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Optical properties of wurtzite ZnO bulk single crystals in which an arbitrary number (typically
10°-10'" cm™) of fresh dislocations were introduced intentionally by the plastic deformation at
elevated temperatures (923-1073 K) were examined. Deformed specimens showed excitonic light
emission with photon energies of 3.100 and 3.345 eV, as well as their LO phonon replicas at 11 K.
The light intensities increased with increasing dislocation density. The activation energy for a
thermal quenching of the 3.100 or 3.345 eV emission band, which corresponds to the depth of the
localized energy level associated with the emission band, was estimated to be 0.3*0.1 or
0.05*0.01 eV, respectively. The origin of the energy levels was proposed as point defect
complexes involving dislocations. The introduction of the dislocations at the elevated temperatures
above 923 K did not influence the intensities of the emission bands except the dislocation-related

emission bands. © 2008 American Institute of Physics. [DOI: 10.1063/1.2977748]

I. INTRODUCTION

ZnO has a wide direct band gap of 3.37 eV and large
exciton binding energy of 60 meV at room temperature,
rather large in comparison with GaN, and the excitonic emis-
sion at elevated temperatures up to 550 K has been
demonstrated. Consequently, ZnO has rapidly emerged as a
promising analog to GaN for optoelectronic devices employ-
ing excitonic effects in the short wavelength range. Also,
several other characteristics, such as potential ferromag-
netism, further enhance the interest in this material for manu-
facturing future nanodevices.

Despite considerable success in optimizing the growth
conditions and structural quality, ZnO epitaxial layers still
contain a high density of defects that influence their opto-
electronic properties. Most characteristic defects investigated
by transmission electron microscopy (TEM) are high-density
(typically 10°~10"" c¢cm™2) dislocations passing through the
entire layers.2 In ZnO, dislocations are introduced with lower
stress and are highly mobile in comparison with those in
GaN.? It has been considered that they are easily introduced
during device fabrication as well as crystal growth. As re-
ported in a large number of studies in GaN, it is known that
dislocations can influence the device performance through
nonradiative recombination. Thus, the knowledge of the in-
fluence of dislocations is required for the practical use of this
material. Even though ZnO has the same crystal structure as
GaN, the influence of dislocations in ZnO has not been fully
elucidated. Cathodoluminescence spectroscopy in a scanning
electron microscope,‘*’7 scanning capacitance microscopy,8
and electron holography combined with TEM,’ have sug-
gested that localized energy levels exist near the dislocations.
It has been proposed that several emission bands peaking at
photon energies of 3.33,10 3.314,11 and ~3.1 eV (Refs. 12

“Electronic mail: yutakaohno@imr.tohoku.ac.jp.

0021-8979/2008/104(7)/073515/6/$23.00

104, 073515-1

and 13) are related to extended defects including the dislo-
cations, even though the relationships are controversial.

So far, most works have concentrated only on the optical
properties of the dislocations introduced at room tempera-
ture. Preliminary studies of our group showed that the dislo-
cations newly introduced by plastic deformation at elevated
temperatures, comparable to the typical temperatures for the
fabrication of ZnO-based devices, induce dislocation-related
emission bands.'* In the present work, the optical properties
of the dislocations are systematically investigated. It is
shown that they act as radiative recombination center, while
the dislocations introduced at room temperature act as non-
radiative one. Two dislocation-related emission bands are
found, and the energy levels associated with the emission
bands are quantitatively estimated. The origin of the energy
levels is discussed in terms of the reaction of dislocations
and point defects at elevated temperatures be a key to eluci-
date the influence of dislocations and point defects on the
optoelectronic properties of semiconductors.

Il. EXPERIMENTS

Samples were wurtzite ZnO bulk single crystals with an
n-type carrier concentration of 5X 10" c¢cm™ at room tem-
perature purchased from Goodwill (Russia). The density of
grown-in dislocations was estimated to be 10* cm™2 by the
etch pit technique, and no dislocation was indeed observed in
a small volume (about 108 ¢cm?) by TEM [e.g., Fig. 1(a)].

