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ABSTRACT We in situ probed the surface band bending (SBB) by ultraviolet Oy o
oV
photoelectron spectroscopy (UPS) in conjunction with field-effect transistor oY Q. Io)
measurements on the incompletely depleted ZnO nanowires (NWs). The diameter d 6\, y o)
- ™

range of the NWs is ca. 150—350 nm. Several surface treatments (i.e., heat
treatments and Au nanoparticle (NP) decoration) were conducted to assess the
impact of the oxygen adsorbates on the SBB. A 100 °C heat treatment leads to the
decrease of the SBB to 0.74 & 0.15 eV with 29.9 = 3.0 nm width, which is
attributed to the removal of most adsorbed oxygen molecules from the Zn0 NW
surfaces. The SBB of the oxygen-adsorbed Zn0 NWs is measured to be 1.53 + 0.15
eV with 43.2 = 2.0 nm width. The attachment of Au NPs to the NW surface causes unusually high SBB (2.34 & 0.15 eV with the wide width of 53.3 &
1.6 nm) by creating open-circuit nano-Schottky junctions and catalytically enhancing the formation of the charge 0, adsorbates. These surface-related

phenomena should be generic to all metal oxide nanostructures. Our study is greatly beneficial for the NW-based device design of sensor and optoelectronic

applications via surface engineering.
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anowires (NWs) have attracted ex-
Ntensive attention due to their im-
portance in fundamental research
and potential applications in nanoscale elec-
tronics and optoelectronics.'® With large
surface-to-volume ratios and Debye lengths
comparable to their diameters, the electronic
and the optoelectronic properties of NWs are
strongly affected by the surface effect’ via
chemisorption/photodesorption*°~'" and
native surface defects/states.'” Accordingly,
one-dimensional (1-D) nanostructures exhi-
bit a superior sensitivity to light/chemical
molecules, as compared to their thin film
counterpart.”*~"” Moreover, the surface modi-
fication of NWs can enhance the sensitivity to
light/chemical molecules due to an enhanced
surface effect and can be achieved by surface
functionalization, polymer coating, metal dop-
ing, and nanoparticle (NP) decoration."*¢
It is speculated that surface band bend-
ing (SBB) is invoked into the surface effect,
but only circumstantial evidence for the
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presence of SBB has been provided via
transport, gas sensing, photon sensing,
and field-effect transistor (FET) measure-
ments.'*>® Moreover, the usefulness of elec-
trical measurements, such as current—voltage
(IV) and capacitance—voltage (CV) analyses,
is limited as the electrode contacts are
needed and might irreversibly cause damage
to NWs, leading to mis-estimation during
analysis.'*"®~22 Accordingly, correctly evalu-
ating the SBB of NWs is essential to under-
stand the 1-D transport physics and further
explore the device performance limits.
Furthermore, the ultraviolet photoemission
spectroscopy (UPS) enables the non-invasive
inspection of the most superficial properties
for the NW (1—3 nm),” so a change of surface
potential can be sensed easily through mea-
suring a parallel shift of all binding energies by
the UPS.

In this study, we employed the UPS ana-
lyses in conjunction with the FET mea-
surements to probe the SBB of ZnO NWs.
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Figure 1. (a) Schematic of a c-axis-oriented ZnO NW with Au
NP decoration, (b) HRTEM image of a ZnO NW, (c) TEM
image of an Au NP-decorated ZnO NW, and (d) HRTEM
image at the interface of Au NPs and a ZnO NW.

Systematic surface treatments were conducted to
assess the impact of the oxygen adsorbates on the
SBB; we “engineer” the valence band maximum (Ey) of
the ZnO NW surface through heat treatments and Au
NPs. The SBB of the oxygen-adsorbed ZnO NWs is
measured to be 1.53 £ 0.15 eV with 43.2 £ 2.0 nm
width. A 100 °C heat treatment for removing most of
the adsorbed oxygen molecules from the NW surfaces
leads to a decrease of the SBB to 0.74 £ 0.15 eV with
29.9 + 3.0 nm width. The introduction of Au NPs to ZnO
NW surfaces increases the quantity of adsorbed oxy-
gen molecules by creating open-circuit nano-Schottky
junctions and catalytically enhancing the reaction of
the O, into adsorbates, giving rise to an increase of the
SBB to 2.34 £ 0.15 eV with 53.3 & 1.6 nm width. These
surface-related phenomena should be inherited by all
metal oxide nanostructures. A quantitative under-
standing of the SBB facilitates broad applications in
NW-based electronics and optoelectronics where sur-
face engineering is needed to optimize the device
efficiencies and functionalities.

