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nO nanowires (NWs) have attracted

considerable attention recently, ow-

ing to their unique suite of properties
that include a large band gap (>3 eV), and
optical transparency in the visible regime.
ZnO NWs have been leveraged into a myriad
of applications from ultraviolet (UV) nanola-
sers,! solar cell anodes? and photodetec-
tors, > to active channels in transparent flex-
ible electronics.” Improving the performance
of such technologies will ultimately require
measurement and optimization of funda-
mental electronic properties such as the work
function and location of the Fermi level. How-
ever, the ability to reproducibly form high-
quality contacts to ZnO has remained a sig-
nificant barrier to electrical assessment of
such intrinsic properties. A general optical di-
agnostic technique that can noninvasively
measure such electronic properties on indi-
vidual ZnO NWs is needed. While experimen-
tal approaches such as Rayleigh scattering®
and Raman spectroscopy’ on isolated carbon
nanotubes have been carried out, they do
not provide the location of the Fermi level or
work function information. Conventional
scanning probe techniques such as scanning
Kelvin probe microscopy are primarily appli-
cable to planar thin films and versions of
scanning tunneling microscopy can provide
information on local electronic structure but
are limited by the size of the probe tip.2

Photoelectron spectroscopy is a particu-

larly powerful experimental method for
studying the electronic structure and proper-
ties of materials; and when carried out with
low energy photons focused onto individual
NWs, important new information about sur-
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ABSTRACT Zn0 nanowires (NWs) are emerging as key elements for new lasing, photovoltaic and sensing

applications but elucidation of their fundamental electronic properties has been hampered by a dearth of characterization

tools capable of probing single nanowires. Herein, Zn0 NWs were synthesized in solution and integrated into a low

energy photoelectron spectroscopy system, where quantitative optical measurements of the NW work function and

Fermi level location within the band gap were collected. Next, the NWs were decorated with several dipolar self-

assembled monolayers (SAMs) and control over the electronic properties is demonstrated, yielding a completely tunable

hybrid electronic material. Using this new metrology approach, a host of other extraordinary interfacial phenomena could

be explored on nanowires such as spatial dopant profiling or heterostructures.

KEYWORDS: nanowires - zinc oxide - photoelectron spectroscopy - work

function - fermi level - self-assembled monolayers

face and “bulk” NW electronic properties can
be gleaned.’ In this letter, we use a unique,
femtosecond laser-based photoelectron
spectroscopy system to measure the work
function and Fermi level location within the
ZnO NW band gap. We then “engineer” the
work function through adsorption of polar
self-assembled monolayers (SAMs). The at-
tachment of polar molecules to NW surfaces
presents a unique opportunity to both selec-
tively pattern’® and controllably alter NW
electronic properties.'” Our choice of phos-
phonic acid-based SAMs derives from our
ability to modify both the magnitude and di-
rection of their dipole moments; this in turn
can induce profound reversible changes to
the NW valence band properties.

Figure 1a is a schematic of the photoelec-
tron spectroscopy system. Frequency-
quadrupled femtosecond laser light (200
nm, 150 fs) was passed into a UHV chamber
where it was focused at normal incidence
through a Swarzchild reflective objective (NA
= 0.5) onto an individual ZnO NW that was
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suspended over a lithographically patterned Si wafer.
The Si substrates were mounted onto a three-
dimensional piezoelectric stage inside the UHV chamber
and the suspended NWs were directed to the focused la-
ser spot. An electron collecting lens was positioned be-
hind the NW to collect the photoemitted electrons (Fig-
ure 1b) and the photoelectrons were analyzed by a
hemispherical electrostatic analyzer with 20 meV resolu-
tion. Since the NWs extended only partially across the gap
(Figure 1¢), several spectra were recorded along the
length of the NW and averaged.

