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We have prepared a large number of crystals of cuprous oxide (Cu,0) by various procedures.
Photoluminescence spectra of these crystals were studied to examine the concentration of
defects, especially copper vacancy V¢, to seek favourable conditions for growing Cu,O
crystal. High-quality single crystals of Cu,O were prepared by the floating-zone melting
method in air. Several synthetic crystals (specimens FA, FZ and GZ) and also a natural crystal
were studied by X-ray analysis, inductively coupled plasma spectroscopy analysis, optical
absorption, photoluminescence, photoconductivity and cyclotron resonance absorption,
photoluminescence, photoconductivity and cyclotron resonance absorption to characterize
their optical and electrical qualities. The best values of mobility and scattering time of
photocarriers at T=4.2K are estimated to be p,~1.8x10°cm?V ~'s~ " and t,~ 60 ps for
positive holes, and p, ~ 1.3x10°cm?V ~'s ~"and 1,~ 70 ps for electrons in Cu,0. Further, we
report preliminary experimental results on transport property of crystals also of cupric oxide
(CuO) purified by the floating-zone melting method. © 7998 Kluwer Academic Publishers

1. Introduction

Nature yields cuprous oxide (Cu,O) and cupric oxide
(CuO) as cuprite and tenorite, respectively. Cu,O is
a reddish p-type semiconductor of nature both ionic
and covalent native with a direct forbidden band gap
of 2.17eV. A crystal of Cu,O has a cubic structure
(space group, Of = pn3m), having two molecules in
the unit cell. This material is well known in the history
of semiconductor physics and has been used as crystal
rectifiers. Since a few of the hydrogen-like exciton
series in absorption were observed in Cu, 0, its optical
properties have been well investigated as a typical
crystal for studying properties of excitons [1-7]. Re-
cent reports on a possibility of the Bose condensation
of excitons [8-12] and on the photoconductivity with
anomalies at low temperatures [ 13—17] have attracted
attention. Further investigations are being performed
intensively and extensively.

For Cu,O, however, it is known that the material
usually includes considerable amounts of non-
stoichiometry such as copper vacancies, V¢,, and
oxygen vacancies, Vo [18-27], but the correlation
between these defects and electrical conductivity has
not been understood in detail. Therefore, it is parti-
cularly important to make clear not only the methods
of preparation of high-quality Cu,O and the basic
properties of electrical conductivity, etc., but also

0022-2461 © 1998 Kluwer Academic Publishers

correlation between the former and the latter. In this
paper, we report experimental results of a series of
studies on the favourable conditions of annealing tem-
perature, time for growing polycrystals, and vertical
transfer and rotation rates in the floating-zone melting
technique for growing single crystals. We have exam-
ined such conditions by estimating the concentration
of lattice defects in photoluminescence spectra. Fur-
ther, for three kinds of crystal prepared under these
conditions and additionally for single crystals nat-
urally grown in Zaire in Africa, we have investigated
their physical properties by means of X-ray analysis,
inductively coupled plasma (ICP) spectroscopy analy-
sis, optical absorption, photoluminescence, photocon-
ductivity and cyclotron resonance absorption in order
to evaluate the quality of crystals from many aspects.
As a result, we recognize that single crystals prepared
by the floating-zone melting method in air (specimens
FZ) are of the best quality not only from a view point
of the concentration of defects but also from that of
transport properties. Values of mobility and scattering
time of photocarriers for specimen FZ were estimated
to be about 1.8 x 10°cm? V™ 's™ ! and 60 ps in holes,
and about 1.3x10°cm? V™ !'s™! and 70ps in elec-
trons at T = 4.2K.

CuO is a black semiconductor with a monoclinic
structure (space group, C2/c) and is reported to have

35565



a direct band gap of charge-transfer type with a value
of 1.4eV [28]. Although the material of CuO is a
typical and common semiconductor, we still have
poorer knowledge about this material than one ex-
pects. With the progress of studies on the high-T
copper oxides in recent years, however, CuO has at-
tracted attention as one of the simplest and most
fundamental host materials. This is because of its
antiferromagnetic spin ordering at low temperatures
[29],in Cu?" state [30], in CuO, planes [28], and its
energy band gap of the charge-transfer type [28].
Recently, it has been indicated that CuO has strong
electron correlation effects on the basis of the results of
the energy band-structure calculations different from
these obtained by photoelectron spectroscopies [28].
Thus, CuO has been observed with keener interest
than ever. Nevertheless, there have been only a few
reports available on the electrical conductivity, except
in the vicinity of room temperature. In those papers, it
is reported that CuO is a p-type semiconductor and its
activation energy changes in the vicinity of the Neel
temperature [31]. Because of difficulties in conductiv-
ity measurement owing to its high impedance, no
detailed report is available on the electrical conductiv-
ity of CuO at lower temperatures. The thermoelectric
effect indicates that the hole effective mass, m*/my, is
about 7.9 and this property suggests a small polaron
[31], but this has not been confirmed directly by
a cyclotron resonance experiment. To clarify this situ-
ation, we have refined CuO crystals by the floating-
zone melting method and investigated the electrical
conductivity of CuO especially down to T = 4.2K by
using a fast-pulse technique with blocking electrodes.
We have also studied magnetoresistance and Hall
effects by using pulsed photoconductivity measure-
ments. It has been found that the value of mobility of
photocreated holes in the prepared CuO crystal was
estimated to be about 1.1 x10*cm? V™ !'s™'. This
suggests that the photocarriers in CuO are mobile in
a wide energy band.