RESULTS AND DISCUSSION

It is known that the grain boundaries in polycrystal-
line oxide materials form the depletion layers, which
significantly influence measured electronic structures.
Therefore, it is essential to characterize the micro-
structures of NWs to make sure that NWs are single-
crystalline, and thus the surface plays a consistent and
dominant role in electronic properties of the ZnO NW
material system in this study. Transmission electron
microscopy (TEM) is used in the microstructure anal-
ysis, as shown in Figure 1. The high-resolution TEM
(HRTEM) shows that the NWSs are single-crystalline
(Figure 1b). The interplanar distance of 0.26 nm corre-
sponds to the ZnO (0002) planes, showing that the
NWs grow along the c axis.>* After the Au deposition,
Au NPs with the sizes of a few nanometers (dark spherical
regions) were formed (Figure 1c), with a coverage ratio
of ~40% over the ZnO NW surface. Figure 1d shows a
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cross-sectional HRTEM image of the junction between Au
and ZnO. The interplanar distances are 0.20 and 0.24 nm,
corresponding to Au(200) and Au(111) planes, respec-
tively. By examining the interface of Au and ZnO in
Figure 1d, no intermediate phase between Au and ZnO
has been observed, indicating that no chemical reaction
occurs after the Au deposition.

The undoped ZnO is an n-type semiconductor due
to its intrinsic defects, such as oxygen deficiencies.'>
The defects in the surface layer readily act as the
adsorption sites. The gas molecules, such as O,, tend
to be chemisorbed on the ZnO surface by capturing
free electrons [0,(g) + e~ — O, (ad)]. As a result, the
adsorbates acting as acceptors reduce the free carrier
density and thus deplete the surface electron states,
leading to the formation of the space charge region
and the band bending near the NW surface. It has been
speculated that the SBB of NWs is related to NW
diameter,?® doping level,?® surface roughness,?” and
molecule adsorption®?’/metal decoration®®*3° on NW
surfaces. As considering the diameter and the doping
only, a qualitative description of the energy difference,
¢, produced by SBB obeys the following equations:*

¢ oceNgd? /eceo ford < deiy
(for a completely depleted NW) (1)

and

XS eNddzcrit/erSO ford > dit
(for an incompletely depleted NW) (2)

where Ny is the donor concentration (cm™), d is the
NW diameter, d.i; is the critical diameter of the NWs, &,
is the dielectric constant of the NWs, and ¢ is the
permittivity of free space. For the NWs with d > dq, the
value of ¢ is no longer a function of diameter, and thus
their SBB is identical. Accordingly, the NWs with d > d;;
can serve as a platform for fundamentally investigating
the correlation between the SBB and the molecule
adsorption/metal NP decoration on the NW surfaces.
We first demonstrate that most ZnO NWs used here
are incompletely depleted via the evidence that an NW
with a relatively small diameter is incompletely de-
pleted. On the basis of SEM analysis (Figure 2a), the
distribution of NW diameters can be obtained with a
mean value of 250 nm (Figure 2b). To meet the criterion
of eq 2, we choose a relatively small NW [whose
diameter is smaller than that of most NWs (~90%)] to
characterize the NW FET performance in ambient
atmosphere. The top inset in Figure 2c shows an SEM
image of the FET device, where the diameter of the NW
is 150 nm and the length between the electrodes is
2.86 um. The drain current—gate voltage (I4—Vg) curve
shown in Figure 2c yields a threshold gate voltage (Vy;,)
of —4.83 V, indicating that the ZnO NW FET is in normally
on-type depletion mode. Note that the Vy, is defined as
the gate voltage obtained by extrapolating the linear
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Figure 2. (a) SEM image of ZnO NWs, (b) distribution of the
diameter of NWs extracted from (a), and (c) I4—V, curve of a
single ZnO NW at V4 = 5 V. The top inset is an SEM image
of the NW FET with 150 nm diameter. The right inset in
(c) shows the schematic of the band diagram for the oxygen-
adsorbed ZnO NW. Ec and Ey represent conduction band
minimum and valence band maximum, respectively.

portion of the I4—V characteristics from the point of
maximum slope to zero drain current, in which the
point of maximum slope is the point where transconduc-
tance (gm = dly/dV) is maximal. This result proves that
the device is incompletely depleted at zero gate bias.
Since over 90% of the as-grown ZnO NWs are thicker than
150 nm, we can conclude that most of the ZnO NWs are
incompletely depleted. In addition, by assuming that the
NW is a cylinder on an infinite metal plate, the carrier
concentration (n) of the NW can be obtained by"

n = C9|Vg _Vth|
enr’L

(3)

where the capacitance (Cg) per unit length is
((2mesio gol)/(cosh™ ' (r + h/n)), esio, is the dielectric
constant of the SiO, (3.9), & is the permittivity of free
space, h is the oxide layer thickness, ris NW radius, and
L is channel length. Using the experimental param-
eters, the carrier concentration is estimated to be ~7.9 x
107 cm 2 atVy=0V.

