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Ultraviolet electroluminescence from Schottky type LED device is demonstrated. The device

prototype is based on Schottky junctions formed between Au and the top ends of ZnO nanowire

arrays. Rectifying current-voltage characteristics are observed, and three different charge transport

mechanisms are discussed in detail. Excitonic electroluminescence at around 380 nm is detected at

high forward bias and the linear relationship between intensity and current suggests a LED device

performance. The observation of LED signals from the simple Schottky structure provides a poten-

tial supplement to the category of ultraviolet LED devices. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4954758]

Ultraviolet light-emitting diodes (UV LEDs) have been

explored intensively for their applications in solid-state light-

ing,1–3 information storage,4 UV photolithography,5,6 medi-

cal diagnostics,7,8 and so on. As one of the most promising

light emitting materials in UV wavelength, ZnO has been

highlighted for its high crystalline quality and large exciton

binding energy of 60 meV at room temperature (RT).9–12

Although significant accomplishments have been attained in

group III-nitride-based UV LEDs in the past decades,13,14

the pursuit of high-efficiency and cost-saving excitonic

LEDs based on ZnO material never ceases. UV LEDs have

been realized in ZnO p-n junction structures,15–17 in which p

type and n type segments provide hole and electron injec-

tions, separately. However, problems such as p type doping

difficulty in ZnO and large lattice mismatch in heterostruc-

tures degrade device performances, which obstruct the devel-

opment and application of ZnO-based UV LEDs. Alternative

metal-insulator-semiconductor (MIS) structure has been

demonstrated in an Au-MgO-ZnO LED.18 In this device, the

insulator layer of MgO, which is essential for the carrier

accumulation at the interface and UV light emission,

requires deliberate fabrication procedures. Further explora-

tion of new strategy is necessary for the development of

high-performance ZnO UV LEDs from economic and appli-

cation standpoints. Here, we propose a Schottky LED device

prototype based on Au-ZnO bundle nanowires. Different

from the MIS structure, the metal-semiconductor (MS) com-

posite avoids deliberate fabrication of the insulator layer,

which provides potential and cost-effective solution with

simplistic material and fabrication requirements. Also, the

unique optoelectronic properties of ZnO, especially its large

exciton binding energy at RT, greatly benefit the excitonic

light emission from the Schottky type LED devices.

The schematic and fabrication procedure of the device

prototype are presented in Figure 1. First, it is the growth of

ZnO nanowires. As shown in Figure 1(a), an n type ZnO thin

film was grown on Si (100) substrate by plasma-assisted mo-

lecular-beam epitaxy (MBE), which was used as a seed film

substrate. Then, the substrate was transferred to a chemical

vapor deposition (CVD) furnace for ZnO nanowire growth,

as shown in Figure 1(b). Undoped ZnO bundle nanowires

were grown on top of the substrate by vapor-solid (VS)

mode. During growth, the seed layer substrate was placed in

the center of the tube and zinc powder (99.999% Sigma

Aldrich) source was put in a silica bottle 1 cm away at the

upstream side. The furnace was flown continuously by 600-

sccm nitrogen and a flow of 300-sccm argon diluted oxygen

(0.5%) was introduced as reaction gas. The temperature and

FIG. 1. Sketch of the fabrication process of Au-ZnO nanowire Schottky

LED prototype. (a) Deposition of ZnO seed layer on Si (100) substrate by

plasma-assisted MBE. (b) CVD growth of ZnO nanowire arrays on top of

the seed layer by VS mode. (c) Deposition of Au of 10 nm on the top ends of

ZnO nanowires, forming Schottky contact at the interface. Ti/Au (10 nm/

100 nm) is deposited as the bottom contact. (d) Application of a piece of

ITO glass as the top contact of the device.

a)Authors to whom correspondence should be addressed. Electronic

addresses: yshi@nju.edu.cn and jianlin@ece.ucr.edu
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time was 515 �C and 40 min for the nanowire growth, respec-

tively. Then, it is the LED device fabrication based on the

nanowires and substrate. As shown in Figure 1(c), Au of

10 nm was first deposited on the top ends of ZnO nanowires

to form Schottky type metal-semiconductor contact.

