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Abstract.  Using pulsed laser deposition, we have grown
n-ZnO/p-GaN, n-ZnO/[i-ZnO/p-GaN and n-ZnO/
n-Mg,Zny gO/i-Cdy,ZnygO/p-GaN light-emitting diode
(LED) heterostructures with peak emission wavelengths
of 495, 382 and 465 nm and threshold current densities
(used in electroluminescence measurements) of 1.35, 2, and
0.48 A cm 2, respectively. Because of the spatial carrier
confinement, the n-ZnO/n-Mg,,Zn;30/i-Cdj;,Znyz0/
p-GaN double heterostructure LED offers a higher electro-
luminescence intensity and lower electroluminescence
threshold in comparison with the n-ZnO/p-GaN and
n-ZnO/i-ZnO/p-GaN LEDs.

Keywords: pulsed laser deposition, zinc oxide, light-emitting hetero-
structures.

1. Introduction

The unabated interest in the problem of creating various
ZnO-based semiconductor devices stems from the wide
range of unique properties offered by this material. Zinc
oxide, a direct-gap semiconductor with a band gap
E, =3.37¢V, is a candidate material for near-UV light-
emitting diodes (LEDs). It has the highest exciton binding
energy among semiconductors (60 meV), which allows
ZnO-based devices to operate at temperatures of up to
700 °C [1]. Since zinc oxide possesses high chemical stability
and radiation hardness, it can be used in nuclear and space
applications [2].

Because of the deviations from stoichiometry due to
native point defects associated with a certain degree of
disorder, which corresponds to the equilibrium state of the
crystal, with the lowest possible Gibbs free energy, even
undoped zinc oxide is n-type. Pulsed pulsed laser deposition
is successfully used to produce high-quality epitaxial ZnO
films [3]. Zinc oxide films doped with Group III elements
during the deposition process have high n-type conductivity
stable in time and good structural perfection [4, 5]. Much
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more serious difficulties are encountered in producing p-type
ZnO films [6—9]. Despite the large number of reports on the
growth of p-type ZnO films, only a few studies have been
concentrated on the fabrication of ZnO-based LEDs
[10, 11]. To obviate the problem of producing p-type
ZnO films, a number of researchers employed semiconduc-
tors such as SiC [12], GaN [13] and even Si [14] as hole
injectors.

In this paper, we report the growth of n-ZnO/p-GaN,
n-ZnO/i-ZnO/p-GaN and n-ZnO/n-Mg, ,Zn,, gO/i-
Cdy,ZnygO/p-GaN light-emitting heterostructures on p-
GaN films by pulsed laser deposition and their optical
and electrical properties.

2. Experimental

Our experiments involved several steps. First, a GaN buffer
layer ~ 3 um in thickness was grown by MOCVD on a
(0001) sapphire substrate in order to compensate disloca-
tions due to the lattice mismatch between sapphire and
gallium nitride. Then, a ca. 500-nm-thick Mg-doped
(0.1 at %) p-GaN film was grown on the buffer. Hall
effect measurements showed that the hole concentration in
the p-GaN film was 8.8 x 10'” cm ™ and the hole mobility
was u =143 cm?> V7' s7!. The resistivity of the film, Pp>
was 0.86 Q cm.

Next, three different mesa structures 400 x 400 um in
lateral dimensions were grown on the p-GaN film by pulsed
laser deposition: n-type ZnO : Ga film (400 nm thick); n-type
ZnO: Ga film with an intermediate undoped zinc oxide layer,
n-ZnO(400 nm)/i-ZnO(50 nm); and an n-ZnO(400 nm)/n-
Mg, ,Zn,sO(200 nm)/i-Cdy»ZnygO(200 nm) double hetero-
structure (Fig. 1a). The mesa structures were produced using
silicon masks fabricated by plasma etching. Targets were
ablated by the radiation from an LC-7020 excimer laser
pulsed at a repetition rate of 10 Hz (4 = 248 nm, 7 = 15 ns).
The laser energy density delivered to the target surface was
4Jcem ™2 During the ablation process, the deposition
temperature was maintained at 450°C, and the O, buffer
gas pressure in the ablation chamber was 10 mTorr.
Electronic conduction in the n-ZnO and n-Mg,,Zn,30O
films was ensured by gallium doping to 0.25 at%. The
resistivity of the n-ZnO film, p,, was 1 x 107 Q cm. Ohmic
contacts to the n-ZnO epitaxial film were made from Au/Ni,
and those to the p-GaN film, from Pt. The contacts were
annealed at 700 °C.

To study the structural and optical properties of the
heterostructures, we grew and investigated gallium-doped
(0.25 at %) n-ZnO and n-Mg;, ,Zn, gO films and an undoped
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Figure 1. (a) Schematic of the LED structure. (b) Current—voltage
curves of the (/) n-ZnO/p-GaN, (2) n-ZnO/i-ZnO/p-GaN and (3)
n-ZnO/n-Mg, ,Zn3O/i-Cd( ,Zn, 3O/p-GaN LEDs and the Ohmic con-
tacts to the (4) n-ZnO and (5) p-GaN films (inset). (c) Photograph of
the n-ZnO/p-GaN heterostructure, which electroluminesces under for-
ward bias at a current density J = 30 A cm 2.

