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Electrical characterization of vapor-phase-grown single-crystal ZnO
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Gold Schottky-barrier diodes~SBDs! 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. ©2002 American Institute of Physics.
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During the past few decades, ZnO has been used
many, diverse products. Its applications, among others,
clude phosphors, piezoelectric transducers, varistors, alc
synthesis catalysis, and gas sensing. In a recent review, h
ever, where the properties of ZnO are summarized,1 it was
pointed out that ZnO can be used for several other, m
advanced, electro-optical applications. Based on the fact
ZnO has a direct bandgap of 3.4 eV, it is expected to fulfi
similar role as GaN in optoelectronics, i.e., play an import
role in realizing blue and ultraviolet light-emitting diode
and lasers, as well as daylight–blind UV detectors. Simila
that of GaN, its large band gap renders ZnO suitable for
fabrication of high-temperature, high-power devices with a
plication, among others, in space where typical opera
temperatures exceed 200 °C. High-quality single-crystal Z
can be successfully grown in bulk.2 A very important conse-
quence of this is that owing to the relatively close match
lattice constants, single-crystal ZnO may be used as a
strate to grow epitaxial GaN that is well oriented with resp
to the substrate and that has a reduced defect density.3 Fur-
ther practical advantages of ZnO include amenability to c
ventional wet chemistry etching, which is compatible with
technology4 ~unlike the case for GaN!.

An important issue in ZnO technology is establishing
technology for the fabrication of high-quality Schottk
barrier diodes~SBDs!. SBDs are of key importance to prob
defects in semiconductors by junction spectroscopic cha
terization techniques, such as deep-level transient spec
copy ~DLTS! ~Ref. 5! and admittance spectroscopy~AS!.6

They are also important structures for metal–semicondu
field-effect transistors~MESFETs! and detectors. A limited
amount of research regarding Schottky contacts to ZnO
carried out in the 1960s, where among other things the
rier height of some metal contacts to vacuum-cleaved Z
was reported.7 However, up to now, no systematic studies
surface characterization as a function of cleaning met
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have been performed; i.e., the influence of different clean
methods on the surface quality of ZnO and the quality
Schottky contacts to ZnO have not been compared. Co
quently, the fabrication of high-quality Schottky contacts
ZnO is still an art, and not yet a science.

Compared to other semiconductors, very little is know
about defects in ZnO. In the few reports pertaining to el
trical characterization of defects in ZnO using junction sp
troscopic techniques, the focus was mostly on polycrystal
ZnO, though some data are available for single-crystal Z
Common to the majority of these reports for poly- or sing
crystalline ZnO, is the presence of a defect,L2, with a level
situated around 0.3 eV below the conduction band.8–14 In
addition, single-crystal ZnO grown by the hydrotherm
technique contains a defect with a level estimated atEC

20.34 eV, from temperature-dependent Hall-effe
measurements;1 this defect is probably related toL2. Another
defect, L1, with a level reported between 0.18 and 0.
eV,8,10,12,13has only been observed in poly-ZnO, but little
known about its identity. Metal impurities were reported
introduce acceptor levels in the ZnO band gap atEC

20.17 eV for Cu~Ref. 15! and atEC20.23 eV for Ag.16 A
defect,L3, with a broad DLTS peak and an estimated ene
level/band at 0.2–0.3 eV, has been detected in poly-ZnO8,10

There is speculation thatL3 is linked to multiple, closely
spaced deep levels.10

In this letter, we report on the electrical characterizati
of defects in vapor-phase-grown single-crystaln-ZnO. We
have used DLTS to show that four electron trap defe
(E1 –E4) are present in this ZnO. The most prominent
these has an activation energy of 0.12 eV.

