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ABSTRACT: Surface states that induce depletion regions are commonly believed to control the transport of charged carriers
through semiconductor nanowires. However, direct, localized optical, and electrical measurements of ZnO nanowires show that
native point defects inside the nanowire bulk and created at metal—semiconductor interfaces are electrically active and play a
dominant role electronically, altering the semiconductor doping, the carrier density along the wire length, and the injection of
charge into the wire. We used depth-resolved cathodoluminescence spectroscopy to measure the densities of multiple point
defects inside ZnO nanowires, substitutional Cu on Zn sites, zinc vacancy, and oxygen vacancy defects, showing that their
densities varied strongly both radially and lengthwise for tapered wires. These defect profiles and their variation with wire
diameter produce trap-assisted tunneling and acceptor trapping of free carriers, the balance of which determines the low contact
resistivity (2.6 X 107> Q-cm™?) ohmic, Schottky (® > 0.35 eV) or blocking nature of Pt contacts to a single nano/microwire.
We show how these defects can now be manipulated by ion beam methods and nanowire design, opening new avenues to

control nanowire charge injection and transport.
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lectrical contacts to semiconductor nanowires are integral

to a wide range of device applications,'~” yet they exhibit
electronic properties that depend strongly on their physical
size. For metal interfaces to bulk semiconductors, the nature of
charge transfer and barrier formation depend sensitively on the
chemical, geometrical, and electronic structure at their intimate
junction.”” For metal interfaces to semiconductor nanowires,
the scale and physical geometry of these junctions introduces
additional and unique features including three-dimensional
depletion regions and space charge limited injection.”'® The
high surface-to-volume nature of these nano- and microwires
amplifies these effects of local band bending, the resultant free
carrier depletion within wires,"' and their dependence on
ambient effects.">™"° Electrically active defects at surfaces also
can control carrier transport lengthwise inside nanowires by
adsorbate-induced charging that alters depletion regions
radially. These defects are present inside as well as at the
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surfaces of nano- and microwires.'® Their presence has been
inferred from electrical'’~>' and optical’>** measurements of
devices and their interfaces but direct localized measurements
correlating them with electronic contact behavior have not
until now been available. We have now measured these defects
inside ZnO nano/microwires and at their metal interfaces to
show how the physical nature, density, and spatial distribution
of these defects dominates the Schottky, ohmic, or blocking
behavior of these contacts.

We used depth-resolved cathodoluminescence spectroscopy
(DRCLS)** to measure defect type, density, and spatial
distributions, inside the “bulk” of single nano/microwires and
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Figure 1. (a) Tapered ZnO nanowire with five Pt contact and wire pads. (b) I—V characteristics in dark and in air between Contacts 1 and 3 versus
(c) 3 and 4. The insets within (b,c) display the secondary electron image (SEI) of the contact with arrows to indicate the probe locations.
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Figure 2. DRCL spectra at Eg = 5.0 keV at (a) Ohmic Contact 3 and (b) Schottky Contact 4 with defect peak Gaussian deconvolutions. The 2.35
eV Cuy, defect decreases significantly at Contact 4. Depth profiles of deconvolved defect areas for (c) Contact 3 and (d) Contact 4, both showing
pronounced minima at about 50 nm depth and surface segregation, 2 times stronger for ohmic Contact 3.

their interfaces with the same Pt metal, whose Schottky and
ohmic contacts have been studied previously.”>™** Using Ey =
0.5—5 keV incident beam energies, one can achieve near-
nanometer depth resolution through bare surfaces as well as
through thin metal contact layers.” Monte Carlo simulations
provided profiles of energy-dependent excitation depths in
good agreement with experimental measurements.’® For bare
ZnO surfaces and Ey = 0.5—3 keV, peak electron—hole pair
creation rates ranged from U, = 1.5 to 22 nm with maximum
excitation (Bohr—Bethe) range Ry = 18—76 nm, respectively.
See Supplementary Figure S1. Simulations show that these
depths are reduced significantly depending on thickness and
atomic density for excitation through metal overlayers.
Nevertheless, excitation through 20—30 nm thick metal
overlayers produces luminescence at the semiconductor
interface that can pass back through the metal and be collected
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by an optical train. DRCLS coupled with the 5—10 nm
incident beam spot size of our UHV-scanning electron
microscope (SEM) provided near-nm scale spatial resolution
in three dimensions.

