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We report the low-temperatures,150 °Cd fabrication of n-ZnO:Al/p-SiCs4Hd heterojunction
light-emitting diodes by filtered cathodic vacuum arc technique. Diodelike rectifying
current-voltage characteristics, with turn-on voltage of,3.8 V and low reverse leakage current of
,10−2 mA, were measured at room temperature. In addition, ultraviolet emission with peak
wavelength of,385 nm and full width at half maximum of,20 nm are observed at a forward
biased voltage of,7.4 V. The ultraviolet electroluminescence from the heterojunction is originated
from the exciton-exciton scattering inside then-ZnO:Al film. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1947889g

Transparent Al-doped ZnOsZnO:Ald films, which have
metal-like electrical conductivity, are key materials for nu-
merous applications, such as transparent electrodes for or-
ganic light-emitting diodessLEDsd and flat panel displays1

as well as its potential use in the conduction channel of trans-
parent thin-film transistors.2 However, it is difficult to
achieve ultravioletsUVd photoluminescencesPLd at room
temperaturesRTd from n type conduction ZnO:Al films
grown on lattice-mismatched substrate.3 This is probably due
to the oxidation of the Al during the growth process.4 On the
other hand,n-ZnO:Al films have been employed as electron
injectors in ZnO-based heterojunction LEDs,5 but only
greenish-white electroluminescencesELd has been observed.
Hence, most of the successful ZnO-based active layer
heterojunction6,7 and ZnO homostructuralp-i-n junction8

UV LEDs have employed Ga-doped ZnO film as the electron
injection layer. In fact, it is more desirable to usen-ZnO:Al
films in the ZnO-based LEDs. This is because low-cost fab-
rication of n-doped ZnO films on lattice-mismatched sub-
strate at a low substrate temperatures,150 °Cd can only be
achieved by using Al as the dopant.9 In addition, the achiev-
able resistivitys,8310−4 V cmd and carrier concentration
s.1021 cm−3d of the n-ZnO:Al films are as good as that of
the n-ZnO:Ga films.4,9 In this letter, we demonstrate the re-
alization ofn-ZnO:Al/p-SiCs4Hd heterojunction LEDs by a
filtered cathodic vacuum arcsFCVAd technique at a low
deposition temperatures,150 °Cd. It is shown that the
n-ZnO:Al-based active layer LED can exhibit RT EL with
UV emission peak despite the use of lattice-mismatched
p-SiCs4Hd substrate.

Figure 1 shows the schematic diagram of the proposed
p-n heterojunction LED. Ap-doped single-side polished 4H–
SiC waferswith size of 535 mm2d is chosen to be the sub-
strate and the hole injection layer of thep-n heterojunction
LED. This is because thep-doped SiC substrate has a high
hole concentrations,131019 cm−3d and carrier mobility
s,120 cm2/V sd. On the polished surfacesSi faced of the
4H–SiC, a ZnO:Als3%d layer of thickness,100 nm was
deposited by the FCVA technique, using a Zn target with 3

at % of Al. During the deposition, the substrate temperature
and oxygen partial pressure were set to 150 °C and 5
310−4 Torr, respectively. ZnO:Als3%d is preferred as the
n-doped active layer due to its optimal level of carrier con-
centrations.131020 cm−3d and mobility s,7.2 cm2/V sd.9

