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Fabrication of n-ZnO:Al/ p-SiC(4H) heterojunction light-emitting diodes
by filtered cathodic vacuum arc technique
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We report the low-temperature~150 °Q fabrication of n-ZnO:Al/p-SiC(4H) heterojunction
light-emitting diodes by filtered cathodic vacuum arc technique. Diodelike rectifying
current-voltage characteristics, with turn-on voltage~&.8 V and low reverse leakage current of
<102 uA, were measured at room temperature. In addition, ultraviolet emission with peak
wavelength of~385 nm and full width at half maximum of20 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 tmeZnO:Al film. © 2005 American Institute of
Physics [DOI: 10.1063/1.1947889

Transparent Al-doped Zn@nO:Al) films, which have at % of Al. During the deposition, the substrate temperature
metal-like electrical conductivity, are key materials for nu-and oxygen partial pressure were set to 150 °C and 5
merous applications, such as transparent electrodes for ok 10 Torr, respectively. ZnO:A3%) is preferred as the
ganic light-emitting diode$LEDs) and flat panel displays n-doped active layer due to its optimal level of carrier con-
as well as its potential use in the conduction channel of transsentration(>1x 10?2° cm3) and mobility (~7.2 cn?/V s).°
parent thin-film transistors. However, it is difficult to  On the other hand, the rough surface of the 4H-SiC substrate
achieve ultraviolet(UV) photoluminescencéPL) at room was deposited with Al film of thickness-25 nm and fol-
temperature(RT) from n type conduction ZnO:Al films lowed by Ti film of thickness~150 nm(by using electron-
grown on lattice-mismatched substrafhis is probably due beam evaporationThen, this sample was stacked on top of
to the oxidation of the Al during the growth procés®n the  another identical one. With the two ZnO:Al surfaces of the
other handn-zZnO:Al films have been employed as electrontwo samples touching each othére., face to facg both
injectors in ZnO-based heterojunction LEDsput only  underwent rapid thermal annealifigTA) for 5 min in N, at
greenish-white electroluminescen@l) has been observed. 800 °C. RTA was carried out to free the contacts from
Hence, most of the successful ZnO-based active layeBchottky behavior, changing them to ohmiclike contacts.
heterojunctiofi” and ZnO homostructurap-i-n junctiorf ~ Figure 2 shows the current-voltage characteristics of the
UV LEDs have employed Ga-doped ZnO film as the electronAl/Ti contacts(with size of 1X 2 mn? and separation of 1.5
injection layer. In fact, it is more desirable to us&nO:Al ~ mm) on thep-SiC substrate before and after RTA. It is ob-
films in the ZnO-based LEDs. This is because low-cost fabserved that linear current-voltage dependence of the Al/Ti
rication of n-doped ZnO films on lattice-mismatched sub- metal contact on th@-SiC has been achieved. The face-to-
strate at a low substrate temperat(#€l50 °C can only be face RTA method has another advantage of suppressing the
achieved by using Al as the dopé’rm addition, the achiev- defect-related deep-level emission while improving the near-
able resistivity(<8x 107 Q cm) and carrier concentration band-edge emission in ZnO:Al films. In addition, the use of
(>10?1 cm®) of the n-ZnO:Al films are as good as that of @ face-to-face RTA method can maintain the low surface
the n-ZnO:Ga films*® In this letter, we demonstrate the re- foughness of the ZnO:Al films during the annealing
alization ofn-ZnO: Al/p-SiC(4H) heterojunction LEDs by a process:’ Finally, a ZnO:Al (7%) layer of thickness of
filtered cathodic vacuum ar@=CVA) technique at a low

deposition temperaturé~150 °C. It is shown that the /\
n-ZnO:Al-based active layer LED can exhibit RT EL with emission——t -
UV emission peak despite the use of lattice-mismatched —
p-SiC(4H) substrate. quartz

Figure 1 shows the schematic diagram of the proposed N-AI(7%):Zn0O (100 nm) -
p-n heterojunction LED. Ap-doped single-side polished 4H— EaE — &
SiC wafer(with size of 55 mn?) is chosen to be the sub- Ni (100 nm) Ll §
strate and the hole injection layer of tjpen heterojunction n-Al(3%):Zn0O (100 nm) =
LED. This is because thp-doped SiC substrate has a high _ 2
hole concentration(~1x 10° cm™) and carrier mobility @pulsed =
(~120 cnt/V s). On the polished surfacéSi face of the p-4H-SiC z
4H-SIiC, a ZnO:Al(3%) layer of thickness~100 nm was * E_
deposited by the FCVA technique, using a Zn target with 3 —

Al (25nm) / Ti (150nm)

dauthor to whom correspondence should be addressed; electronic maiFIG. 1. Schematic diagram of the-ZnO:Al/p-SiC(4H) heterojunction
esfyu@ntu.edu.sg LED structure.
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n-ZnO:Al(3%)/p-SiC(4H) heterojunction LED. The insert shows the en-

o o ) ~larged current-voltage curve at reverse biased and the heterojunction model
FIG. 2. Solid lines: Current-voltage characteristics of the Al/Ti metalliza- fo; the calculation of ideal factor.

