
 

 

 Fan et. al., Applied Physics Letters., 85, 6128 (2004). 

Photoluminescence and Polarized Photodetection of Single 
ZnO Nanowires 

Zhiyong Fan, Pai-chun Chang, Jia G. Lu* 

Department of Chemical Engineering and Materials Science & Department of Electrical 

Engineering and Computer Science, University of California, Irvine, CA 92697, USA 

Erich C. Walter, Reginald M. Penner,  

Department of Chemistry, University of California, Irvine, CA 92697, USA 

Chien-hung Lin, Henry P. Lee, 

Department of Electrical Engineering and Computer Science,University of California, 
Irvine, CA 92697, USA 

 

ABSTRACT 

Single crystal ZnO nanowires are synthesized and configured as field effect 

transistors. Photoluminescence and photoconductivity measurements show defects 

related deep electronic states giving rise to green-red emission and absorption. 

Photocurrent temporal response shows that current decay time is significantly prolonged 

in vacuum due to a slower oxygen chemisorption process. The photoconductivity of ZnO 

nanowires is strongly polarization dependent. Collectively, these results demonstrate that 

ZnO nanowire is a remarkable optoelectronic material for nanoscale device applications. 
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Low dimensional systems such as quantum dots, nanotubes and nanowires have 

fascinating, and technologically useful, optical and electrical properties. Studies on these 

systems advance our knowledge on low dimensional physics and chemistry; while 

simultaneously providing the possibility for the development of nanoscale electronics and 

optoelectronics. Nanostructures composed of ZnO nanowires (NWs) are being 

intensively investigated because they possess a combination of attractive optical,1 

mechanical2 and magnetic properties.3 ZnO NWs have been evaluated for potential 

applications on ultra-violet (UV) laser,4 light emitting diodes5 and UV photodetectors.6,7 

However, the effort of fabricating and charactering ZnO single NW phototransistor, an 

important component for building optoelectronic circuit, has not been reported. In 

addition, photoconduction of mass grown NWs between electrodes could not demonstrate 

polarization dependence, which is a unique property of quasi-one-dimensional system. In 

this letter we report optical properties of single ZnO NWs configured as field effect 

transistors (FETs), including photoluminescence (PL), and polarization dependent 

photoconductivity. The PL measurements showed both near-band edge emission near 

3.37 eV and green-red emission from native defects. Photoconductivity was also 

observed both at the band-edge and at energies corresponding to the deep trap states 

emission seen in PL spectra. The photocurrent varied as a function of cos2θ, where θ was 

the angle between the polarization of incident light and long axis of the nanowire. 

ZnO NWs were synthesized by a vapor trapping chemical vapor deposition method.8 

Field emission scanning electron microscopy (FE-SEM) (Figure 1a) showed as 

synthesized NWs were 30~150 nm in diameter and ~40 µm in length. Transmission 

electron microscopy (TEM) (Figure 1b) and selective area electron diffraction showed 

these NWs to be single crystalline and the growth direction to be (001). 
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Individual ZnO NWs were configured as FETs on p-type degenerately doped silicon 

substrate capped with 500 nm thick SiO2 layer. The top inset of Figure 1c shows an 

atomic force microscope (AFM) image of such a device. Electrical transport properties 

were studied at room temperature. Figure 1c shows the I-V curves for a FET at different 

gate voltages. The conductance of the NW increases with gate voltage in accordance with 

n-type semiconducting behavior. This n-type behavior can be attributed to Zn interstitials 

and oxygen vacancies generated during the synthesis process.8-10 Furthermore, 

transconductance is obtained at 0.4 V drain-source bias (Vds) and shown in the bottom 

inset of Figure 1c. According to ref. [11], carrier mobility of 26.3 cm2/V•s is estimated 

using the relationship ))/2ln(/2/()/( 0 rhLVdVdI dsge πεεµ = , where dI/dVg = 6.87×10-9 A/V 

is extracted from the linear region of the transconductance, ε＝3.9, L = 10.3 µm the NW 

channel length, h =500 nm gate oxide layer thickness, and r = 40 nm nanowire radius. 

The obtained electron mobility in ZnO NW is much higher than that of high mobility 

ZnO thin film transistor. 12 

The PL of ZnO has been extensively studied for its potential optical applications. 3-5 

PL spectra for single ZnO NWs were acquired with an Ar+ ion laser (351nm, 50 mW). A 

typical spectrum (Figure 2a.) shows two PL bands. The first luminescence band centered 

at 380 nm (3.26 eV) demonstrates the near-band-edge (3.37 eV) emission and free-

exciton peak of ZnO. The second green-red luminescence band centered at 650 nm (1.92 

eV) is also observed, which is attributed to native defect levels within band gap, such as 

single and double ionized oxygen vacancies.13,14 The single NW photoconductivity 

spectrum is obtained using a monochromated xenon arc lamp source that covers a range 

from 200 nm to 900 nm. The result of photoconductivity (Figure 2b) shows similar 
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spectroscopic feature as the PL spectrum. Strong absorption at 380 nm and longer 

wavelengths (400 nm – 740 nm) are observed. The photoconductivity peak at 340 nm is 

dominated by the maximum of electronic density of states near the conduction band edge.  

