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A highly efficient ultraviolet photodetector was successfully obtained based on a Sb-doped p-type ZnO
microwire p—n homojunction which consisted of a single Sb-doped p-type ZnO microwire and a single
undoped ZnO microwire. The ultralong Sb-doped ZnO single crystalline microwires were synthesized via

R 4 24th D ber 2013 a chemical vapor deposition method. The ZnO microwire homojunction showed well-defined
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Accepted 13th April 2014 rectification characteristics, which indicated the p-type conductivity of the Sb-doped ZnO microwire. An
ultraviolet photodetector with an external quantum efficiency of 64.5% was obtained based on the ZnO
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microwire p—n homojunction. The photodetector showed high wavelength selectivity with a full width at

www.rsc.org/MaterialsC half maximum of 6 nm for the photoresponse peak located at 386 nm.

1. Introduction

As a direct wide band-gap semiconductor, ZnO has drawn great
attention due to its potential applications in ultraviolet (UV)
optoelectronic devices, including UV light emission diodes,"*
laser diodes,>*'” and detectors.>**** Compared with other
semiconductors such as GaN and GaAs, ZnO has high internal
photoconductive gain and high resistance to high-energy
particle irradiation.”® Due to these properties, ZnO is consid-
ered a promising material to fabricate high sensitivity UV
photodetectors, which could be utilized in chemical and bio-
logical analyses, flame detection, optical communications, and
astronomical studies.

Because the stable and reproducible p-type doping of ZnO is
still a great challenge, the reports based on the ZnO p-n
homojunction photodetector have been extremely limited until
now. Most ZnO UV photodetectors are of the photoconductive
type,”'® or based on the metal-semiconductor Schottky junc-
tion.”** Photoconductive detectors usually exhibit a low dark
current and high photocurrent gain, owing to the absorption
and desorption process of surface states. But their response
speeds are quite slow, which could seriously hinder the device
performance. Schottky junction photodetectors have a relatively
high response speed but their high dark current could result in
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reducing sensitivity. To obtain high performance semi-
conductor detectors, the p-n junction is an ideal device struc-
ture, since p—n junction photodetectors usually have advantages
of high sensitivity, fast responding speed,* low dark current,
and high stability in the atmosphere.** Recently, much effort
has been made to obtain high quality p-type ZnO. Some
research groups have demonstrated that large-mismatched Sb
atoms are efficient p-type dopants for ZnO nanowires,"® and
an electrically pumped UV nanolaser based on Sb-doped ZnO
nanowires has been obtained."”

In this work, we synthesized ultralong Sb-doped p-type ZnO
single crystalline microwires with an average length of 10
millimeters. A p-n homojunction UV photodetector was fabri-
cated by crossing a single Sb-doped and a single undoped ZnO
microwire together. The fine rectification characteristics were
obtained on the p-n homojunction. The UV photodetector
exhibited perfect wavelength selectivity with a full width at half
maximum (FWHM) of only 6 nm. The peak responsivity of this
UV photodetector is 200 mA W~ " at 386 nm under —5 V bias,
which showed the external quantum efficiency (EQE) of 64.5%.

2. Experimental section
2.1 Synthesis of ZnO microwire

Sb-doped ZnO microwires were grown by a catalyst-free chem-
ical vapor deposition (CVD) method with a two-zone tube
furnace. ZnO and graphite powders were thoroughly mixed with
aweight ratio of 1 : 1, then the mixture was put into an alumina
boat to act as the reactant source material. The Sb,O; powders
which served as the dopant source material were loaded into
another boat at the upstream to ensure that Sb,0; and ZnO
powders could vaporize at the same speed. A 100 nm ZnO film
was deposited on the Si substrate by the sputtering method, and
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then the substrate was loaded above the ZnO powders. During
the synthesis progress, the two sources were loaded into the
furnace at different temperature zones with a constant flow of
100 sccm argon (99.99%) as the carrier gas. The reactant ZnO
source was heated to 1100 °C and the Sb,0; dopant source was
heated to 600 °C, simultaneously. When the ZnO source was
heated to about 1000 °C, oxygen was introduced with a 30 sccm
flow rate for about 2 min to keep the synthesis under the
oxygen-rich conditions which would suppress the formation of
Sbo. After maintaining the source temperature for 40 min, the
furnace was turned off and cooled down to room temperature.
After the growth, ultralong ZnO microwires with an average
length of about 10 millimeters were observed on the substrate.
The synthesis of the undoped ZnO microwires follows the same
procedure without the Sb dopant source.

