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P-type ZnO nanowires (NWs) have attracted much attention in the past years due to the potential

applications for optoelectronics and piezotronics. In this study, we have synthesized Sb-doped

p-type ZnO NWs on Si (100) substrates by chemical vapor deposition with Aucatalyst. The

Sb-doped ZnO NWs are single crystalline with high density, grown along [1-1-2] direction. The

doping percentage of Sb is about 2.49%, which has been confirmed by X-ray photoelectron

spectroscopy. The ZnO NW field effect transistor demonstrated its p-type characteristics. A high

responsivity to ultraviolet photodetection was also observed. In addition, compared to intrinsic

ZnO NWs, the conductivity of the Sb-doped ZnO NWs exhibited �2 orders of magnitude higher.

These properties make the p-type ZnO NWs a promising candidate for electronic and

optoelectronic devices. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869355]

A wide range of ZnO nanostructures, such as nanowires,

nanobelts, nanocombs, nanorods, nanohelixes, and nano-

tubes, have been synthesized through different growth meth-

ods.1 ZnO nanostructures have attracted great attention due

to its wide band gap (3.37 eV) and large exciton binding

energy (60 meV). These characteristic features make ZnO a

promising material for piezoelectronic and optoelectronic

devices, such as nanosensors,2–4 dye-sensitized solar cells,5

field effect transistors (FETs),6 light-emitting diodes,7,8 and

nanogenerators.9,10 In order to extend the application possi-

bility of ZnO-based devices, several doping elements have

been studied and reported, such as Ga, N, In, and Sn.11–14

However, it is difficult to achieve p-type doping in ZnO.

Recently, there were reports indicating that doping with

group V elements, such as phosphorous (P),15 arsenic (As),16

and antimony (Sb),17 was achieved, and the p-type materials

exhibited superior electrical properties. Among the group V

elements, antimony has similar ionic radius to that of Zn

ion.18 Some reports suggested that doping with antimony

might produce more stable p-type conductivity and higher

carrier concentration.19,20 To date, Sb-doped ZnO nanostruc-

tures can be synthesized by different methods including

vapor phase transport,21,22 hydrothermal method,23 pulse-

laser ablation,24 and metal-organic chemical vapor deposi-

tion (MOCVD).25 Therefore, Sb-doped ZnO is deemed as a

candidate material to achieve p-type properties.

In this work, we report the growth of Sb-doped p-type

ZnO nanowires (NWs) on Si substrate by thermal evapora-

tion method via the vapor-liquid-solid (VLS) mechanism.

The Sb doping concentration was also measured.

Photoluminescence (PL) results revealed the Sb-doped ZnO

NWs possess high concentrations of impurities and the non-

band-edge emission peak presented red-shifted as compared

to pure ZnO NWs. P-type transport property was confirmed

by single NW-based FETs. Furthermore, theSb-doped ZnO

NW UV photodetector shows a remarkable photoresponse

with high on/off ratio.

Sb-doped ZnO NWs were synthesized on (100) Si sub-

strates. Zinc and Antimony powders were mixed with a

weight ratio of 5:2 as precursors in an aluminum boat. The

boat was placed in the center of a horizontal three-zone fur-

nace. The mixed-source was placed at upstream and the Si

substrate was placed at downstream, respectively. The flow

rates of Ar and O2 gases were 60 sccm and 5 sccm, respec-

tively, while the chamber pressure was held at 3 Torr. The

temperature of the furnace was raised to 650 �C with a heating

rate of 10 �C/min and maintained for 30 min. After the growth

process, the test samples were fabricated by photolithography,

e-beam lithography, and e-gun deposition processes.