The ability to measure spatially localized luminescence
inside ZnO nanowires and at their metal interfaces enabled us
to address several questions: (i) what is the nature and
distribution of native point defects at nanostructures’
interfaces; (ii) what effect do these defects have on interface
electronic properties; and (iii) can the nature and spatial
distribution of these defects be controlled. To address all three
issues, we performed DRCLS and current—voltage (I-V)
measurements on ZnO nano- and microwires of varying
diameters and with Pt contacts to the same nano/microwire.
Figure 1 illustrates a ZnO nanowire grown by a carbo-thermal
technique.”’ Figure la shows the pattern of Pt wire contacts
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Figure 3. (a) The 80 K DRCLS deep level defect emissions below ZnO band gap energy versus Eg midway between Contacts 3 and 4. (b) The 3.5
keV DRCL spectra normalized to band gap intensity at three wire diameters. (c) The 2.35 eV defect intensities versus wire diameter for three Eg
and excitation depths showing Cuy, increase with increasing diameter at all depths.

across a 60 um long nanowire whose diameter varied linearly
from 400 nm to 1 um. Even with the same metal contacting
the same nanowire, these five contacts exhibited a wide range
of contact behavior. Pt contacts to 10 other carbothermal and
pulsed laser-deposited (PLD) nanowires exhibited analogous
behavior. Figure 1b exhibits nearly ohmic I-V behavior
between Contacts 1 and 3, indicating that both contacts are
ohmic in nature. Figure lc exhibits Schottky behavior with
reverse current at —6 V bias, 2 orders of magnitude lower than
in forward bias (+6 V). Note the zero bias voltage offset
characteristic of a built-in voltage at an insulating interface.”
Ohmic behavior between Contacts 1 and 3 versus Schottky
behavior between Contacts 3 and 4 shows that Contacts 1, 3,
and 4 were ohmic, ohmic, and rectifying, respectively.

Contact 2 did not pass current, indicating a break in the
deposited Pt leading on to the ZnO surface. Contact 5 was
blocking. In general, electrical contact measurements to these
nanowires yielded ohmic (blocking) contacts to high (low)
defect density regions. Only three contacts to nine wires
exhibited Schottky behavior with an average ®¢z = 0.40 + 0.16
eV. This is understandable since only tapered wire regions with
low defect density to minimize tunneling but high enough to
prevent blocking exhibited rectification, and those regions
could be located only by first measuring their spatially varying
defect densities. The fitting procedure used to extract @gp
consisted of extrapolating the forward bias I-V slope to zero
applied voltage and using the J, = A**T? exp(—q®g/kT)
relationship to extract @gg.

