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ZnO p-n homojunction light emitting diodes were fabricated based on p-type Sb-doped ZnO /n-type
Ga-doped ZnO thin films. Low resistivity Au /NiO and Au /Ti contacts were formed on top of
p-type and n-type ZnO layers, respectively. Au /NiO contacts on p-type ZnO exhibited a low
specific resistivity of 7.4�10−4 � cm2. The light emitting diodes yielded strong near-band-edge
emissions in temperature-dependent and injection current-dependent electroluminescence
measurements. © 2008 American Institute of Physics. �DOI: 10.1063/1.2908968�

ZnO recently has been extensively studied due to its
wide band gap and large exciton binding energy for ultravio-
let �UV�/blue optoelectronic applications such as light emit-
ting diodes �LEDs� and laser diodes.1–4 Although it is ex-
tremely difficult to achieve reliable p-type ZnO due to
compensation effect from shallow donors induced during
material growth, many research groups have reported p-type
ZnO and ZnO LEDs using various dopants such as N,5–7

P,8–10 As,11,12 and other specific techniques. Previously, Sb-
doped p-type ZnO and p-n homojunction were studied by
our group,13–15 however, no UV emissions were reported. In
this letter, we report homojunction LEDs based on Sb-doped
p-type ZnO that show strong near-band-edge �NBE� emis-
sions at low temperatures and room temperature.

ZnO homojunction was grown on n-type Si �100� sub-
strate �1–20 � cm� using molecular beam epitaxy system.
First, a thin MgO buffer layer was deposited at 350 °C for
5 min to reduce the lattice mismatch between Si and ZnO,16

which was followed by the growth of a ZnO buffer layer at
the same substrate temperature for 15 min. Then, the two
layer structured Sb-doped p-type ZnO /Ga-doped n-type
ZnO homojunction was grown on this MgO /ZnO buffer. The
420 nm thick Ga-doped ZnO film was deposited at a sub-
strate temperature of 450 °C and Zn and Ga effusion cells
temperatures of 380 and 520 °C, respectively. This was fol-
lowed by the growth of the 420 nm thick Sb-doped ZnO
layer under oxygen rich condition with a higher substrate
temperature of 550 °C. During the growth of this layer, Zn
and Sb effusion cell temperatures were 380 and 360 °C, re-
spectively. In situ thermal activation of the Sb dopant was
performed in vacuum at 750 °C for 20 min.

Homojunction LEDs were fabricated by standard photo-
lithography techniques. Mesa size of 800�800 �m2 were
defined. Transmission line method �TLM� patterns with the
size of 75�50 �m2 and intercontact spacings of 10, 20, 30,
and 40 �m were simultaneously made to study the contact
properties. Etching was done using ammonium chloride hy-
droxide buffer solution to reach down to the n-type ZnO
layer for n-type contacts with the etching rate of about
10 nm /min. Au /NiO and Au /Ti contacts of thicknesses of
500 /30 and 150 /30 nm were deposited on p-type Sb-doped

ZnO and n-type Ga-doped ZnO layer by e-beam evaporation,
respectively. The contacts were subjected to rapid thermal
annealing in nitrogen ambience to form Ohmic contacts. The
annealing conditions of Au /NiO and Au /Ti contacts were
800 °C for 120 s and 400 °C for 60 s, respectively.

Current-voltage �I-V� characteristics were measured us-
ing Agilent 4155C semiconductor parameter analyzer. I-V
curve in semilogarithmic scale of a typical device is shown
in Fig. 1. The turn-on voltage of this diode is about 6 V, and
the large turn-on voltage of the diode involves the effects
from the voltage drop on the contact and p-type layer. The
inset �a� of Fig. 1 gives the surface intercontact I-V curves of
Au /NiO contacts on p-type ZnO and Au /Ti contacts on
n-type ZnO, respectively, indicating Ohmic contact behavior.
The electrical properties of the n-type ZnO layer were deter-
mined by Hall effect measurement in a van der Pauw con-
figuration after the p-type ZnO layer was etched. Electron
concentration, mobility, resistivity of 2.8�1019 cm−3,
8.7 cm2 V−1 s−1, and 0.02 � cm, respectively, were obtained.
For this multilayer structured device, electrical properties in
p-type ZnO layer cannot be reliably obtained by Hall effect
measurement. Nevertheless, p-type behavior of Sb-doped
ZnO layer is evident from the rectifying diode characteris-
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FIG. 1. �Color online� Semi-logarithmic scale I-V characteristics of the
p-type Sb-doped ZnO /n-type Ga-doped ZnO homojunction. Inset �a� shows
the surface p-p contacts and n-n contacts I-V curves, respectively. Ohmic
contacts behaviors are evident. Inset �b� gives the intercontact resistance as
a function of intercontact distance for Au /NiO on p-type ZnO layers. Linear
fitting was used to obtain the specific contact resistivity.
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tics. Low resistivity contacts are very important to ensure the
high efficiency of ZnO optoelectronic device performance.
Since we have relatively lightly doped p-type ZnO layer,
Au /NiO contacts rather than Au /Ni contacts17 are chosen to
form Ohmic contacts to the film in the devices. The total
resistances �in TLM patterns� were plotted against the inter-
contact distance in the inset �b� of Fig. 1. The contact resis-
tance and transfer length are 260.4 � and 3.77 �m, which
were extrapolated from linear fitting. Then the specific con-
tact resistivity of 7.4�10−4 � cm2 was caculated. This value
is much smaller than that of the Au /Ni �7.6�10−3 � cm2�
contacts on another piece of the same p-type ZnO layer.
Furthermore, Au /Ni �500 /30 nm� contacts need much
higher annealing temperature to form reasonable Ohmic con-
duction �960° C�. Such a high temperature would potentially
degrade the contact morphology and film quality. The advan-
tage of Au /NiO contacts results from high p-type conductiv-
ity of NiO,18 and also the outdiffusion of oxygen could be
reduced to depress oxygen vacancy in the film.17