2. Preparation of specimens
2.1. Synthetic crystals of Cu,O (specimens
FA, FZ and G2)
There have already been several reports on the
methods of preparation of Cu,O crystals, e.g.,
methods involving oxidization of copper [32,33],
melting growth [34,35], floating zone [36-39] and
hydrothermal growth [40]. We prepared polycrystals
(specimens FA) by heating copper metal in air, and
single crystals by the floating-zone melting method in
air (specimens FZ) and under a low oxygen pressure
(specimen GZ). Crystal growth by the floating-zone
melting method was carried out by using the image
furnace supplied by the NEC type SC-35HS with
a halogen lamp as an energy source. The
Cu—Cu,0-CuO phase diagram reported by Schmidt-
Whitly et al. [38] and displayed in Fig. 1, is basically
referred to. In this section, we describe the methods of
preparation of the artificial polycrystals FA, and the
single crystals FZ and GZ refined by three different
conditions.
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Figure 1 Phase diagram of the copper—oxygen system for pressure
versus temperature. (After Schmidt-Whitley et al. [38]).

2.1.1. Polycrystals (furnace-annealed
crystals FA)

We prepared polycrystalline bulk Cu,O crystals as the
first step for preparation of single crystals. As dis-
played in Fig. 1, Cu,O crystals can be obtained easily
by heating copper metal at high temperatures between
1020 and 1120°C in air. The starting material was
high-purity (99.999%) copper metal supplied by the
High Purity Chemetals Co. Ltd, Saitama, Japan, in
the form of rods with a radius of 5 mm and a length of
100 mm. The rod was washed with acetone and etched
with dilute HNOj;. For use in a vertical furnace, the
Cu rod was suspended by a platinum wire with
a radius of 0.3 mm with a small hole drilled at one end
of the specimen. We obtained rods of polycrystalline
Cu,0 by oxidizing completely at an annealing tem-
perature, T,, of 1050 °C for an annealing time, t,, of
100h and by cooling at about 160°C h™ %, all in air.
The area of grains in the Cu,O specimen FA obtained
by oxidizing at high temperatures was at most
1 mm x 1 mm.

2.1.2. Single crystals (floating-zone crystals
FZ and GZ2)
We have prepared high-quality single crystals by the
floating-zone melting method in air. As “feed rods”,
specimens FA were prepared by heating at 1050 °C for
100h and cooling naturally in air as described in
Section 2.1.1. Rods of the polycrystalline Cu,O ob-
tained were set up in the imaging furnace. Incidentally,
not only the polycrystalline Cu,O specimen FA but
also raw copper metal was set up in the imaging
furnace. In the case of the latter, however, a melting
zone could not be formed with the standard power of
the imaging furnace. We consider that the temperature
of the specimens does not rise sufficiently because the
high thermal conductivity of copper metal causes
a heavy loss of heat from the focused part. The poly-
crystalline specimens FA or the resulting single crys-
tals FZ were used as “seed rods”. We prepared
specimens FZ under a vertical transfer rate of 3.5 mm
h™! and a melting-zone rotation rate 7 rev min '



opposite directions for the “seed rod” and the “feed
rod”, all in air.

Further, we prepared specimens GZ by the floating-
zone melting method under an argon pressure, P(Ar),
of 2atm with 3% oxygen.

A photograph of the cross-sections of specimens FA
and FZ is displayed in Fig. 2a as a typical example of
the specimens obtained.

Details of the conditions determined for growing
specimens FA, FZ and GZ will be discussed in Section 5.

2.2. Natural single crystals of Cu,O

We prepared single crystals naturally grown in Zaire
in Africa as reference materials for artificially grown
crystals. As displayed in Fig. 2b, a blue-and-green
material, probably olivine (Mg, Fe),SiO,) and/or
malachite (Cu,CO3(OH),) , adheres to the specimen.
Considerable impurities may be included in this Cu,O
phase. In our study here, after removing the impurity
phases judged by their colours, the crystals were cut,
polished and etched; these specimens will be called
natural specimens hereafter.

2.3. Synthetic crystals of CuO
Techniques of flux growth [41], sublimation [42] and
chemical vapour transport [43-457] have been adopted

|

as methods of crystal growth of CuO. In order to
suppress the inclusion of impurities as small as possible,
we tried to grow single crystals of CuO by the floating
zone melting method. Reagent-grade powders of CuO
were placed into a drain tube, pressed at a static water
pressure of 600 kgfcm™2 and sintered at 900°C for
3 days in air. Rods of sintered CuO were set up in the
imaging furnace. The molten zone travelled at a vertical
transfer rate of Smmh ™!, and rotation rates of 7rev
min~! were employed in opposite directions for “seed
rod” and “feed rod” under an oxygen pressure, P(O,),
of 2 atm. At the present stage of the trial production, we
obtained bulk crystals of radius about 5 mm and length
about S0mm. A photograph of a cross-section of the
CuO crystal obtained is displayed in Fig. 2c. From the
observation of crystal surface by scanning electron
microscopy (SEM) shown in Fig. 2d, the maximum
area of the crystal grains obtained was confirmed to be
of the order of 1 mm x 1 mm