The morphology and structure of Sb-doped ZnO NWs

were characterized by field-emission scanning electron micro-

scope (FESEM, JEOL JSM-6500), X-ray diffractometer

(XRD, Bruker D2 phaser), and spherical aberration corrected

scanning transmission electron microscope (Cs-corrected

STEM, JEOL ARM200F). The chemical analysis of Sb-doped

ZnO NWs was conducted by high resolution X-ray photoelec-

tron spectroscopy (XPS) (ULVAC-PHI AES-650). Room

temperature PL spectroscope with He-Cd (325 nm) laser was

used to investigate the optical properties of Sb-doped ZnO

NWs. The NW-FET was fabricated by standard photolithogra-

phy with a 200-nm-thicksilicon oxide substrate. Sb-doped

ZnO NWs were dispersed on the patterned silicon substrate,

following by e-beam lithography to define the pattern of the

electrode. All the electrodes were deposited by E-gun evapo-

rator (Ni (30 nm)/Au (120 nm)).The electrical properties of

the NW-FETs were measured by a semiconductor parameter

analyzer (Agilent B1500A). The photoresponse properties of

Sb-doped ZnO NWs based photodetectors were examined

with a 4 W UV lamp. The opto-electrical properties were all

conducted in ambient condition at room temperature.

Fig. 1(a) shows the FESEM image of as-synthesized Sb-

doped ZnO NWs. The NWs exhibit a high aspect ratio with

the length up to 10–20 lm and diameter �90 nm. The effects

of growth parameters were systematically studied (see sup-

plementary material,37 Figs. S1–S3). The structure of Sb-

doped ZnO NWs was confirmed by the XRD pattern, as

shown in Fig. 1(b).The XRD pattern indicated that the peaks

corresponded to (100), (002), (101), (102), and (110) planes

a)T.-H. Kao and J.-Y. Chen contributed equally to this work.
b)Author to whom correspondence should be addressed. Electronic mail:

WWWu@mail.nctu.edu.tw

0003-6951/2014/104(11)/111909/5/$30.00 VC 2014 AIP Publishing LLC104, 111909-1

APPLIED PHYSICS LETTERS 104, 111909 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

140.113.38.11 On: Thu, 25 Dec 2014 02:05:23

http://dx.doi.org/10.1063/1.4869355
http://dx.doi.org/10.1063/1.4869355
mailto:WWWu@mail.nctu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4869355&domain=pdf&date_stamp=2014-03-20


of ZnO wurtzite structure. However, some remaining peaks

are denoted as Sb. We inferred that the peaks corresponded

with Sb were attributed to the crystalline Sb particle on the

Si substrate surface. Figs. 1(c) and 1(d) show the low magni-

fication and HRTEM image of the Sb-doped ZnO NW. The

inset in (d) is the corresponding faster Fourier transformation

(FFT) diffraction pattern with [02-1] zone axis, indicating

the growth direction of the NW is [1-1-2] direction. The

interplanar spacing was calculated to be 0.19 nm and 0.28

nm, corresponding to the planes of (1-1-2) and (100),

respectively.

Fig. 2(a) shows the TEM energy dispersive spectroscopy

(EDX) mapping of the Sb-doped ZnO NW. With the visual-

ized elemental distribution of zinc, oxygen, and antimony, it

indicated that Sb was doped uniformly into ZnO NW. XPS

spectra of Sb-doped ZnO NWs and pure ZnO NWs were

shown in Fig. 2(b), analyzing the chemical bonding and Sb

concentration of the doped ZnO NWs. The pure ZnO NWs

possess a O-1 S peak at 530.6 eV, whereas the as-

synthesized Sb-doped ZnO NWs contained an additional

peak at 539.4 eV, corresponding to Sb-3d3, and a stronger

peak at 530.6 eV, attributing to Sb-3d5.26,27 Through the

quantitative of XPS spectrum, the Sb concentration in doped

ZnO NWs is about 2.49 at%.

