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ABSTRACT

Electronic properties of single crystal (111) Cu,O wafers have been investigated using a number of complementary techniques. Secondary
ion mass spectrometry has shown significant presence of hydrogen and nitrogen. Cathodoluminescence measurements reveal strong near-
band emission indicating the good electronic quality of the wafers. Two deep emission lines are observed at 1.3 and 1.7 eV. Temperature-
dependent Hall effect measurements reveal electronic levels at around Ey + 0.16 eV, Ey + 0.22 eV, and ~Ey + 0.4 eV, where Ey is the valence
band edge. The discussion on the identity of the electronic centers calls for a revision of the traditional assignments of the 1.3-eV and
1.7-eV lines in order to take into account independent theoretical predictions. The temperature dependence of carrier mobility shows that
the mechanism limiting the mobility can be described by scattering on neutral and ionized defect centers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059406

I. INTRODUCTION

Cuprous oxide (Cu,O) is a direct bandgap semiconductor
with a bandgap of ~2.17 eV.'™ It has been intensively studied for
its promising properties for photovoltaic applications due to the
abundance and non-toxicity, strong light absorption, and the pos-
sibility of thin-film processing. However, efficiencies for most
thin-film devices have yet to surpass ~2%.” On the other hand,
solar cells based on oxidized copper sheets have achieved efficien-
cies as high as 8%." The challenge to achieve higher efficiencies is
believed to be due to the inability to fully control defect concen-
trations in Cu,O, where the excess acceptor concentrations are
normally attributed to non-stoichiometry caused by cation defi-
ciency through copper vacancies (V¢,).’

Theoretical predictions on the properties of V¢, by the density
functional theory (DFT) are somewhat contradicting. According to
Raebiger et al,’ Vcu can have another configuration, the so-called
split vacancy (Vcyspiie)> that has higher formation energy for both
neutral and negative charge states. Vsl is thus expected to be
less energetically favorable. Both the configurations are predicted to

have the acceptor transition (0/—) at around Ey + 0.28 eV, where Ey
is the valence band edge. Later, Scanlon et al.’ have estimated that
neutral Vcy(0) and Veyepic(0) have similar formation energies,
which is in contrast to the calculations by Raebiger et al’
According to Scanlon et al.,” the acceptor transitions (0/—) for V¢,
and Ve occur at Ey +0.23eV and Ey +0.47 eV, respectively.
One can see that both Raebiger et al.” and Scanlon et al.’ agree on
the preferred configuration for the negative charge state, while dis-
agreeing somewhat on the relation between the formation energies
for the neutral charge state.

Experimental studies on electronic properties of nominally
intrinsic Cu,O have routinely reported dominant acceptor levels
around 0.2 eV and around 0.4-0.5 eV above Ey (see recent Refs. 7-10
and references therein). Over the decades, there have been a
number of different identifications of these levels. Since the results
were obtained for nominally intrinsic Cu,O, the identifications were
normally attributed to intrinsic defects, mostly to vacancy related
defects. For instance, Paul et al.” have attributed the electronic level
at Ey +0.45eV to a Cu-monovacancy and the level at Ey +0.25 eV
to a Cu-divacancy. After the DFT studies by Raebiger et al’ and
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Scanlon et al.,” the assignments tend to involve V¢, and Vusplit:
One can notice, however, that the effect of unintentional impurities
has not been seriously considered and investigated.

Nitrogen is one of the most established acceptor dopants in
Cu,O. Nitrogen substituting oxygen (No) is routinely assigned to a
shallow acceptor level at 0.12-0.18 eV above Ey."'”"" This range is
in agreement with the estimate based on the effective mass approxi-
mation, which gives a theoretical activation energy of 0.16¢eV.'
However, recent DFT calculations could not place Ng as a shallow
acceptor. It was reported to have a deeper level at ~Ey +0.5¢€V,
making it a less likely candidate as a dominant shallow acceptor in
Cu,O (see recent Ref. 14 and references therein). Instead, nitrogen
is proposed to mainly replace Cu in its molecular form, as
(N3)cw' ™ which is supported by experimental results showing that
nitrogen is present in Cu,O predominantly as N»."” Finally, it is
calculated that (N,)c, has a shallower acceptor level at ~0.2 eV."° It
is interesting to note that Malerba et al.'” have shown direct evi-
dence of optical absorption around 0.5-0.7 eV associated with
nitrogen induced electronic levels. This observation is consistent
with the DFT results on the acceptor level of No at ~Ey + 0.5 ev.”