Subsequently, Ti/Au (10 nm/100 nm) layer was deposited on

the ZnO thin film by e-beam evaporation as the bottom con-

tact of the device. The nanowire region was covered by an

aluminum foil during this process. At last, a piece of ITO

glass was clamped as top contact in Figure 1(d) and the bias

was applied to operate the LED device.

Figures 2(a) and 2(b) show scanning electron micros-

copy (SEM) images of the ZnO seed layer and undoped ZnO

nanowires grown on top, respectively. As seen from Figure

2(a), nano-columnar grains are observed on the seed layer

surface, which is due to the oriented nucleation process dur-

ing growth as a result of the large lattice mismatch between

ZnO and Si substrates.19 The top view of as-grown ZnO

nanowire arrays in Figure 2(b) shows that the top ends are

hexagonal. The nanowires are vertical with respect to the

substrate, following the c-axis preferential growth direction

of the underneath seed film.20 The diameter and length of the

nanowires are on average 300 nm and 3 lm, respectively.

The nonuniformity of the nanowires is observed, which orig-

inates from the size diversity of ZnO grains on the seed film.

Optical properties of as-grown ZnO nanowires are stud-

ied by performing the low-temperature photoluminescence

(LTPL) measurement, and the result is shown in Figure 3.

The experiment was conducted at 16 K, and a 325-nm He-Cd

laser was used as the excitation source. In the spectrum, a

dominant donor bound exciton (D0X) peak at 3.361 eV is

observed, which is the signature of ZnO with n type behavior

and commonly assigned to the I8 transition in ZnO mate-

rial.21,22 The other two peaks at 3.305 eV and 3.232 eV were

reported previously, which are attributed to the free electron

to acceptor (FA) emission and its first phonon replica of FA

(FA-1LO), respectively.23–25 These acceptor-related emis-

sion peaks originate from unintentional incorporation of

nitrogen species in the nanowires during the growth. The

presence of the phonon replica peak is a proof of good opti-

cal quality of the ZnO nanowires since these emissions

would have been too weak to be observed if the material

contains a great deal of nonradiative recombination centers

that reduce the radiative recombination efficiency.

Figure 4 shows current-voltage (I-V) characteristics of

the LED device prototype. The I-V curves in semilogarith-

mic and linear scales are shown in Figure 4(a), which were

measured from reverse to forward bias without illumination.

The curves exhibit rectifying characteristics, suggesting the

formation of Schottky contact22,26 at the interface of Au and

ZnO nanowires. To further study the charge transport mecha-

nisms, the logarithmic plot of the I-V data under forward

bias is shown in Figure 4(b). Three distinct regions with dif-

ferent conduction mechanisms are evident. At low voltages

in region I, the I-V relation follows a linear dependence

(I�V), indicating that tunneling is the dominant charge

transport mechanism. The carrier injection from the electro-

des into the semiconductor is quite limited under low biases.

Region II shows that the current increases exponentially with

the increase in voltage (I� exp (cV)) and the ideality factor

is derived to be 2.3; thus, the transport mechanism is domi-

nated by recombination tunneling.27,28 At high voltages in

region III, a power law relation is followed (I�V2), which

reveals a space-charge limited current (SCLC) transport

mechanism. The SCLC transport shall be associated with the

charge traps distributed in both ZnO nanowires and thin film

regions.29,30

The LED device was then operated under DC forward

bias, and the electroluminescence (EL) spectra are presented

in Figure 5. The measurement was conducted by using a

homebuilt setup including an Oriel monochromator and a

FIG. 2. SEM images of (a) ZnO seed layer substrate and (b) undoped ZnO

nanowires grown on top. Hexagonal cross sections are obvious. The scale

bars of Figures 2(a) and 2(b) are 2 lm.