Figure 2 compares cathodoluminescence (CL) spectra of
Contact 3 versus 4 to show the local differences in defects at
their interfaces that can account for the ohmic versus Schottky
I-V characteristics, respectively, in Figure 1. Here the incident
electron beam on the Pt contact overlaps the Pt contact edges
to excite the nanowire closest to the Pt—ZnO interface. Figure
2a,b spectra exhibit deconvolved components corresponding to
the band gap (3.359 V), a near-band edge exciton (3.315 V),
zinc vacancy (Vy,) and vacancy clusters (1.80 and 2.0 eV,
respectively), and copper on zinc site (Cuy,) substitutionals
(2.34 eV) that have been identified previously.”> The relative
intensities and deconvolved areas of these features vary with
excitation depth and with position along the wire length. See
Supporting Information Figures S2 and S3, respectively. Figure
2a shows a 2.34 eV Cuy, defect emission that dominates all
other features, whereas this feature is significantly lower in
Figure 2b. Figure 2c plots the ratio of integrated areas of all the
deconvolved defects shown in Figure 2a versus the near band
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edge (NBE) area as a function of Eg and Ry. The integrated
area for the Cuy, peak feature normalized to the NBE peak
area A(Cuy,)/A(NBE) shows a nearly 10 times increase
toward the surface, nearly double the ratio deep inside the
wire. A(V,)/A(NBE) for the 1.8 eV V,, emission shows a
similar increase toward the surface while the 2.0 eV A(Vy,)/
A(NBE) and 2.54 eV A(V,)/A(NBE) ratios remain relatively
low. Figure 2d shows the corresponding profile for Schottky
Contact 4. Similar to Figure 2¢, pronounced Cuy, and Vg,
segregation is evident but reduced for Cuy, by 2 times toward
the surface and 10 times at its minimum. Bulk ratios for all four
defects are >2 times smaller for Contact 4 versus Contact 3 as
well as midway between Contacts 3 and 4. See Supporting
Information Figure S3. Pronounced Cuy, minima are evident
in Figure 2¢,d at ~35—45 nm below the nanowire surface.
Similar Cuy, minima are evident for metal contacts to bulk
ZnO Zn- and O-polar crystals, attributed to electric field-
driven diffusion of these acceptor defects within the surface
space charge region of the contact.”

The lower defect densities at Contact 4 can be attributed to
a monotonic decrease in bulk and segregated Cuy, with
decreasing wire diameter. Figure 3a shows representative
spectra obtained at 80 K of the bare ZnO nanowire midway
between Contacts 3 and 4. Near band edge (NBE) features at
3.36, 3.312, 3.276, and 3.199 eV correspond to free exciton,
donor-bound exciton, and two phonon replicas, respectively,*
while the 2.35 and 1.85 eV features again correspond to Cuy,
and V sites, respectively. Figure 3b shows Cuy, peak intensity
for Ey = 3.5 keV, corresponding to ~80 nm excitation depth
within the wire for different diameters. Based on a previous
NBE-normalized calibration,® near-surface V,, densities are
estimated to be ~1 X 10*! cm™. However, calibration of Cuy,
densities is not yet available. Supporting Information includes
Table S1 showing correlations between defect intensities and
wire diameter in common for 10 different nano- and
microwires grown by multiple techniques.

Both carbothermal and PLD-grown ZnO nanowires exhibit
tapering. Tapering occurs in homogeneous ZnO wires,
probably due to growth kinetics and possibly slightly
inhomogeneous growth conditions. It is not unique to a
particular growth method nor to any core—shell structure.
Tapering in the wires studied here is mild, whereas it can be
strong toward the tip of standing wires.”’

Using our focused electron beam with nanoscale depth
control, we were able to excite only the nanowire and not the
underlying SiO,/Si substrate. Figure S4 illustrates a DRCL
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Figure 4. Schematic diagrams of band bending at Pt-ZnO nano/microwire contact for (a) 900 nm, (b) 600 nm, and (c) 400 nm diameter wires
linked to the interfaces of their corresponding wires. Darker shading signifies higher acceptor density and defect-assisted hopping with increasing
radius. With decreasing diameter, interface acceptor density decreases and contact behavior changes from transport by (a) trap-assisted tunneling to
(b) Schottky rectification to (c) blocking regions extending radially from multiple faceted surfaces can almost fully deplete the 400 nm diameter

nanowire.

spectrum of a SiO,/Si substrate supporting these ZnO
nanowires. The pronounced 1.91 eV peak is characteristic of
nonbonding oxygen hole center (NBOHC) defects,” which
are completely absent from spectra in Figures 2 and S2.
Another common SiO, defect termed E’ frequently present in
SiO, occurs at 2.7 e€V>>*? but is also not present in these
spectra. Pt metal overlayers also do not contribute to the
observed luminescence.