The Fermi level (Ef) position in our NWs is critical to
determine the SBB by photoelectron spectroscopy, as
shown in Figure 3. For nondegenerated semiconduc-
tor, the Er in the core of NW can be determined by'?

E = EC —EF = kTIn(Nc/n) (4)

where Ec is the conduction band minimum, k is
Boltzmann constant, T is Kelvin temperature, and Nc
is the conduction band density of states = 2.94 x
10" cm™3.'? As the temperature is 300 K, the E¢ lies
0.034 eV below the Ec (i.e., £ = Ec —Er = 0.034 eV).
The in situ UPS measurements were performed
on our NWs in the following conditions: (A) the NWs
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Figure 3. Band diagram of incompletely depleted ZnO NWs
with conduction band minimum (E¢), valence band maximum
(Ey), Fermi level energy (Eg), surface band bending (¢), surface
barrier height (¢g), and width of the SBB region (W). The
relative energetic locations of E¢, Ey, and Eg are not on scale.
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Figure 4. (a) UPS spectra, near the Fermi level energy and
valence band maximum, of ZnO NWs with different surface
conditions, i.e., (A) NWs at 100 °C (namely, pristine ZnO NWs
without oxygen adsorption), (B) NWs at room temperature
(namely, oxygen molecule-adsorbed ZnO NWs), and (C) NWs
with Au NP decoration at room temperature (namely, Au
NP-decorated ZnO NWs). (b) Whole UPS spectra.

at 100 °C (i.e., NWs without oxygen adsorbates), (B) the
NWs at room temperature (i.e., oxygen-adsorbed NWs),
and (C) the Au NP-decorated NWs at room temperature
(i.e., further enhancing the oxygen adsorption for NWs),
as shown in Figure 4. Since the UPS detection depth
is ~1—3 nm, the shifts that we observe in the ZnO
spectra can be attributed to the changes in the valence
band minimum near the surface (Ey s) of NWs due to
the band bending at the surface. To inspect the SBB of
ZnO NWs by the UPS technique, the energy difference
between the Ey s to the E¢ near the surface is measured.
As shown schematically in Figure 3, the SBB of NWs can
be determined by3'32

¢ =¢g —& =Ey —(EF —Eys) =& (5)
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where ¢; represents the surface barrier height, Eg is the
energy band gap of ZnO, and & is the energy difference
between Er and E. near the core. As mentioned pre-
viously, the Eg of bulk ZnO is 0.034 eV below the Ec (i.e.,
E=Ec —E-=0.034¢eV). For pristine NWs at 100 °C (curve
A), the heat treatment removed most of the adsorbed
oxygen molecules from the NW surface. By heating the
ZnO NW to eliminate the interference from oxygen, it is
found that the Eys is located at 2.6 eV below Eg by
linearly extrapolating the leading edge of the valence
band spectrum to the baseline. According to eq 5, the
SBB of the ZnO NWs without adsorbed oxygen mol-
ecules is estimated to be 0.74 + 0.15eV[p=¢g — E =
E, — (Er — Eys) — £ =337 — 2.6 — 0.034 = 0.74]. The
error bar is from the UPS resolution of ~0.15 eV. This
upward SBB originates from residual adsorbed oxygen
molecules, high natural doping, and extremely high
density of surface states due to the large surface-to-
volume ratio of ZnO NWs.?? Note that the difference of
SBB caused by the temperature change would be
approximately 0.1 eV.2"*3 Moreover, the peak located
at around 10.6 eV originates from the Zn 3d core level;
the energy difference between the Zn 3d peak and the
Eysis 8.2 eV, consistent with the value measured in the
previous reports.3**° Furthermore, we do note that for
the surface-modified NWs (curves B and C), direct and
accurate determination of Ey s by the photoemission
technique often becomes difficult. It is because the
features caused by oxygen adsorption (i.e., O 2p fea-
ture located at around 2—4 eV)*?3* and Au decoration
(i.e., Au 5d band located at around 4 to 8 eV)*'*? tend
to dominate in the high kinetic energy region of the
spectrum and obscure the signal from the Ey s of ZnO.