Rectangular specimens, 2X2X7 mm?® in size, were
sectioned from a crystal, and they were introduced fresh dis-
locations by annealing under compressive stress. The com-
pressive axis was inclined at 45° with respect to the [0001]

direction, with the surface of one side parallel to the (1010)
plane. Compression tests were conducted in a flowing high-
purity argon gas atmosphere at temperatures of 923-1123 K,
under a constant shear strain rate of 4 X 10™* s~!, and up to
the strain of about 30%. Details of the compression process
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FIG. 1. (Color online) Two-beam bright-field TEM images of a specimen:
(a) as-grown, [(b)—(f)] deformed at 1023 K, and [(g)—(j)] deformed at 1123
K (g diffraction condition). The thickness of the specimens is about 300 nm.
(e) and (f), or (g) and (h), are a pair of stereo micrographs taken with an

electron beam inclined by +12° from [0001] toward [1100]. A single or
double arrowhead in (e) indicates a screw or edge dislocation component,
respectively. The “!” mark in (f) and the “#” mark in (g) indicate a jog and
a dislocation loop of interstitial type, respectively. The asterisk mark in (e)
indicates a marker.

were published elsewhere.” Some specimens were only
heated at the above-mentioned temperatures without any de-
formation.

The structural nature was characterized by TEM with a
120-keV electron beam. Under the beam irradiation, the ef-
fect of the radiation enhanced dislocation motion’ seemed to
be small. The dislocation density, defined as the total length
of the dislocation lines existing in a unit volume, was esti-
mated by three-dimensional TEM (a so-called stereo micros-
copy).

The optical property was characterized by photolumines-
cence (PL) spectroscopy for the specimens deformed at 923—
1073 K and those heated at the same temperatures without
stress. The specimens were illuminated with a 325 nm laser
light (with the probe size of 0.015 mm diameter) from a 15
mW He-Cd laser. PL spectra were obtained at the tempera-
ture 7 of 11 K, otherwise it is noted in the text. The excita-
tion power density P was 35 W cm™2, otherwise it is noted
in the text. PL lights were collected into a photomultiplier
tube detector through a 32 cm monochromator, and the spec-
tral resolution was about 0.4 meV.

lll. RESULTS
A. Introduction of fresh dislocations

In deformed specimens, dislocations of high density
more than 10® cm™? were introduced. A conventional two-
beam TEM method, as shown in Figs. 1(b)-1(f), revealed
that no dislocation was dissociated”” and that the Burgers

vector of the dislocations was (a/3)[1120], (a/3)[2110], or
(a/3)[1210]. There existed a screw [indicated with a single

arrowhead in Fig. 1(e)], edge [the double arrowhead in Fig.
1(e)], and mixed dislocations and the ratio of the dislocation
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FIG. 2. (Color online) TEM images of a specimen deformed at (a) 923 K,
(b) 1023 K, and (c) 1123 K. The thickness of the specimens is about 300
nm. (d) The total dislocation density vs the deformation temperature.

densities for the screw, edge, and mixed dislocations was
about 5:1:14 irrespective of the deformation temperature.
Many dislocations passed through the specimens with the
rest forming dislocation loops [e.g., “#” in Fig. 1(g)]. Three-
dimensional TEM observation [e.g., Figs. 1(e) and 1(f)] re-
vealed that many parts of the dislocations lay on a (0001)
basal plane, with the rest lying on a plane inclined with re-

spect to the {0001} planes (most likely one of the {1011}
pyramidal planes).17 The dislocation loops were identified as
being interstitial-type by the inside-outside contrast method,
as seen in Figs. 1(g)-1(j)."® Many dislocations contained jogs
[e.g., “!” in Fig. 1(f)], indicating that a high density of point
defects would be introduced via the climb motion of the
dislocations. Other types of extended defects, such as twins
and stacking faults, were not observed by TEM.

The total dislocation density, defined as the sum of the
dislocation densities for the three kinds of dislocations, de-
creased with increasing the deformation temperature (Fig. 2).
The density ranged from ~5X 10! to ~2X 10% cm™ in the
temperature range of 923-1123 K.

