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ABSTRACT: Vertical p-ZnO:Cu/n-ZnO homojunction nanowires (NWs)
and whole ZnO:Cu NWs were synthesized on a ZnO thin film/glass substrate
by a furnace at 600 °C with 1700 °C hotwire assistance. According to the
ZnO:Cu NW investigation, the energy-dispersive X-ray (EDX) spectrum
indicates that the Cu content is 3.01 atomic %. The X-ray diffraction (XRD)
peaks of ZnO:Cu NWs shift toward larger angles with increasing amounts of
doped Cu. The Cu dopant enhanced the photoluminescence (PL) green-band
peak and decreased the conductivity of the NWs, as measured by I−V. The gas
sensing measurement and Hall effect verified that all ZnO:Cu NWs were p-
type. In this study, transmission electron microscopy (TEM) and EDX
mapping images revealed that the majority of the Cu element is located at the
top of the p-ZnO:Cu/n-ZnO NW. The high-resolution transmission electron
microscopy (HRTEM) image of the p-ZnO:Cu region shows that the NWs
are [0001] growth-oriented, with lateral surfaces enclosed by (1 ̅101) planes.
The I−V curve of p-ZnO:Cu/n-ZnO NWs displays the characteristics of normal rectifying diodes. The photocurrent under
ultraviolet (UV) exposure was around 6 times higher than the dark current at the reverse bias of −5 V.

KEYWORDS: Cu-doped ZnO, p-type, nanowires, homojunction, hotwire

■ INTRODUCTION

Recently, zinc oxide (ZnO) has attracted much interest, owing
to its potential applications in optoelectronic, electronic, and
piezoelectric devices.1−5 ZnO is a kind of II−VI compound
material featuring a wide band gap of 3.3 eV and a large exciton
binding energy of about 60 meV at 25 °C. Doping is an
important and effective way of improving semiconductor
properties. Up to now, It is well-known that the most suitable
dopant for p-type doping in ZnO is the Group 5 elements
[nitrogen (N), phosphorus (P), arsenic (As), and antimony
(Sb)] substituting for oxygen.5−11 In comparison to Group 5,
there have been few p-type reports discussing Group 11
[copper (Cu), silver (Ag), and Gold (Au)] doping at the Zn
sites that offer +1 valence.12−16 The Group 11 elements can
assume a valence of either +1 or +2, depending upon their
chemical configuration. The low formation energy and high
ionization energy of Cu have limited thermodynamic
equilibrium solubility in ZnO. The Cu-doped ZnO
(ZnO:Cu) can be synthesized by various technologies, such
as vapor-phase transport,16 pulsed-laser deposition,17 radio
frequency (RF) magnetron sputtering,18 plasma-assisted
molecular beam epitaxy (PA-MBE),13 and electrochemical
deposition.19 The radii of Cu+ (77 pm) and Cu2+ (73 pm) ions
are smaller than Ag+ ions (115 pm) and are, thus, suitable for
Zn2+ (74 pm) ion substitution, which has a similar size. The Cu
dopants substituted at the Zn sites have been reported to

exhibit acceptor states in the ZnO band gap located at −0.17
eV below the conduction band (EC) bottom and +0.45 eV
above the valence band (EV).

19−21

ZnO is an intrinsically n-type semiconductor, owing to the
presence of zinc interstitials or oxygen vacancies; however,
fabrication of stable and reproducible p-type ZnO is trouble-
some, which makes the p−n homojunction fabrication
challenging in a ZnO nanowire (NW) base. In past years,
there have been many reports related to the heterojunction
employing n-type ZnO NWs on p-type substrates, such as Si,
GaN, SiC, and NiO.22−25 Among these, GaN is the most
commonly used for heterojunction applications, which is
because ZnO and GaN have similar lattice constants with the
same wurtzite structure. Regardless of how simply the p−n
heterojunction was manufactured, the p−n homojunction has a
stronger physical structure and more stable chemical bonding.
Some research teams have completed homojunctions using n-
ZnO thin-film epitaxial growth on p-type ZnO thin-film
structures.26 A few other researchers have completed
homojunctions in NWs using p-type P and N dopant
resources.27−29 This paper suggests a means of overcoming
the NW homojunction challenge and temperature limitations of
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furnace tubes, resulting in successful synthesis of well-aligned p-
type Cu-doped ZnO (p-ZnO:Cu)/n-type ZnO homojunction
NWs on ZnO/glass substrates employing inexpensive equip-
ment. In this investigation, a p−n homojunction diode was
assembled using p-ZnO:Cu/n-ZnO NWs. Physical properties
of the p-ZnO:Cu/n-ZnO homojunction NWs and the electro-
optic properties of the fabricated photodetector will also be
discussed.