Although hydrogen is known to be an abundant impurity in
oxides, our understanding of its properties in Cu,O is limited.
According to Van de Walle and Neugebauer'® isolated interstitial
hydrogen (H;) is a negative-U center in various semiconductors. It
has been calculated that the positive charge state, H;(+), tends to
take the bond-centered (BC) configuration, while the negative
charge state, H;(—), tends to take the tetrahedral (tet) configuration.
The negative-U behavior is thus attributed to the electronic and
structural transition between H;pc(+) and H;(—). The calcula-
tions suggest that for the majority of semiconductors, the electronic
level for the transition between H;pc(+) and H; () is universally
aligned with respect to the vacuum level. The DFT calculations put
this level at around 4.5 eV below the vacuum level.'® Adopting this
hypothesis and taking the electron affinity of Cu,O as 3.1eV,”’
one can estimate that the expected level in Cu,O is at ~1.4eV
below the conduction band (E¢) or at ~0.8 eV above Ey,.

First, DFT calculations on some hydrogen-related complexes
have been reported by Scanlon and Watson.'” Several possible
atomic configurations for H; have been calculated, including tetrahe-
dral, octahedral, bond-centered, and anti-bonding configurations.
Unfortunately, the transition between H;pc(+) and H;(—) has not
been explicitly considered, and the hypothesis on the universal align-
ment has not been explicitly checked for Cu,O. The calculations by
Scanlon and Watson'” have also demonstrated the ability of hydro-
gen to passivate V,. The hydrogen-V¢, complex (H-Vc,) has been
shown to have the lowest formation energy among the considered
complexes. It is predicted to have the donor level (+/0) at around
Ev +0.1 eV and the acceptor level (0/—) at around Ey + 1.2 €V.

The experimental reports on the role of hydrogen in Cu,O
are quite scarce. Hering et al.”’ have reported on improved carrier
transport properties when hydrogen is introduced during Cu,O
deposition by magnetron sputtering. This is attributed to hydro-
gen passivating donor-like states, resulting in improved mobility
in the films. The study also highlights an increase in acceptor ion-
ization energy with higher hydrogen flow during growth, which
can be interpreted as the appearance of a hydrogen-related defect
with higher activation energy. Tabuchi and Matsumura’' and
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Kumar et al** also report on improved mobility in hydrogen
enriched Cu,O. The increased mobility is accompanied by a
decrease in carrier concentration, which suggests either passivation
of acceptors by hydrogen or an increase in the acceptor activation
energy. These findings are consistent with theoretical predictions on
hydrogen passivation of vacancies by Scanlon and Watson.'”

The literature shows that the majority of studies are performed
on magnetron-sputtered films or thermally oxidized copper sheets.
In this work, we report on the dominant electronic states in single
crystalline Cu,O. We employ a number of complementary techni-
ques to establish and identify the dominant electronic states.

Il. EXPERIMENTAL DETAILS

Two commercially available natural single crystal Cu,O wafers
from SurfaceNET with a resistivity of 20 kQ cm were used in the
study. The wafers had (111)-orientation and a size of 1x1 cm?
with a thickness of 500 um. One of the wafers was measured by
x-ray diffraction (XRD) before it was cut into smaller samples for
Schottky diode fabrication, Secondary Ion Mass Spectrometry
(SIMS), and Cathodoluminescence (CL) measurments. Another
wafer was used for the temperature-dependent Hall (TDH).

SIMS measurements of hydrogen and nitrogen concentrations
were conducted in a Cameca IMS7f microanalyzer with Cs* primary
ions at 15 keV. Reference samples were used to quantify the concen-
trations in the Cu,O wafers studied. The reference samples used
were magnetron sputtered, phase-pure Cu,O films ion-implanted
with known doses of hydrogen and nitrogen. The implantation of
hydrogen was performed with an energy of 20 keV and a dose of
1x 10" cm™. These implantation conditions resulted in a hydro-
gen profile with a peak concentration of 8 x 10?° cm™ at a depth
of ~160 nm. The implantation of nitrogen was done with the same
dose 1x10'®cm™ and an ion energy of 80 keV. This energy was
chosen in order to provide a nitrogen depth profile similar to that
of hydrogen. The resulting nitrogen profile has a peak concentra-
tion of 8 x 10*° cm™ at a depth of ~120 nm. The SIMS measure-
ments were carried out for the reference samples and the studied
single crystalline wafers at the same measurement conditions on
the same day. The count rates of the secondary ions were then cal-
ibrated using the reference samples. This calibration was used to
deduce the concentrations from the rate counts for the analyzed
single crystal samples. The measurements revealed a high concen-
tration of hydrogen in the Cu,O wafers: as high as 3 x 10" cm™.
Nitrogen concentration was established to be ~7 x 10" cm™,

Structural characterization was performed using X-ray Diffraction
(XRD) in a Bragg-Brentano geometry and CuK,; radiation
selected by a GE(002) asymmetric monochromator on the primary
beam side. The scans were performed in a Bruker AXS D8 Discovery
XRD system.