Cdy,Zn; 3O film 200 nm in thickness on sapphire substrates.
Their structure was examined on a Bruker AXS DS
Discover all-purpose X-ray diffractometer in parallel
beam geometry. To study the optical properties of the
films, we measured their transmission spectra, 7(4), using
a Varian Cary-50 spectrophotometer, and their photo-
luminescence spectra, Ipp(4), at room temperature. The
photoluminescence of the films was excited by a 20-mW
325-nm cw He — Cd laser beam (NPO Plazma, Russia). Their
photo- and electroluminescence spectra were taken on an
Ocean Optics HR4000 spectrometer. The resistivity of the
films was determined by four-point probe van der Pauw
measurements using a Lucas Labs Pro4 system. The
current—voltage characteristics of the LEDs and Ohmic

contacts were measured with a Keithley 2612 voltmeter
equipped with a built-in pulsed power supply.

3. Experimental results and discussion

X-ray diffraction measurements showed that the in-plane
lattice mismatch Aa/a in the n-ZnO/n-Mg, ,Zn, 3O and n-
Mg ,Zny30/i-Cdy,Zny3O  heterojunctions was  within
0.5%. The lattice mismatch in the n-ZnO/p-GaN and i-
Cdy,Zny3O/p-GaN heterojunctions was 0.66% and
2.26 %, respectively.

Figure 1 shows a schematic of the LED heterostructures
and the current—voltage curves of the n-ZnO/p-GaN,
n-ZnO/i-ZnO/p-GaN and n-ZnO/n-Mg, ,Zn, 3O/i-
Cdy,Znyg0/ p-GaN diode heterostructures. The curves
exhibit well-defined rectifying behaviour. The forward
threshold voltage of the n-ZnO/p-GaN and n-ZnO/i-
ZnO/p-GaN diodes is 3.1 and 9.5 eV, and their peak reverse
voltage is 10.5 and 16.5V, respectively. The forward
threshold voltage ¥V of the n-ZnO/n-Mgj,Zn,z0/i-
Cdy,Zny3O/p-GaN double heterostructure LED is the
highest, 16.3 V, and its peak reverse voltage exceeds
20 V. The larger number of interfaces and, hence, of barriers
to charge carriers and the rather large lattice mismatch
between the i-Cdy,Zny3O and p-GaN films increase Vy,.
Moreover, these factors underlie the locking of charge
carriers of opposite signs, increasing the peak reverse
voltage.

It is known that p-type semiconductors form Ohmic
contacts with metals whose work function @,, exceeds the
sum of the electron affinity y, and band gap E, of the
semiconductor [15]:

D, > Eg + -

However, in the case of wide-gap semiconductors,
including GaN (£, =3.39 eV, y, =4.1¢V), there are no
metals with a work function exceeding the sum E, + y,. Our
results indicate that only platinum, with the highest work
function (&, = 5.65¢eV) among metals, ensures Ohmic
contacts to p-GaN films. The inset in Fig. 1b shows the
current—voltage curves of the Au/Ni and Pt Ohmic contacts
to the n-ZnO and p-GaN films, respectively.

Figure 1c is a photograph of the electroluminescent n-
ZnO/p-GaN heterostructure, and Fig. 2a shows the electro-
luminescence spectra, Igp (4), of the n-ZnO/p-GaN, n-ZnO/
i-ZnO/p-GaN and n-ZnO/n—MgOQZnO'SO/i-CdOAZZno‘go/
p-GaN heterostructures. It can be seen that the lumines-
cence of the p—n heterojunctions is brighter on their
periphery than in their central part. The likely reason for
this is that the use of a silicon mask leads to inhomogeneities
in the depth direction near the edge of the mask, which in
turn increases the electric field strength in the peripheral part
of the mesa structure relative to that in the planar part of the
p—n heterojunction. Therefore, carrier recombination will
take place predominantly at the edge of the structure [16].
Lithography would ensure uniform emission from the entire
surface.