Fig. 3(a) shows the room temperature PL spectra of Sb-

doped ZnO NWs and pure ZnO NWs, while Fig. 3(b) is the

spectrum highlighted in (a). PL spectra of pure ZnO NWs pos-

sess a strong UV emission peak at 3.369 eV, corresponding to

the near band edge emission (NBE). The NBE peak is respon-

sible for the free exciton recombination of ZnO. After doping

with Sb, the NBE peak had red-shifted to 3.315 eV and broad-

ened prominently.28 It is remarkable that there is another peak

near the NBE peak in both pure and Sb doped ZnO. The

investigation about the NBE of ZnO has been reported, which

indicates the peak at �3.332 eV is due to structure defects.29

Therefore, the two peaks in pure ZnO (the black line in Fig.

3(b)) can be explained that the peak at 3.369 eV is due to the

recombination of free excitons and peak at 3.324 eV is due to

the structure defects. Furthermore, the peak at 3.362 eV in Sb-

doped ZnO attribute to the structure defects. Therefore, the

red-shift effect in the peak, which is contributing to the recom-

bination of free excitons, shift from 3.369 eV to 3.315 eV.

This result confirmed the red-shift effect by Sb doping.

Previous reports indicated that the broadening of the NBE

peak is due to band tailing in the gap as well as the introduc-

tion of an impurity into the semiconductor materials.30 In

addition, we investigate that it possesses a strong green emis-

sion of as-synthesized sample in contrast to pure ZnO NWs.

This is deemed as the incorporation of doping species on the

valence band.31,32 Fig. 3(c) shows the temperature-dependent

PL of Sb-doped ZnO NWs from 10 to 280 K. The intensity of

NBE peak decrease with increasing temperature as expected

due to thermal vibration.33,34

The electrical properties and p-type conductivity of the

Sb-doped ZnO NWs were confirmed by the single NW-FET

on the nþ-silicon substrate as the back gate electrode. Fig.

4(a) shows the schematic diagram of the NW-FET device

and the fabrication processes were in supplementary mate-

rial, Fig. S4.37 Figs. 4(b) and 4(c) show the drain current (Id)

vs voltage (Vd) curve at various gate voltage (Vg) and Id vs

FIG. 1. (a) FESEM image of Sb-doped ZnO NWs; (b) XRD pattern of as-

synthesized sample; (c) low magnification image; and (d) HRTEM image of

Sb-doped ZnO NWs. The inset shows the corresponding FFT diffraction

pattern.

FIG. 2. (a) The TEM EDX mapping of Sb-doped ZnO NWs. (b) XPS spec-

trum of Sb-doped ZnO NWs and pure ZnO NWs.

111909-2 Kao et al. Appl. Phys. Lett. 104, 111909 (2014)
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Vg at a constant Vd of 0.5 V. The inset highlighted the Id vs

Vd curve (Vd> 0.135 V). The device of the FET process in

Figs. 4(b) and 4(c) is not the same device. The original de-

vice was damaged due to other testing for other purposes.

We have fabricated another devices and tested the electrical

properties all over again, and the result has shown good

reproducibility. This is even better because it provides more

evidence of p-type conduction in the Sb-doped ZnO NW.

The gating effect would be a bit different because of inevita-

ble differences between devices. The NW-FET characteriza-

tion shows that Id increases at negative Vg, indicating that

the Sb-doped ZnO NWs exhibit p-type conductivity. The

role of Sb in Sb-doped ZnO NWs is that Sb replaced Zn

accompanying two Zn vacancies (SbZn� 2VZn), which

regards as acceptors lead to p-type conduction. The doped

FIG. 3. (a) The PL spectra of Sb-doped ZnO NWs and pure ZnO NWs. (b)

Spectra highlighted in (a). (c) PL spectra of Sb-doped ZnO NWs at various

temperatures.