CL was studied with a JEOL JSM-IT300 SEM with a Delmic
SPARC CL system equipped with an Andor Shamrock SR-193i
spectrometer, a 3001/mm grating, and a charged couple device
(CCD) Andor Newton DU940P-BU2, allowing us to achieve
0.97 nm spectral resolution. The CL spectra were recorded at
80 K with acceleration voltages of 3, 5, 10, and 20 keV and a probing
current of 100 pA.
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Free carrier density has been assessed by TDH measurements
conducted with two different Lakeshore 7604 setups, one config-
ured for low-temperature measurements (20-300 K) and one for
high temperature (300-700 K). The sample was first measured in
the low-temperature setup at 120-300 K, subsequently, it was mea-
sured in the high temperature setup at 300-550 K.

Circular Al contacts with a diameter of 0.5 mm were deposited
by thermal evaporation through a shadow mask. Subsequently, Au
was deposited over the whole backside surface as the back contact.
This resulted in Schottky diodes with rectifications of ~2 orders of
magnitude. Thermal admittance spectroscopy (TAS) was performed
under 1V reverse bias with an Agilent 4280A LCR meter with probe
frequencies between 10 kHz and 1 MHz and 20 mV amplitude.

lll. RESULTS AND DISCUSSION

The XRD pattern of a 820 scan (Fig. 1) reveals two dominant
peaks at 36.43° and 77.35°. The peaks correspond to diffraction at
(111) and (222) planes of Cu,O. This confirms phase-pure, single
crystalline Cu,O with the orientation along the [111] direction.
The lattice constant a=4.269+0.004 A was obtained from the
position of the [111] reflection and is in good agreement with the
literature value of 4.270 +0.001 A.” The two minor peaks marked
by asterisks originate from the Al sample holder. One can also
observe an indication of a minor peak at ~33°. At the moment, we
cannot make a conclusive claim on the origin of this peak. One can
speculate that it can be due to (110) CuO since the presence of
CuO inclusions or a thin CuQ surface layer cannot be excluded.”
On the other hand, we do not observe the diffraction on (220)
CuO, expected at ~70° with a similar intensity.

Figure 2 depicts CL spectra measured at 80 K with different
electron-beam energies, the spectra are consistent with each
other and indicate good crystal quality and uniformity. The
spectra reveal strong and sharp near-band emission (NBE) lines
in the photon energy range 1.9-2.1¢V. In addition, two broad,
strong luminescence bands are observed at around 1.3 and 1.7 V.

[111]

Counts
T
1

25 30 35 40 45 50 55 60 65 70
2Theta [deg]

FIG. 1. 6-26 XRD scan for the Cu,0 sample. Asterisks denote minor peaks
that originate from the sample holder.
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Similar transitions were routinely observed by photoluminescence
(PL) already over half a century ago (see Ref. 24 and references
therein). First tentative identification was put forward by Bloem
et al,>* where the luminescence peak at ~1.2-1.3 eV was attributed
to the acceptor state of V,, and the peak at ~1.7 eV was assigned to
a donor state of oxygen vacancy (Vo). Later, Gastev et al.” assigned
the emission at ~1.7 eV to a double donor state of oxygen vacancy
(VE"), which was based on previous studies by Zouaghi et al.”® using
infrared absorption and photoconductivity. Since then, this identifi-
cation has been routinely repeated in the literature (see Refs. 2 and 3
and references therein). Apparently, these identifications contradict
the DFT studies by both Raebring et al’ and Scalon et al.*>'’ First,
Vo is predicted to be electrically neutral without electronic levels in
the bandgap.”®'” Second, the assignment of the 1.3-eV peak to V¢,
would imply that the acceptor level of V¢, is at Ey + 0.8 ¢V, which
also contradicts to the DFT predictions.”*"”