Electroluminescence �EL� characterizations were per-
formed by using home-built measurement setup including an
Oriel monochromator and a lock-in amplifier with chopper.
Temperature dependent EL spectra under 30 mA forward in-
jection current are shown in Fig. 2. For the device operated
at 9 K, the spectrum is dominated by a peak at 373.5 nm
�3.32 eV�. Schirra et al. recently assigned the ZnO 3.314 eV
emission peak to the transition between free electron and a
neutral acceptor level.19 However, considering the LT prop-
erties of our p-type film,13 we believe this peak is from band
to band exciton recombination. The NBE peak shifts from
373.5 to 383.3 nm for temperature ranging from 9 to 300 K,
which is shown in the inset of Fig. 2. The temperature de-
pendence of the exciton energy in direct band-gap material
follows Varshni equation, E�T�=E�0�−�T2 / �T+��,20 � and
� are fitting parameters which are �=0.000 58 eV /K and
�=520 K. These values are close to reported results from
Refs. 20 and 21 for ZnO materials. The peak values reason-
ably agree with the trend of the fitting curve, which indicates
that the redshift of the peak is due to temperature induced
band gap variation. In addition to the NBE peak, there seems
to be broad radiative deep level emissions ranging from

400 to 800 nm. However, the magnitude drop of the deep
level emission intensity is much less compared to NBE peak
with increasing temperature. This may be attributed to more
activation of nonradiative recombinations at higher tempera-
tures, and also the bound exciton emissions quench at higher
temperatures by thermal ionization of bound excitons.

Room temperature EL under different injection currents
are shown in Fig. 3. For 30 mA injection current, the NBE
peak is clearly seen at 383.3 nm �3.24 eV�. The deep level
emission at room temperature is mainly centered at 605 nm
�2.05 eV�, but with a shoulder around 490 nm �2.53 eV�.
The 490 nm band is commonly assigned to intrinsic
defects.22 The 605 nm yellow band is attributed to oxygen
interstitials,23 which is consistent with the fact that the p-type
ZnO was prepared in oxygen rich condition. The intensities
of both NBE emission and emissions from deep levels in-
crease with the increase of the injection current. The NBE
emission redshifts from 383.3 nm �30 mA� to 390.9 nm
�100 mA�. This is also induced by the band gap variations,
which result from the increased heating effects during the
operation of LEDs. For example, the temperature of the di-
ode is 490 K at the operation current of 100 mA from the
inset of Fig. 2.

To further investigate the origin of these EL emissions,
photoluminescence �PL� measurements were carried out on a
separate piece of the sample annealed at 800 °C for 120 s, a
process that was also used during the device fabrication. A
325 nm He–Cd laser was used as the excitation source. The
room temperature PL spectra for both p-type layer and un-
derneath n-type layer are shown in Fig. 4. PL of the n-type
ZnO layer was obtained by etching away the p-type ZnO
layer. Besides the NBE peak at 377.5 nm, emission bands
centered around 520 nm are shown in both spectra and we
consider that they are the same peak from n-type ZnO layer
since it is commonly attributed to oxygen vacancy.24 How-
ever, the p-type ZnO layer shows two more peaks at 480 and
610 nm which can closely link with the room temperature
EL emissions of 490 and 605 nm. Thus, we believe that ra-
diative recombinations in p-type layer, including NBE tran-
sitions, have contributed mainly to the observed EL spectra.
Similar results were also observed in As-doped ZnO diode
on GaAs substrate.12 This is reasonable due to the fact that
the concentration of holes in p-type ZnO layer is less than
the electron concentration of n-type ZnO layer. As a result,

FIG. 2. �Color online� Temperature dependent EL spectra of homojunction
diode from 9 to 300 K under injection current of 30 mA. The spectra are
shifted on y scale for clarity. Inset shows the NBE peak positions as hollow
circles against different temperatures and Varshni fitting is expressed as
solid line.

FIG. 3. �Color online� Room temperature EL spectra at different injection
current from 30 to 100 mA.
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the depletion region mostly exists in the p-type layer, and the
electron injection from the n-type layer to p-type layer domi-
nates the recombination process.

In conclusion, ZnO homojunction LEDs with the Sb-
doped p-type ZnO layer/Ga-doped n-type ZnO layer struc-
ture were fabricated and studied. The LEDs with the low
resistivity Au /NiO contacts for p-type ZnO showed very
good UV emissions at different temperatures and injection
currents. This study suggests that Sb-doped p-type ZnO is
promising for future ZnO optoelectronics.
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FIG. 4. �Color online� Room temperature PL spectra from Sb-doped p-type
ZnO layer and Ga-doped n-type ZnO layer of the homojunction sample.
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