RESULTS AND DISCUSSION

Initial experiments were carried out on as-grown ZnO
NWs. The system Fermi level (Er) was established via emis-
sion from a clean Pt film in electrical contact with the
sample. A negative bias of 15 V on the sample permitted
the identification of the electron emission threshold.
Spectra of an individual ZnO NW are shown in Figure 2a.
The position of the Fermi level was located at 0 eV bind-
ing energy, and the photoelectron emission threshold (E7)
was identified at 1.55 eV. The work function (®) can be de-
duced from Ervia eq 1:

®=hv - E (1)

and for the NW in Figure 2a, the work function is 4.65 eV.
The average ® taken on 30 different native NWs was 4.7
* 0.2 eV, approximately 0.5 eV lower than its bulk value.
For the range of NW diameters studied (90—200 nm), &
did not show a dependence on diameter, which was also
found for smaller diameter (20—50 nm) Si and Ge NWs.?
To guarantee the NW was free from charging, all spectros-
copy measurements were conducted at low fluxes to
avoid space charge effects. Additionally, since ZnO has a
relatively high natural doping level (5 X 10'8/cm?3), surface
photovoltage effects can be minimized.'>'> The hexago-
nal faceting of the NW, orientation of the facet/edge rela-
tive to the detector, surface variations in stoichiometry,
and cleanliness of the surface all may have been respon-
sible for the reduction and variation in ®. This is not un-
expected since edges associated with the faceted sur-
faces are expected to reduce ® in a manner similar to that
found for stepped or roughened surfaces.™

Surface defects on intrinsic ZnO such as oxygen va-
cancies serve as strong binding sites for adsorption of
various organic and inorganic molecules. The dangling
bonds of adsorbates such as oxygen and water can in-

duce extrinsic surface states

that are both spatially and en-
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Figure 1. (a) Schematic of low photon energy photoelectron spectroscopy system. Frequency qua-
drupled femtosecond laser light (150 fs, 200 nm) was sent into an ultrahigh vacuum (UHV) chamber,
where it was focused through a Swarzchild objective onto a single nanowire (NW) that was suspended
over a slotted wafer. Alphanumeric labels were patterned adjacent to the slots to identify the NW lo-
cation inside the UHV chamber. (b) Schematic showing single NW photoelectron emission and collec-
tion. (c) SEM image of typical NW extending into a patterned slot, where the approximate laser spot
size is indicated by a circle. Scale bar is 5 pum. Inset is reflected optical image of NW (bright spot near
slot edge) fluorescing under laser irradiation.
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H states.’” To remove water va-

por and other adsorbates
(CO,, 0,); the substrate was
annealed in situ at 300 °C for
1 min. Figure 2a displays
spectra taken on an indi-
vidual NW before (green
curve) and after annealing
(blue curve) in vacuum, and
annealing in a dry O, ambient
(red curve). When the ZnO
NW was annealed, a substan-
tial increase in the emission
intensity was observed and
the spectrum was shifted to
lower binding energy. We at-
tribute the increase in inten-
sity to the thermolysis of wa-
ter and other adsorbates
remaining from the solution
phase growth of the NW. Ad-
sorbed water on the NW sur-
face can both oxidize zinc in-
terstitials and take up oxygen
vacancies, effectively acting
like a mask. The spectral shift
was ascribed to an increase in
oxygen vacancies, which can
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Figure 2. (a) Typical photoelectron spectra from an indi-
vidual native ZnO NW depicting the emitted electron inten-
sity as a function of binding energy. The green spectrum is
from an “as-inserted” ZnO NW while the blue spectrum was
collected after annealing the same ZnO NW at 300 °C for 1
min. The valence edge intensity was dramatically enhanced
due to thermolysis of water and other electronegative adsor-
bates. The red spectrum was collected after annealing the
same ZnO NW in a partial pressure of oxygen (1 X 107> Torr
0,). An energetic shift away from the Fermi level is de-
tected, indicating band bending. (b) Prolonged exposure of
ZnO NW to UV light induces a reduction in valence band in-
tensity, indicating photolysis of chemisorbed acceptor ions
and band bending. The blue curve is a spectrum of a native
NW, and the accumulated photon fluence associated with
each spectrum taken thereafter is 7.5e?2 photons/cm? (red
curve), 1.5e?* photons/cm? (green curve) and 2.25e?* pho-
tons/cm? (black curve).

trap free electrons and create a negative surface charge,
bending the ZnO valence bands toward the Fermi level.
Since the thickness of the depletion layer (Lp), which
was determined to be 23 nm for a carrier concentra-
tion of 5 X 10" cm™3, is less than the typical NW diam-
eters studied (D ~ 90—200 nm), the shifts we observe
in the ZnO spectra can be attributed to changes in the
NW work function from band bending.

