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In this work, we report on the growth, fabrication, and device characterization of wide-band-gap
heterojunction light-emitting diodes based on theZnO/p-GaN material system. The layer
structure is achieved by first growing a Mg-doped GaN film of thicknegsnlon Al,O5(0001) by
molecular-beam epitaxy, then by growing Ga-doped ZnO film of thickngea® by chemical vapor
deposition on theg-GaN layer. Room-temperature electroluminescence in the blue-violet region
with peak wavelength 430 nm is observed from this structure under forward bias. Light—current
characteristics of these light-emitting diodes are reported, and a superlinear behavior in the low
current range with a slope 1.9 and a sublinear behavior with a slope 0.85 in the high current range
are observed. ©€2003 American Institute of Physic§DOI: 10.1063/1.1615308

ZnO and GaN are similar materials in many of their with ZnO has been reported previously in literatbr& How-
physical propertied.For example, ZnO and GaN both have ever, while researchers were growing ZnO on GaN, the GaN
wurtzite crystal structures, almost the same in-plane latticéilms weren type in all of these reports, and served primarily
parameter (the lattice mismatch~1.8%), and room- as a buffer layers for obtaining high-quality ZnO layers due
temperature band gaps of 3.3 eV and 3.4 eV, respectively. Ab their close lattice parameters. Presently, there have been
the same time, ZnO has some substantial advantages owveo reports on the growth af ZnO films onp-type GaN, or
GaN, the wide-band-gap semiconductor currently utilized inof fabricating devices from this heteroepitaxial materials sys-
the short-wavelength optoelectronics industry. Some of theseem. In this letter, we report on the growth and device prop-
advantages include a larger exciton binding enefg¥0  erties ofn-ZnO/p-GaN heterojunction LEDs. Electrolumi-
meV versus 26 meV for GalNa higher radiation hardness, nescencdEL) in the blue-violet region was observed under
simplified processing due to amenability to conventionalforward bias.
chemical wet etching, and, most significantly, the availability =~ A schematic diagram of the-ZnO/p-GaN heterojunc-
of large area substrates at relatively low material c&ar-  tion LED structure is shown in Fig. 1. For the epitaxial
rently, however, ZnO suffers from the lack of a reproducible,growth of this structure, we begin with-type GaN doped
high-quality, p-type epitaxial growth technology. Although with Mg having a thickness of 1.@m. This was grown on
much progress has been made in this dréshe fabrication  Al,05(0001) substrates by molecular-beam epitaxy using
of effective ZnO-based light-emitting diodéiSEDs) and la-  ammonia as the nitrogen source, and Knudsen cells for both
ser diodes must await further development of good, reprothe Ga and Mg. The substrate temperature during growth was
ducible, p-type material. Currently, however, several groups800 °C as determined by an optical pyrometer operating with
have demonstrated good-qualfistype GaN(p GaN). Based a central wavelength of m and an emissivity setting of
on their similar materials properties, and the relative avail-0.3. The growth rate was 0,8m/h™L. After growth of the
ability of p GaN, we explored the growth and fabrication of GaN:Mg layer, the sample was removed to atmosphere, and
devices combiningr ZnO with p GaN. One further advan- then loaded into a separate chamber for growth of the ZnO
tage of ZnO/GaN LEDs is that heterostructure-based devicgayer. Then-type ZnO layer was grown using a chemical
exhibit improved current confinement compared to homowapor deposition method to a thickness of L. The de-
junctions, which leads to higher recombination and improvedails of this method are given in Ref. 9. We use Ga, a group-
device efficiency. The heteroepitaxial combination of GaNilI element, as our donor dopant species. This has been found
to be a good approach for growimgtype ZnO(Refs. 10 and
3Electronic mail: alivov@ipmt-hpm.ac.ru 11) where Ga incorporates substitutionally on the Zn sites of
YElectronic mail: joseph.vannostrand@wpafb.af.mil the lattice, forming a donor level with activation energy of
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FIG. 2. RT CL spectra ofa) ZnO:Ga andb) GaN:Mg films.
FIG. 1. Schematic diagram of tlreZnO/p-GaN heterojunction LED struc-
ture. sitions from the conduction band or shallow donors to deep
Mg acceptor leveld314
Thel -V characteristics of the fabricated heterostructure
at RT are presented in Fig. 3. As shown in Fig. 3, th&/
characteristics of the-ZnO/p-GaN heterostructure are that
of a nonlinear, rectifying diodgFig. 3(@]. The built-in volt-
age under forward bias is3 V, although the turn on appears
very soft. We also observe a leakage current b
_ 8 3 X107 % A, and a relatively low reverse bias breakdown volt-
GaN:Mg, . aI‘Id N=45x<10°cm®  and  un  age of~—3 V. In contrast to this, thé—V characteristics of
=40cnfVts ~ for donors in ZnO:Ga. . ~ then-ZnO/n-GaN heterostructure are found to be ohmic and
The heterojunction devices were fabricated by firsthearly lineafFig. 3b)]. Based on these results, we conclude
masking the surface, then using a 10% HN&@ueous solu-  yat the rectifying diodelike behavior of the ZnO/p-GaN
tion to etch away the-ZnO layer down to th-GaN layer  jynction results from the electrical nature of components of
through a 2<2 mn¥ opening in the mask. This technique the n-p heterojunction, rather than from some interface or
exploits the property that ZnO etches rapidly in acid, whilecontact-related phenomena. Further,-ah-V? relationship,
GaN is very resistive to these environments. Ohmic contactgs js expected for wide-band-gap materials, like ZnO, GaN,
to then ZnO were made by applying indiurin) with a  and SiC!®'7is observed over a wide forward bias range
soldering iron, and to th@ GaN by thermal deposition of [Fig. 3(b)]. The physical basis of the—V? relationship is
gold (Au). Current-voltagel(-V) characteristics of the area attributed to space-charge limited currétit” although there
between two In—In and two Au—Au points of the ZnO:Gais some continuing debate on this subjEcThe relatively
and GaN:Mg layers, respectively, were measured and goow threshold voltage of oun-p heterostructuré~3 V), as
ohmic contacts were observed. For comparison, isotypevell as the low reverse bias breakdown voltage, are probably
n-ZnO/n-GaN heterostructures were also grown under thelue to defects in the materials, especially extended defects in
same conditions as the anisotyp&nO/p-GaN heterostruc- the GaN because of the large lattice mismatch between GaN
tures. Thel -V characteristics of the heterostructures wereand sapphiré~16%).
measured using an oscillograph adapted for this purpose. EL EL emission of then-ZnO/p-GaN heterostructure was
measurements were performed under dc-biased conditions abserved under forward bias and is shown in Fig. 4. As
RT and at different injection currents. Optical properties of
the ZnO and GaN films were explored using cathodolumi- 50