We examined the effect of pump current density J on the
electroluminescence intensity /. The results are presented
in Fig. 2b. The 495-nm [Iy; of the n-ZnO/p-GaN LED
increases linearly up to J =30 A cm™>. At higher current
densities, the curve has a lower slope. The threshold current
density for electroluminescence in the n-ZnO/p-GaN diode
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Table 1. Lattice parameter a, band gap E,, electron affinity y, and
resistivity p of the ZnO, n-ZnO, i-Cdy,Zng30, n-Mg;,Zn,3O and

= 600 . p-GaN films.
E Film a/A E,/eV %/eV  p/Qcem
£ 400 Zno 3.2506 3.3 43 49
< —4
- n-ZnO 3.165 3.35 4.3 9.7 % 10
Z i-Cdy»Zne 50 3.258 2.86 443 335
2 200 n-Mg,,Zny 3O 3.241 3.62 3.78 0.24
- p-GaN 3.186 3.39 4.1 0.86
0250 150 450 550 6'50 750' 250 is 0.48 A cm 2. The lower Jy, is due to the higher quantum
: efficiency of the double heterostructure [17].
Wavelength /nm i CEs .
To locate the radiative recombination region, we mea-
sured the photoluminescence and transmission spectra of
z 600 the n-ZnO, n-Mg;,Zn, 30, i-Cd(,Zn, gO and p-GaN films.
g The results are presented in Fig. 3. From the transmission
£ 400 spectra, we evaluated the band gap E, of the films (Table 1).
< . .
= b Comparison of the photo- and -electroluminescence
§ spectra leads us to conclude that, in the n-ZnO/p-GaN
& 200
RS
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Figure 2. (a) Electroluminescence spectra at a current density
Y . . . . n-ZnO GaN

J =30 A cm™ ~ and (b) electroluminescence intensity vs. current density I Xs

for the (/) n-ZnO/p-GaN, (2) n-ZnO/i-ZnO/p-GaN and n-ZnO/

n-Mgg2Zngg0/i-Cdg2Zn( 3sO/p-GaN LED:s. xZnO
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is Jy, = 1.35 A cm 2. The peak emission wavelength of the
n-ZnO/i-ZnO/p-GaN LED is 382 nm (Fig. 2a), and its
threshold current density is 2 A cm 2. Despite the high
forward threshold voltage of the n-ZnO/n-Mg,,Zn, 30/
i-Cdy,ZnysO/p-GaN LED, its threshold current density
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Figure 3. (a) Transmission and (b) photoluminescence spectra of the (/)
n-Mgj,Zny50, (2) n-ZnO, (3) p-GaN and (4) i-Cdy,Zn, gO films.
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Figure 4. Energy band diagrams of the (a) n-ZnO/i-ZnO/p-GaN and (b)
n-ZnO/n-Mg ,Zn, gO/i-Cd ,Zn, 3O/p-GaN LED heterostructures: E,,.
is the vacuum level, E; is the conduction band bottom, E, is the valence
band top, and F is the Fermi level.
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LED, radiative electron—hole recombination takes place
predominantly in the p-GaN layer. This is due to the higher
electron mobility in the n-ZnO layer in comparison with the
hole mobility in the p-GaN layer, which leads to faster
electron diffusion to the p-layer in comparison with the hole
diffusion to the n-ZnO layer [18]. Despite the large band gap
of gallium nitride, radiative recombination in GaN-based
LEDs is mainly due to native point defects that have deep
energy levels in its band gap [19]. As shown by Kaiser et al.
[20], the blue emission band centred at 2.8 eV in the
photoluminescence spectrum of GaN films arises from
donor—acceptor recombination where the donor is a nitro-
gen vacancy in one of its possible charge states.

Figure 4 shows the energy band diagrams of the n-ZnO/
1-ZnO/p-GaN and n-ZnO/n-Mg;,Zn,30/i-Cd,Zn, 50/
p-GaN LED heterostructures in the electron affinity model
[16]. The electron affinities of the semiconductors involved
are listed in Table 1. The i-ZnO undoped layer between the
n- and p-layers enables a reduction in the barrier to holes
(Fig. 4a) and injection of electrons and holes to the i-ZnO
intermediate layer, where they recombine. As a result, the
electroluminescence spectrum of the n-ZnO/i-ZnO/p-GaN
LED shows a relatively narrow peak due to interband
carrier recombination (Fig. 2a). The n-Mg;,Zn,3O layer
in the n-ZnO/n-Mg()‘zZno'gO/i-CdOAQZanO/p-GaN LED
produces an extra barrier to electrons, preventing too rapid
electron outflow to the p-GaN layer, and the i-Cd,,Zn, O
narrow-gap layer reduces the barrier to holes to a greater
extent than does the i-ZnO layer. Consequently, the carriers
are fully locked in the i-Cd,Zn, 3O layer, which acts as an
active layer. That the electroluminescence spectrum of the
diode coincides with the photoluminescence spectrum of the
Cdy,Zn 3O film confirms that carrier recombination occurs
in the narrow-gap layer.

4. Conclusions

Using an i-Cdy,ZnygO narrow-gap layer, we have fab-
ricated an n-ZnO/n-Mg,,7Zn,30/i-Cd,,Zn,3O/p-GaN
double heterostructure LED which offers a higher electro-
luminescence intensity (due to spatial carrier confinement)
and a lower electroluminescence threshold in comparison
with n-ZnO/p-GaN and n-ZnO/i-ZnO/p-GaN LEDs. Vary-
ing the Cd content of the active layer, one will be able to
produce blue and near-UV light sources.
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