FIG. 3. Low-temperature photoluminescence (LTPL) spectrum of as-grown

ZnO nanowires measured at 16 K. Three peaks at 3.361 eV, 3.305 eV, and

3.232 eV are observed.

261103-2 Gao et al. Appl. Phys. Lett. 108, 261103 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  169.235.13.190 On: Mon, 27 Jun 2016

21:43:24



lock-in amplifier with a chopper. Figure 5(a) exhibits the EL

spectra of the device operated from 10 mA to 70 mA. At an

injection current of 10 mA, there is only background noise

shown in the spectrum. Broad UV emission peak centered at

380 nm starts to appear at 20 mA, corresponding to the exci-

tonic luminescence of ZnO.31,32 Afterwards, the emission in-

tensity increases monotonically as the injection current

increases from 20 mA to 70 mA. Figure 5(b) shows a linear

relationship between integrated output intensity and injection

current, suggesting a typical LED device performance.18 The

red hollows represent calculation data from the spectra, and

the blue line is plotted to guide eyes. The inset in Figure 5(a)

is the luminescence image of the LED device operated at

70 mA, which exhibits the light emission process in the Au-

ZnO nanowire Schottky device.

Finally, we briefly discuss the mechanism of light emis-

sion from Au/ZnO nanowire Schottky diode. As sufficiently

high forward bias is applied on the Au metal, the Fermi level

of Au metal is pushed downwards and the energy band of

ZnO nanowire bends upwards sharply, creating a narrow tri-

angular energy barrier for hole tunneling near the Au-ZnO

interface. While majority carriers are electrons, some holes

can directly tunnel to the valence band of ZnO from the posi-

tive pole. These holes interact with electrons in the ZnO

nanowires by forming excitons and emitting light readily

through excitonic EL.

In conclusion, a Schottky type LED prototype based on

Au-ZnO nanowires is demonstrated. The MS device struc-

ture is based on vertical ZnO nanowires and Au of 10 nm de-

posited on the top ends, forming Schottky junction at the

interface. Electrical properties of the device are studied by

the I-V characterization and a Schottky type rectifying

behavior is observed. Light emission from the Schottky de-

vice is dominated by free exciton emission at around

380 nm, which is confirmed by the EL measurements. This

study provides a Schottky type LED structure with simple

material and fabrication requirement, which has potential to

be an economical alternative to the p-n and MIS structure

UV-LEDs.
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for technical assistance in ZnO thin film growth. Nanowire

growth and partial device fabrication were supported as part

of the SHINES, an Energy Frontier Research Center funded

FIG. 5. (a) EL spectra of the Schottky LED device operated with injection

currents from 10 mA to 70 mA. UV emission peaks centered at 380 nm are

observed, which are from the excitonic luminescence of ZnO. The inset is

the light emission photo of the device operated at 70 mA and the scale bar is

1 cm. (b) Integrated intensity of the spectrum as a function of injection cur-

rent. The relation follows a linear dependence, indicating a LED device

performance.

FIG. 4. Current-voltage (I-V) characterization of the Schottky junction

based LED device. (a) I-V curve in semilogarithmic scale measured without

illumination. Typical rectifying behavior is evident. The inset is the I-V

result in linear scale. (b) Log-log plot of the I-V data under forward bias.

Three distinct regions, representing three different conduction mechanisms

are illustrated.

261103-3 Gao et al. Appl. Phys. Lett. 108, 261103 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  169.235.13.190 On: Mon, 27 Jun 2016

21:43:24



by the U.S. Department of Energy, Office of Science, Basic

Energy Sciences under Award No. #SC0012670. Additional

device fabrication and characterization were supported by

the National Basic Research Program of China under Grant

Nos. 2013CB932900 and 2011CB922100, NSFC under

Grant Nos. 61205057 and 61204050, the Educational

Commission of Zhejiang Province of China under Grant No.

Y201329791, and China Scholarship Council.