■ EXPERIMENTAL SECTION
Figure 1 schematically depicts the furnace system with hotwire
assistance. A ZnO film buffer layer of approximately 50 nm was

deposited by RF magnetron sputtering on glass substrates (Corning
1737). The target was ZnO (99.996%), and the base pressure was 7.6
× 10‑6 Torr. The total pressure (argon) was maintained at 1.3 × 10‑3

Torr during sputtering, while the substrate temperature was kept at 80
°C. The ZnO buffer layer deposition rate was around 3.2 nm/min.
The NWs were performed by vapor phase transport deposition onto
the ZnO buffer layer by a furnace system with hotwire assistance. The
zinc vapor source is Zn metal powder with a purity of 99.9% from
Strem Chemicals. The substrates and zinc vapor source in an alumina
boat were inserted into the quartz tube and put closely in the middle
of the furnace. The diameter and length of the quartz tube were 5 and
120 cm, which is the standard specification size of the vendor. In this
study, the diameter and length of the Ta wire (99.996% purity) were
0.8 and 20.0 mm, respectively. Cu foil (99.93% purity) was placed
close to Ta hotwires and provided the required dopant source. The
melting point of 3017 °C for the Ta wire is higher than that of the Cu

foil at 1084.6 °C, which ensures that Ta vapor diffusion mixing with
Cu vapor at the hotwire working temperature does not occur. Gaseous
argon flow [54 standard cubic centimeters per minute (sccm)] is the
carry gas into the furnace with a small amount oxygen (0.8 sccm).
Oxygen is reactive with Zn vapor to synthesize ZnO NWs. During the
growth of the ZnO:Cu NWs, the furnace temperature, the pressure in
the quartz tube, and synthesis time were maintained at 600 °C, 8.7
Torr, and 30 min, respectively. As the furnace tube started heating, the
hotwire system temperature was increased to around 1400 °C (sample
A) or 1700 °C (sample B). The ZnO:Cu/n-ZnO homojunction NWs
were prepared in the same furnace conditions. When the temperature
of the furnace was raised to 600 °C after 10 min, the hotwire power
supply was turned on and the Ta hotwire temperature increased to
1700 °C. According to the optimized process conditions, we have
successfully manufactured more than a dozen samples. The
manufacturing yield is about 20%. Because this synthesis equipment
is handmade, this is relatively poor process stability. Using a high-
precision equipment will have the opportunity to substantially increase
yields.

Figure 2 schematic diagrams the processing steps that were
implemented in this investigation; photodetector were manufactured
by these steps. After these ZnO:Cu NWs had grown, the
polymerization of methyl methacrylate (PMMA) material acted as a
barrier layer and covered the surface of the NW sample by spin coating
(800 rpm/15 s). The electrode regions were defined with photo-
lithography and etch processes, after which silver paste was coated on
these electrode regions. These samples were then annealed at 110 °C
for 15 min in an Ar ambient atmosphere to form a good ohmic
contact. The surface morphologies and crystallinity of ZnO:Cu NWs
were measured and analyzed by field emission scanning electron
microscopy (FESEM, JEOL-JSM7000F) and X-ray diffraction (XRD,
MAC-MXP18). The crystalline structure and element distribution
were observed with high-resolution transmission electron microscopy
(HRTEM, JEOL-JEM2100F). Magnetization measurements were
carried out using a superconducting quantum interference device
(SQUID) vibrating sample magnetometer (VSM).

■ RESULTS AND DISCUSSION

The cross-sectional SEM images of samples A and B were
shown in panels a and b of Figure 3, respectively. The
magnified images of panels a and b of Figure 3 were inserted in
their top-left-hand corner. The vertical, uniform, high-density
ZnO:Cu NWs were grown on a ZnO/glass substrate at 600 °C.

Figure 1. Schematic depiction of the furnace system with hotwire
assistance.