2.2 Device fabrication

To fabricate a p-n homojunction UV photodetector, a single Sb-
doped ZnO microwire and a single undoped ZnO microwire
were placed overlapping each other on the glass substrate to
form a crossed structure, then fixed with indium electrodes at
each end.

2.3 Measurements

The morphology of the ZnO microwires was characterized by a
field-emission scanning electron microscope (FE-SEM) (model:
Hitachi S-4800) equipped with an X-ray energy dispersive
spectrometer (EDX). The selected area electron diffraction
(SAED) patterns were obtained on a JEOL JEM-2100F. Photo-
luminescence (PL) measurement was carried out with a JY-630
micro-Raman spectrometer employing the 325 nm line of a He—
Cd laser as the excitation source, and the room temperature
Raman spectra were recorded using the same micro-Raman
spectrometer with a 488 nm excitation source. The current-
voltage characteristics of the crossed p—n homojunction device
were measured using a Keithley 2611A measurement system.
The photoresponse of the crossed p-n homojunction device was
measured with a 150 W Xe lamp, chopper (EG&G192), and lock-
in amplifier (EG&G1 24A) at room temperature.

3. Results and discussion

3.1 Structural and optical properties

Fig. 1 shows the FE-SEM images of both undoped and Sb-doped
ultralong ZnO microwires. The microwires are up to 10 milli-
meters in length. Fig. 1a is the SEM image of an undoped ZnO
microwire with a square cross-section. In Fig. 1b, the Sb-doped
ZnO microwire keeps the same square cross-section structure.
But the surface morphology changes distinctly due to the
incorporation of the Sb dopant, which presents a zigzag rough
surface compared to the smooth surface of the undoped ZnO
microwire. The details of the zigzag rough surface could be
obviously seen in the enlarged SEM image shown in the inset of
Fig. 1b (bottom). Since the radius of Sb** (0.78 A) is much larger
than that of Zn** (0.74 A), the introduction of Sb atoms would
cause a large structural strain, the release of the structural
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Fig.1 (a) SEM image of the undoped ZnO microwire shows a smooth
surface. (b) SEM image of the Sb-doped ZnO microwire shows a zigzag
rough surface. Inset: top: SAED pattern of the Sb-doped ZnO micro-
wire showed a single crystalline structure; bottom: the enlarged SEM
image of Sb-doped ZnO microwires.

strain could result in the formation of the planar defects.'® In
addition, the synthesis temperature of the substrate is as high
as 1000 °C, which is much higher than the melt point of Sb,03,
therefore the origination of the zigzag rough surface in ZnO
microwires could be attributed to the introduction of Sb
dopants. The doping of the Sb element is responsible for the
formation of the zigzag surface in ZnO microwires, which is in
accordance with the literature.'®*® To determine the composi-
tion of Sb in ZnO microwires, we performed the EDX analysis,
which showed that the Sb concentration was 0.3% within the
measurement limit of EDX. The zigzag rough surface is even
along the whole microwire, which implies the uniform Sb
doping in ZnO. The SAED pattern of the Sb-doped ZnO micro-
wire is shown in the inset of Fig. 1b (top), which confirms that
the Sb-doped ZnO microwire is single crystalline.

Fig. 2a shows the low-temperature (at 85 K) PL spectra of
undoped and Sb-doped ZnO microwires. The emission peak of
the undoped ZnO microwire located at 3.360 €V is assigned to
the recombination of the shallow donor-bound exciton (D(X).*
The small peak at 3.378 eV originates from the recombination of
the free exciton A (FX,). The peak located at 3.318 eV is

This journal is © The Royal Society of Chemistry 2014
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Fig.2 (a) Low temperature PL spectra of undoped (top curve) and Sb-
doped (bottom curve) ZnO microwires at 85 K. The doped microwire
showed acceptor related emissions. (b) Raman spectra of Sb-doped
and undoped ZnO microwires indicate that the Sb dopant has been
incorporated into ZnO and introduced acceptor levels.