B. Effects of dislocations on optical properties

Figure 3 shows a typical PL spectrum obtained from a
specimen deformed at a temperature of 923 K, as well as that
from an undeformed specimen that was annealed at the same
temperature without stress. Both specimens exhibited near-
band edge emissions due to free excitons [peaking at 3.390
eV (FXp) and 3.378 eV (FX,)],"” excitons bound to neutral
donors [3.373 eV (D9Xp), 3.361 eV (D5X,), and 3.323 eV
two-electron satellite (TES)],'® excitons bound to neutral ac-
ceptors [3.354 eV (A%X,)],"" donor-acceptor pairs (DAP)
[3.217 eV 1," unknown defects [3.335 eV (d1) (Ref. 10) and
3.314 eV (d2) (Ref. 11)], as well as their longitudinal-optical
(LO) phonon replicas. Also, deep level emissions due to the
green (2.43 eV), yellow (2.18 eV), and red (1.91 eV) emis-
sion bands previously reported in Ref. 19 were observed.
The intensity of the emission lines for the deformed speci-
men yetomeq and that for the undeformed one 7, gcrormed Was
examined, " and the intensity ratio R =1y.tormed/ Lundeformed Was
~1 for the above-mentioned emission lines [Fig. 3(a)], even
though an excitonic emission line for the deformed specimen
was slightly narrow in comparison with the undeformed one.
Similar results were obtained irrespective of the deformation
temperature. This indicates that (1) the above-mentioned
emission lines are not related to dislocations or deformation
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FIG. 3. (Color online) (a) The logarithmic PL intensity vs the photon energy
for a specimen deformed at 923 K or annealed at 923 K without stress. The
ratio of those PL intensities, R=1jcformed/ lundeformeds 15 also shown. A part of
(a) is magnified in (b). The PL intensity at the peak energy of a LO phonon
line as a function of (c) the deformation temperature or (d) the total dislo-
cation density. The squares, circles, and triangles show the data for the 3.345
eV, 3.100 eV, and FX, emission bands, respectively. The open marks, the
marks with dots, those with “+” and “-,” show the data for the zero-, one-,
two-, and three-LO phonon lines, respectively.

induced defects and that (2) the optical properties of the
emission lines are not affected by the dislocations introduced
at the elevated temperatures.

In the deformed specimens, additional emission lines
peaking at 3.100 and 3.345 eV, as well as their LO phonon
replicas (with the separation between the nearest-neighbor
emission lines of 72 meV), were observed. These lines were
clearly observable in a spectrum of the intensity ratio R ver-
sus the photon energy [e.g., Fig. 3(b)]. The intensity of an
emission line for the 3.100 and 3.345 eV emission bands
decreased monotonously with increasing the deformation
temperature, while that for other emission bands, such as the
FX, emission band, was independent of the deformation
temperature [Fig. 3(c)]. From the data in Figs. 2(d) and 3(c),
it is concluded that the intensity for the 3.100 and 3.345 eV
emission bands increases monotonously with increasing the
total dislocation density [Fig. 3(d)]. High intensity of those
emission bands was indeed obtained from a specimen in
which a number of dislocations should be located." The in-
troduction of dislocations at the elevated temperatures, there-
fore, results in the formation of those emission bands.

C. Localized energy levels associated with
dislocation-related emission bands

The temperature 7-dependent intensity of an emission
line can be fitted with a function®
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FIG. 4. (Color online) (a) PL spectra for a deformed specimen (the de-
formed temperature; 923 K) obtained at various temperatures 7. 7 depen-
dence of (b) the peak intensity and (c) the photon energy of a LO phonon
line. The meaning of the marks is the same as in Fig. 3(c).

I(T) = Iy/[1 + Cy exp(AEYKT)], (1)

where AE)) is the activation energy for the thermal quenching
process and I, or C is a constant. An intensity for the FX,
emission band followed the relationship, as seen in Fig. 4(b),
and the activation energy was estimated to be
0.02£0.01 eV, comparable to that reported previously.21 On
the other hand, an intensity for the 3.100 and 3.345 eV emis-
sion bands decreased via two thermal quenching processes. It
could be fitted with a function

I(T) = 10/[1 + CO eXp(AEo/kT)]
+Il/[1 + Cl eXp(AEl/kT)] (2)

The activation energy for the quenching process arose at
lower temperatures (first process) and that rises at higher
temperatures (second process), AE, and AE,, respectively,
were estimated as 0.02=0.01 and 0.3 0.1 eV for the 3.100
eV emission band and 0.02*=0.01 and 0.05%*0.01 eV for
the 3.345 eV emission band.