3. Experimental procedures

Specimens of Cu,O were cut out to be about
Smm x Smm x 0.03-0.05mm in size for optical ab-
sorption measurements, about 5 mm x 3 mm x 0.5 mm
in size for photoluminescence and photoconductivity
measurements and about 1 mm x I mm x 0.5mm in
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Figure 2 (a) A photograph of a typical Cu,O specimen FA obtained by oxidization for 100 h at 1050 °C and a Cu,O specimen FZ obtained by
the floating-zone melting method with a vertical transfer rate of 3.5 mmh ™! and a rotation rate of 7 revmin~! in opposite directions for the
seed rod and feed rod in air. The starting material is high purity copper metal 99.999%. The divisions are 1 mm. (b) A typical example of
single-crystal Cu,O naturally grown in Zaire in Africa (before elimination of impurities). The divisions are 1 mm. (c) A typical photograph of
a CuO specimen obtained by the floating-zone melting method with a vertical transfer rate of 5 mmh ™! and a rotation rate of 7revmin ™! in
opposite directions for the seed rod and feed rod under an oxygen pressure, P(O,) of 2 atm. The divisions are 1 mm. (d) A scanning electron
micrograph of a CuO specimen obtained by the floating-zone melting method with a vertical transfer rate of S mmh~! and a rotation rate of
7revmin~ ! in opposite directions for the seed rod and feed rod under an oxygen pressure, P(O),, of 2 atm. The scale bar is 100 um.
Note that blue section lines can be recognized through CuO specimen.
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size for cyclotron resonance measurements. They were
polished mechanically using Al,O; powders and
etched chemically using 2% KOCN solution. Each
specimen was cut from the same vicinity in the same
rods.

An X-ray analysis was carried out using a Rigaku
diffractometer type RAD-2C with a copper target at
a tube voltage of 40kV and a tube current of
30mA for powder and a Rigaku diffractometer type
PSPC-MDG 2000 with a chromium target at a tube
voltage of 40kV and a tube current of 150 mA for
crystals.

An ICP spectroscopy analysis was carried out using
a Japanese Jarrell-Ash Corporation type ICAP 575.
Qualitative and quantitative analyses were performed
with 1g of crushed specimen in 100 ml of HCI(1 + 1).

Optical absorption measurements were carried out
using a Fourier transform spectrometer of Bruker type
IFS-113V with a resolution of Av = Icm ™.

In photoluminescence measurements, a continuous-
wave Ar-ion laser was used at a wavelength A, of
514.5nm with a power of SmW as a light source. The
modulation frequency of the laser beam was 275 Hz.
A Spex 1672 double monochromator (whose recipro-
cal dispersion was 2nmmm~' with gratings of
1200linesmm ™! installed) was used for A = 600-
1100nm with appropriate photomultipliers. The
photosignals were amplified and phase-sensitively de-
tected by a lock-in amplifier.

Because of the high impedance of Cu,O and CuO at
low temperatures, measurements of transport proper-
ties were performed mainly by a transient method for
photoconductivity with blocking electrodes and by
microwave cyclotron resonance at 35 GHz. Owing to
the low density of carriers and the resultant high-
impedance, nature, it is difficult to measure the electri-
cal conductivity of most insulating semiconductors at
low temperatures by the conventional four-probe
method. The only method which avoids these
measurement difficulties and gives highly credible in-
formation is the pulsed photoconductivity technique
with blocking electrodes. This technique has been
described in detail in [16, 46, 47].

The photoconductive signals, Q, detected are pro-
portional to the density of the photocarriers and the
transfer distance of photocarriers. The drift mobility,
Hq obtained by a time-of-flight method, the magneto-
resistance mobility, iy, obtained by the magnetoresis-
tance effect and the Hall mobility, py, obtained from
the Hall effect can be calculated using photoconduc-
tivity measurements. The magnetoresistance and Hall
mobility are estimated from py = (c/H) [Q.0)/
OJ(H) — 11'% and pu = (¢/H)Q,(H)/Q(H), respect-
ively, where H is the applied magnetic field. Because
the macroscopic drift mobility is influenced by shal-
low traps especially at low temperatures, we measured
the magnetoresistance and the Hall mobility in this
investigation, which are almost equal to the micro-

scopic mobility determined only by the energy band
structure and the scattering mechanism. Information
on the effective mass and scattering time of photocar-
riers can be obtained directly from cyclotron reson-
ance absorption.

As a light source for photoexcitation, a yttrium-
aluminium-garnet-laser-pumped dye laser and
a Ti-sapphire laser with a duration of 10 ns, a repeti-
tion rate of 13 Hz and a power of 10 mJ pulse ™' were
used at an excitation light wavelengths, A, of 735 nm
and 850 nm respectively. In the case of cyclotron res-
onance experiments, a xenon flash lamp (output en-
ergy about 30 pJ pulse ™ '; pulse width, about 0.5 us)
was used at 13 Hz. Light for photoexcitation illumin-
ated the crystal surface via an optical fibre and/or
a quartz rod. Photosignals were amplified and detec-
ted by a Boxcar integrator.

4. Results

4.1. Cu,O (Specimens FA, FZ and GZ and
the natural specimens)

4.1.1. Quality of specimens

Fig. 3a displays X-ray powder diffraction patterns of

four Cu,O crystals. The lattice constants, a, of each

specimen are 4.259 A for specimen FA, 4.261 A for

specimen FZ,4.271 A for specimen GZ and 4.262 A for

the natural specimen.