attributed to A-line emission. The origin of the A-line emission
is currently under discussion; it has some possible assignments
including neutral excitons bound to nitrogen impurities, exci-
tons bound to surface or structural defects, and two-electron
transition of the exciton bound to the neutral donor.*® The
small peak at 3.245 eV is the 1-LO phonon replicas of the A-line
emission, since it is 73 meV lower than the A-line peak. For Sb-
doped ZnO microwires, the low-temperature PL spectrum
shows a dominated emission peak centered at 3.354 eV, which
is associated with the neutral-acceptor-bound exciton (A,X)
recombination.*** The emission peaks located at 3.296 eV and
3.226 eV are ascribed to the free electron to acceptor (FA) and
donor-acceptor-pair (DAP) transitions, respectively.®> Room
temperature Raman spectra were measured to further confirm
the incorporation of Sb atoms into the ZnO microwire lattices,
since it is an effective analysis method to study the impurity
induced modes. As shown in Fig. 2b, the peak at 380 cm™*
which corresponds to the A;r modes in ZnO is depressed by Sb

This journal is © The Royal Society of Chemistry 2014

View Article Online

Journal of Materials Chemistry C

doping. Since the oxygen defect or the dopant atom directly
affects the A;+ modes, Sb dopant atoms would be responsible
for the depression in 380 cm™'.>* The peak centered at 436 cm ™"
is usually attributed to the E, modes of the undoped ZnO single
crystal, and this peak shifts toward lower frequency to 434 cm ™"
when doping with Sb, which is caused by the formation of the
Sb;,—2Vz, complex acceptor in Sb-doped ZnO microwires.>
Sb;,—2Vz, was demonstrated to have both low formation energy
and low ionization in ZnO lattices and represented the shallow
acceptor defect levels.>® Consequently, low-temperature PL and
Raman spectra studies reveal that Sb was incorporated into ZnO
crystal lattices which generated acceptor-associated defect
levels in Sb-doped ZnO microwires.

3.2 Electrical properties

The electrical measurements on ZnO microwire back-gated
field-effect transistors (FETs) were carried out to confirm the
conductivity type of the as-synthesized Sb-doped ZnO micro-
wires. FETs in our study were fabricated using both undoped
and Sb-doped ZnO microwires; the microwires were transferred
on the p'-silicon wafer covered with a 300 nm thick SiO, film.
The p'-silicon substrate and the SiO, layer served as the back-
gate electrode and dielectric gate oxide of FETS, respectively.
Indium (In) electrodes were deposited on the two ends of the
microwires to form Ohmic contacts. Fig. 3a and b show the
output characteristics at various back-gate voltages of a single
Sb-doped and undoped ZnO microwire, respectively. In Fig. 3a,
the increase of the drain-source current (I45) with an increas-
ingly negative gate voltage clearly indicates the p-type conduc-
tion of the Sb-doped ZnO microwire.””*® By comparison, the
increase of Iy with an increasingly positive gate voltage of
undoped ZnO presents n-type conductivity.

A ZnO microwire p-n homojunction was designed and
fabricated as shown in the schematic diagram in Fig. 4a.
Current-voltage (I-V) characteristics of the constructed homo-
junction are depicted in Fig. 4b. Well-defined current rectifi-
cation characteristics are observed in this cross-structured
microwire p-n homojunction device, the turn-on voltage is
around 5 V. As shown in the inset of Fig. 4b, transport data
recorded on the individual p-type and n-type ZnO microwires
both exhibit linear behaviour, therefore good Ohmic contacts
are established on both n-type and p-type ZnO microwires with
In electrodes. To prove that the rectification behaviour of the p-
n junction does not result from the influence of the interface
between two microwires; I-V characteristics of the n—-n junction
configured by crossing two n-type ZnO microwires were also
investigated. In the inset of Fig. 4b, transport measurement
carried out on the n-n junction shows nearly linear behaviour,
which indicates that the interface between individual n-type
microwires does not produce a nonlinear curve. Moreover, the
currents recorded through the p-n junction and n-n junction
are much smaller than through individual p-type and n-type
ZnO microwires at the same voltage, which demonstrates that
the junction dominates the transport behaviour.”” Conse-
quently, the rectification can be definitely attributed to the
crossed p—n homojunction.
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Fig. 3 Output characteristics at various back-gate voltages of ZnO
microwire FETs. (a) Igs versus Vys curves at various negative gate
voltages of a single Sb-doped ZnO microwire FET showed p-type
conductivity. (b) Iy4s versus V4s curves at various positive gate voltages
of an undoped ZnO microwire FET showed n-type conductivity.