The peak energy of an emission line normally decreases
with increasing T due to the thermal expansion of the lattice
constant, and it can be fitted with a function

E(T) = EO + A/[exp(Ephonon/kT) - 1], (3)

where Eg, A, or Eyponon 1S @ constant [e.g., see the data for an
emission line of the FX, emission band in Fig. 4(c)]. How-
ever, the peak energies of the 3.100 eV emission band in-
creased monotonously with increasing 7 in the temperature
range of 11-150 K [Fig. 4(c)].* A peak energy at T
=100-150 K was ~0.02 eV larger than that at 11-20 K.
The activation energy AE, for the 3.100 eV emission
band was the same as that for the FX, emission band (0.02
eV), and a peak energy of the 3.100 eV emission band in-
creased by the same amount of AE after the first quenching
process. Therefore, it was considered that (1) AE, corre-
sponded to the binding energy of excitons at a localized en-
ergy level and (2) the first quenching process was due to the
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FIG. 5. (Color online) PL spectra for a deformed specimen (the deformed
temperature: 973 K) at several excitation power densities P obtained at (a)
11 K or (c) 100 K. P-dependent PL intensity for a LO phonon line obtained
at (b) 11 K or (d) 100 K. The meaning of the marks is the same as in Fig.
3(c).

transition from an excitonic recombination at the level to a
recombination between the level and a band (a bound-to-free
transition). In order to confirm the above hypothesis, excita-
tion power density P-dependent peak intensities of the emis-
sion band were studied at the temperatures before (at 11 K)
and after (at 100 K) the first quenching process [Figs. 5(a)
and 5(c)]. An intensity was fitted with a function

I(P) = I,P*, 4)

where I, or a was a constant and « was estimated to be
about 1.3 at T=11 K [Fig. 5(b)]. Since the estimated value
was in the range of 1.0-2.0, the origin of the emission was
excitonic recombination,24 similar to the FX, emission [«
=1.1, see Fig. 5(b)], at this temperature. On the other hand,
at T=100 K, a decreased to about 0.8, unlike the FX, emis-
sion (@=1.1) [Fig. 5(d)]. Since the estimated value was less
than 1.0, the origin of the emission was a recombination via
a localized energy level,25 i.e., a recombination between a
localized level and a band or a donor-acceptor pair recombi-
nation. Since the peak energies of the emission band did not
depend on P [Fig. 5(c)], the latter possibility was excluded.
It is therefore concluded that the first quenching process of
the 3.100 eV emission band is due to a bound-to-free transi-
tion. Similarly, the first quenching process of the 3.345 eV
emission band might be due to a bound-to-free transition,
since AE,, was also the same as that for the FX, emission
band (0.02 eV) and « was in the range of 1.0-2.0 (about 1.2)
at T=11 K [Fig. 5(b)].

The difference of the zero-phonon peak energies for the
FX, emission band and the 3.100 eV one corresponded to
the AE, for the 3.100 eV one, i.e., 3.378 eV-3.100 eV
=0.278 eV at T=11 K. Also, the difference for the FXj,
emission band and the 3.345 eV one was close to the AE, for
the 3.345 eV one, i.e., 3.378 eV-3.345 eV=0.033 eV at
T=11 K. These results indicate that the second quenching
attributes to thermal escape of the trapped carriers in the
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FIG. 6. (Color online) (a) The experimental setup for linear polarization
measurement. The transmission direction of the electric field E for a PL light
is determined by the rotation angle of the polarizer 6. (b) #-dependent PL
intensity of a LO phonon line at 7=11 K for a deformed specimen (the
deformed temperature; 923 K). The meaning of the marks is the same as in
Fig. 3(c).

localized energy levels associated with the 3.100 and 3.345
eV emission bands. In other words, AE, corresponds to the
depth of the localized energy levels. Therefore, the levels
associated with the 3.100 and 3.345 eV emission bands are,
respectively, estimated to be 0.3 0.1 and 0.05*0.01 eV in
depth.

D. The origin of the dislocation-related localized
energy levels

The relative intensity of the nth phonon replicas, /,,, can
be written as”®

I,=1,(8"n")(n=0,1,2,...), (5)

where § is the Huang—Rhys factor according to the Franck—
Condon model. The factors for the 3.100 and 3.345 eV emis-
sion bands were, respectively, estimated to be 1.4 and 0.2.
They differed from the factors for other emission bands in
our specimens, including near-band edge emissions (e.g.,
0.01-0.04 for the DgX A emission®’) and deep level emissions
(e.g., 6.5 for the green emission”®). Also, they differed from
the factors for the 3.2108 eV emission band (~O.5),29 which
were induced by deformation at room temperature but were
not induced in our specimens deformed at elevated tempera-
tures above 923 K.