1Y. Wu, T. Hasan, X. Li, P. Xu, Y. Wang, X. Shen, X. Liu, and Q. Yang,

Appl. Phys. Lett. 106, 051108 (2015).
2J. J. Dong, X. W. Zhang, Z. G. Yin, J. X. Wang, S. G. Zhang, F. T. Si,

H. L. Gao, and X. Liu, Appl. Phys. Lett. 100, 171109 (2012).
3M. S. Shur and R. Gaska, IEEE Trans. Electron Devices 57, 12 (2010).
4D. P. Yan, H. J. Yang, Q. Y. Meng, H. Y. Lin, and M. Wei, Adv. Funct.

Mater. 24, 587 (2014).
5Y. L. Jeyachandran, N. Meyerbroker, A. Terfort, and M. Zharnikov,

J. Phys. Chem. C 119, 494 (2015).
6D. Elfstrom, B. Guilhabert, J. McKendry, S. Poland, Z. Gong, D.

Massoubre, E. Richardson, B. R. Rae, G. Valentine, G. Blanco-Gomez, E.

Gu, J. M. Cooper, R. K. Henderson, and M. D. Dawson, Opt. Express 17,

23522 (2009).
7D. S. Hammond and C. F. Wildsoet, Vision Res. 67, 44 (2012).
8T. Koshida, T. Arakawa, T. Gessei, D. Takahashi, H. Kudo, H. Saito, K.

Yano, and K. Mitsubayashi, Sens. Actuators, B 146, 177 (2010).
9Z. G. Zang, A. Nakamura, and J. Temmyo, Opt. Express 21, 11448 (2013).

10U. Ozgur, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Dogan, V.

Avrutin, S. J. Cho, and H. Morkoc, J. Appl. Phys. 98, 041301 (2005).
11A. B. Djurisic, A. M. C. Ng, and X. Y. Chen, Prog. Quantum Electron. 34,

191 (2010).
12J. B. Cui, Mater. Charact. 64, 43 (2012).
13M. Kneissl, T. Kolbe, C. Chua, V. Kueller, N. Lobo, J. Stellmach, A.

Knauer, H. Rodriguez, S. Einfeldt, Z. Yang, N. M. Johnson, and M.

Weyers, Semicond. Sci. Technol. 26, 014036 (2011).
14H. Hirayama, J. Appl. Phys. 97, 091101 (2005).
15X. Y. Liu, C. X. Shan, C. Jiao, S. P. Wang, H. F. Zhao, and D. Z. Shen,

Opt. Lett. 39, 422 (2014).

16O. Lupan, B. Viana, T. Pauporte, M. Dhaouadi, F. Pelle, L. Devys, and T.

Gacoin, J. Phys. Chem. C 117, 26768 (2013).
17G. P. Wang, S. Chu, N. Zhan, Y. Q. Lin, L. Chernyak, and J. L. Liu, Appl.

Phys. Lett. 98, 041107 (2011).
18X. Y. Liu, C. X. Shan, S. P. Wang, H. F. Zhao, and D. Z. Shen, Nanoscale

5, 7746 (2013).
19S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T.

Matsushita, H. Kiyoku, Y. Sugimoto, T. Kozaki, H. Umemoto, M. Sano,

and K. Chocho, Appl. Phys. Lett. 73, 832 (1998).
20J. Huang, M. M. Morshed, Z. Zuo, and J. L. Liu, Appl. Phys. Lett. 104,

131107 (2014).
21X. Y. Liu, C. X. Shan, S. P. Wang, Z. Z. Zhang, and D. Z. Shen,

Nanoscale 4, 2843 (2012).
22F. Gao, M. M. Morshed, S. B. Bashar, Y. D. Zheng, Y. Shi, and J. L. Liu,

Nanoscale 7, 9505 (2015).
23S. Karamat, R. S. Rawat, T. L. Tan, P. Lee, V. Springham, E.

