Journal of the Korean Physical Society, Vol. 53, No. 5, November 2008, pp. 2913 2916


Electroluminescence of n-Zn1

x Mgx O/ZnO/p-Zn1 x Mgx O

Heterostructures Grown on Si Substrates

Sh. U.

Yuldashev

and T. W.

Kang

Quantum-Functional Semiconductor Research Center, Dongguk University, Seoul 100-715

R. A.

Nusretov,

I. V.

Khvan and P. K. Khabibullaev

Heat Physics Department, Uzbekistan Academy of Sciences, Tashkent 700135

Y. K.

Yeo

and R. L.

Hengehold

Air Force Institute of Technology, Wright-Patterson AFB, OH 45433-7765, U.S.A.

(Received 10 September 2007)
The n-Zn0 9 Mg0 1 O/ZnO/p-Zn0 9 Mg0 1 O heterojunction structures were grown on single-crystal
p-type Si (100) substrates by using a simple process of ultrasonic spray pyrolysis. Aqueous solutions of zinc acetate, magnesium acetate, and ammonium acetate were used as the sources of
Zn, Mg, and N, respectively. P-type conductivity was observed for the nitrogen-doped ZnO and
Zn0 9 Mg0 1 O lms. A distinct visible electroluminescence was observed at room temperature from
the n-Zn0 9 Mg0 1 O/ZnO/p-Zn0 9 Mg0 1 O heterojunction structures under forward bias conditions.
:

:

:

:

:

:

:

:

:

:

PACS numbers: 73.40.Lq, 78.60.Fi, 81.15.Rs
Keywords: p-type ZnO, ZnO/ZnMgO heterostructure, Electroluminescence

I. INTRODUCTION

ZnO is a wide-band-gap semiconductor and has recently received particular attention because of its promising applications for blue light-emitting devices [1]. Undoped ZnO usually shows n-type conductivity, which has
been traditionally attributed to the presence of native
defects, such as oxygen vacancies and zinc interstitials
[2]. For the development of devices based on ZnO, it
is necessary to fabricate both n- and p-type ZnO lms
by controllable extrinsic doping. There have been several
reports on the growth of n-type ZnO by using various impurities, such as the column-III elements Al, Ga, and In
[3,4]. However, ZnO has proven to be dicult in obtaining p-type conductivity because of the self-compensation
e ect [5].
Recently, Tzukazaki et al. reported reproducible ptype doping of ZnO by using repeated temperature
modulation epitaxy and ZnO p-n junctions grown on
ScAlMgO4 substrates [6]. However, the light intensity
from these ZnO p-n junctions is not high because of
the low hole concentration of 1016 cm 3 in the p-ZnO
layer. Therefore, the realization of ZnO-based UV light E-mail:

shavkat@dongguk.edu

emitting diodes (LEDs) su ers from the diculty of ptype doping of ZnO with a high hole concentration [7{
11].
If high performance electroluminescence (EL) devices
are to be obtained, it is essential to increase the hole
concentration in the p-ZnO layer and to intensify the
electron-hole radiative recombination by fabrication a
heterojunction for realization of carrier-con nement actions. The ZnMgO compound can be used as a suitable
barrier layer for carrier con nement because its lattice
constant is close to that of ZnO and its band gap can
be controlled by using its composition in the range of
3.37 4 eV [12]. The room-temperature electroluminescence from n-Zn0:89 Mg0:2 O/ZnO/p-Zn0:8 Mg0:2 O heterostructures grown on single-crystal GaAs substrates by
using ultrasonic spray pyrolysis has been reported [13].
However, GaAs is not a suitable substrate for p-type
ZnO lms because of the strong di usion of Ga atoms
from the GaAs substrate into the ZnO lm, even at low
temperatures [14]. Here, we report the results of investigations of p-type ZnO and Zn0:9 Mg0:1 O thin lms and nZn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O heterostructures fabricated on Si substrates by using ultrasonic spray pyrolysis.
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Table 1. Hall parameters of p-type ZnO and Zn0 9 Mg0 1 O
lms grown on Si substrates and measured at room temperature.
Sample Film type Hole concent- Resistivity Mobility
No.
ration (cm 3 ) ( cm) (cm2 /Vs)
3.24
ZnO
4.7 1018
0.16
9.1
3.25
ZnO
5 1018
0.26
4.6
3.26
ZnO
5.7 1018
0.25
4.3
3.27 Zn0 9 Mg0 1 O 2.1 1017
2.56
11.7
3.28 Zn0 9 Mg0 1 O 1.5 1017
2.22
18.3
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Fig. 1. Schematic cross-sectional view of the n-Zn0 9
Mg0 1 O/ZnO/p-Zn0 9 Mg0 1 O heterostructure.
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II. EXPERIMENTS