Based on the DFT calculations, one can put forward another
identification of the deep emission lines. The photon energy 1.3 eV
is close to the energy for the acceptor level of H-V,, which was
put by Scanlon and Watson'’ at ~Ey + 1.2 eV. Since hydrogen is
abundant in the studied samples, as shown by SIMS, it is tempting
to attribute the 1.3-eV emission line to H-V,. The 1.7-eV emis-
sion line can be tentatively attributed to the acceptor transition of
Vusplit that is predicted to have the level at Ey +0.47 eV,>" e, at
~Ec — 1.7 eV. The latter identification would then imply that either
(1) Veusplie is the preferred and dominant configuration compared
to Ve, or (ii) the radiative transition for Vi is significantly
more efficient compared to that for V,.

Five different NBE peaks can be detected in the CL spectra
and labeled as peaks 1-5 (Fig. 2). One can observe that the shape
of the NBE in the present experiment is quite similar to that
reported previously for high-quality Cu,O films with photolumi-
nescence (PL).”” This leads to a peak identification similar to that
in Ref. 27. The separation between peaks 4 and 5 is 0.025 eV, which
is in good agreement with the PL data.”” The peaks are, thus, iden-
tified as the orthoexcitonic (X,) emission coupled with absorption
or emission of the I'"j, phonon, where peak 5 at 2.043 eV is attrib-
uted to the absorption of the phonon (X,+T7,) and peak 4 at
2.018 eV is due to the emission (X, —I'7,). Since the energy of the
I3, phonon is 0.0125¢eV, one can deduce the phonon-free X,
emission energy as the center point between peaks 4 and 5, which
is 2.030 eV. Taking the exciton binding energy 0.14 eV® results in
a bandgap of 2.17 eV at 80 K. Peak 3 at 1.974 eV is 0.056 eV below
the X, emission, which is close to the I',5 phonon energy reported
at 0.064 eV.”” Hence, we identify peak 3 as X, coupled with emis-
sion of the I'*p5 phonon (X, —I';s). Similarly, peak 2 at 1.950 eV
is identified as X, coupled with emission of the | R phonon
X,=T25) by its relative position of 0.08 eV below the X, emis-
sion energy, which is close to the reported value of 0.082 eV for the
%5 phonon by Petroff et al.”’ Finally, peak 1 was previously
assigned to the emission of the %5 and Ty phonons at
1.875¢V.”” On the other hand, the peak position at 1.891 eV is in
good agreement with the energy 1.89 eV calculated by T-Thienprasert
and Limpijumnong”’ for optical transition for (N,)c,. Within the
present experiment, however, we cannot conclusively favor one or
another assignment for peak 1. The suggested assignments and
energy position of the peaks are summarized in Table L.
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FIG. 2. CL at 80K in the photon energy range 1.2-2.2 eV recorded for different electron-beam energies: 3, 5, 10, and 20 keV. The assignment of the NBE lines (peaks

1-5) is summarized in Table |.

TDH measurements were conducted to evaluate the electrical
transport properties of the Cu,O crystal (Fig. 3). The measure-
ments reveal p-type conductivity of Cu,O with a carrier density of
6.7 %10 cm™ and a hole mobility of 48 cm?/(Vs) at room tem-
perature. One can see that the hole concentration is considerably
less compared to nitrogen concentration and the expected con-
centration of Vg, (around 10'-10%° cm™).” This indicates that
the material is highly compensated, presumably with uninten-
tional donor impurities.

As the temperature increases, the hole concentration increases in
a closely Arrhenius behavior [Fig. 3(a)]. For a compensated material,
the hole concentration can be express by the following relation:™

AE,
P\ =%t )’

where p is the hole density, N, is acceptor concentration, Ny is
compensating donor concentration, g, is the degeneracy factor,
N, is the density of states at the valence band, k is Boltzman
constant, T is temperature, and E, is the ionization energy of the

Ny(N, — N,
nga ( a) )

Nqg

TABLE I. NBE transitions in CL at 80 K and their assignments.

Peak  Energy position (eV) Assignment

1 1.891 Xo =T — T2 = TF or Ny)eu
2 1.950 Xo+IZ—>Tf

3 1.974 Xo+T3; — TF

4 2,018 Xo—Tp, =T

5 2.043 Xo+T, —TF

acceptor state. One can tentatively identify two slopes of similar
magnitudes in Fig. 3(a) that correspond to acceptor activation
energies of 0.16 and 0.22 eV. The acceptor concentrations cannot
be unambiguously deduced due to incomplete ionization in the
investigated temperature range. However, a lower limit estimate
can be made for both of the acceptors. This results in the densi-
ties >10'°cm™ for the acceptor at 0.16 eV and >10Y cm™2 for
the acceptor at 0.22 eV.

