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Electrical characterization of vapor-phase-grown single-crystal ZnO
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Gold Schottky-barrier diode6SBDs were fabricated on vapor-phase-grown single-crystal ZnO.
Deep-level transient spectroscopy, using these SBDs, revealed the presence of four electron traps,
the major two having levels at 0.12 eV and 0.57 below the conduction band. Comparison with
temperature-dependent Hall measurements suggests that the 0.12 eV level has a temperature
activated capture cross section with a capture barrier of about 0.06 eV and that it may significantly
contribute to the free-carrier density. Based on the concentrations of defects other than this shallow
donor, we conclude that the quality of the vapor-phase-grown ZnO studied here supercedes that of
other single-crystal ZnO reported up to now. ZD02 American Institute of Physics.
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During the past few decades, ZnO has been used ihave been performed; i.e., the influence of different cleaning
many, diverse products. Its applications, among others, inmethods on the surface quality of ZnO and the quality of
clude phosphors, piezoelectric transducers, varistors, alcoh8chottky contacts to ZnO have not been compared. Conse-
synthesis catalysis, and gas sensing. In a recent review, howuently, the fabrication of high-quality Schottky contacts to
ever, where the properties of ZnO are summarizédyas  ZnO is still an art, and not yet a science.
pointed out that ZnO can be used for several other, more Compared to other semiconductors, very little is known
advanced, electro-optical applications. Based on the fact thaibout defects in ZnO. In the few reports pertaining to elec-
ZnO has a direct bandgap of 3.4 eV, it is expected to fulfill atrical characterization of defects in ZnO using junction spec-
similar role as GaN in optoelectronics, i.e., play an importantroscopic techniques, the focus was mostly on polycrystalline
role in realizing blue and ultraviolet light-emitting diodes ZnO, though some data are available for single-crystal ZnO.
and lasers, as well as daylight—blind UV detectors. Similar taCommon to the majority of these reports for poly- or single-
that of GaN, its large band gap renders ZnO suitable for therystalline ZnO, is the presence of a defdc?, with a level
fabrication of high-temperature, high-power devices with apsituated around 0.3 eV below the conduction b&rd.In
plication, among others, in space where typical operatingaddition, single-crystal ZnO grown by the hydrothermal
temperatures exceed 200 °C. High-quality single-crystal ZnQechnique contains a defect with a level estimatecEat
can be successfully grown in bulld very important conse- —0.34 eV, from temperature-dependent Hall-effect
quence of this is that owing to the relatively close match inmeasurementsthis defect is probably related te?. Another
lattice constants, single-crystal ZnO may be used as a sulgtefect, L1, with a level reported between 0.18 and 0.23
strate to grow epitaxial GaN that is well oriented with respectgy/8.10.12.13h55 only been observed in poly-ZnO, but little is
to the substrate and that has a reduced defect dérBiti=  known about its identity. Metal impurities were reported to
ther practical advantages of ZnO include amenability to conintroduce acceptor levels in the ZnO band gap Eat
ventional wet chemistry etching, which is compatible with Si — .17 eV for Cu(Ref. 15 and atEc—0.23 eV for Agi® A
technology (unlike the case for GaN defect,L3, with a broad DLTS peak and an estimated energy

An important issue in ZnO technology is establishing ajevel/band at 0.2—0.3 eV, has been detected in poly-ZHO.
technology for the fabrication of high-quality Schottky- There is speculation thdt3 is linked to multiple, closely
barrier diodesSBDs. SBDs are of key importance to probe spaced deep level§.
defects in semiconductors by junction spectroscopic charac- | this letter, we report on the electrical characterization
terization techniques, such as deep-level transient spectrogt gefects in vapor-phase-grown single-crystaZnO. We
copy (DLTS) (Ref. 5 and admittance spectroscopS).®  have used DLTS to show that four electron trap defects

They are also important structures for metal—semiconductO(rEl_E4) are present in this ZnO. The most prominent of
field-effect transistorMESFETSY and detectors. A limited  hese has an activation energy of 0.12 eV.

amqunt of r_esearch regarding Schottky contacts_ to ZnO was The 7ZnO used for this study was grown by a vapor-
c_arrled_ out in the 1960s, where among other things the bakspage technique, making use of a nearly horizontal fube.
rier height of some metal contacts to vacuum—.cleave.d ZnGrne 7nO samples were cleaned by rinsing them ultrasoni-
was reported.Hovv_evg, up to now, no systematic studies of o4y for 5 min periods in acetone, then in toluene, and then
surface characterization as a function of cleaning methog,, pMsoO. After each of these steps, the samples were rinsed
in deionized water fo5 s and then blown dry in nitrogéh.
¥Electronic mail: fauret@postino.up.ac.za Following this, circular Au contacts, 0.7 mm in diameter and
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FIG. 1. Typical DLTS spectrum of a Au/ZnO SBD, recorded at a LIA FiG, 2. DLTS spectra of th&€1 defect. Curvea), recorded at a LIA fre-
frequency of 46 Hz, a quiescent reverse bias of 2 V, and a filling pulseyyency of 46 Hz, depicts the asymmetric peak shape in the vicinity of the

amplitude of 2 V. In the inset we depict the V characteristics of this diode,  freeze-out region. Curve) and(c) were recorded at 2200 Hz at a high and
where FB and RB refer to thlerward biasandreverse biasharacteristics,  |ow electric field, respectively, as per the indicated bias and pulse condi-

respectively. tions.