Although specimen FA is an impure dark-red col-
our, specimens FZ and GZ are clear red. The impure
dark-red colour of specimen FA may indicate the
extrinsic inclusion of portions of CuO, because a few
peaks of impurity phases corresponding to CuO have
been recognized in part of specimen FA by X-ray
analysis as displayed in Fig. 3b. Further, copper
deposits or pores and voids are also considered as
candidates which cause the black colour in the Cu,O
crystal specimen FA. In specimens FZ and GZ and the
natural specimen, peaks due to CuO are not detect-
able by X-ray analysis.

Fig. 3¢ displays the X-ray diffraction pattern of the
cross-section of specimen FZ. This clearly indicates
that the specimen is a single crystal and the cross-
section is the (100) plane. That is, the growth of speci-
mens prepared by the floating-zone melting method is
oriented along the [100] direction.

In order to study unfavourable inclusions of impu-
rities besides CuO, we analysed each specimen by
electron probe microanalysis (EPMA). As a result,
a few peaks due to different kinds of atom such as Si
and Al were detected only in the natural specimen.
Further, we carried out ICP spectroscopy analysis of
a natural Cu,O specimen which has a total amount of
impurities such as Si, Fe, Mg and Al of up to 1080 ppm
as summarized in Table 1. These results may be as-
cribed to extrinsic inclusions of ingredients such as
olivine (Mg, Fe),Si0O,) in cuprous oxide ore.

TABLE I Identification and amount of impurities in natural Cu,O by ICP spectroscopy analysis.

Element Na Mg Al Si
Amount of inclusions (ppm) 30 40 30 620

K Ca Mn Fe Ni Zn Ag Pb
0 90 0 270 0 0 0 0
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Figure 3 (a) X-ray powder diffraction patterns of four Cu,O single
crystals. The natural Cu,O specimen was measured after impurity
phases as judged from colours were removed. (b) Enlarged X-ray
powder diffraction pattern of polycrystalline specimen FA Cu,O
obtained by oxidization for 100 h at 950 °C in air. (c) X-ray diffrac-
tion pattern of a single-crystal Cu,O specimen FZ obtained by
floating zone melting method.
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Figure 4 Optical absorption spectra of Cu,O at T = 5.2 K. A series
of exciton absorptions up to n = 10 are observed.

4.1.2. Optical and electrical properties

Fig. 4 displays typical traces of the optical absorption
spectra of a Cu,O specimen FZ and natural specimen
at T = 5.2 K. Independent of the purity and quality of
the specimens, a series of exciton absorption up to
n =10 are observed [48]. Since we discussed the
optical absorption spectra in detail elsewhere, we
confine ourselves here to a brief explanation in
Section 5.

Fig. 5a displays photoluminescence spectra in near-
infrared region of four Cu,O crystals photoexcited by
an Ar-ion laser at T = 4.2 K. One can readily recog-
nize significant differences between their luminescence
spectra. The V¢, luminescence band observed at A ~
910 nm has been attributed to copper vacancies. The
V, bands observed at A &~ 720 and 820 nm have been
attributed to oxygen vacancies; in particular the former
is ascribed to doubly ionized oxygen vacancies, Vg:+ and
the latter to singly ionized vacancies, V- [18, 21, 27].

In determining the method of preparation described
in Section 2, we studied various conditions from the
view point not only of reducing impurities but also
controlling the concentration of vacancies. Here, we
performed experiments of evaluation by using the fact
that the photoluminescence spectra of Cu,O are de-
pendent on the conditions of preparation of specimens
which affect the stoichiometric proportions. An object
here is to evaluate specimens from the viewpoint of the
concentration of copper vacancies which are the main
defects in Cu,O.

In order to seek favourable conditions for growing
specimens FA, we prepared several specimens at an-
nealing temperatures, T,, of 950 —1100 °C and anneal-
ing times, t,, of 70-300 h. Fig. 5b displays the relation
between the annealing temperature, T, and the
luminescence intensity of the V¢, band at T = 77K
for an annealing time, t, of 100 h. Fig. 5c displays the
relation between the annealing time, t,, and the
luminescence intensity of the V¢, band at T = 77K
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Figure 5 (a) Photoluminescence spectra in near-infrared region of
Cu,O photoexcited by an Ar-ion laser (A = 514.5nm) at
T = 4.2 K. Broad V¢,- and V- bands indicate that they are due to
lattice defect centers such as copper and oxygen vacancy, respect-
ively. (b) Relation between the annealing temperature, T,, and the
integrated intensity of luminescence of the V¢, band in Cu,O
specimen FA at T = 77 K for an annealing temperature, t,, of 100
hin air (A, = 514.5 nm). (c) Relation between the annealing temper-

ature, t,, and the integrated intensity of luminescence of the V¢, band in Cu,O specimen FA at T = 77 K for an annealing temperature, T,, of
1050°C in air (A, = 514.5 nm). (d) Relation between the cooling time and integrated intensity of luminescence of the V¢, band in Cu,O
specimen FA at T = 77 K for an annealing temperature, T, of 1050 °C and annealing time, t,, of 100 h in air (A, = 514.5 nm). (e) Relation
between the vertical transfer rate and the integrated intensity of luminescence of the V¢, band in Cu,O specimen FZ at T = 77K for
a rotation rate of 7 revmin ! in opposite directions for the “seed rod” and the “feed rod” in air (A., = 514.5 nm). (f) Relation between the
rotation rate and the integrated intensity of luminescence of the V¢, band in Cu,O specimen FZ at T = 77 K for a vertical transfer rate of
3.5mmh~?! in air (A, = 514.5 nm).
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Figure 6 Temperature dependence of pulsed photoconductivity of
four Cu,O crystals at Ay, = 735nm and E =0.1kVem ™1

for an annealing temperature, T,, of 1050 °C. Fig. 5d
displays the relation between the cooling time and the
luminescence intensity of the V¢, band at T = 77K
for T, =1050°C and t, = 100h.