3.3 ZnO microwire homojunction UV photodetector

The ZnO microwire p-n homojunction could be utilized as a
highly efficient UV photodetector. I-V characteristics of the ZnO
microwire p-n homojunction in the dark and under UV illu-
mination are shown in Fig. 5a; the photocurrent increases
remarkably under the reverse voltage by 365 nm UV illumina-
tion (1.21 mW cm ). The current gain of a p-n junction
detector (not an avalanche photodiode®**") is usually equal to 1,
thus the photocurrent could be expressed as:

Iph = Tlf]‘p (1)

where 7 is the EQE, ¢ is the electron charge, and @ is the photon
flux density.>* As displayed in eqn (1), the photocurrent is
strongly related to the EQE of the detector.

Fig. 5b shows the photoresponse spectrum of the ZnO
microwire p-n homojunction at —4 V bias. The photoresponse
peak is located at 386 nm, which is 2 orders of magnitude higher
than the responsivity of visible light. The FWHM of the photo-
response peak of about 6 nm shows the high wavelength selec-
tivity which profits from the high crystalline quality of the ZnO
microwire. ZnO material is transparent in visible light; the

5008 | J Mater. Chem. C, 2014, 2, 5005-5010

View Article Online

Paper
a
( ) Sb-doped ZnO
microwire
Undoped ZnO
microwire -
Q —~—— ""’c;\;;;;;,wate

Indium electrode

= * —e—N-type
< 0.4} —~p-type

~o- N-n junction

10

-5 0 5
Voltage (V)

8 6 -4

20 2 4 6 8
Voltage (V)

Fig. 4 (a) Structure illustration of the crossed ZnO microwire p—n
homojunction device. (b) /-V characteristics of the crossed ZnO
microwire p—n homojunction. Inset: /-V characteristics of individual
n-type (black), p-type (red) ZnO microwires, and crossed two single n-
type ZnO microwires' n—n junction (purple).

electron-hole pairs with energy less than the bandgap cannot be
excited by the incident light and thus contribute little to
photocurrent. Meanwhile, the device shows nearly no response
on the shorter wavelength side smaller than 380 nm, which is
attributed to the enhanced absorption of high-energy photons
with energy higher than the bandgap at or near the surface of the
semiconductor. Electron-hole pairs generated near the surface
region have a shorter lifetime,* which decreases the efficient
electron-hole separation for incident photons. Therefore the
electron-hole pairs with large energies will not contribute to the
photoresponse. Consequently, the ZnO microwire p-n homo-
junction photodetector shows a high wavelength selectivity.

The inset of Fig. 5b shows the responsivity of the ZnO
microwire p-n homojunction UV photodetector as a function of
applied bias; the responsivity goes up gradually as the applied
reverse bias; the peak responsivity is 200 mA W~ at 386 nm
under —5 V bias. The current responsivity of the p-n junction
detector is defined as:

R(A/W) = ;1:‘;1 =9 (Z—D )

where I}, is the photocurrent, P, is the incident optical power,
n is the EQE, & is Planck’s constant, ¢ is the speed of light, 4 is
the incident light wavelength, and g is the electron charge.*
According to eqn (2), the EQE was calculated to be 64.5%, which
indicates that the ZnO microwire p-n homojunction photode-
tector has excellent UV photoresponse characters.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) /-V characteristics of the crossed ZnO microwire p—n
homojunction with and without UV illumination. (b) Response spec-
trum of the crossed-wire photodetector under —4V bias. Inset: the
maximum responsivity of the device as a function of the applied
reverse bias.

4. Conclusions

A ZnO microwire p-n homojunction UV photodetector with
high efficiency and high wavelength selectivity has been
demonstrated. The photodetector was formed by a single Sb-
doped ZnO microwire and a single undoped ZnO microwire. Sb-
doped p-type ZnO microwires were synthesized by a CVD
method; the morphology changed distinctly due to Sb incor-
poration. Low-temperature PL and Raman spectra measure-
ments showed that a shallow acceptor was formed in the Sb-
doped ZnO microwire. A fine rectification character was
obtained on the ZnO microwire p-n homojunction indicating
the p-type conductivity of the Sb-doped ZnO microwire. The UV
photodetector exhibited high wavelength selectivity and the
FWHM was only 6 nm. The peak responsivity of 200 mW " was
measured at a wavelength of 386 nm under —5 V voltage, which
corresponds to a high EQE of 64.5%.
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