The detection of UV light (365 nm) using ZnO NWs has been reported and no 

photoresponse to longer wavelength is reported.6 In contrast, our PL and 

photoconductivity results for ZnO NWs indicate that defect related deep electronic states 

confer sensitivity to visible light (400 nm~750 nm). Figure 3a shows with 633 nm laser 

illumination (~0.2 W/cm2), the conductance of NW increased from 13.1 nS in dark to 

73.4 nS at 2 V drain-source bias. Laser illumination also affects the transconductance as 

shown in the inset of Figure 3a, causing a shift in the threshold gate voltage from +0.6 V 

to -2.0 V.  Since the estimation of one-dimensional electron concentration is given as 

,11 where )/)(/( eVLCn gt= )/2ln(/2/ 0 rhLC πεε≈  is the capacitance per unit length with 

respect to the back gate, and Vgt is the magnitude of the threshold gate voltage. Therefore, 

from the shift in gate voltage, the change in the electron concentration, ∆n is estimated 

as ))/2ln(/2)(/( 0 rheVn gt πεε∆=∆ . Using the ΔVgt = 2.6 V and r = 43 nm, ∆n is 

approximately 1.1× 107 cm-1. Due to illumination, transconductance is observed to 

decrease from 2.9 ×10-9 A/V to 2.6 ×10-9 A/V; as a result, electron mobility drops 

slightly from 23.4 cm2/V•s to 21.0 cm2/V•s. The mobility decrease is attributed to the 

enhanced electron-electron scattering at higher carrier concentration.  

The intensity dependence of the photocurrent was studied with 633 nm laser. As 

shown in Figure 3b, it is observed that the relationship between photocurrent and input 

optical power obeys power law dependence, i.e. 43.0PAI ×= where A is a constant. This 
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nonlinear behavior fits well with the theory of photo-response which gives power law 

dependence with an exponent of 0.5, as a result of the finite density of deep donor levels 

compared with the flux of incident photons.15 

Time-resolved measurements of photo-response to pulsed 633 nm laser were 

conducted and shown in Figure 3c. The results show ZnO NW FET can be reversibly 

switched “on” and “off” by switching illumination. Photocurrent decay process is 

observed to be significantly affected by oxygen (O2) ambient. If photocurrent decay time 

Td is defined as the time for current to drop to Imax/e ,16 Td is estimated to be 8 s in air. In 

contrast, the decay time is much longer, i.e. Td > 1 hour in 10-3 torr vacuum as shown in 

the inset of Figure 3c. It is known that the surface adsorbed oxygen significantly affects 

the photoresponse of ZnO films and NWs. 7,17-19,  Oxygen is chemisorbed to ZnO surface 

at vacancy sites, forming O2
－ and resulting in a surface charge depletion layer to reduce 

electrical conductivity.20 Upon illumination, photoexcited holes discharge the adsorbed 

O2
－ ions through surface electron-hole recombination, while the photoexcited electrons 

significantly increase the conductivity.4,19 When illumination is switched off, oxygen 

chemisorption process dominates and assists photoconductivity relaxation. As a result of 

this scenario, the photocurrent relaxation dynamics is strongly affected by the ambient O2 

partial pressure. Due to a much lower O2 pressure in vacuum, the relaxation time is 

expected to be much longer than that in air, as observed in the experiment. For quasi-one-

dimensional NWs where the radius is comparable to the Debye length, this surface effect 

becomes more pronounced in the charge carrier dynamics. 

The photoconductance of ZnO NWs is sensitive to the polarization state of the 

incident illumination. Specifically, the photocurrent is proportional to cos2θ, where θ is 
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the angle between the polarization of incident light and long axis of the nanowire. For 

these measurements, a halogen illuminator (Dolan Jenner 190, 30 W) and a handheld 365 

nm UV lamp (entela, 18 W) are used in conjunction with a Glan-Thompson linear 

polarizer. As shown in Figure 3d, photocurrent is maximized when the incident light is 

polarized parallel to the NW axis and minimized otherwise. This polarized 

photodetection has also been reported for InP and GaN NWs.21,22 It is explained that 

when NW diameter is much smaller than wavelength, electric field component of light 

normal to NW axis is effectively attenuated inside the NW due to confinement. The 

polarization dependent behavior can be utilized for realizing broad band high contrast 

polarizer using arrays of NWs aligned in parallel direction.  

Single crystal ZnO nanowires are synthesized and configured as field effect 

transistors. Photoluminescence and photoconductivity studies show green-red emission 

related to deep-level states in addition to band-to-band transition. Photocurrent temporal 

response show ZnO FET can function as an optoelectronic switch. In addition, the photo-

conduction of ZnO NW is observed to strongly depend on the polarization of the incident 

light. These results indicate that ZnO NW is a promising nanoscale optoelectronic 

material for visible light as well as UV range applications. 

This work was supported by National Science Foundation grant ECS-0306735 and 

performed at UC, Irvine Integrated Nanosystem Research Facility (INRF). R. M. Penner 

and E. C. Walter acknowledge support of this work through NSF # DMR-0405477. 
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Figure Captions 

FIG 1. (a) SEM image of as synthesized ZnO NWs. (b) High resolution TEM image with 

selected area electron diffraction pattern (inset) of a ZnO NW. (c) I-V curves for a ZnO 

NW FET at different gate voltages. Top inset: AFM image of the NW FET. Bottom inset: 

transconductance of NW FET vs. gate voltage. 

 

FIG 2 (a) The PL of a ZnO NW excited with 351 nm UV laser. (b) The photoconductivity 

of a ZnO NW obtained at 0.2 V drain-source bias (Vds). 

 

FIG 3 (a) I-V curves and transconductance of a ZnO NW with and without 633 nm laser 

illumination. (b) Power law dependence of photocurrent on input optical power. The red 

curve is a power law fitting showing an exponent of 0.43. (c) The time domain 

measurements of photo-response to 633 nm laser in air and 10-3 torr (inset). (d) 

Photocurrent as a function of the light polarization angle for both UV (bottom) and 

visible light (top). The inset plot shows a spectrum of halogen light source. 
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Figure 1 
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Figure 2 
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Figure 3 
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