In Figure 4a, as compared with the curve A, the shifts
of the Zn 3d peak for the curves B and C are —0.8 and
—1.6 eV, respectively. To ascertain whether the shifts of
the binding energies are valid and correctly measured,
it must be confirmed that these shifts of the Zn 3d peak
are equal to the shifts for each onset level (Egnset),
which represents the deepest energy level where the
electrons can be extracted in the valence band,*® as
shown in Figure 4b. Note that the peaks near the onset
levels are caused by the secondary electrons instead of
the electrons emitted from the valence band. These
Eonser Shifts observed in the spectra can be attributed
to the changes in the NW work function (®) caused by
SBB. The ® can be calculated by®®

® = hv — Eonset (6)

where hv is 21.2 eV, representing the incident photon
energy. Furthermore, the modified valence band mini-
mum near the surface (F'y ) due to oxygen adsorption/

Au NP decoration can be obtained by
Eys = Ev+AE (7)

where AE is the energy shift for the Zn 3d peak or the
Eonset- Therefore, the SBB of the oxygen-adsorbed ZnO
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Figure 5. Schematic of surface band bending for (a) NWs
without oxygen adsorption, (b) oxygen-adsorbed NWs, and
(c) NWs with Au NP decoration for enhancing oxygen
adsorption. Ec and Ey are conduction band minimum and
valence band maximum, respectively.

NWs is estimated to be ~1.54 4+ 0.15 eV. Physically
speaking, as oxygen molecules adsorb on the NW
surfaces and form negative ions by capturing electrons
inside the NWs [O,(g) + e= — O, (ad)], a low con-
ductivity depletion layer is formed near the surface,
leading to more upward SBB.>*~'" The adsorbed oxy-
gen molecules change upwardly the band bending at
the nonpolar surfaces (i.e., m-plane or a-plane) of the
c-axis-oriented ZnO NWs by 0.8 eV.

To confirm the spectral shift resulting from the SBB,
the ZnO NWs were deposited with Au NPs and the
resulting spectral changes are shown in curve C in
Figure 4. We observe a spectral shift to lower binding
energy. Similarly, 2.34 4 0.15 eV of the SBB for the Au
NP-decorated ZnO NWs can be determined by eqs 5
and 7. A comparison of the SBB in different conditions
is shown in Figure 5. Itis noteworthy that the measured
value is higher than the ideally predicted value based
on the electron affinity rule (¢pg = Py — ys=1.2eV; Py
is the work function of Au; s is the electron affinity of
Zn0),**3738 and the reported value (¢g = 0.7—1.2 eV)
measured from typical IV and CV measurements.'®~2°
Several concepts are invoked to the unusually high
band bending for Au NP-decorated ZnO surfaces:
(1) according to Schottky—Mott theory, electrons
flow from the ZnO NWs to the Au NPs until both the
Fermi levels line up, leading to the open-circuit nano-
Schottky junctions;**3? (2) due to the ~40% coverage
rate of randomly distributed Au NPs, there are still
oxygen molecules on the NW surfaces capturing elec-
trons inside the NWs and altering the surface Fermi
level of the NWs;>°~"" (3) spillover effect: Au NPs
catalytically activate the formation of charged oxygen
molecules, greatly increasing the quantity of oxygen
adsorbates at the surface of ZnO NWs.?>3%*° Due to the
combination of the above effects, a greater amount
of electrons drawn from the core of the Au NP-
decorated NWs than the pristine NWs can be obtained,
giving rise to the severe band bending.'>%? Au NPs at
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Figure 6. Iy—Vy curve of the ZnO NW with ~140 nm in
diameter at V4 = 5 V under different conditions: (A) NW at
100 °C (i.e., the NW without oxygen adsorbates), (B) NW at
room temperature (i.e., the oxygen-adsorbed NW), and
(C) Au NP-decorated NW at room temperature (i.e., further
enhancing the oxygen adsorption for the NW).

ZnO surfaces creating Schottky junctions and enhan-
cing the formation of the oxygen adsorbates amplify
the separation of electron—hole pairs and further en-
hance the UV photogain of ZnO NW PDs.?° Additionally,
we do note that the enhanced photogain by Au
decoration could cause from either (1) the increased
oxygen absorption on the surface due to the presence
of Au*®3® or (2) the surface plasmon-enhanced
light absorption by the decorated Au nanopartices.*'
El-Sayed et al. reported that with decreasing diameter
of Au NP (from 99 to 9 nm) the plasmon absorption
maximum is shifted to shorter wavelength (from 575 to
517 nm).*? Accordingly, the surface plasmon-enhanced
enhanced photosensitivity can be excluded in UV
detection (lower than 370 nm) of ZnO NWs with Au
NPs.%° Moreover, the width of the SBB region (W) of our
NWs (as shown in Figure 3) also can be calculated by*®