To confirm this interpretation, the ZnO NWs were
annealed at the same temperature in a dry oxygen am-
bient and the resulting spectral changes are shown in
Figure 2a (red spectrum). We observe an increase in the
oxygen-derived valence band intensity and a shift to
higher binding energy. The spectral shift can be associ-
ated with a reduction of trapped charge, where acti-
vated oxygen species passivate the surface vacancies.'®
This result is further corroborated by the fact that the
number of equilibrium surface and bulk oxygen defects
in ZnO is a function of the environmental oxygen par-
tial pressure and temperature.'” The variations in sur-
face stoichiometry produced from facile formation of
oxygen vacancies highlights the sensitivity of the mea-
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surement, which would not be found from an ensemble
measurement.

It was also possible to generate oxygen vacancies
by exposing the NWs to substantially higher 200 nm
flux than that used for data collection. Figure 2b dis-
plays a reduction of valence band intensity and a spec-
tral shift to lower binding energies with increasing
light exposure. This result was due to desorption of oxy-
gen by photogenerated holes that migrated to the sur-
face along the potential slope created by band bend-
ing.'® As shown in Figure 2a,b, the high sensitivity of the
nanowire surface and work function to molecular ad-
sorption processes makes them ideal candidates to
study other adsorption signatures such as those gener-
ated from covalently bound dipolar organic molecules.

Adsorption of polar organic molecules on semicon-
ductor surfaces has been shown to induce significant
changes in the electrostatic potential and in turn, elec-
tron affinity (x) and work function (®). To date quanti-
fying the effect that SAMs exert on various physical
properties has been challenging, as electrical contacts
to passivated surfaces often degrade the organic mono-
layer. Photoelectron spectroscopy on individual NWs is
a salient method for correlating the interaction be-
tween adsorbed dipolar molecules and NW electronic
structure because of the surface sensitivity of the
technique.

SAMs of various phosphonic acid (PA) derivatives
were chosen as a platform to study changes in ® be-
cause PAs are strong binders to metal oxides'® and have
been shown to have a pronounced effect on the elec-
tronic properties of ZnO thin films.2° Additionally, the
high density of surface binding sites in ZnO provided
excellent accessibility for PA-based SAMs to target the
surface and form up to three bonds at the interface,?!
exerting a strong molecule—surface coupling.

Figure 3a demonstrates spectra taken before (blue
curve) and after functionalization (red curve) with ben-
zyl phosphonic acid (BPA), an electron-donating SAM
with net dipole moment pointing toward the surface.
The spectrum after functionalization with BPA was
shifted by 0.4 eV to lower binding energy. To test
whether the effect of the adsorbed molecule could be
reversed, the substrate was annealed in situ at 300 °C
for 2 min and resulted in a shift back toward its origi-
nal state (green curve). That it does not fully recover
back to its initial binding energy may be due to residual
hydrocarbon left from the thermal desorption of the
SAM. In all cases described below, partial or total recov-
ery of the initial “clean” state was realized after anneal-
ing. To guarantee the observed shifts were from the
functionalization and not a shift in the orientation of
the NWs, a control experiment was run where the NWs
were immersed in the solvent in the absence of the
ligand under the same conditions and tested. No signifi-
cant difference in the spectrum was observed from pro-
cessing, indicating the orientation of the NW to the de-
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Figure 3. (a) Photoemission spectra taken on native NW (blue spectrum), after functionalization with benzyl phosphonic acid (red
spectrum), and post annealing NW in situ (green spectrum). The spectra have been offset for clarity. The inset is a magnified view
of the Fermi level (E;) for all three plots. (b) Photoemission spectra taken on native NW (blue spectrum), and after functionalization
with n-octylphosphonic acid (red spectrum). The electron emission thresholds (Er) for each are color labeled by dashed lines. (c) Pho-
toemission spectra taken on native NW (blue spectrum), and after functionalization with 4-bromophenylphosphonic acid (red spec-
trum). The electron emission thresholds (E;) for each are color labeled by dashed lines. (d) Plot of changes to ZnO NW work func-
tions (A®) using SAMs with various net dipole moments. As the strength of the net dipole moment increases, the work function
increases linearly. The trend line represents the output from eq 1 and shows good agreement with the experimental results.