The densities and spatial distributions of V;, and Cuy,
defects inside the ZnO nanowire and their monotonic decrease
with decreasing wire diameter can explain the striking
difference in their measured contact properties. The ohmic
I-V characteristics of Contacts 1 and 3 in Figure 1b can be
interpreted as trap-assisted hopping transport since the spatial
separation of these defects is comparable to their wave
function overlap. Assuming a hydrogenic model,”’ the wave
function extent a for the V, trap can be expressed as a = h/
(2m*E,)"? where the ZnO effective mass m* = 0.30 m, so that
for trap depth E, = 3.365-2.54 0.83 eV below the
conduction band, a = 3.90 A. For the Cuy, trap with E, =
3.365—2.35 = 1.015 eV, a = 3.53 A. On the basis of the
previous calibration for V,,,** and the normalized V,
amplitude in Figure 2, [V,,] = 1.17 X 10*! cm™ midway
between Contacts 3 and 4. Assuming that [Cuy,] and [Vy,]
densities are comparable, then their combined density is N, =
2.3 X 10*' cm™ and their spatial separation R is obtained from
47/3R* = (1/N,) or R = 4.7 A. Hence, the spatial separation of
trap states is comparable to the wave function extent,
suggesting significant wave function overlap and trap-assisted
hopping. Note that [Cuy,] is even higher for Contacts 1 and 3
based on NBE-normalized areas in Figure 3c. The Schottky
barrier I-V characteristic for Contact 4 appears to reflect the 2
times decrease in segregated Cuy, in Figure 3c,d, which
translates to a 30% increase in spatial separation. Note that
residual hopping may contribute to the relatively low Schottky
barrier @ = 0.35 eV compared with literature values®' as well
as carbon incorporation in the EBID Pt contacts. Finally, the
blocking contact measured for Contact 5 is consistent with the
depletion layer width now comparable or greater than the
nanowire radius.'’ Previous resistivity measurements of similar
ZnO nanowires suggest nominally undoped carrier densities n
= 1-3 x 10" em™." With compensating Vz, and Cug,
acceptors reported here, resultant carrier density N should
decrease significantly below 10'7 cm™. Together with a V, =
0.35 eV barrier height, a 10'® cm™ net electron density, and
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dielectric constant € = 8.75 m,, the Pt—ZnO depletion width
W = [2¢V,/gN]"* = 206 nm so that depletion extends well
into the nanowire from the three contacted facets.

Figure 4 illustrates schematic cross sections of the wire at
diameters comparable to Contacts 1, 4, and 5, showing the
band bending and proposed charge transport across their
interfaces for each. Figure 4a depicts trap-assisted transport
through the high defect density band bending region. Figure
4b shows both thermionic emission and trap-assisted
tunneling, whereas Figure 4c illustrates band bending regions
extending from opposite faces that fully deplete the nanowire
interior. Figure 4 is a schematic representation of how the
defect depth profiles look and how they explain the
phenomenological behavior observed. Software such as
Sentaurus can define the geometry of the model, a radially
varying defect density, then calculate and draw the
corresponding band profile to the metal contact. Overall,
monotonic variation of (i) native point defect density versus
wire diameter, (ii) defect-assisted hopping across the depletion
region, (iii) compensation of electron density by these deep
level acceptors, and (iv) “pinch-off” of carrier density in the
wire core for the narrowest wire diameters can account for the
wide variation in metal-nanowire interface behavior.

Temperature-dependent I—V characteristics support the
proposed trap-assisted tunneling. In Supporting Information
Figure SS, Schottky-like behavior is evident between milled
and Ga-implanted (ohmic) contacts whereas more ohmic
behavior appears between unmilled and Ga-implanted
contacts. For all three combinations, forward current is
reduced by 10* X between T = 300 and 80 K, consistent
with conventional J, = A**T? exp(—q®gs/kT) Schottky
behavior whereas reverse current is reduced by >10* X,
suggesting a reduction in thermally activation hopping
conduction. Note also that the milled-to-Ga-implanted
contacts exhibit Schottky-like behavior in contrast to the
unmilled-to-Ga-implanted contacts.