Many dislocations in various semiconductors form deep
levels and they act as nonradiative recombination centers. On
the other hand, some dislocations, such as 90° Shockley par-
tials in ZnSe,30 induce dislocation-related radiative centers
and they emit light linearly polarized parallel to the disloca-
tion cores. So, the polarization of a PL light for the 3.100 and
3.345 eV emission bands was investigated. Since all PL
lights were polarized along the ¢ axis due to the effect of
spontaneous polarization of the host ZnO crystal, PL spectra
were obtained with the experimental setup shown in Fig. 6(a)
in order to reduce the effect. No obvious polarization was
observed for those emission lines, as well as for FX, emis-
sion line [Fig. 6(b)]. This suggests that point defects (i.e.,
interstitial atoms or vacancies) introduced with dislocations,
rather than dislocation cores, are the candidates for the origin
of the localized energy levels associated with the 3.100 and
3.345 eV emission bands.
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IV. DISCUSSION

The effects of dislocations on optical properties have
been studied for the dislocations introduced at room tem-
perature by mechanical millinglz’29 or indentation.
cording to the works, (1) the intensity of near-band edge
emissions decreases,*>'>!7 while (2) that of deep level emis-
sions (e.g., the yellow emission band that could be associated
with Zn vacancies)®” increases.*'? (3) The 3.2108 eV emis-
sion band (presumably due to pairs of a Zn-vacancy acceptor
and a Zn-interstitial donor)” is induced'>? and (4) no
dislocation-related emission band is observed. These results
indicate that the dislocations act as nonradiative recombina-
tion centers, and point defects that are responsible to deep
level emissions are also introduced with the dislocations. The
dislocations introduced at room temperature are, therefore,
far different from those induced above 923 K. Specifically,
our present results indicate that the intensities of deep level
emissions, as well as near-band edge emissions, are un-
changed after the introduction of the latter dislocations. This
suggests that the dislocations may not act as nonradiative
recombination centers or that the introduction of the disloca-
tions may result in cancelling of multiple recombination pro-
cesses.

When the specimens with the dislocations introduced at
room temperature are annealed at temperatures above 873 K,
(5) the intensity of near-band edge emissions measurably
recovers,’ while (6) that of deep level emissions
decreases.**' (7) An emission band with a photon energy
around 3 eV, similar to the 3.100 eV emission band, is in-
duced by annealing above 773 K. Namely, as the nonradi-
ative recombination centers and point defects are annealed
out, an emission band similar to the 3.100 emission band is
formed. The type of the dislocations introduced at room
temperatulre17 is similar to that introduced at elevated tem-
peratures. These results suggest that the origin of the 3.100
and 3.345 eV emission bands is formed by the reaction of
dislocations and point defects via thermal migration of point
defects at the elevated temperatures, i.e., the atomistic struc-
ture nearby the cores of the dislocations introduced at el-
evated temperatures would differ from that introduced at
room temperature. Actually, transmission electron hologra-
phy has revealed that localized energy levels exist near dis-
locations in a ZnO layer grown at 653 K, and that the origin
of the levels is related to point defects in the vicinity of the
dislocations rather than to the dislocation cores.” The 3.100
and 3.345 eV emission bands are not observed in the speci-
mens annealed after ion implantation,32 indicating that they
are not formed only by the introduction of point defects.
Therefore, the origin of those emission bands is probably
point defect complexes involving dislocations, even though
their atomistic structure remains obscure.

It is interesting to note that the introduction of disloca-
tions at elevated temperatures does not influence the intensi-
ties of the emission bands except the dislocation-related
bands, suggesting that the reaction of dislocations and point
defects results in the suppression of nonradiative recombina-
tion centers. This characteristic of ZnO may be an advantage
over GaN. Indeed, GaN exhibits a phenomenon that all in-

45,1731
SA731 A
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tensities decrease with the introduction of dislocations intro-
duced even at elevated temperatures,33 as well as at room
temperature.3 4

V. CONCLUSION

PL spectroscopy combined with TEM revealed that (1)
the dislocations freshly introduced by plastic deformation at
elevated temperatures above 923 K induce two emission
bands with the zero-phonon peak energies of 3.100 and
3.345 eV and that (2) the emissions arise via the localized
energy levels with the depths of 0.3%*0.1 and
0.05%0.01 eV. It was suggested that the origin of the levels
is point defect complexes involving the dislocations. The dis-
locations, introduced at the elevated temperatures, did not
influence the intensities of the emission bands except the
dislocation-related emission bands.
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