The ZnO used for this study was grown by a vapo
phase technique, making use of a nearly horizontal tu2

The ZnO samples were cleaned by rinsing them ultraso
cally for 5 min periods in acetone, then in toluene, and th
in DMSO. After each of these steps, the samples were rin
in deionized water for 5 s and then blown dry in nitrogen.4

Following this, circular Au contacts, 0.7 mm in diameter a
0 © 2002 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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200 nm thick, were resistively evaporated onto the~0001̄! O
face of the ZnO crystal through a mechanical mask. The
after, InGa Ohmic contacts were applied to the opposite s
~Zn face! of the sample. The Au/ZnO Schottky-barrier diod
structures were characterized by standard room tempera
~297 K! current–voltage (I –V) and capacitance–voltag
(C–V) measurements, and the defects in the ZnO by DL
using a lock-in amplifier~LIA ! based system in the temper
ture range 25–300 K.

I –V measurements showed that the SBDs exhibite
high degree of rectification with a reverse current of ab
1029 A at a bias of 1 V~inset in Fig. 1!. From C–V mea-
surements, the free-carrier density,ND2NA , was found to
vary, from sample to sample, between (4 – 6)31016 cm23 in
the first 0.2mm below the surface, i.e., the region bein
probed by DLTS.

Conventional lock-in amplifier based DLTS in the tem
perature range 30–300 K~using the same SBDs! revealed
the presence of at least three levels~solid curve in Fig. 1,
recorded at 46 Hz!. During the experiment we have note
that the capacitance decreases by about 90% from 50 t
K, due to carrier freeze-out. The peak of the most promin
defect, E1, therefore occurs in the freeze-out region. T
implies that an accurate analysis of its emission kinetics
concentration is not possible in this temperature regi
Curve ~a! of Fig. 2 more clearly illustrates the asymmetr
DLTS peak shape of defectE1, recorded at a LIA frequency
of 46 Hz. In an attempt to move out of the freeze-out regim
DLTS spectra were recorded at a higher lock-in amplifi

FIG. 1. Typical DLTS spectrum of a Au/ZnO SBD, recorded at a L
frequency of 46 Hz, a quiescent reverse bias of 2 V, and a filling pu
amplitude of 2 V. In the inset we depict theI –V characteristics of this diode
where FB and RB refer to theforward biasandreverse biascharacteristics,
respectively.
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frequency~2200 Hz!. From these measurements@curve~b! in
Fig. 2#, we observed that theE1 peak is still quite asymmet
ric. This indicates either that theE1 peak is the superpositio
of more than one peak, from closely spaced energy levels
that it is the consequence of a strong electric-field-enhan
emission.17

Using the lowest possible electric field that still yields
strong enough signal for DLTS measurements@Vr52 V and
Vp50.1 V, curve~c! in Fig. 2#, we determined the activation
energy and apparent capture cross section ofE1 as 0.12
60.02 eV and (2.761.0)310213 cm2, respectively~Table I
and Fig. 3!. This is the lowest value of an energy level r
ported for DLTS or AS measurements on ZnO. Based on
energy level,E1 may be the same level as the 0.14 eV lev
reported by Tuller for a defect in ZnO.18 Fixed bias–variable
pulse DLTS profiling was used to determine the concen
tion of E1 and indicated that theE1 concentration ap-
proaches 1016 cm23 in the region probed by DLTS. This
together with the fact that theE1 signal is observed in the
freeze-out region, indicates that it significantly contributes
the shallow donor concentration in ZnO.

The peak position of the second most prominent lev
E3, exhibited very little dependence on the electric field. W
have determined its activation energy and apparent cap
cross section as 0.2960.01 eV below the conduction band
and (5.861.0)310216 cm2, respectively~Table I and Fig.
3!. The concentration ofE3, determined by DLTS profiling,
was found to be about 1014 cm23. A third, less prominent
defect,E4, is present in a concentration of 1013– 1014 cm23.

e
FIG. 2. DLTS spectra of theE1 defect. Curve~a!, recorded at a LIA fre-
quency of 46 Hz, depicts the asymmetric peak shape in the vicinity of
freeze-out region. Curves~b! and~c! were recorded at 2200 Hz at a high an
low electric field, respectively, as per the indicated bias and pulse co
tions.
TABLE I. Electronic properties of defects detected by DLTS in vapor-phase-grownn-type ZnO.