Nitrogen-doped ZnO and Zn0:9 Mg0:1 O lms were deposited on Si (100) substrates by using ultrasonic spray
pyrolysis method similar to that described in Ref. 15.
Aqueous solutions of the zinc acetate (0.5 mol/l), magnesium acetate (0.5 mol/l), and ammonium acetate (2.5
mol/l) were used as the sources of Zn, Mg, and N, respectively. The atomic ratio of Zn/N was 1:3 in the precursor
solution. The substrate temperature was maintained at
450  C, as in Ref. 15. The carrier concentration and the
resistivity of the ZnO lms grown on Si substrates obtained from the Hall measurements at room temperature
are summarized in Table 1. In the nitrogen-doped ZnO
lms, the hole concentration was about 5  1018 cm 3
whereas in the Zn0:9 Mg0:1 O lms, the hole concentration
was one order lower, about 2  1017 cm 3 .
With the spray pyrolysis method, heterostructures of
n-Zn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O have been grown.
A schematic cross-sectional view of these heterostuctures
is shown in Figure 1. Firstly, on a p-Si substrate, a pZnO layer doped with nitrogen at a thickness of about
200 nm was deposited at TS = 450  C. Then, on the
top of p-ZnO lm, by using a shadow mask with circular
holes, we grew a p-Zn0:9 Mg0:1 O layer with a thickness
of about 100 nm. After that, an undoped 100-nm-thick
ZnO layer was deposited on the top of p-Zn0:9 Mg0:1 O
layer as an active layer in the heterojunction lightemitting structure. The growth temperature of the ZnO
active layer was lower (300  C 400  C) compared to the
growth temperature of the p-type Zn0:9 Mg0:1 O and ZnO
layers in order to prevent inter-di usion between the undoped ZnO and these p-type layers. Secondly, through a
shadow mask with smaller-sized holes, we deposited 100nm-thick n-Zn0:9 Mg0:1 O and n-ZnO lms doped with Al.
Finally, we deposited Au/Al circular contacts on the nZnO layer and a continuous Au/Ni electrode on the backside of the p-Si substrate by using thermal evaporation.
Also, the top circular Au/Al contacts were deposited
directly on the open parts of p-ZnO layer, which were
protected by the shadow masks during the deposition
of light-emitting structures. Electroluminescence (EL)
measurements were performed using a 0.75-m monochromator equipped with an ultraviolet-sensitive photomul-

Fig. 2. Photograph of the n-Zn0 9 Mg0 1 O/ZnO/p-Zn0 9
Mg0 1 O heterostructure under a forward bias.
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tiplier tube.