In order to study favourable conditions for growing
specimens FZ, we prepared several specimens with
vertical transfer rates of 1-18 mm h ™ * and the rotation
rates of the melting zone of 7-100revmin~' in the
opposite direction for the “seed rod” and the “feed
rod”, all in air. Fig. Se displays the relation between
the vertical transfer rates and the luminescence inten-
sity of the V¢, band at T = 77 K. Fig. 5f displays the
relation between the rotation rates and the lumines-
cence intensity of the V¢, band at T = 77K.

We made supplementary experiments of pulsed
photoconductivity and microwave cyclotron reson-
ance absorption due to photocarriers for four Cu,O
crystals to evaluate their quality from the viewpoint of
transport properties at low temperatures. In the pres-
ent experiments, measurement conditions such as the
intensity of photoexcitation and applied electric field
are fixed for all specimens.

Fig. 6 displays the temperature dependence of
photoconductivity of four Cu,O crystals at
hex = 735nm and E = 0.1kVem ™. In this A, region,
the valance electrons can be excited only to localized
levels such as vacancies located in the energy gap; thus
only free positive holes are mobile. Although the abso-
lute value of photoconductivity varies considerably
among different specimens, the unique behaviour of
the photoconductivity of Cu,O with anomalies in-
creasing with decreasing temperature remains similar
and universal over these specimens.

Fig. 7 illustrates traces of the microwave cyclotron
resonance absorption due to photocarriers in four
Cu,O crystals at xenon flash excitation, f'= 35 GHz

hole Cu,0O

B electron

FA ]

FZ

: M\\GZ ]

Natural

Microwave absorption (arbitrary units)
F\w

0 1 2
Magnetic field (T)

Figure 7 Microwave absorption in cyclotron resonance of photo-
carriers in Cu,O for xenon flash-lamp excitation at f = 35 GHz and
T =42K.

and T = 4.2K. One can observe two resonance lines
both for holes and for electrons. The line width is
narrower in specimens FZ and is broader in specimens
GZ and natural specimens.

4.2. CuO

The lattice constants of CuO are determined to be
a=4713A, b=3420A, c =5.135A and B = 99.58°
from the X-ray diffractions pattern in Fig. 8. For
comparison, X-ray diffraction patterns for the re-
agents of Cu,O and CuO are also illustrated.
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Figure 8 X-ray powder diffraction pattern of CuO crystals obtained
by the floating-zone melting method under P(O,) = 2 atm. For
a comparison, those of the reagent-grade Cu,O and CuO specimens
are also indicated.
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Figure 9 Magnetic field, H,, dependence of photocurrent, Q,, and
Hall current, Q,, due to positive holes in CuO at /., = 850 nm,
E.=01kVem™ and T =42K. Note that Q, in a transient
photoconductivity represents the Hall Current and not the Hall
Voltage.

Fig. 9 displays the magnetic field dependence of the
photoconductivity, Q(H), of CuO at T =42K.
0. represents the photocurrent signal in the direction
of the electric field, and Q, represents the Hall current
signal in the direction perpendicular to both the elec-
tric and the magnetic fields. The wavelength of photo-
excitation is A, = 850 nm, where only positive holes
can be excited. Q, in transient photoconductivity rep-
resents the Hall current and not the Hall voltage, but,
we can treat the Hall current here as equivalent to the
Hall voltage to estimate value of the Hall mobility, py,
of photocarriers. From these results of the positive
magnetoresistance effect and the transient Hall effect,
both the magnetoresistance mobility, py, and the Hall
mobility, py, of photocreated positive holes are esti-
mated to be about 1.1 x 10*cm? V™ !s™ 1,