On the other hand, the rough surface of the 4H–SiC substrate
was deposited with Al film of thickness,25 nm and fol-
lowed by Ti film of thickness,150 nmsby using electron-
beam evaporationd. Then, this sample was stacked on top of
another identical one. With the two ZnO:Al surfaces of the
two samples touching each othersi.e., face to faced, both
underwent rapid thermal annealingsRTAd for 5 min in N2 at
800 °C. RTA was carried out to free the contacts from
Schottky behavior, changing them to ohmiclike contacts.
Figure 2 shows the current-voltage characteristics of the
Al/Ti contactsswith size of 132 mm2 and separation of 1.5
mmd on thep-SiC substrate before and after RTA. It is ob-
served that linear current-voltage dependence of the Al/Ti
metal contact on thep-SiC has been achieved. The face-to-
face RTA method has another advantage of suppressing the
defect-related deep-level emission while improving the near-
band-edge emission in ZnO:Al films. In addition, the use of
a face-to-face RTA method can maintain the low surface
roughness of the ZnO:Al films during the annealing
process.10 Finally, a ZnO:Al s7%d layer of thickness of
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FIG. 1. Schematic diagram of then-ZnO:Al/p-SiCs4Hd heterojunction
LED structure.
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,50 nm was deposited on the ZnO:Als3%d by the FCVA
technique with the same deposition conditions. In this case, a
Zn target with 7 at % of Al was used in the deposition pro-
cess. Having lower resistivitys,6310−3 V cmd, higher car-
rier concentrations.131021 cm−3d and wider band gap
s.,0.12 eVd than that of ZnO:Als3%d, the ZnO:Al s7%d
serves the purpose as a transparent injector of electrons.

The RT optical and electrical characteristics of the
n-ZnO:Al/p-SiC heterojunction LED were measured by
contacting then side of the LED to a ZnO:Als7%d-coated
quartz substrate as shown in Fig. 1. This configuration was
used in order to avoid metallization on the ZnO:Als7%d of
the LED. Hence, the fabrication procedures can be simplified
and the device can also be recycled for other experiments.
The quartz substrate was coated with a ZnO:Als7%d film of
,100 nm thicksby the FCVA technique with the same depo-
sition conditionsd and followed by a Ni film of,100 nm
thick sby using electron-beam evaporationd. In this case, the
ZnO:Al s7%d film acts as a transparent conducting layer and
the Ni film forms an ohmic contact on the ZnO:Als7%d film.
Figure 2 shows that the ohmic resistance of the Ni metal
contact on then-ZnO:Als7%d /quartz as compared with that
of Al/Ti metal contact on thep-SiC is negligible. As for the
biasing of the LED, the cathode and anode of a rectangle-
pulse voltage sourceswith repetition rate and pulse width of
7.5 Hz and 80 ms, respectivelyd were connected to the Ni
contact on the quartz substrate and the Al/Ti on thep-SiC,
respectively. Light was collected from the uncoated side of
the quartz substrate by an objective lens. Figure 3 shows the
current-voltagessolid linesd and light-voltagessolid triangled
characteristics of the LED. It is evident that the current-
voltage curve shows a rectifying behavior, with a turn-on
voltage of 3.8 V. It is noted that if the electron and hole
densities inn-ZnO:Al s3%d and p-SiC are greater than 1
31019 cm−3, the turn-on voltage should be closer to the cor-
responding band-gap energy. As the band-gap energy of ZnO
and p SiC is approximately equal to,3.3 and,3.28 eV,
respectively, the turn-on voltage will be around,3.3 V.
However, the measured turn-on voltage is larger than 3.3 V
because of the high ohmic resistance from the Al/Ti metal
contact on thep-SiC substrate. Besides, at low forward bi-

aseds,1.2 Vd, the correlation of the current densitysJd to
the applied voltagesVd shows a,J−V1 relationship that
indicated the influence of the large ohmic resistance. For
forward biased greater than 1.2 V, theJ−V1 correlation
changes to,J−V2, which is expected for wide band-gap
materials.6 The ideality factor,h, is calculated to be,6 from
the diode equation,I = IsfexpsqVD /hkTd−1g, whereIs is the
saturation current,VD is the diode voltage, andT s=300 Kd is
the temperature, with the consideration of a seriesR s
,1 kVd and a shunt Rsh

s.50 kVd resistance, see the insert in Fig. 3.R is introduced
into the model because of the large ohmic resistance of the
Al/Ti metal contact on thep-SiC. The presence ofRsh is
probably due to the edge shunt of the device, which can arise
from the inadequate edge isolation during the deposition pro-
cesses. Moreover, when the sample is under reverse-biased
condition, there is small leakage currents,10−2 mAd for re-
verse biased voltages up to,6 V. Hence, the measured
current-voltage characteristics of ourn-ZnO:Al/p-SiC het-
erojunction have indicated that our low-temperature deposi-
tion technique can produce diodes with performance compat-
ible with those obtained from molecular-beam epitaxy and
chemical vapor deposition.6,7