200 nm thick, were resistively evaporated onto 8@01) O  frequency(2200 H2. From these measuremeftsirve(b) in
face of the ZnO crystal through a mechanical mask. ThereFig. 2], we observed that thel peak is still quite asymmet-
after, InGa Ohmic contacts were applied to the opposite sidec. This indicates either that tHel peak is the superposition
(Zn face of the sample. The Au/ZnO Schottky-barrier diode of more than one peak, from closely spaced energy levels, or
structures were characterized by standard room temperatutieat it is the consequence of a strong electric-field-enhanced
(297 K) current—voltage I(-V) and capacitance—voltage emission:’
(C-V) measurements, and the defects in the ZnO by DLTS  Using the lowest possible electric field that still yields a
using a lock-in amplifieLIA ) based system in the tempera- strong enough signal for DLTS measuremgis=2 V and
ture range 25-300 K. V,=0.1V, curve(c) in Fig. 2], we determined the activation
|-V measurements showed that the SBDs exhibited @&nergy and apparent capture cross sectioredfas 0.12
high degree of rectification with a reverse current of about+0.02 eV and (2.Z 1.0)x 103 cn?, respectively(Table |
10" ° A at a bias of 1 V(inset in Fig. 3. FromC-V mea- and Fig. 3. This is the lowest value of an energy level re-
surements, the free-carrier densiyp— N4, was found to  ported for DLTS or AS measurements on ZnO. Based on its
vary, from sample to sample, between (4x@)0'® cm 3 in energy levelE1 may be the same level as the 0.14 eV level
the first 0.2 um below the surface, i.e., the region being reported by Tuller for a defect in Zn&.Fixed bias—variable
probed by DLTS. pulse DLTS profiling was used to determine the concentra-
Conventional lock-in amplifier based DLTS in the tem-tion of E1 and indicated that th&1l concentration ap-
perature range 30—300 Kising the same SBDgevealed proaches 18 cm 2 in the region probed by DLTS. This,
the presence of at least three lev&slid curve in Fig. 1, together with the fact that thE1l signal is observed in the
recorded at 46 Hz During the experiment we have noted freeze-out region, indicates that it significantly contributes to
that the capacitance decreases by about 90% from 50 to 3@e shallow donor concentration in ZnO.
K, due to carrier freeze-out. The peak of the most prominent  The peak position of the second most prominent level,
defect,E1, therefore occurs in the freeze-out region. ThisE3, exhibited very little dependence on the electric field. We
implies that an accurate analysis of its emission kinetics ohave determined its activation energy and apparent capture
concentration is not possible in this temperature regioncross section as 0.290.01 eV below the conduction band,
Curve (a) of Fig. 2 more clearly illustrates the asymmetric and (5.8-1.0)x 10" cn?, respectively(Table | and Fig.
DLTS peak shape of defe&il, recorded at a LIA frequency 3). The concentration oE3, determined by DLTS profiling,
of 46 Hz. In an attempt to move out of the freeze-out regimewas found to be about Hcm™3. A third, less prominent

DLTS spectra were recorded at a higher lock-in amplifierdefect,E4, is present in a concentration of'#910" cm™3.

TABLE I. Electronic properties of defects detected by DLTS in vapor-phase-gretype ZnO.

Defect Er O, N+ Tpeal Similar defects
label (eV) (cm?) (cm™®) (K) and references
E1l 0.12£0.02 2.7£1.0x107 13 ~10'% 70° D27? (Ref. 2
E2 0.10+0.03 8.4-4.0x 10718 1012-101 92
E3 0.29+0.01 5.8-1.0x10 %6 10+ 184 L2" (Ref. 12, D3 (Ref. 1)
E4 0.57+0.02 2.0-0.5x10 *? 10110 249

3Peak temperature at a lock-in amplifier frequency of 46(étmission rate of 109°8).

bPeak temperature at a lock-in amplifier frequency of 220Q(étaission rate of 5200°$).
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108 grrrrrrrer T T e T T T tion that thus arises is why they detected two levels shal-
i gmg;;fa’- 1988 lower thanE1 and a level at about the3 position, but not
e ERT __ smpsenetaiess ] the prominent level at 0.12 eV. A possible explanation is that
i L1 (Hydrothermal) ] El is a defect with a temperature-activated capture cross
10 F section. If the barrier for this process is about 59 meV, the
f i ] true level ofE1 would correspond to the 61 meV levé)2)
X 10°F of Look et al. A similar situation was found in GaN in which
<§ i ] the energy levels of the main shallow radiation-induced de-
LS S / fects observed by Hall measurements and DLTS were very
i £ 1 different?® In both these cases it has to be assumed that a
10" ¢ &2 / 3 donor defect has a capture barrier, which is difficult to rec-
i oncile with the picture of a simple Coulombic center.
100 ... i, . A . et L3 In summary, we have fabricated SBDs with low-leakage
2 4 6 8 10 12 14 16 currents on ZnO, allowing accurate DLTS measurements.
1000/T (K™) Our DLTS results have revealed that the main defect in

FIG. 3. Arrhenius plots of defectsE(l—E4) observed in vapor-phase- Vapor—phase-grown.ZhnO ISa .Sha.llow_level deffeCt close to the
grown ZnO(open symbols and those of defects reported by other authors condyctlon band wit f"m activation energy of 0.12 eV, an_d
for single-crystal ZnQthick line) and polycrystalline ZnGithin lines. possibly a capture barrier for electrons of about 60 meV. This
defect has not been observed with any junction spectroscopic
| . ied f | le. We h technique. Based on the concentrations of defects other than
ts concentration varied from sample to sample. We havgys ghajiow donor, we conclude that the quality of the vapor-

determined the activation energy and apparent capture Croﬁﬁase-grown ZnO studied here, supercedes that of other
section ofE4 as 0.590.02 eV below the conduction band, single-crystal ZnO material reported

and (2.0-0.5)x 10 12 cn?, respectively(Table | and Fig.
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