5. Discussion
5.1. Cu,O (specimens FA, FZ and GZ and
natural specimens)

5.1.1. Conditions of crystal growth

Here, we first discuss favourable conditions for grow-
ing Cu,0. In the case of crystal growth by oxidation
of copper, the luminescence intensity of the V¢, band
has a minimum in the vicinity of T, = 1050°C and
increases not only at lower annealing temperatures
but also at higher annealing temperatures as displayed
in Fig. 5b. The phenomenon at lower annealing tem-
peratures may be ascribed to the conversion from
CuO with imperfections to Cu,O because the speci-
mens obtained have a black colour. On the other
hand, the higher annealing temperature increased the
grain size, but annealing at high temperatures above
1075 °C caused the introduction of imperfections into
the specimens. Since the prepared rod had bent slight-
ly by annealing at high temperatures above 1075 °C,
we consider that the luminescence intensity of the
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V. band increases because of evaporation of some of
the copper atoms in the raw rod as the first step of
melting causes a decrease in the volume and the dis-
tortion of crystals. Consequently, we consider that the
most favourable annealing temperature lies in the
vicinity of 1050°C. In this case, the luminescence
intensity of the V¢, band has a minimum in the vicin-
ity of the annealing time, t,, of 100 h, as displayed in
Fig. Sc. It takes at least 40h to oxidize the rod of
copper metal completely. If the annealing time is shor-
ter than 40 h, a raw copper block remains in the centre
of specimen. From these simple considerations, we
expect the quality of specimens to be better for longer
annealing times because the time of growth of Cu,0O
crystals increases. Certainly, up to an annealing time,
t,, of 100 h, the luminescence intensity of the V¢, band
decreases with increasing annealing time, t,. However,
a further increase on the annealing time causes an
increase in the concentration of copper vacancies.
Therefore, this suggests that factors exist which result
in deterioration in the quality of specimens on excess-
ively increasing the annealing time, t,, e.g., the re-
moval of copper atoms from the crystal surface. As
a result, high-quality specimens can be obtained by
annealing for a long time at the boundary of the
CuO-Cu,O phases or T,=1020-1025°C. When
a time of 6-20 h to cool was employed from 1050 °C to
room temperature (cooling rates, 50-160°C h™?') as
displayed in Fig. 5d, the luminescence intensity of the
V¢, band indicates a minimum value. We consider
that rapid cooling causes distortion of the specimens,
and very slow cooling causes instability of the Cu,O
phase with the growth of the CuO phase under stable
conditions for the CuO phase.

In the case of the crystal growth by the floating-
zone melting method, the concentration of copper
vacancies increases monotonically with increase in the
vertical transfer rate of the molten zone or the rate of
crystal growth, as displayed in Fig. 5e. Thus, one may
expect that a crystal of higher quality is obtained with
slower rates of crystal growth, but the slower vertical
transfer rate requires a technique that maintains
a molten zone. As displayed in Fig. 5f, no particular
correlation can be recognized within the limits of
measurements in the relation between the rotation
rate of the molten zone and the concentration of
vacancies in the specimens. It is preferable to set the
vertical transfer rate at 3.5mmh ™' and the rotation
rate at 7revmin~ ! in opposite directions for the “seed
rod” and the “feed rod”, so that the most stable molten
zone can be sustained.

Since the V¢, band is dominant over the Vo bands
in specimens FA and FZ, we have tried to grow
specimens GZ under a lower oxygen pressure. Only in
argon gas flowing free from oxygen gas, did we find
copper deposits on the prepared specimens because of
the reducing effect. Thus, we tried to grow specimens
under an argon pressure, P(Ar), of 2atm with 3%
oxygen in order to prevent copper deposits due to the
reducing effect, but, the luminescence intensity for the
specimens obtained to further increased not only for
the Vo bands but also for the V, bands. Conse-
quently, we consider that one can control the



TABLE II Favourable conditions for Cu,O specimen prepara-
tion by the oxidation of copper metal.

Annealing temperature 1050°C
Annealing time 100h

Cooling rate 50-160°Ch ™!
TABLE II1 Favourable conditions for the floating-zone melting
method of Cu,O.

Vertical transfer rate 3.5mmh™!
Rotation rate 7 revmin !
Atmosphere Air

concentrations of copper and oxygen vacancies by
regulation of the partial pressures of oxygen but can-
not simultaneously reduce them. It is recognized that
the concentration of copper vacancies decreases con-
siderably or the quality of crystals is improved by use
of the floating-zone melting method in air as displayed
in Fig. 5a. Finally, favourable conditions for growing
Cu,O are summarized in Tables II and III.

5.1.2. Characterization of specimens

As displayed in Fig. 4, independent of the purity and
the quality of specimens, a series of exciton absorption
up to n = 10 are observed in the Yellow series. Little
difference is observed between the optical absorption
spectra in the region of exciton absorption for Cu,O
specimens FZ and for natural specimens. However,
slight differences in linewidth and relative oscillator
strength of each state of the exciton series can be seen.
Although the natural specimens have a total amount
of impurities up to 1080 ppm as reported in Table I, no
significant difference exists between the optical ab-
sorption spectra of these specimens.

On the contrary, in the luminescence spectra in Fig.
Sa, we observe significant differences for the speci-
mens. It shows a set of luminescence spectra of the
Veo band at A & 910nm with the Vg.+ band at
A~ 720nm for specimens FZ. The latter is only
a eighth of the former. Only the luminescence of the
Ve, band is observed for specimen FA. The intensity
of the V¢, band for specimen FA is about 18 times
larger than that for specimen FZ, whereas the
luminescence of V.- band is not observed for speci-
men FA. This may be caused by difference in the
amount of oxygen during growth. Oxygen penetrates
relatively easily into rods of FA. For specimen FZ,
however, since oxygen is received only from surface of
the specimen, the amount of oxygen in the crystals is
less than that for specimen FA. All the V¢, band and
Vo bands appear prominently for specimen GZ. The
intensity of the Vg.+ band for specimen GZ is about
300 times larger and the intensities of the V¢, band
about 40 times larger than for specimen FZ. Further,
the Vo+ band at around 820nm also appears for
specimen GZ. On the other hand, for the natural
specimen, the luminescence intensity of the V¢, band
is smaller than that for specimen FZ, but the

Vo:+ band appears prominently and its intensity is
about 38 times larger than that for specimen FZ. The
Vo- band appears as a shoulder for the natural speci-
men. This may reflect that crystals had grown better
under a low-oxygen concentration atmosphere deep
inside the earth. Further details of the photolumines-
cence of Cu,O have been reported in [48].