W - (28Zno€o¢) 12 @)

en

where ¢z,,0 is the dielectric constant of ZnO (8.66). The
width of the SBB regions of our NWs under the three
different surface conditions are shown in Figure 5. We
also have measured the drain current—gate voltage
(l4—Vy) characteristics of the NW FET with ~140 nm in
diameter under the different conditions: (A) the NW at
100 °C (i.e., the NW without oxygen adsorbates), (B) the
NW at room temperature (i.e, the oxygen-adsorbed

EXPERIMENTAL SECTION

The fabrication procedure of the FET devices is as follows.
ZnO NWs were prepared by heating mixed ZnO and C powders
(6.6 g, 3.3 g) in the furnace at 930 °C for 1 h using the vapor—
liquid—solid method. NWs were then transferred to Si sub-
strates with a 600 nm thick SiO, layer. Contact electrodes were
defined by electron beam lithography and then deposited by
e-beam evaporation (Ti/Au: 10 nm/100 nm). The devices were
annealed at 400 °C for 30 s in order to obtain ohmic contacts.
Morphological observation was conducted with an ELIONIX-
7500 electron beam lithography system operating at 50 kV with
a nominal point-to-point resolution of 2 nm. Microstructures
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NW), and (C) the Au NP-decorated NW at room tem-
perature (i.e., further enhancing the oxygen adsorption
for the NW), as shown in Figure 6 to have direct com-
parison of the electrical characteristics of the nanowire
FET with the band bending model proposed based on
the UPS data. The I4—Vj curves exhibit three threshold
gate voltages (Vy,): —3.48, —1.025, and —0.12 V for (A)
the NW at 100 °C, (B) the NW at room temperature, and
(C) the Au NP-decorated NW at room temperature,
indicating the ZnO NW FET under the different condi-
tions always is in normally on-type depletion mode.
This result shows that the controlled surface effects can
lead to electrical tunability, for example, Vq shift, and
proves that the NW under the different conditions
always is incompletely depleted at zero gate bias. Due
to the average diameter of ~250 nm for our NWs, most
of our NWs would be incompletely depleted under
these surface conditions. Additionally, according to
the absolute value of the three threshold voltages, it is
estimated that the width of the SBB region for (A) the
NW at 100 °C < that of (B) the NW at room temperature <
that of (C) the Au NP-decorated NW at room tem-
perature,?”** which is consistent with the band bending
model proposed based on the UPS data.

CONCLUSIONS

We utilized the FET analyses and the in situ UPS to
quantitatively investigate the correlation between the
SBB of the ZnO NWs and the surface conditions. It is
found that a 100 °C heat treatment is able to remove
most adsorbed oxygen molecules, reducing the SBB to
0.74 £ 0.15 eV with the width of 29.9 & 3.0 nm. The SBB
of the oxygen-adsorbed ZnO NWs is 1.54 + 0.15 eV
with the width of 43.2 &+ 2.0 nm. Moreover, the
decoration of Au NPs on the ZnO NW surfaces can
create nano-Schottky junctions and enhances the for-
mation of the charge O, adsorbates, causing the
unusually high SBB (2.34 + 0.15 eV with the wide width
of 53.3 4+ 1.6 nm). Our study showing in-depth under-
standing of the surface effect can be generic to all
metal oxide nanostructures and can provide the stra-
tegies for optimizing the performance of NW-based
devices in sensor and optoelectronic applications via
surface engineering.

were examined using a JEOL 4000EX TEM operating at 400 kV
with a nominal point-to-point resolution of 0.18 nm.

To achieve in situ measurements without exposure to ex-
ternal environment, photoemission experiments were carried
out in two interconnected ultrahigh vacuum chambers; one is
for the deposition, and the other is for the spectroscopy
analysis. The Fermi level of the system was measured on a clean
Au substrate. The ZnO NWs with ~5 A thick Au decoration were
prepared by e-beam evaporation in the deposition chamber
and were then transferred to the analysis chamber. The nominal
thickness of the Au NP layer was determined using a quartz
crystal microbalance. A thermal controller was used to vary the
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temperature in the analysis chamber. The band diagrams of
ZnO NWs were analyzed by UPS. The valence band spectra were
measured via He | (21.2 eV) as excitation sources at a base
pressure at 10~ '° Torr. The energy spectra of photoelectrons
were collected with a cylindrical mirror analyzer with a resolu-
tion of ~0.15 eV.***
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