tector remained unchanged. Figure 3b demonstrates a
representative spectrum taken before (navy curve) and
after functionalization (red curve) with n-octyl phospho-
nic acid (OPA). OPA is also an electron-donor phospho-
nic acid but is an aliphatic system, and was selected to
contrast the aryl—phosphonic acid SAMs used. Alkyl-
phosphonic acids have been shown to have higher mo-
lecular packing densities and exert better coverage
than aromatic SAMs. For the native nanowire, E; was
identified in Figure 3b at 1.6 eV. After functionalization,
Er was spectroscopically shifted by 0.2 eV to 1.40 eV, in-
dicating a smaller change in the effective work func-
tion than for BPA. The results of the nanowires function-
alized with BPA and OPA were consistent with the
results of other electron donors at the surface (oxygen
vacancies), where a shift of the valence edge toward the
Fermi level was detected.

To gauge if the dipolar effect could be shifted in
the reverse direction using oppositely charged dipoles,
an electron-accepting phosphonic acid, 4-bromophenyl
phosphonic acid (4-BrPA), with similar dipole strength
but pointing away from the surface was grafted onto
the nanowire. Figure 3c shows a representative spec-

\\&) VOL.3 = NO. 10 = AGUILAR ET AL.

trum of a nanowire passivated with BrPA. The spectra
and E; for a clean nanowire (red curve) were shifted by
0.4 eV after passivation (navy curve), indicating a large
change in ®. For the number of samples treated with
4-BrPA, the average shift of the emission threshold was
0.4 eV. The spectroscopic results found with 4-BrPA
were qualitatively consistent with those found for dry
oxygen (surface acceptors), whereby a shift of the va-
lence edge away from the Fermi level was detected
upon absorption.

The changes in ® due to adsorption of polar SAMs
stem from several molecular contributions. The first is
a constant charge transfer effect from the phosphonic
acid binding groups to the semiconductor surface.?
The next is the effect of the electronegativity of the
headgroup of the molecule that contains the functional
element that determines the net dipole moment, and
the direction in which it points (to or from the surface).
In addition to the electrostatic effect exerted from the
dipoles, the polar SAMs may have also changed the net
surface charge and depletion width by modulating the
distribution of surface states. Changes in ® also were
studied by contrasting an alkylphosphonic acid with the

www.acsnano.org
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Figure 4. (A) Fourier transfrom infrared spectra in attenu-
ated total reflectance (FTIR-ATR) mode of ZnO NWs grafted
with phosphonic acid-based self-assembled monolayers
(SAMs): methylene stretching vibration bands (2915 and
2848 cm™") of ZnO NWs functionalized with BrPA (red spec-
tra), BPA (green curve), OPA (blue curve), and unfunctional-
ized NWs (yellow curve). The spectra have been offset for
clarity. (B) Magnified view of FTIR-ATR spectra showing
changes in the number and frequencies of the P=0 and
P—O stretching bands (990—1010, 1130, 1260—1300 cm™")
for NWs functionalized with various SAMs: ZnO NWs func-
tionalized with BrPA (red), BPA (green), OPA (blue), and un-
functionalized NWs (yellow).

aryl systems, though the binding results were not as
conclusive. Figure 3d compares the calculated dipole
moments of the SAMs used and the average shift in the
work function. The dipole moments were calculated
with Spartan software (Wave function Inc.) in an equilib-
rium geometry in the ground state using the
Hartree—Fock method and 3-21G* basis set.