In order to evaluate the quality of Cu,O crystals
from transport properties at low temperatures, we
have carried out supplemental measurements of the
pulsed photoconductivity, Q(T, 1), and the cyclotron
resonance absorption of Cu,O at 35GHz From
simple considerations, one may suppose that copper
and oxygen vacancies reduce the lifetime of photocar-
riers and the density of carriers and consequently, the
magnitude of photoconductivity. The photoconduc-
tivity of the Cu,O specimen FZ including the lowest
concentration of defects has the largest absolute value,
and that of specimen GZ including the highest con-
centration of defects has the smallest absolute value.
The absolute value of the photoconductivity of speci-
men GZ is smaller than that of the natural specimen
including the most impurities.

Since specimens FA, FZ and GZ were made of
identical starting materials, it is considered that there
is no difference between the concentrations of impu-
rities in these but there is between the concentrations
of copper and oxygen vacancies. If we assume that the
luminescence intensity due to vacancies is propor-
tional to the concentration of defects, the absolute
value of photoconductivity, Q(T, L), may be in-
fluenced mainly by the concentration of vacancies and
not by the concentration of metallic impurities. How-
ever, the onset temperatures of photoconductivity are
more or less similar for various specimens. This is an
enigma. Previously, it was reported that Cu,O mater-
ial usually includes copper vacancies at concentra-
tions as high as 10'®-10'? cm ™2 and oxygen vacancies
at concentrations as high as 10'7-10'®*cm™? by the
usual methods of preparation [18, 22-24]. Since the
purity of copper metal as a material is 99.999%, the
concentration of impurities included in specimens FA,
FZ and GZ is of the order of 10'®¥cm ™3, which is
a similar level to those of copper and oxygen va-
cancies. On the other hand, the total concentration of
impurities in natural Cu,O is enormous, as indicated
in Table I. Thus, one realizes that the capture cross-
sections of defect levels due to impurities, etc., for
photocarriers must be extremely small. This strange
situation due to curious states is supported also by the
temperature dependence of the photoconductivity,
Q(T, \). Since the energy levels due to copper and
oxygen vacancies lie 0.55eV above that of the valance
band and 0.38 eV below that of the conduction band,
respectively [24], these should act as a deep level at
temperatures below 100 K. Shallow levels due to im-
purities or strains usually capture photocarriers. As
a result, the number of photocarriers decreases expo-
nentially with decreasing temperature. However, the
photoconductivity, Q(T, A), of Cu,O exhibits little
decrease; rather it increases with decreasing temper-
ature, especially below 100K. Even in natural
Cu,0, although the concentrations of impurities are
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TABLE IV Characterization of Cu,O and CuO specimens by four different methods, i.e., photoluminescence, photoconductivity, mobility
and time of scattering of photocarriers at T = 4.2 K, where the photoluminescence intensity is indicated as ratio to the intensity of the
V.- band in specimen GZ, the magnitude of photoconductivity is indicated as the ratio to the photoconductivity specimen FZ at T = 4.2 K,
and the physical parameters in CuO are also indicated as reference data.

Specimen Purity Photoluminescence Photoconductivity Mobility Scattering
(%) intensity (%) at 4.2 K (%) (cm? V™ 1s™1) time (ps)
Ve Vo Vo Hy, He T T
FA 99.999 41 — — 5.0 115 000 88 000 40 50
FZ 99.999 23 0.3 — 100 179 000 127 000 60 70
GZ 99.999 95 100 11 0.3 62 000 40 000 23 22
Natural 1080 ppm (impurity) 0.2 12 04 7.7 84 000 58 000 29 32
CuO Reagent grade — — — 11 000 — 4 —

enormously high as recognized in Section 4.1.1, its
photoconductivity also indicates a similar increase
with decreasing temperature as displayed in Fig. 6.
Incidentally, even in specimens Fa and FZ made of
copper metal 99.9% purity, their photoconductivities
indicate a similar tendency in the temperature depend-
ence. These results suggest that there are no shallow
levels of about 10me V due to impurities or strains or
for unknown reasons, the capture of photocarriers
into shallow levels become ineffective at low temper-
atures in Cu,O. The difference between the absolute
values of photoconductivity for various specimens
may be caused by imperfections such as vacancies in
the Cu,O crystals themselves. Because of not only the
behaviour of Q(T, A), which enhances stability with
decreasing temperature, but also the emergence of
a series of exciton absorptions up to n = 10 indepen-
dent of the quality of specimens, we consider that
a correlation may emerge between photocarriers at
low temperatures and that a many-body effect beyond
the one-electron energy band scheme in conventional
semiconductor physics occurs in Cu,O. This physical
interpretation has been described in detail elsewhere
[13-17] (see in particular [16]).