Defect
label

ET

~eV!
sa

~cm2!
NT

~cm23!
Tpeak

a

~K!
Similar defects
and references

E1 0.1260.02 2.761.0310213 '1016 70b D2? ~Ref. 2!
E2 0.1060.03 8.464.0310218 1012– 1013 92 ¯

E3 0.2960.01 5.861.0310216 1014 184 L21 ~Ref. 12!, D3 ~Ref. 1!
E4 0.5760.02 2.060.5310212 1013– 1014 249 ¯

aPeak temperature at a lock-in amplifier frequency of 46 Hz~emission rate of 109 s21!.
bPeak temperature at a lock-in amplifier frequency of 2200 Hz~emission rate of 5200 s21!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Its concentration varied from sample to sample. We h
determined the activation energy and apparent capture c
section ofE4 as 0.5960.02 eV below the conduction band
and (2.060.5)310212 cm2, respectively~Table I and Fig.
3!. The unrealistically high value of its apparent captu
cross section suggests thatE4 may not be a simple poin
defect. No defect with a similar energy has yet been repo
in the literature. Another minor peak,E2, not observed in all
samples, was found to have an activation energy and ap
ent capture cross section of 0.1060.03 eV below the conduc
tion band, and (8.464.0)310218 cm2, respectively.

Some insight into the possible origin of these defects
be gained by noting, for example, thatL1 has thus far only
been detected in polycrystalline ZnO, and not in sing
crystal ZnO. It, therefore, seems thatL1 is characteristic of
polycrystalline ZnO.L2 ~E3 in our work!, on the other hand
has been observed in both single-crystal and polycrysta
ZnO. This implies thatL2 is a structural defect or impurity
that can occur in both crystal types. It has been proposed
L2 is the oxygen vacancy (V0) ~Ref. 11! or the zinc intersti-
tial (ZnI).

10 From two, recent theoretical calculations,19,20

based on the local density approximation~LDA !, it appears
that theV0 model for L2 may be correct, but not the ZnI

model. That is, both calculations agree that ZnI is a shallow
donor, andV0 , a deep donor, about 0.6 or 0.7 eV from t
conduction band. Considering the errors inherent in the L
theory, it is entirely possible thatL2 is related toV0 . L3,8,10

too, has not been detected in the ZnO studied here o
hydrothermally grown ZnO,11 indicating that it may occur
only in poly-ZnO.

The activation energy of the main shallow level o
served here,E1, is 0.12 eV. The two main shallow dono
levels observed by Looket al. using Hall measurements i
the same material have levels at 31 and 61 meV, respecti
below the conduction band.2 Whereas Looket al. did not
observe any level close to 0.12 eV, they did detect a leve
0.34 eV, similar to theE3 in the same material.1 The ques-

FIG. 3. Arrhenius plots of defects (E1 –E4) observed in vapor-phase
grown ZnO~open symbols!, and those of defects reported by other auth
for single-crystal ZnO~thick line! and polycrystalline ZnO~thin lines!.
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tion that thus arises is why they detected two levels sh
lower thanE1 and a level at about theE3 position, but not
the prominent level at 0.12 eV. A possible explanation is t
E1 is a defect with a temperature-activated capture cr
section. If the barrier for this process is about 59 meV,
true level ofE1 would correspond to the 61 meV level (D2)
of Look et al.A similar situation was found in GaN in which
the energy levels of the main shallow radiation-induced
fects observed by Hall measurements and DLTS were v
different.21 In both these cases it has to be assumed th
donor defect has a capture barrier, which is difficult to re
oncile with the picture of a simple Coulombic center.

In summary, we have fabricated SBDs with low-leaka
currents on ZnO, allowing accurate DLTS measureme
Our DLTS results have revealed that the main defect
vapor-phase-grown ZnO is a shallow-level defect close to
conduction band with an activation energy of 0.12 eV, a
possibly a capture barrier for electrons of about 60 meV. T
defect has not been observed with any junction spectrosc
technique. Based on the concentrations of defects other
this shallow donor, we conclude that the quality of the vap
phase-grown ZnO studied here, supercedes that of o
single-crystal ZnO material reported.
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