Figure 4 presents the EL spectra of the device at differ-
ent forward-biased voltages. It is observed that all EL spectra
exhibit UV emission peaks at,385 nm. The intensity of the
UV peak increases with the increase of biased voltage. This
indicates that the ZnO:Al films exhibit effective near-band-
edge radiative recombination and the influence of the hetero-
interface defect is negligible. The full width at half maxi-
mum sFWHMd of the UV peak at forward biased of,7.4 V
is ,20 nm. A peak at,490 nmsstretches between,430 to
,530 nmd is also observed from the EL spectra for forward
biased greater than 6 V. Figure 5 shows the PL spectra from
the layer of ZnO:Als3%d deposited on ap-doped 4H–SiC
substrate after RTA and a piece of barep-doped 4H–SiC.
Both samples were excited by a 355 nm pulse sources10 Hz,
6 nsd at ,0.25 MW/cm2. It is observed that the 4H–SiC
sample exhibits no measurable light emission under the op-
tical excitation. On the contrary, the PL spectrum of the
ZnO:Al s3%d sample shows a strong UV peak at,380 nm
and a weak defect peak at,490 nm. The narrow FWHM of
the UV PL peaks,23 nmd shows that the presence of Al has

FIG. 2. Solid lines: Current-voltage characteristics of the Al/Ti metalliza-
tion on p-SiC before and after rapid thermal annealing at 800 °C for 5 min.
Dashed line: current-voltage characteristics of the Ni metallization on
n-ZnO:Als7%d.

FIG. 3. RT current-voltage and light-voltage characteristics of the
n-ZnO:Als3%d /p-SiCs4Hd heterojunction LED. The insert shows the en-
larged current-voltage curve at reverse biased and the heterojunction model
for the calculation of ideal factor.
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a negligible influence on the optical properties of the ZnO:Al
films. The ,380 nm UV PL peak implies that the free-
exciton recombination is the dominant mechanism inside the
n-ZnO:Als3%d film. A ,5 nm difference in the UV peak
position between the EL and PL spectra indicates that the
radiative recombination process has changed to exciton-
exciton scattering under electrical excitation. This may be
due to the lower efficiency of the electrical pumping when
compared with that of the optical excitation. Furthermore,
the x-ray diffraction sXRDd pattern of then-ZnO:Als3%d
film deposited on SiC substrate at 150 °C is inserted in Fig.
5. Only the ZnOs002d peak is observed at 2u,34.5°, which
indicates that the ZnO:Als3%d film shows a goodc-axis ori-
entation and high-crystal quality.

There are two main reasons that account for the high-
crystal-qualityn-ZnO:Al films produced by the FCVA tech-
nique: s1d The ionized Zn–Al plasma was generated before
the mixing with oxygen so that the reactivity of Al is sup-
pressed, ands2d the double-bend design of the FCVA tech-
nique facilitated the generation of the energetic
microparticle-free Zn–Al plasma in order to obtain ZnO:Al
films with excellent optical properties at a low substrate
temperature.11 In conclusion, we have demonstrated the fab-
rication of n-ZnO:Al/p-SiCs4Hd heterojunction LEDs with
a ZnO:Al-based active layer by the FCVA technique at a low
deposition temperature. The EL spectrum exhibits a UV peak
with a narrow FWHM indicating that the influence of non-
radiative defects inn-ZnO:Al films is negligible. Hence, our

n-ZnO:Al films are well suited to be applied in ZnO UV
LEDs, as well as diode lasers as the electron injection layer
and active layer.
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FIG. 4. RT EL spectra of then-ZnO:Als3%d /p-SiCs4Hd heterojunction
LED at various forward biased voltage.

FIG. 5. RT PL spectra of an annealed ZnO:Als3%d /p-SiC and a bare
p-SiCs4Hd substrate under optical excitation by a frequency tripled Nd:YAG
laser s355 nmd at pulsed operations6 ns, 10 Hzd. XRD pattern of the
ZnO:Als3%d film deposited on SiC substrate at 150 °C is also included.
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