~50 meV*? The electrical properties of films of both GaN
and ZnO films grown under similar conditions were mea-
sured at room temperatu¢BT) by Hall effect using the four-
point van der Pauw configuration, and the free carrier con
centration and mobility were found to be=3.5
X107 cm™® and u,=10cnfV ts™t for acceptors in

nescencdCL) spectroscopy at RT, using an electron accel- 40_5 x5 M
erating voltage of 20 keV and an electron-beam current ] :
range 0.1—1uA. 309 [ —e— 5n-ZnO/p-GaN

The CL spectra of the ZnO and GaN layers are presented ~20d| —e— n-ZnO/n-GaN "
in Figs. 2a) and 2b), respectively. As can be seen from Fig. E
2, the CL spectrum of the ZnO filifFig. 2(a)] consists of E 10'5 Y E
intense, near-band-eddBIBE), ultraviolet emission with a g 04 -e L .
wavelength maximumX,,,,) at 390 nm and a full width at 5_10_5 // E
half maximum(FWHM) of 118 meV. A broad defect-related ] /
green band with much lower intensity neeg,.,~510 nm, 209 ¢ E
having a FWHM of 330 meV, is also shown in Fig. 2. In 30 30— ——]
contrast, the CL spectrum of the GaN:Mg filfRig. 2(b)] 6 -4 B‘-2 V(l)t (2V) 4 6

ias Voltage

consists of a weak NBE band withy,,, at 383 nm, and of a

more intense broadpand Wimnax at 430 nm. This istypical gig. 3. 1-V characteristics ofa) n-ZnO/p-GaN and(b) n-ZnO/n-GaN
of Mg-doped GaN films, and is generally attributed to tran-heterostructures. Positive voltage indicates forward bias.
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FIG. 5. RTL-I characteristics oh-ZnO/p-GaN heterostructure.
FIG. 4. EL spectrum of am-ZnO/p-GaN heterostructure.

blue-violet emission at 430 nm is saturated. However, it can
also be caused by Auger recombination at high injection cur-
rent densities and by heating effects or series resistances, the

nm and a FWHM of about 25 nm. The peak emission at 43(51uant|f|cat|on Qf which would require further mvestlgatlor_].
L . ; . In conclusion, we have detailed the growth, processing,
nm lies in the violet part of the spectrum, and there is a tail

that extends to longer wavelengths. Our results are in agre%—nd fabrication of am-ZnO/p-GaN(0001) heterojunction

ment with the previous works that showed that 430 nm ra; E D on an AEO?’(OOOl). substrate, and c.haract.erlzed_ the
L . o high-intensity electroluminescence from this device. Diode-
diation is emitted whenever electrons are injected frormthe |. o . . .
.. . 31819 . like | -V characteristics and RT EL in the blue-violet region
region into a Mg-dopegb region of GaN.>™**A compari- has been observed under forward blasl characteristics of
son of Fig. 4 with the CL spectra of ZnO and GaN, shown in