Figure 2. Schematic diagrams of the processing steps that were implemented in this study.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am406030d | ACS Appl. Mater. Interfaces 2014, 6, 4277−42854278



The lengths of the ZnO:Cu NWs of samples A and B are
around 2.3 and 5.5 μm, respectively, the diameters of which are
150−400 and 100−180 nm, respectively. The insets in their
top-right-hand corner of panels a and b of Figure 3 reveal the
energy-dispersive X-ray (EDX) spectroscopy of samples A and
B from the randomly picked. It is clearly observed that signals
originated from Zn, Cu, and O elements. The intensity of Zn,
O, and Cu peak ratio can be calculated by the Cu content of
samples A and B. The Cu contents of samples A and B are 1.93
and 3.01 atomic %, respectively. Because the Ta hotwire
temperatures of samples A and B are 1400 and 1700 °C, sample
B should contain a higher Cu concentration because of its
larger Cu vapor with a higher hotwire temperature. The higher
Cu doping causes a longer and narrower NW.
Figure 4a depicts the XRD spectrum of pure ZnO and 1.93

and 3.01% Cu-containing NW samples. The crystallographic
characteristics of these NWs demonstrated the hexagonal
wurtzite structures. The highest intensity of the XRD peak is
(002) and verifies the NW growth preferential orientation on
the c axis. The formation of Cu2O, CuO, or Cu phases was not
detected within the sensitivity of the XRD, which implies that
Cu atoms may replace Zn atomic sites substitutionally or
incorporate interstitially in the hexagonal lattices. The inset of
Figure 4a displays that ZnO:Cu peaks were shifted to a larger
angle by the examined (002) and (101) peak positions. Pure
ZnO and 1.93 and 3.01% Cu-containing NW samples yielded

strong (002) peaks at about 34.44°, 34.53°, and 34.80°,
respectively. Moreover, the ZnO peak shifts to larger angles
with an increasing amount of doped Cu because of the ionic
radius of Cu2+ (0.73 Å) being smaller than that of Zn2+ (0.74
Å). The verified doped copper element mostly came from Cu2+

and less Cu+ (77 pm). The (002) peaks of 1.93 and 3.01% Cu-
containing NWs were shifted by approximately 0.09° and 0.36°,
respectively, which are equal to the reduction of the lattice
constant by 0.25 and 1.01%. This result is similar to
observations that have been made for ZnO:Cu thin films and
nanostructures.16−21

Figure 4b depicts the photoluminescence (PL) spectra of
pure ZnO and 1.93 and 3.01% Cu-containing samples at room
temperature. It exhibits strong peaks at approximately 379, 387,
and 395 nm, with full width at half maximum (FWHM) of 13,
13, and 19 nm, respectively. The ultraviolet (UV) emission
peaks of these NW samples underwent transitions near the 3.3
eV ZnO band gap; therefore, these corresponding UV
emissions are generally ascribed to the recombination of
excitons via an exciton−exciton collision process.30 With an
increasing Cu concentration, the UV emission peak intensity
decreases and the peak red shift increases. This indicates that
increasing the Cu concentration causes the narrowing band gap
of ZnO NWs, which is a well-known general phenomenon in
semiconductors. The Cu dopants substituted at the Zn sites

Figure 3. Cross-sectional FESEM images of (a) sample A (hotwire ∼
1400 °C) and (b) sample B (hotwire ∼ 1700 °C). Insets in left- and
right-hand corners are the magnified image and EDX spectrum,
respectively.

Figure 4. (a) XRD 2θ scan spectra and (b) PL spectra of the ZnO NW
and Cu-doped ZnO NW samples at room temperature.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am406030d | ACS Appl. Mater. Interfaces 2014, 6, 4277−42854279



have been reported to exhibit acceptor states in the ZnO band
gap situated at −0.17 eV under the EC bottom and +0.45 eV
above the EV.