Ghareshabani, R. Chen, and H. D. Sun, Appl. Surf. Sci. 257, 1979

(2011).
24A. Teke, U. Ozgur, S. Dogan, X. Gu, H. Morkoc, B. Nemeth, J. Nause,

and H. O. Everitt, Phys. Rev. B 70, 195207 (2004).
25J. N. Dai, H. C. Liu, W. Q. Fang, L. Wang, Y. Pu, Y. F. Chen, and F. Y.

Jiang, J. Cryst. Growth 283, 93 (2005).
26M. Asghar, K. Mahmood, F. Malik, and M. A. Hasan, in 6th Vacuum And

Surface Sciences Conference Of Asia And Australia (VASSCAA-6) (2013),

Vol. 439, p. 012031.
27D. C. Kim, W. S. Han, H. K. Cho, B. H. Kong, and H. S. Kim, Appl. Phys.

Lett. 91, 231901 (2007).
28S. M. Faraz, M. Willander, and Q. Wahab, in E-MRS 2011 Fall

Symposium I: Advances In Transparent Electronics, From Materials To
Devices III (2012), Vol. 34, p. 012006.

29I. Hussain, M. Y. Soomro, N. Bano, O. Nur, and M. Willander, J. Appl.

Phys. 112, 064506 (2012).
30C. Y. Liu, H. Y. Xu, J. G. Ma, X. H. Li, X. T. Zhang, Y. C. Liu, and R.

Mu, Appl. Phys. Lett. 99, 063115 (2011).
31R. Konenkamp, R. C. Word, and C. Schlegel, Appl. Phys. Lett. 85, 6004

(2004).
32W. M. Kwok, A. B. Djurisic, Y. H. Leung, W. K. Chan, D. L. Phillips, H.

Y. Chen, C. L. Wu, S. Gwo, and M. H. Xie, Chem. Phys. Lett. 412, 141

(2005).

261103-4 Gao et al. Appl. Phys. Lett. 108, 261103 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  169.235.13.190 On: Mon, 27 Jun 2016

21:43:24

http://dx.doi.org/10.1063/1.4907568
http://dx.doi.org/10.1063/1.4706259
http://dx.doi.org/10.1109/TED.2009.2033768
http://dx.doi.org/10.1002/adfm.201302072
http://dx.doi.org/10.1002/adfm.201302072
http://dx.doi.org/10.1021/jp510809a
http://dx.doi.org/10.1364/OE.17.023522
http://dx.doi.org/10.1016/j.visres.2012.06.021
http://dx.doi.org/10.1016/j.snb.2010.01.059
http://dx.doi.org/10.1364/OE.21.011448
http://dx.doi.org/10.1063/1.1992666
http://dx.doi.org/10.1016/j.pquantelec.2010.04.001
http://dx.doi.org/10.1016/j.matchar.2011.11.017
http://dx.doi.org/10.1088/0268-1242/26/1/014036
http://dx.doi.org/10.1063/1.1899760
http://dx.doi.org/10.1364/OL.39.000422
http://dx.doi.org/10.1021/jp407783c
http://dx.doi.org/10.1063/1.3551628
http://dx.doi.org/10.1063/1.3551628
http://dx.doi.org/10.1039/c3nr02263c
http://dx.doi.org/10.1063/1.122016
http://dx.doi.org/10.1063/1.4870513
http://dx.doi.org/10.1039/c2nr30335c
http://dx.doi.org/10.1039/C5NR01349F
http://dx.doi.org/10.1016/j.apsusc.2010.09.038
http://dx.doi.org/10.1103/PhysRevB.70.195207
http://dx.doi.org/10.1016/j.jcrysgro.2005.05.054
http://dx.doi.org/10.1063/1.2820385
http://dx.doi.org/10.1063/1.2820385
http://dx.doi.org/10.1063/1.4752402
http://dx.doi.org/10.1063/1.4752402
http://dx.doi.org/10.1063/1.3625925
http://dx.doi.org/10.1063/1.1836873
http://dx.doi.org/10.1016/j.cplett.2005.06.116