Figs. 2a) and 2b), suggests that the EL emission of our this structure were quantified, and behavior consistent with

n-ZnO/p-GaN heterostructure emerges from the GaN sidetylmcal LEDs was revealed.

of the heterostructure. Thus, the EL properties of the formed:,, Chen, D. M. Bagnal, H.-J. Koh, K.-T. Park, K. Hiraga, Z. Zhu, and .
n-ZnO/p-GaN heterostructure LED are determined prima- vyao, J. Appl. Phys84, 3912(1998.
rily by electron injection from then-ZnO side of the ;E() E.(IS_OOK‘HMitebr. Sci. E;%,EO, 3_813(2C001)- Crovana 135200

H it H .-L. Guo, H. Tabata, an . Kawal, J. st. Gro .
n-Z_nO/p-GaN o thep-G_aN side, Where radla.tlv.e recombl_ 4D. C. Look, D. C. Reynolds, C. W. Litgn, R. L. J?)nes, (Eastj))n, and
nation occurs. The likelihood of this scenario is increased cpuell, Appl. Phys. Lett81, 1830(2002.
when one considers that the donor concentration in ZnO:G&Abstract Booklet, Second International Workshop on Zinc Qxidied by
is approximately one order of magnitude higher than the ac- D. C. Look (Wright State University, Dayton, OH, 2002

; ; . 45108 —3 R. D. Vispute, V. Talyansky, S. Choopun, R. P. Sharma, T. Venkatesan, M.
ceptor concentration in GaN:Mg (4 0®®cm ® and 3.5 He, X. Tang, J. B. Halpern, M. G. Spenser, Y. X. Li, L. G. Salamansa-

X 10" cm™?, respectively. As seen from the EL spectra in gipa, A. A. lliadis, and K. A. Jones, Appl. Phys. LeTa, 348 (1998.

Fig. 4, there is no 383 nm peak as in the case of the GaN CL’s.-K. Hong, H.-J. Ko, Y. Chen, and T. J. Yao, J. Cryst. Gro&@9, 537
spectruniFig. 2(b)]. This can possibly be explained by self- (200D. ,

absorption effects in the upper ZnO layer because the 383mho\éoghgi';?fghfdcmé‘taﬁ; (\é'og'zMamedOV’ Y. 1. Alivov, and I 1.
nm emission wavelength of GaN is shorter than the 390 nmea_ k. Abduev, B. M. Ataev, and A. M. Bagamadova, Izv. Akad. Nauk
wavelength associated with excitonic emission of ZR0. SSSR, Neorg. MateR3, 1928(1987.

The EL spectra of then-ZnO/p-GaN heterostructure ©Hiroyuki, M. Sano, Kazhuhiro, and T. Yao, J. Cryst. Grov&R7, 538
LED were measured at different injection currents. The meango,sl%' taev, A. M. Bagamadova, A. M. Djabrailov, V. V. Mamedov, and
surements showed that the shape of the EL spectrum doe. . Rabadanov, Thin Solid Film60, 19 (1995. '
not change significantly with the injection current, except'?V. A. Nikitenko, J. Appl. Spectros&7, 783 (1993.
that the FWHM exhibits a slight increase. Significantly, nolsf-lg’\éask(i’gg]')a’ T. Mukai, and M. Senon, Jpn. J. Appl. Phys., P&, 2
shifting of the peak emission was observed within the injecaay, g Khan. Qchen, R. A. Skogman, and J. N. Kuznia, Appl. Phys. Lett.
tion current range employed in this work. The light—current g6, 2046(1995.

(L—1) characteristics have been obtained from a direct mea-F. Calle, E. Monroy, F. J. Sanchez, E. Munoz, B. Beaumont, S. Haffouz,
surement of the peak emission intensity at 430 nm, the re- x.glégroux, and P. Gibart, MRS Internet J. Nitride Semicond. Re24
sults of which are shown in Fig. 5. In agreement with theiey "k " jayaraj, A. D. Draeseke, J. Tate, R. L. Hoffman, and J. F. Wager,
spectral evolution, the—I curve shows a superlinear depen- Mater. Res. Soc. Symp. Prog66, F311(2001).

dence at low current§<10 mA) with a slope 1.9 'J.A Edmond, K. Das, and R. F. Davis, J. Appl. Ph§8, 922 (1988.

~1™ m=1.9) which becomes sublineam¢& 0.85) at higher R. J. Molnar, R. Singh, and T. D. Moustakas, Appl. Phys. L&#.268
currents(>10 mA). We believe that the change in the slope 195 "goidenberg, J. D. Zook, and R. J. Ulmer, Appl. Phys. Leg. 381

corresponds to the current value at which the intensity of (1992.

shown in Fig. 4, the EL spectra of the forward biased LED
consists of a broad emission band with a,, at about 430
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