FIG. 4. (a) The schematic diagram of the NWFET device. (b) The Id vs Vd

curve at different Vg. The inset shows the Id vs Vd curve when Vd> 0.135

V. (c) Id vs Vg at Vd¼ 0.5 V.

111909-3 Kao et al. Appl. Phys. Lett. 104, 111909 (2014)
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Sb within single ZnO NWs are confirmed by TEM Energy

Dispersive Spectrum (EDS) mapping (Fig. 2(a)), and the

p-type properties are measured by FET device (Fig. 4). The

carrier mobility can be estimated by using the following

equations:35,36

l ¼ L2

CVd

dId

dVg

� �
; (1)

C ¼ 2pe0eSiO2
L

ln
4h

d

� � ; (2)

where l is the carrier mobility, L is the channel length of the

NW, C is the capacitance, eSiO2 is the dielectric constant of

SiO2 (3.9), h is the thickness of dielectric layer, and d is the

diameter of the NW, respectively. From Eqs. (1) and (2), the

mobility is calculated to be 21.610 cm2 V-1 s�1. Moreover,

the hole concentration can be estimated by using the equa-

tion as follows:

nh ¼
VthC

qp
d

2

� �2

L

; (3)

where Vth is the threshold voltage. The hole concentration is

then calculated to be about 5.767 � 1017 cm�3.

Fig. 5(a) shows the IV curve of single Sb-doped ZnO

NW, and the inset is the corresponding FESEM image of the

device. The I-V curve is linear, suggesting that the contact

electrode is ohmic. The resistivity of the NW can be esti-

mated by the following equation:

q ¼ R
A

L
; (4)

where q is the resistivity, R is the resistance, and A is the

cross-section area of the wire. The resistivity is calculated to

be 1.727 � 10�2 X cm, which is favorably compatible to

that of pure ZnO NWs by 1� 2 orders lowered. The 254 nm

UV illumination was used as the excitation source for the

Sb-doped ZnO NW photodetector at a bias of 0.5 V. The

schematic diagram and photoresponse of the device are

shown in Figs. 5(b) and 5(c), respectively. The dark current is

about 10.3 lA. When the UV light is on, the depletion zone is

thinner in contrast to that of UV-off state.18 As the UV light

turned off, the oxygen vacancies will generate O� and OH�

ions in the surface of the nanowires, resulting in a thick deple-

tion zone. On the other hand, when UV light turned on, the

electron-hole pairs were generated. The holes would recombine

the surface ions of O� and OH� to release in gas, resulting in

the free carriers for conductive band and make the depletion

zone thinner. Thus, the conductivity is enhanced and the photo-

current is about 11.6 lA. Once the UV light is off, the current

drops and the conductivity is decreased. Once again, it may be

attributed to the depletion region recovery back to original state.

In summary, we have synthesized Sb-doped ZnO NWs

on Si (100) substrates by thermal evaporation method and

VLS mechanism. HRTEM demonstrated the Sb-doped ZnO

NWs single crystalline of wurtzite structure with [1-1-2]

growth direction. The XPS spectra have shown that the Sb-

doped ZnO NWs exhibited Sb-3d3 peak at 539.9 eV and

indicated the Sb concentration in ZnO NWs was about 2.49

at. %. Furthermore, a red shift of the PL spectra occurred for

the Sb-doped ZnO NWs in contrast to that of ZnO NWs. It

may be attributed that doping with Sb into ZnO NWs causes

the reduction of band gap by band-tailing. Electrical trans-

port properties of single NWFETs exhibited the p-type semi-

conductor characterization. High carrier mobility of 21.610

cm2 V�1 s�1 and carrier concentration of 5.767 � 1017 cm�3

were achieved. In addition, we have shown the potential

application of Sb-doped ZnO NWs for UV photodetector.

The current rise/drop is obviously dependent on light on/off,

respectively. These properties make the Sb-doped p-type

FIG. 5. (a) The I-V curve of the single Sb-doped ZnO NW. The inset shows

the corresponding FESEM image of the device. (b) The schematic diagram

of Sb-doped ZnO NWs photodetector. (c) The photoresponse of the device

with 254 nm UV light illumination.
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ZnO NWs a promising candidate for electronic and optoelec-

tronic devices in the future.
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