III. RESULTS AND DICUSSION

Figure 2 shows a photograph of the n-Zn0:9 Mg0:1 O/
ZnO/p-Zn0:9 Mg0:1 O p-i-n heterojunction, prepared as
described above. The light emission from these heterojunctions was observed at a forward bias. A
spot of white light, shown in Figure 2 by an arrow, is clearly seen under the top electrode. Figure
3 shows the current-voltage characteristics of the nZn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O structure and the pZnO/p-Si heterojunction. The I-V characteristic of the
n-Zn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O structure is seen to
be diode-like and shows a strong current recti cation effect. At a forward bias of +10 V, the current was about
130 mA whereas at a reverse bias of 10 V the current was about 80 A. Hence, the recti cation factor of
n-Zn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O p-i-n structures at
10 V is higher than 103 . At the same time, the IV characteristic of the p-ZnO/p-Si heterojunction does
not show a recti cation e ect. No light emission was
observed at a bias of p-ZnO/p-Si with the both polar-
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Fig. 3. I-V characteristics of the (a) n-Zn0 9 Mg0 1 O/
ZnO/p-Zn0 9 Mg0 1 O and the (b) p-ZnO/p-Si heterojunctions.
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Fig. 4. Room-temperature EL spectrum of the n-Zn0 9
Mg0 1 O/ZnO/p-Zn0 9 Mg0 1 O heterostructure. The dashed
lines show the results of a Gaussian multi-peaks tting.
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ities of the electric eld. Therefore, we believe that
the emission of light from the n-Zn0:9 Mg0:1 O/ZnO/pZn0:9 Mg0:1 O heterostructure does not originate from the
ZnO/Si interface.
Figure 4 shows the electroluminescence spectrum of
the n-Zn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O heterojunction
measured at room temperature. The emission spectrum
of this heterostructure is seen to be very wide, and it
spreads from the blue to the red wavelength regions. Because of the very wide spectrum, the emitted light looks
like white light. The electroluminescence spectrum of
this heterostructure consists of at least three main emission bands. The rst band is in the blue region with a
maximum at 420 nm; the second and the third bands are
in the green and the yellow regions with maxima at 510
nm and 610 nm, respectively. The blue emission band
at 420 nm is attributed to a radiative recombination of
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Fig. 5. EL spectra of ZnO/Zn0 9 Mg0 1 O p-n heterojunctions with the ZnO active layer grown at di erent temperatures: (a) 400 C, (b) 350 C and (c) 300 C.
:
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the donor-acceptor pairs (DAP), where the acceptors are
the nitrogen atoms [6]. The green emission band at 510
nm is due to a recombination of DAP, where the deep
donors are vacancies of oxygen, and the yellow emission
band at 610 nm is attributed to oxygen interstitials [16,
17].
Figure 5 shows the EL spectra of three n-Zn0:9 Mg0:1 O/
ZnO/p-Zn0:9 Mg0:1 O heterojunctions, in which the ZnO
active layers were grown at di erent temperatures. The
growth temperature of the active layer decreases from
400 to 300  C for samples a to c. The maxima of the
emitted light spectra for these heterojunctions can be
seen to shift to the red spectral region with decreasing
ZnO growth temperature. These results strongly support the above de nition of the origin of the green and
the orange emission bands in the n-Zn0:9 Mg0:1 O/ZnO/pZn0:9 Mg0:1 O heterostructures as a radiative recombination through defects connected with oxygen vacancies
and interstitials. With decreasing ZnO layer growth temperature, the concentration of oxygen interstitials in the
ZnO layer increases whereas the concentration of oxygen vacancies decreases. Therefore, the enhancement
of the orange emission is accompanied by a reduction
in the green emission, which was observed in our nZn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O heterostructures.
Figure 6 shows the EL spectra of the n-Zn0:9 Mg0:1 O/
ZnO/p-Zn0:9 Mg0:1 O heterojunction, sample a, measured
at di erent injection currents. Figure 6 shows that the
intensity of emitted light strongly increases with increasing current owing through this heterojunction. The inset of Figure 6 shows the dependence of the EL integrated
light intensity on the applied current. The curve shows a
superlinear dependence on injection current with a slope
of about 2. The superlinear dependence is related to
the presence of nonradiative centers in the space-charge
region that provided a shunt path to the current [18].
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Fig. 6. EL spectra of the n-Zn0 9 Mg0 1 O/ZnO/p-Zn0 9
Mg0 1 O heterojunction, sample a, measured at di erent injection currents. The inset shows the EL integrated lightintensity dependence on the applied current.
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If the device performance is to be improved, a strong
reduction of the defect density in the ZnO lms and heterostructures is needed by further optimizing the growth
process.

IV. SUMMARY AND CONCLUSIONS

In summary, n-Zn0:9 Mg0:1 O/ZnO/p-Zn0:9 Mg0:1 O heterojunctions have been grown by using ultrasonic spray
pyrolysis. The I-V characteristic of these structures is
typical for semiconductor p-n junctions. Under forward
bias, light emission from these heterostructures has been
observed. The emitted light spectra depend strongly on
the growth temperature of the ZnO active layer. The
results reported here provide convincing evidence that
ZnO-based light-emitting devices can be realized at low
cost by using a simple ultrasonic spray pyrolysis method.
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