16−21 With an increase in the amount of Cu
doping, the density of these dopant states increase and form a
continuous state. This is in the band gap, and effectively, the
band gap decreases. The PL peaks of pure ZnO and 1.93 and
3.01% Cu-containing samples were found to be strong peaks at
531, 529, and 522 nm, with FWHM of 100, 93, and 90 nm,
respectively. The width of these green band peaks is broader
than UV emission. Deep level emission (green band) peaks of
around 2.35 eV (522−531 nm) come from Cu dopants and the
oxygen defect formation.31 The UV emission peak/green
emission peak ratio of ∼147.06 for the 3.01% Cu-containing
sample is larger than that for either the 1.93% Cu-containing
(∼2.69) or ZnO (∼0.19) samples. The Cu dopant enhanced
the green band peak and increased the ionized oxygen vacancy
in ZnO.
The natural p-type semiconductor CuO and Cu2O band gaps

are 1.2 and 2.1 eV, respectively. It is possible to decrease the
band gap of the ZnO gap by alloying it with a smaller band gap
CuO and Cu2O, but the formation of Cu2O, CuO, or Cu
phases was not detected within the sensitivity of the XRD. All
XRD peaks are the ZnO structure. The lattice parameters and
structures of CuO and Cu2O have a big difference from ZnO,
which is difficult to keep ZnO NW vertical growth. The Cu
atoms may replace Zn atomic sites substitutionally or
incorporate interstitially in the hexagonal lattices. The major
dopant came from Cu2+ by the XRD shift to a larger angle
result.
Figure 5a plots the current−voltage (I−V) characteristics of

these NWs in the ambient atmosphere at room temperature.
The Ag electrode and Ag/NW contact resistances can be
neglected because these resistances are lower than NWs.
Thereby, the resistance variation came only from the NW
resistance variation. The highest measured currents of pure
ZnO and 1.93 and 3.01% Cu-containing samples were 1.86 ×
10−5, 6.20 × 10−7, and 3.05 × 10−7 A at the bias of 10 V,
respectively. The ZnO sample was around 60.1 times that of
the 3.01% Cu-containing sample. The possible interpretation is
that Cu impurities decreased the conductivity of the NWs. The
measured current was increasing linearly with the increasing
voltage. The resistances between the NWs and electrodes
confirmed the ohmic contact.
Figure 5b plots the repeated responses of the 3.01% Cu-

containing sample to 100 ppm ethanol at 110 °C. The
environmental humidity was 55%. As seen, the measured
current was decreased with the ethanol concentration increased
at 110 °C. The property of the sensing response is performance
of a strongly p-type characteristic. Below 150 °C, the O2

−

molecular species dominates, as demonstrated by temperature-
programmed desorption (TPD), Fourier transform infrared
spectroscopy (FTIR) and electron spin resonance (ESR).32

The hole concentration of the p-ZnO:Cu NW surface was
increased rapidly because of the oxygen-captured free electrons.

+ ⇆− −O e O2(ads) 2

The next reaction step includes the oxygen ionic species and
ethanol. The reaction is proceeding through a path as follows:5

+ ⇆ + +− −C H OH 3O 3CO 3H O 3e2 5 (gas) 2 2(gas) 2 (gas)

The oxygen ionic species and ethanol are reactive to produce a
plethora of electrons. These electrons were recombinations
with holes and then decreased the hole concentration at the

NW surfaces. Accordingly, the conductivity of NWs is rapidly
decreasing. The sensing response and recovery timing are stable
and quick, which demonstrates that the sensing performance of
NWs was favorable.
The 3.01% Cu-containing sample exhibited a p-type

characteristic by the Hall effect measurement. The electrical
properties of the ZnO:Cu sample were as follows: Hall
mobility, 11.5 cm2 V−1 s−1; sheet resistance, 26.35 Ω/square;
and hole concentration (p), 8.96 × 1015 cm−3. The ZnO:Cu
sample has high Cu, containing 3.01 atomic %, but its hole
concentration is very low, ∼1016 cm−3. ZnO is natively n-type,
which is very hard to transfer to p-type with dope technology.
The Hall effect and gas sensing measurement verified that the
ZnO:Cu NWs were p-type. The dopant Cu+ ions decrease the
electron concentration of ZnO NWs, which increase the
resistance of ZnO:Cu NWs.
Figure 6 displays magnetization−magnetic field (M−H)

curves measured for the 1.93 and 3.01% Cu-containing samples.
The left-hand corner inset is the magnified image. These
samples exhibit clear hysteresis loops and suggest the room-
temperature ferromagnetism (RTFM) property. The magnet-
ization of the 3.01% Cu-containing sample is higher than that of
the 1.93% Cu-containing sample. The right-hand corner inset
shows the temperature-dependent (2−300 K) magnetization of
the samples at 1500 Oe. The temperature-dependent magnet-
ization image was inserted in the bottom-right-hand corner of