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:Al(7%). ased(<1.2 V), the correlation of the current density) to
the applied voltaggV) shows a~J-V! relationship that
~50 nm was deposited on the ZnO:£8%) by the FCVA indicated the influence of the large ohmic resistance. For
technique with the same deposition conditions. In this case, #rward biased greater than 1.2 V, tle-V! correlation
Zn target with 7 at % of Al was used in the deposition pro-changes to~J-V?, which is expected for wide band-gap
cess. Having lower resistivity<6 x 1072 () cm), higher car- materials’ The ideality factor,, is calculated to be-6 from
rier concentration(>1x 10?* cm™) and wider band gap the diode equation,=1{exp(qVp/ 7kT)-1], wherels is the
(>~0.12 eV} than that of ZnO:Al(3%), the ZnO:Al (7%) saturation currenl/p is the diode voltage, anfl (=300 K) is
serves the purpose as a transparent injector of electrons. the temperature, with the consideration of a serfe$

The RT optical and electrical characteristics of the~1 k() and a shunt Rsh
n-ZnO:Al/p-SiC heterojunction LED were measured by (>50 k() resistance, see the insert in Fig.Ris introduced
contacting then side of the LED to a ZnO:AlF%)-coated into the model because of the large ohmic resistance of the
quartz substrate as shown in Fig. 1. This configuration wa#l/Ti metal contact on the-SiC. The presence dRy is
used in order to avoid metallization on the ZnQ/&0) of  probably due to the edge shunt of the device, which can arise
the LED. Hence, the fabrication procedures can be simplifiedrom the inadequate edge isolation during the deposition pro-
and the device can also be recycled for other experimentgesses. Moreover, when the sample is under reverse-biased
The quartz substrate was coated with a ZnQo) film of condition, there is small leakage currért102 uA) for re-
~100 nm thick(by the FCVA technique with the same depo- verse biased voltages up te6 V. Hence, the measured
sition conditiong and followed by a Ni film of~100 nm  current-voltage characteristics of omZnO:Al/p-SiC het-
thick (by using electron-beam evaporatioin this case, the erojunction have indicated that our low-temperature deposi-
ZnO:Al (7%) film acts as a transparent conducting layer andion technique can produce diodes with performance compat-
the Ni film forms an ohmic contact on the ZnO:&%) film. ible with those obtained from molecular-beam epitaxy and
Figure 2 shows that the ohmic resistance of the Ni metathemical vapor depositich’
contact on the-ZnO: Al(7%)/quartz as compared with that Figure 4 presents the EL spectra of the device at differ-
of Al/Ti metal contact on thg-SiC is negligible. As for the ent forward-biased voltages. It is observed that all EL spectra
biasing of the LED, the cathode and anode of a rectangleexhibit UV emission peaks at385 nm. The intensity of the
pulse voltage sourcewith repetition rate and pulse width of UV peak increases with the increase of biased voltage. This
7.5 Hz and 80 ms, respectivélyere connected to the Ni indicates that the ZnO:Al films exhibit effective near-band-
contact on the quartz substrate and the Al/Ti onpk®iC,  edge radiative recombination and the influence of the hetero-
respectively. Light was collected from the uncoated side ofnterface defect is negligible. The full width at half maxi-
the quartz substrate by an objective lens. Figure 3 shows thraum (FWHM) of the UV peak at forward biased 7.4 V
current-voltagesolid lineg and light-voltagg(solid triangle is ~20 nm. A peak at-490 nm(stretches betweer 430 to
characteristics of the LED. It is evident that the current-~530 nmj is also observed from the EL spectra for forward
voltage curve shows a rectifying behavior, with a turn-onbiased greater than 6 V. Figure 5 shows the PL spectra from
voltage of 3.8 V. It is noted that if the electron and holethe layer of ZnO:Al(3%) deposited on g-doped 4H-SiC
densities inn-ZnO:Al (3%) and p-SiC are greater than 1 substrate after RTA and a piece of bagyeloped 4H-SiC.
X 10'° cm3, the turn-on voltage should be closer to the cor-Both samples were excited by a 355 nm pulse so(t0eHz,
responding band-gap energy. As the band-gap energy of Zn® n9 at ~0.25 MW/cnf. It is observed that the 4H-SiC
and p SiC is approximately equal te-3.3 and~3.28 eV, sample exhibits no measurable light emission under the op-
respectively, the turn-on voltage will be arounrd3.3 V. tical excitation. On the contrary, the PL spectrum of the
However, the measured turn-on voltage is larger than 3.3 \ZnO:Al (3%) sample shows a strong UV peak-a880 nm
because of the high ohmic resistance from the Al/Ti metabnd a weak defect peak at490 nm. The narrow FWHM of

contact on thep-SiC substrate. Besides, at low forward bi- the UV PL peal(~23 nm) shows that the presence of Al has
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FIG. 4. RT EL spectra of the-ZnO:Al(3%)/p-SiC(4H) heterojunction
LED at various forward biased voltage.

n-ZnO:Al films are well suited to be applied in ZnO UV

a negligible influence on the optical properties of the ZnO:AILEDs, as well as diode lasers as the electron injection layer
films. The ~380 nm UV PL peak implies that the free- and active layer.
exciton recombination is the dominant mechanism inside the
n-ZnO:Al(3%) film. A ~5 nm difference in the UV peak . :
position between the EL and PL spectra indicates that th girjggé%gghg?ﬁeFf\jeiseiacghoefetsg?a?sgézﬂﬁggtli\é% 022-
radiative recombination process has changed to exciton- PP '
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