can be
attributed to changes in 1n,0O3 crystal structure, specifically
amorphization of the doped portions of the film. Since the BF
contrast islow at the boundary of the crystalline and amorphous
oxide at higher magnifications, nanodiffraction patterns were
collected. The polycrystalline nature of the undoped host oxide
is clearly evident in Figure 5b, while Figure 5c readily confirms
the lack of crystalline microstructure in the FIB-patterned/Ga-
doped 1n,0;5 regions. These diffraction patterns reveal the results
of the collision cascade and provide direct assessment of disorder
in the doped areas.

The self-doping®® capacity of In,O; can be described using
Kroger—Vink notation, where the subscripts denote the site
where the defect resides and superscripts denote defect charge
as follows: (*) neutral, () positive, and () negative charges (eq
1). Thus, oxygen vacancies in the bixbyite structure can be
represented by eq 1, where each oxygen vacancy point defect
donates two electrons to the conduction band.

Of — 305 + V; + 2¢ )

To further scrutinize the possibility that increased conductivity
of the doped regions arises from collision-created oxygen
vacancies, annealing studies were performed. In particular, rapid
thermal anneal (RTA) treatments were employed to avoid
significant diffusion of Ga dopants or other potentially important
chemical or ionic species. The observed trends are compelling
and support the model that oxygen vacancies created via knock-
on collision during implantation lead to increased local con-
ductance in the Ga-doped oxide. These particular samples were
intentionally prepared with a doping dose that induced sputter-
ing, and therefore atrench is formed and is visible in the AFM
images. This topographic feature confirms that while electrical
properties are atered by the RTA, significant morphological
changes do not occur. In particular, the trench created by the
FIB remains intact following either reductive or oxidative RTA
(Figure 6). Furthermore, in light of the cAFM data (pre- and
post-RTA) coupled with the unlikelihood of oxide recrystalli-
zation under the RTA conditions employed, oxide amorphization
does not appear to be a significant factor in the doping process,
although it should not be surprising that an amorphous TOS/
TCO has excellent transport properties (see more below).
However, rigorous exclusion of interstitial oxygen asthe origin
of the significant doping-induced conductivity changes is not
possible because of the presence of pre-edge features in the
EELS oxygen spectra. As a final defect chemistry comment,
note that acceptor-type doping can be ruled out here since In,O3

(62) Mason, T. O.; Gonzalez, G. B.; Kammler, D. R.; Mansourian-Hadavi,
N.; Ingram, B. J. Thin Solid Films 2002, 411, 106.

is a nonamphoteric®® n-type conductor. Moreover, singly
charged Ga" ions are not expected to be acceptor dopants
because ionic compensation in this oxide would nullify this
effect.5?

In the present work, chemical contrast images are visualized
in the STEM mode. As noted above, Z-contrast images are
collected using HAADF detection, which preserves the unper-
turbed energy-loss spectrum (as well as energy dispersive X-ray
collection). The combination of Z-contrast imaging (structure
+ composition) and EEL'S (composition + bonding character-
istics) affords direct, nanoscale chemical characterization of the
FIB-doped and undoped oxide regions. In particular, EELS
spectroscopy probes the local density of unoccupied states. In
this investigation, the central points of interest are the core-
loss energies corresponding to the oxygen chemical environ-
ment, namely, the O K-edge. The EELS O absorption K-edge
originates from transitions from the O K-shell into unoccupied
oxygen 2p states. Thus, EELS spectroscopy is ideal for
characterizing metal oxides, and many systems have been
studied including SnO, comparisons to Si0,,%* LaCoO; and
Y82CU3O7,53 SrTi03,65 Sn OXidation,66'67 PbT|03,68 Hf()z,69
vanadium oxides,” niobium oxides,” SrCoO;,”% and Sn-doped
IN,05.">"* The present “dip-like” pre-edge feature at 527 eV
has been noted in other oxides. For example, Lin et al.” studied
the O K-edges of V,0s, VO,, and V,0s, which exhibit two
oxygen pre-edge features. The intensity ratios of the first and
second oxygen pre-edge peaks correlate with decreasing V
oxidation state. Furthermore, (VO),P,O; compounds were
analyzed, and significant changes in the O K-edge can be
assigned to d-p-o hybridization, with P o character contributing
to the EELS features. In another study,®® the Hf:Al ratio was
varied in hafnium auminate thin films, and it was found that
Al addition to HfO, involves two intrinsic oxygen defects
(vacancies and intergtitials) found in the pure oxide. In asimilar
investigation, anal ogous oxygen pre-edge features were reported
in monoclinic HfO, upon Y and Al incorporation®* and were
attributed to defect-induced densities of states.”® EELS studies
of superconducting oxides routinely identify pre-edge features
at the oxygen edge™ that are associated with oxygen-centered
holes. Importantly, while EELS detects changes in oxygen
chemical environment leading to carriers, the relative importance
of oxygen vacancies versus interstitials cannot be unambiguously