Figure 5. (a) I−V property of the ZnO NW and Cu-doped ZnO NW
samples. (b) Responses of the ZnO:Cu NW sensor to extracting and
implanting ethanol gas at 110 °C.
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Figure 6a. The 3.01% Cu-containing sample is stronger than
that of the 1.93% Cu-containing sample. These ZnO:Cu
samples display the Curie−Weiss magnetic behavior at lower
temperatures. The presence of the paramagnetic phase is most
likely owing to the localized character of Cu 3d electrons and
the dynamic Jahn−Teller (DJT) effect.33 Additionally, Spaldin
et al. forecasted that transition-metal-element-doped ZnO will
be a strong ferromagnetic material.34 Past papers have
suggested that similar magnetization exists in p-type ZnO:Cu
NWs or thick films.16

Figure 7a depicts the fabrication process of the p-ZnO:Cu/n-
ZnO homojunction NWs. The vapor phase transports
deposition growth without metal catalysis. The Zn melting
point is 419.5 °C; as such, the major source of the formation
ZnO NWs is Zn vapor with oxygen at 419.5−600 °C. The n-
ZnO NWs typically grew along the columnar grains of the ZnO
buffer layer at temperatures above 500 °C. As the temperature
was raised to 600 °C after 10 min, the high-power supply to
heat the Ta hotwire was turned on and increased to 1700 °C.
The amount of Cu vapor rapidly increased as the temperature
increased. The Cu vapor was diffused, blended with Zn vapor,
and then reacted with oxygen to grow the p-ZnO:Cu NWs. Cu-
doped ZnO NWs along with the original vertical p-ZnO NWs
continued to grow. The final composition of the NWs was
made from two parts, namely, p-ZnO:Cu and n-ZnO. Figure 7b
reveals the cross-sectional SEM images of the p-ZnO:Cu/n-
ZnO homojunction NWs. The inset in the top-left-hand corner
of Figure 7b reveals an enlarged image. The diameter and
length of the p-ZnO:Cu/n-ZnO NWs are approximately 5.2
μm and 200−500 nm, respectively, while the length of the p-
ZnO:Cu region is around 1.75 μm. The diameter of the p-
ZnO:Cu region is narrower than that of the n-ZnO region by
about 30−50 nm. The vertical, uniform, high-density p-
ZnO:Cu/n-ZnO homojunction NWs were synthesized on a
ZnO/glass substrate.
Figure 8a displays that cross-sectional TEM and EDX

mapping images of p-ZnO:Cu/n-ZnO homojunction NWs.
TEM sample preparation methods have been published in
previous work.5 High concentrations of Zn and O elements are
evenly distributed on the NW. The p-ZnO:Cu/n-ZnO

homojunction NWs contain approximately 3.68 atomic % Cu
by the EDX spectrum measured. However, this image reveals
that the majority of Cu elements are distributed in the right
side of the NW region. The right side is the top region of the p-
ZnO:Cu/n-ZnO NW. Figure 8b offers the HRTEM image of
the top-side wall region of the p-ZnO:Cu/n-ZnO NW. The top
side of the NW is the p-ZnO:Cu region, which consists of
structurally uniform single crystals. The inset in the top-right-
hand corner of Figure 8b shows the selected area electron
diffraction (SAED) image, which confirmed that the top region
of the p-ZnO:Cu region is a single crystal of wurtzite structure.
This measured result is consistent with the XRD measured. The
HRTEM images demonstrated that the p-ZnO:Cu region is a
well-oriented crystal with no obvious defect. The HRTEM
image of the p-ZnO:Cu region presents vertical p-ZnO:Cu/n-
ZnO homojunction NWs, which are all [0001] growth-
oriented, with lateral surfaces enclosed by (1 ̅101) planes.
This is hardly surprising because (1̅101) planes give rise to
large facets in ZnO NW growth.
Some papers have suggested that dopant causes the

crystallographic defects, such as vacancy defects, interstitial
defects, Frenkel defects, dislocations, and stacking faults. These

Figure 6. Magnetic properties of the 1.93 and 3.01% Cu-containing
samples. The insets in left- and right-hand corners are the magnified
image and temperature-dependent magnetization of the samples at
1500 Oe, respectively.