One can speculate that the steepening of the slope in the TDH
data from 0.16 to 0.22 eV with increasing temperature may not be a
manifestation of two different states, but rather a result of other
effects. Fitting of the TDH data with a single level to the whole tem-
perature range gives an activation energy of 0.19 eV. However, we
tend to assume two distinct levels. This is based on the previous
reports on Cu,O doping with nitrogen:'>'>*" (1) TDH measure-
ments on undoped Cu,O reveals acceptors with an activation energy
of >0.2eV. (2) The doping results in a decrease in the activation
energy down to 0.12 eV. Such behavior suggests two distinct accep-
tors. The acceptor in the undoped Cu,O can be assigned to V¢,
with the acceptor level at ~Ey +0.25eV.”” The acceptor with the
activation energy 0.12 eV was attributed to nitrogen, in accordance
with previous reports that put the nitrogen level at 0.12-0.18 eV
above Ey.''™"? In line with the literature, we attribute (i) the level at
0.16 eV [Fig. 3(a)] to a nitrogen-related acceptor and (ii) the acceptor
with the activation energy 0.22 eV to V.

A sharp increase in carrier concentration is observed at the
higher temperature limit of the measurements. This increase corre-
sponds to an activation energy of ~0.4eV. Two possible explana-
tions can be put forward: (1) there is another deeper acceptor with
a level at ~Ey +0.4eV and (2) there is an increase in the concen-
tration of shallows acceptors, which is governed by the formation

J. Appl. Phys. 130, 175701 (2021); doi: 10.1063/5.0059406
Published under an exclusive license by AIP Publishing

130, 175701-4


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

Temperature (K)

Hall mobility [Hp]

500 333 250 200 167
1016 3 T T T T T
i o Hall data
o Fit 1
LA § —Fit2
= 0.22 eV —Fit3
£ 10"
Lo,
2
g 10"
()]
©
8
=~ 107 F
(@]
10"
1010 1 1 1 1
2 3 4 5 6
1000/Temperature [K]

ARTICLE scitation.org/journalljap

600 |- ] -
o Experiment
shEckEosRsEscE oEEEEEEa e Neutral
—— lonized
—— Total

400 g
200 | g
Ok ) L

200 300 400 500 600
Temperature (K)

FIG. 3. (a) Hole concentration vs the inverse temperature (squares) as determined by the Hall effect measurement. Exponential fits [Eq. (1)] are indicated with solid lines.
(b) Hole mobility as a function of temperature (squares). Curves show the total mobility and contributions from neutral and ionized impurities according to Eq. (3).

energy ~0.4 eV. We favor the former interpretation. First, a similar
acceptor has been observed previously by Paul et al’ and
Papadimitriou.” Second, the acceptor level at ~Ey +0.4 eV is con-
sistent with the results of CL measurements, where the 1.7-eV
emission can be attributed to a level at Ec—1.7€V, ie., at
Ey +0.47 eV. We assign this level to Vi, spiit.

The Hall mobility has a strong dependence on temperature
and is shown in Fig. 3(b). Previous studies of hole transport in
Cu,O by Shimada and Masuimo™ did not result in a consistent
picture for hole mobility as a function of temperature: In the low-
temperature limit, an acceptable agreement could be made from
the combination of phonon LO scattering, acoustical phonon scat-
tering, and neutral impurities. In the higher temperature range,
however, another dominating mobility limiting mechanism had to
be assumed. To account for the observed rapid decline in mobility,
the formation of a metastable self-trapped state has been sug-
gested.”” A similar rapid decline in mobility is reported by
Matsuzaki et al.”* for temperatures above 200 K.