assayed.
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Other EEL S differences not observed here are O K-edge onset
shifts. Such shifts would denote a change in binding energy,
indicative of oxygen bonding changes. Another potential dif-
ference not observed is the presence of double peaks in the O
K-edge energy loss region; this feature is typically seen in
transition metal oxides having hybridization of O 2p orbitals
with metal 3d orbitals.>*7®7" This EELS feature is useful in
determining the metal coordination environment, specifically
when multiple oxidation states are present.

In terms of EELS information about Ga dopants, the only
region accessible to the present study is the M3 edge at 103
eV. This edge has a delayed maximum and detectable intensity
but cannot provide Ga oxidation state information since the two
transitions yielding 3p shell information (M, and M3) overlap.
Oxidation state is typically extracted by analysis of changesin
the X,:X3 ratio where X represents an electronic shell. This
situation may partially explain the paucity of Ga EEL S valence
spectroscopy literature. For this information to be properly
collected and analyzed, diverse reference samples having known
Ga oxidation states are required, and the chemical state of each
confirmed via other techniques. This effort is beyond the scope
of the present study. No other prominent differences are noted
when the full EELS spectra are carefully analyzed.

The 4-point probe current—voltage data coupled with the
measured nanowire dimensions allow the electrical conductivity
to be estimated. The average nanowire conductivity is found to
be ~1600—3600 S cm™*. Ga-doped In,O; thin films grown by
conventional methods exhibit similar or somewhat lower
conductivities (up to 1700 S cm™%),% 81 demonstrating the
effectiveness of FIB in forming highly conductive, optically
trangparent nanowires. During implantation, the collision cascade
creates lattice damage, knocking oxygen atoms out of their
lattice positions and leading to oxygen vacancies and interstitials.
The self-doping® capacity of 1,0 is well-known, with each
oxygen vacancy point defect resulting in donation of two
electrons to the conduction band. Recent first-principles elec-
tronic structure calculations suggest the possibility of oxygen
interstitials forming shallow donor levels, and thus oxygen
interstitials may aso create carriers via this mechanism.
Alternatively, it is also plausible that the amorphization of the
oxide structure could contribute to the significant conductivity.
Amorphous TCO systems are becoming increasingly com-
mon, 2% examples of which include InggZng,0y,% which
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exhibits conductivity in the 3 x 10° S cm! range.®>%° While
little is known about dimensionality effects on transport in
amorphous nanowires,®* the fact that the conductivity of the
present materialsis comparable to that of typical bulk Ga-doped
In,O5 thin films argues that the effects may not be large. Note,
however, that little is also known about amorphous Ga-doped
In,O;5 films, and the af orementioned data are for polycrystalline
films.

6. Conclusions

We have quantitatively characterized the chemical, micro-
structural, and electronic properties of novel, Ga FIB-derived
IN,O3; TCO nanowires. A methodology for preparing TEM-ready
samples is presented that enables detailed TEM-based analysis
of individual nanowires. Differences in diffraction features
between doped and undoped oxide regions, accompanied by
RTA results, support a model in which oxygen vacancies and
amorphization comprise the predominant doping/carrier creation
mechanism in this system. The same isolated nanowires were
subjected to chemical profiling, providing quantitative informa-
tion on the lateral Ga doping dimensions, which are in good
agreement with CAFM imaging results. Furthermore, spatially
selective nanoscale EELS spectroscopy provides additional
evidence for changes in the oxygen site chemica environment
in the FIB-processed/doped In,Os5, and of negligible changes
in the surrounding non-FIB-processed/undoped oxide. Note also
that the conductivity of the present nanowires, ~1600—3600 S
cm™, is a respectable TCO charge transport metric and falls
within the range for conventionally grown Ga-doped 1n,03 thin
films. This high conductivity coupled with FIB direct write
flexibility presents a promising strategy for implementing
transparent conducting interconnects in invisible integrated
circuitry.
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