Figure 7. (a) p-ZnO:Cu/n-ZnO homojunction NW growth and
processing step. (b) Cross-sectional FESEM images of the p-ZnO:Cu/
n-ZnO NWs. The insets in left- and right-hand corners are the
magnified image and EDX spectrum, respectively.
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crystallographic defects induced ZnO to form other crystal
plane growth ratios faster than the (002) plane, thereby
affecting the surface of ZnO nanostructure morphology.
Because the ZnO:Cu NWs maintained a straight vertical
morphology, this provides evidence that the Cu dopant is not
the major factor to reduce the diameter of the p-ZnO:Cu
region. According to past reports, the furnace heating rate was
reported to affect the ZnO nanostructure morphology.35 In this
study, the temperature of the furnace is very important, with an
accurate control deviation of 1 °C. By the way, the ZnO/glass
substrate was placed on an alumina boat, whose position was
kept at the same horizontal level and heated to the same
temperature as the Zn vapor source. This was performed to
maintain the flow stability, enabling the oxygen and zinc vapors
to flow in a horizontal direction as much as possible, thus
ensuring that the ZnO NW growth could be maintained in the
vertical direction, as displayed in Figure 9a. When the furnace
temperature rose to 600 °C after 10 min, the hotwire heater
was turned on. The Ta hotwire temperature rose rapidly to
1700 °C, of which the sudden rapid heating caused the entire
furnace tube flow to instantly generate a temporary and very
unstable condition, as shown in Figure 9b. The unstable flow
temporarily increased (1̅101) the plane growth ratio and caused

the diameter of the p-ZnO:Cu region to narrow. After some
time, the hotwire maintained at 1700 °C achieved thermal
equilibrium in the furnace tube. The flow then stabilized, and
favorable growth in the c-axis [0001] lattice-oriented occurred.
The p-ZnO:Cu NWs displayed vertical growth along the
narrower diameter, which was caused by the temporarily
unstable flow.
Figure 10a plots that I−V curve of the p-ZnO:Cu/n-ZnO

homojunction NWs measured under UV exposure and in the
dark. The UV light source is a hand-held lamp (λ = 365 nm,
∼0.25 mW/cm2). The I−V curve displays the characteristics of
normal rectifying diodes. The current was measured by
scanning voltage bias (from −10 to +10 V) in the dark or
under UV exposure. The response increased with both the
forward and reverse voltages. In a dark environment, the turn-
on voltage, forward current (bias of 10 V), and reverse leakage
current (bias −10 V) were 3.63 V, 6.32 × 10−6 A, and 4.65 ×
10−7 A, respectively. The forward and reverse currents under
UV illumination clearly exceeded that in the dark. Under UV
exposure, the turn-on voltage, forward current (bias of 10 V),
and reverse leakage current (bias of −10 V) were 4.68 V, 8.21 ×
10−6 A, and 2.82 × 10−6 A, respectively. The UV illumination
forward current (bias of 10 V) and reverse leakage current (bias
of −10 V) were almost 1.29 and 6.06 times greater than the
measured dark current, respectively. UV exposure was an
excitation source to increase the photocurrent. The UV sensing
of the reverse bias is more sensitive to the higher ratio than that
of the forward bias. Figure 10b presents the measured
photoresponse of a homojunction NW photodetector as a
function of time when switching the UV lamp on and off in the
ambient environment. The Idark and IUV were about 1.12 × 10−7

and 6.02 × 10−7 A at −5 V reverse bias. Continuous testing
established the stability and reproducibility of the homo-
junction NW photodetector. The IUV was almost 6 times higher
than Idark at −5 V. The performance of the photoresponse
suffices and applies in a commercial prototype UV photo-
detector.

Figure 8. (a) Cross-sectional TEM and EDX mapping images. (b)
HRTEM images of the p-ZnO:Cu region. The inset displays SAED
images.