As shown by SIMS, the samples contain a considerable concen-
tration of impurities, with hydrogen concentration (3 x 10" cm™)
significantly higher than that considered by Shimada and Masuimo.”
The material is believed to be strongly compensated and contain a
significant concentration of both neutral and ionized impurities. It
appears to be a reasonable assumption that the main limiting mecha-
nism for hole mobility is scattering at impurities, both neutral and
ionized. One can express the total hole mobility, 4, as

-1
= (i + 1) , @)
un ui

where L, is the mobility limited by neutral impurities and p; is the
mobility limited by ionized impurities. Figure 3(a) shows that the
hole concentration and, hence, the concentration of ionized impu-
rities, N;, strongly increases with temperature as an activation-
type dependence, N;~ exp(—E,/kT), where E, is the activation
energy. Both Conwell-Weisskopf and Brooks-Herring approxi-
mations (see, for instance, Ref. 34) state that p; is inversely pro-
portional to the concentration of ionized impurities and roughly
proportional to T2, One can, thus, express W; as ;= oT? 2/exp
(—E./KT), where o is the proportionality coefficient. Assuming p,,
is temperature independent, the hole mobility can be expressed as
a function of temperature,

(©)

-1
n

This expression was fitted to the experimental data in Fig. 3(b).
The fitting appears to be satisfactory and yields y, = 550 cm®> V™' 577,
0=517x10"em?V 's' K2 and E,=0.14eV. Besides, E,
deduced from the mobility data is consistent with the activation
energies (0.16-0.22 eV) deduced from the hole concentration data
in Fig. 3(a). We conclude that the model can describe the tempera-
ture dependence of the mobility.

Figure 4 shows the results of TAS measurements™ with
capacitance [Fig. 4(a)] and conductance [Fig. 4(b)] as functions
of temperature for different frequencies and the Arrhenius plot
for the emission rates [Fig. 4(c)]. Two dominant electronic
levels are evident and manifested as two step-like changes in
the capacitance measurements [Fig. 4(a)] and as two peaks in
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FIG. 4. TAS measurements with capacitance, C (a) and conductance over the angular frequency, Glo (b) vs temperature for nine different probing frequencies. (c)

Arrhenius plot of In(w/T?) vs 1/kT for the observed electronic states.

the conductance measurements [Fig. 4(b)]. One level is evident
in the 100-200K range, while another can be observed at
>250 K. Arrhenius analysis of the shallower level yield an acti-
vation energy of 0.13eV. One can notice, however, that the
emission rate does not demonstrate a clear Arrhenius depen-
dence on the reciprocal temperature. This can be explained by
(i) temperature dependence of the capture cross section or (ii)
the presence of two overlapping electronic levels. This observa-
tion is similar to that for TDH, where two closely positioned
acceptor levels are observed [Fig. 3(a)]. Using this interpreta-
tion, the two levels are indicated by the additional lines in
Fig. 4(c), which results in two levels at 0.09eV and 0.18eV

above Ey. In line with the interpretation of the TDH data, we
assign the level observed with TAS at 0.09 0eV to that observed
with TDH at 0.16eV and attributed to a nitrogen-related
acceptor. The level observed with TAS at 0.18 eV is assigned to
that observed with TDH at 0.22 eV and identified as the accep-
tor level of V.

The increasing capacitance and conductance at >250 K indicate
the presence of a deeper level [Figs. 4(a) and 4(b)]. This level is partic-
ularly visible for lower frequencies. Using the data for these frequen-
cies, the level is estimated to be ~0.4 eV above Ey. This is consistent
with the deeper level at 0.4 eV observed by TDH [Fig. 3(a)]. We thus
assign this level to V ¢y plit-
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The proposed assignments of the electronic levels and the
corresponding optical transitions are illustrated in Fig. 5. It
should be emphasized that the electronic and optical transitions
observed in the present study are similar to those observed in
other experiments reported in the literature. This suggests that
the samples investigated in the present study are representative
and comparable to those reported in the literature. Thus, the
considerations on the identity of the levels are applicable to iden-
tifications reported previously.

IV. CONCLUSION

The dominant electrically active centers and carrier transport
in single crystal Cu,O wafers are studied by several complementary
techniques. The measurements reveal electronic levels at around
Eyv +0.16, Ey +0.22, Ey + 0.4, and Ey + 1.3 eV. In line with previ-
ous identifications, the level at 0.16 eV is assigned to a nitrogen-
related acceptor, and the levels at 0.22 and ~0.4 eV are assigned to
the acceptor states of Vo, and Veyspiir- The level at Ey + 1.3 eV is
believed to be responsible for the emission line at 1.2-1.3 eV, which
is routinely observed in PL and CL measurements. In contrast to
the identification as V¢,, normally given in the literature, we tend
to attribute this level to the acceptor state of H-V,. The origin of
another routinely observed emission line at ~1.7 eV is argued to be
the acceptor level of V¢ plits @5 opposed to a widely accepted iden-
tification as V. In addition, we demonstrate that the mechanism
limiting carrier mobility can be described by scattering on neutral
and ionized defect centers.
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