Fourier transform infrared spectra in attenuated re-
flectance mode (FTIR-ATR, Thermo Mattson Infinity
Gold) of the functionalized NWs provided insight into
the binding mode(s) of the SAMs to the NW surface
(Figure 4). Strong binding between the aryl SAMs (BPA

METHODS

ZnO NWs were prepared using a solution-based synthesis
where NW arrays were hydrothermally grown from preformed
“c-axis” textured nanocrystals?® prepared on a Si substrate. The
seed-coated substrates were placed upside down for 36 h into an
aqueous solution of 25 mM zinc nitrate hexahydrate
(Zn(NOs3); - 6H,0), 25 mM hexamethylenetetramine, and 7 mM
branched low-molecular weight polyethylenimine (PEI) at 88 °C.
After growth, the arrays were rinsed thoroughly with deionized
water, baked in vacuum at 150 °C for 1 h and cleaned with UV/
ozone for 10 min. The NWs have diameters ranging from 35 to
300 nm and variable lengths from 6 to 12 wm. The growth sub-
strate was then immersed in VLSI-grade 2-propanol and soni-
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and BrPA) and the nanowire surface was found, as evi-
denced by the methylene asymmetric (v,(CH,)) and
symmetric (v;(CH,)) stretching absorptions at 2918 and
2850 cm ™', respectively. The P—O stretching region
(Figure 4a) also demonstrated considerable changes in
the number and frequencies of the P=0 and P—0O
stretching bands (990—1010, 1130, 1260—1300 cm ™).
Also apparent is the disappearance of the peaks at 950
cm™!, which was indicative that the majority of the
ligand is bound to the surface in a tridentate form. It
should be noted however that since the ranges for the
different P—O stretching peaks greatly overlap and de-
pend on the degree of metal-binding, a definitive as-
signment of these bands was difficult. For the alkyl sys-
tem (OPA), the methylene stretching absorptions
showed the binding was much less pronounced. The
changes to the P—O stretching region also showed a
relatively weak interaction, which corroborates the
magnitude of the small spectroscopic shift.

CONCLUSION

In summary, we have quantitatively measured
the work function and location of the Fermi level of
single hydrothermally grown ZnO NWs using low en-
ergy photoelectron spectroscopy. Systematic sur-
face treatments were conducted to reveal the im-
pact of environmental adsorbates on the work
function as well as allow estimation of their effects
on the surface densities of states. Future work in-
volves studies on the effect of surface states as a
function of diameter.?®> The technique was then ex-
tended to assess the interactions between various
dipolar phosphonic acid-based SAMs and the NW
work function. The molecular control imparted by
the SAMs enables a versatile approach to tune the
properties and performance of ZnO NWs and should
have broad implications in photovoltaic?* and opto-
electronic devices where interface engineering is
needed to enhance efficiencies and functionalities.
The novel optical diagnostic technique also lends it-
self to the study of other nanomaterials and offers
sufficient versatility and speed to probe spatially lo-
calized doping regions along an individual 1-D
nanostructure.

cated for 10 s. The solution was then drop-cast onto a litho-
graphically patterned Si wafer that contained etched-through
slots (ca. 20—30 wm wide X 1 mm length). The Si wafers were
also lithographically dressed with metal alphanumeric characters
adjacent to the slots to help identify the NW locations in an ul-
trahigh vacuum (UHV) chamber. Individual NWs of various diam-
eters (90—200 nm) were picked up and aligned by nanomanip-
ulation (Zyvex S100), and welded to the substrate by electron-
beam-induced deposition of platinum. The metal welding
prevented the nanowires from moving or rolling and since the
nanowires were of relatively thick diameter (>90 nm) they did
not bend and change the orientation of the nanowire to the de-
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