Figure 9. (a) Schematic depiction of the oxygen and zinc vapor flow in
the furnace. (b) Rapid rise of hotwires to 1700 °C, causing temporary
unstable flow.
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In this investigation, the photodetector was often operating
under reverse bias for the photoconductive mode of the
photodiode. The reverse bias increased the depletion width to
reduce the response time, homojunction capacitance, and loss
of carriers. The equation of the built-in voltage Vbi is

=
⎛
⎝⎜

⎞
⎠⎟V

kT
q

N N
n

lnbi
A D

i
2

where kT/q is the thermal voltage at 300 K, k is the Boltzmann
constant, T is the absolute temperature, NA and ND are the
number of ionized donors and acceptors, respectively, and ni is
the intrinsic carrier concentration. However, the intrinsic carrier
concentration of ZnO is roughly 106 cm−3 at room temper-
ature. The NA value was about 1016 cm‑3 by Cu doping, while
on the basis of a past report, the ND value was found to be
around 1015 cm−3.9 The turn-on voltage is decided by the built-
in voltage Vbi, which was calculated to be 1.093 eV. The
depletion width W is expressed as

ε ε
≈ + −
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where εr is the dielectric permittivity of ZnO (∼8.86) and
Vapplied is the applied bias. The depletion width W is around

1.086, 2.563, and 3.458 μm with an applied bias of 0, −5, and
−10 V, respectively.
Figure 11 presents that energy band diagram of the

homojunction NWs with a reverse bias of −5 V. Generally,

the Fermi level (EF) of a n-type ZnO region shifts near the EC
edge. The ZnO:Cu region exhibited p-type characteristics, and
its EF shifted close to the EV because the O2

− molecules
increased the concentration of holes. Dopant Cu impurities
caused a deep level (ET) in the p-ZnO:Cu region.5 The energy
of a photon (365 nm, 3.397 eV) exceeds the ZnO band gap,
∼3.3 eV. These photons have been absorbed in ZnO and then
produced electron−hole pairs. Therefore, the O2

− molecules
were removed and become oxygen by absorption holes on the
NW surface, while these excited and remaining electrons in the
EC highly improve n-ZnO conductivity and slightly increase p-
ZnO:Cu conductivity.

+ →− +hO O2 2(gas)

The n-ZnO depletion region disappears nearly clean because
the surface O2

− molecules were remove by UV exposure. Upon
such exposure, photons cause many electrons to excite from EV
or ET and jump to EC. Generally, the conductivity of a
semiconductor can be expressed as

σ μ μ= +nq pqe p

where n denotes the number density of electrons, q represents
the electron charge, μe refers to the electron mobility, and μp is
the hole mobility. It was found that some photoexcited
electrons in the p-ZnO:Cu region passed through the p−n
homojunction to the n-ZnO region when excited by UV in an
electric field.

■ CONCLUSION
In this study, vertical ZnO:Cu NWs and p-ZnO:Cu/n-ZnO
homojunction NWs were grown on a ZnO/glass substrate by a
600 °C furnace with hotwire assistance. In the ZnO:Cu NW

Figure 10. (a) I−V measurements of the p-ZnO:Cu/n-ZnO NWs
measured in the dark and under UV exposure. (b) Transient response
of the phototransistor with the UV excitation switched on and off.

Figure 11. Band diagrams of the p-ZnO:Cu/n-ZnO homojunction
NWs.
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investigation, EDX spectra indicated that the Cu content of
hotwires at 1400 and 1700 °C is 1.93 and 3.01 atomic %. The
XRD peaks of ZnO shifting to larger angles increase with an
increasing amount of doped Cu, which is due to the ionic radius
of Cu2+ (0.73 Å) being smaller than that of Zn2+ (0.74 Å). The
Cu dopant enhanced the PL green band peak and increased the
ionized oxygen vacancy in ZnO. According to the I−V
measurement, the Cu dopant decreased the conductivity of
NWs. The Hall effect and gas sensing measurement verified
that all ZnO:Cu NWs were p-type. In this p-ZnO:Cu/n-ZnO
homojunction NW study, TEM and EDX mapping images
revealed that the majority of Cu elements was distributed at the
top of the NWs. The HRTEM image of the p-ZnO:Cu region
shows that the NWs are [0001] growth-oriented, with lateral
surfaces enclosed by (1̅101) planes. The Ta hotwire temper-
ature rose rapidly to 1700 °C, causing the resultant unstable
flow to temporarily increase the (1̅101) plane growth ratio,
leading to the diameter of the p-ZnO:Cu region to narrow. The
I−V curve of the p-ZnO:Cu/n-ZnO NWs shows the character-
istics of normal rectifying diodes. Lastly, the UV sensing of the
reverse bias is more sensitive to the higher ratio than is that of
the forward bias. The photocurrent was around 6 times larger
than the dark current at −5 V.
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