We observed variability in ohmic contact resistivity, which
can be due to numerous factors including variations in defect
density and distribution, interface reactivity, interface con-
tamination, as well as work function differences.** However,
for the same metal on the same semiconductor prepared in the
same high vacuum chamber by the same deposition method,
all but defect density, donor/acceptor nature, and resultant
doping are the same. Since nanowire doping and defects can
vary between different nanowires,*> meaningful isolation of
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defect density and doping must involve comparison of contacts
strictly within the same nanowire as shown here.

The dependence of contact properties on native point
defects inside as well as at the surface of these ZnO nanowires
indicates the value of controlling defect densities in nanowires
after growth. For example, it is possible to remove high
concentrations of segregated defects, such as those within the
outer 40—50 nm annulus shown in Figures 2c,d, by ion milling.
Figure Sa shows an SEI of a 700 nm diameter wire which is
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Figure S. (a) SEI, (b) HSL and (c) Eg = S keV CL spectra of 5 keV
Ga* milled removal of segregated defects in outer annulus versus e-
beam annealed defect increase in contiguous regions of a 700 nm
ZnO wire on SiO,. HSI color gradient signifies magnitude of
integrated 1.5—2.75 eV defect areas normalized by NBE integrated
area. Defects increase from milled wire section toward annealed
region.

reduced to 400 nm by 5 kV Ga" milling. The corresponding
hyperspectral image of this wire in Figure Sb shows that the
1.5-2.75 eV integrated area of NBE-normalized defect
emission decreases at the milled portion of the wire (lower
left).

In contrast, electron beam heating increases defect densities
in a nearby length of wire (upper right). The Eg = S keV CL
spectra in Figure 5S¢ shows more than an order of magnitude
decrease in defect emission due to milling compared with
increased defect emissions due to local heating. The electron
beam conditions used for DRCLS are 2 orders of magnitude
lower power density than the electron beam used to anneal the
wire in Figure 5, an order of magnitude lower current and an
order of magnitude lower voltage. Consistent with little or no
heating, the spectra show little or no change in near band edge
luminescence, whereas heating of more than ~10 °C would
shift the band gap emission to measurably lower energies, a red
shift that is not observed. Likewise, the CL spectra show no
change in the defect emissions with repeated measurements of
the same area over time, consistent with no observable
damage. Nearly the same thermal conductivity between ZnO**
and Si"® nanowires as well as the higher thermal conductivities
of GaN" and SiC*® suggest similar thermal behavior.

The ion milling itself adds negligible defects since the S keV
Ga ions have a projected range R, of only 4.4 nm compared
with the 300 nm diameter reduction. By comparison,
Supporting Information Figure S6 shows that a commonly
used 30 keV Ga beam’s range is ~3 times larger. Supporting
Information Figure S5 shows that a milled-to Ga-implanted
contacts exhibit Schottky-like behavior in contrast to the
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unmilled-to-Ga-implanted contacts. This demonstrates that
defect density in nanostructures can control contact behavior.
Figure 5 shows that low energy Ga milling can reduce native
defects in ZnO nanowires substantially. Combined with
focused electron beam heating, it is possible to engineer
orders of magnitude variation in defect density over distances
of only a few microns.

In summary, these results illustrate how native point defects
in nanowires can vary spatially both radially and lengthwise,
either as they are grown or as they are locally milled or heated.
As previously reported, these defects can be present
throughout the nanowires with densities and nature that
depend on growth method. As shown here, these spatial
variations are different for different defects within the same
ZnO nanostructure. The electrical contact properties of a
single ZnO nanowire grown by a carbo-thermal method are
found to depend on the density and spatial distribution of
Cuy, and V;, acceptor defects inside nano- and microwires
measured by DRCLS, resulting in ohmic, Schottky, or blocking
contacts for the same metal on the same ZnO nanowire. The
DRCLS approach described here has the potential for
application to other materials. Indeed, the ability to obtain
CL spectra of individual nanowires at low kV beam energies
comparable to those used here without apparent damage is
evident in InP,"” InAs,*® and GaAs" studies.
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