In the case when the effective mass of carrier is
isotropic and uniform over its energy surface, the
microwave absorption is represented by

1 + (02 + o) 1?
P =300E; [1+ (02 _(mz)Tz]2)+ 4022’ (1)
where E,, G,, ®o and T denote the amplitude of micro-
wave field, the DC conductivity, the cyclotron fre-
quency and the scattering time, respectively. By fitting
each line of the cyclotron resonance absorption in
Fig. 7 to Equation 1, the scattering times, 1, of
holes, are estimated to be 40 ps, 60 ps, 23 ps and 29 ps,
and the scattering times, t_., of electrons, to be
50 ps, 70 ps, 22 ps and 32 ps for specimen FA, speci-
men FZ, specimen GZ and the natural specimen,
respectively. Consequently, the mobilities, , of posit-
ive holes, are calculated to be 115000 cm?V ™ 1s™ 1,
179000 cm?V~1s™ ! 62000cm?V~'s™ 1, 84000 cm?
V~!'s™! and the mobilities, ., of electrons to be
88000 cm?V~1s™ 1 127000 cm? V™~ 's~ !, 40000 cm?
V- 1s71 58000cm? V™ 's™ ! for specimen FA, speci-
men FZ, specimen GZ and the natural specimen
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respectively. Characterization of four Cu,O crystals
are summarized in Table IV. The parameters 1, and
1. depend on various kinds of defect, mostly vacancies
but also including impurities. Thus, we consider that,
with the subsidiary roles of impurities, it is mainly the
existence of vacancies which influence the values of
mobility, scattering time and lifetime of phtocarriers in
Cu,0 at low temperatures.

5.2. CuO

There is a possibility that Cu,O may remain as an
impurity phase in CuO crystals obtained by the float-
ing-zone melting method. No impurity phases can be
found in CuO here in the X-ray powder diffraction
pattern in Fig. 8. Further, also from anomalies in the
magnetic susceptibility at the Néel temperatures,
Tni = 230K and Ty, = 213K, and the emergence of
peaks due to antiferromagnetic ordering in Raman
spectra below the Néel temperature, we have con-
firmed the crystals obtained here to be genuine CuO.
Basic properties such as optical absorption in CuO
will be reported elsewhere [49, 50].

Only a few reports are available on the electrical
conductivity of CuO. Koffyberg and Benko [31] re-
ported that the effective mass and mobility of positive
holes are about 7.9m and 0.1cm? V™' s~ !, respective-
ly, for Li-doped CuO at T = 300K [31]. They con-
sidered that the behaviour of carriers in CuO can be
expressed using the small polaron model. On the other
hand, our experimental results in Fig. 9 indicate that
the mobility of photocreated positive holes is
comparatively large, about 1.1 x 10*cm? V™ 's™! at
T =42K.

Further, in CuQO, we have succeeded in observing
also microwave cyclotron resonance absorption at
35 GHz. The scattering time of photocarriers in CuO
is short, 1, < 4 ps at T = 4.2 K. These physical prop-
erties are summarized in Table IV. Although the pres-
ent situation is still at the preliminary stage, the results
obtained so far are consistent with the results of the
magnetoresistance and transient Hall effect. Namely,
these results suggest that photocarriers in CuO are
mobile in a wide energy band. We shall investigate
directly the effective mass of photocarriers by cyclo-
tron resonance absorption and report them elsewhere
[50] in the future.



The materials of Cu,O and CuO usually include
impurities and non-stoichiometry. Nevertheless, the
mobility of photocarriers in these specimens at low
temperatures is much larger than in silver halides of
super-high purity [47]. Since the transport properties
in Cu,O and CuO have not been studied in detail, its
true mechanism requires further investigation in fu-
ture. Here, we are concerned mainly with reporting
the crystal growth and characterization of Cu,0O and
CuO.

6. Summary
We have prepared a large number of bulk crystals of
Cu,O under various conditions and characterized the
crystals by X-ray analysis, optical absorption, photo-
luminescence, pulsed photoconductivity and cyclo-
tron resonance absorption. We have paid special
attention not only to reducing the concentration of
impurities but also to controlling the concentration of
defects and imperfections such as vacancies during
crystal growth. By performing mainly X-ray analysis
and photoluminescence measurements, we established
the favourable conditions for growing Cu,O crystals:
annealing temperature, T, = 1050 °C; annealing time,
t, =100 h; cooling rates, 50-160°Ch~!; vertical
transfer rate, 3.5mm h™!; rotation rate, 7 revmin .
Single-crystal specimens FZ grown by the floating
zone technique in air are of the highest quality and
exhibit the following values of mobility and scattering
times of photocarriers at T =42K; p,~ 1.8
x10°cm?* V™!s™! and 1, ~ 60 ps for holes; and
He & 1.3x10°cm? V™ 1s™! and 1, ~ 70 ps for elec-
trons. All these results suggest that the capture of
photocarriers due to impurities is ineffective at low
temperature below 100K in Cu,O.

Further, in these studies, we have performed also
a set of preliminary experiments on the magnetoresis-
tance and Hall effect of CuO crystals purified by the
floating-zone melting technique. As a result the main
photocarriers in CuO at T = 4.2K are confirmed to
be positive holes. The mobility is p, & 1.1 x 10* cm?
V™ 1's™ ! This result suggests that photocarriers in
CuO are mobile in the wide energy band in contrast
with the results reported by Koffyberg and Benko.

We emphasize that the role of imperfections in
specimens may be more important than the role of
impurities in order to clarify the optical and electrical
properties of Cu,O and CuO.
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