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Combining photoluminescence and positron annihilation studies of hydrothermally grown ZnO

crystals with stoichiometry varied by controlled annealing enabled us to clarify the origin of green

luminescence. It was found that green luminescence in ZnO has multiple origins and consists of a

band at 2.3(1) eV due to recombination of electrons of the conduction band by zinc vacancy

acceptors coupled with hydrogen and a band at 2.47(2) eV related to oxygen vacancies. The

as-grown ZnO crystals contain zinc vacancies associated with hydrogen and exhibit a green lumi-

nescence at 2.3(1) eV. Annealing in Zn vapor removed zinc vacancies and introduced oxygen

vacancies. This led to disappearance of the green luminescence band at 2.3(1) eV and appearance

of a green emission at higher energy of 2.47(2) eV. Moreover, the color of the crystal was changed

from colorless to dark red. In contrast, annealing of the as-grown crystal in Cd vapor did not

remove zinc vacancies and did not cause any significant change of green luminescence nor change

in coloration. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922944]

Zinc oxide (ZnO) is a wide band gap (3.37 eV at room

temperature) semiconductor with a high exciton binding

energy of 60 meV.1 Because of these properties, ZnO attracts

great attention as a material suitable for UV light emitting

diodes and lasers. Photoluminescence spectrum of ZnO typi-

cally consists of a UV near band edge emission and a broad

deep band emission around 500–580 nm (2.5–2.1 eV) called

“green luminescence” (GL).1 It is known that GL is related to

point defects, but the nature of these defects remained contro-

versial for a long time.1 A variety of point defects including

oxygen vacancies (VO),2 zinc vacancies (VZn),3,4 zinc inter-

stitials (Zni),
5 as well as zinc antisites6 have been proposed as

candidates for GL centers. Ab-initio theoretical calculations3

revealed that VO and VZn should be dominating defects in

ZnO prepared under Zn-rich and O-rich conditions,

respectively.

Leiter et al.2 attributed the GL band at 2.45 eV to VO.

Under UV irradiation, a neutral VO containing two electrons

passes to an excited singlet state and then relaxes to an

excited triplet state, from which the center luminescences.

Guo et al.4 assigned GL to electronic transitions from the

conduction band (CB) to VZn acceptor level in the band gap.

The calculated position of the VZn level �0.8 eV above the

valence band (VB)3 is consistent with GL at the wavelength

around 500 nm. Recent study of ZnO powders annealed in

oxidizing and reducing atmospheres revealed GL at �2.3

and �2.5 eV, and these emissions were assigned to VZn and

VO, respectively.7

Positron annihilation spectroscopy (PAS)8 provides an

opportunity to identify unambiguously VZn but is insensitive

to VO. This is caused by the fact that VZn represents a deep

positron trap while VO is incapable of positron localiza-

tion.9,10 In the present work, photoluminescence (PL) studies

of ZnO single crystals with various stoichiometry were com-

bined with PAS characterizations to link changes in GL with

the development of vacancies.

Commercially available ZnO single crystals are most

frequently prepared by the hydrothermal growth technique.11

Hydrothermally grown (0001) ZnO single crystals studied in

this work were supplied by the MaTecK GmbH (J€ulich,

Germany). The ZnO crystals with polished O-terminated

faces were studied (i) in the as-grown state, (ii) after anneal-

ing in Zn vapor, and (iii) after annealing in Cd vapor. The

annealing was performed by sealing ZnO crystal into an

evacuated quartz ampoule together with Zn (or Cd) metal

and annealing the ampoule in a furnace at 1000 �C for 12 h.

A digital positron lifetime (LT) spectrometer12 with

time resolution of 145 ps was employed for PAS investiga-

tions. A 22Na positron source with activity of 1.1(2) Mq was

deposited on a 2 lm Mylar foil and sealed between two

pieces of ZnO crystals studied. At least 107 annihilation

events were collected in each LT spectrum. Source contribu-

tion consisting of two components with lifetimes of 368(2)

ps and 1.52(5) ns and corresponding intensities of 8.4(2) %

and 1.2(1) % has been always subtracted from the spectra.

Decomposition of LT spectra was performed using a maxi-

mum likelihood procedure.13 The quality of fit was checked

by the v2 test. For all fits considered here, the v2 values di-

vided by the number of degrees of freedom fell into the

range 1.00–1.02.

Steady state PL spectra were excited either by light-

emitting diodes or a Xe lamp connected to a 15-cm monochro-

mator, which enabled to measure PL excitation (PLE) spectra.

Emitted PL was dispersed by another 15-cm monochromatora)jakub.cizek@mff.cuni.cz
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and detected by a photomultiplier. All PL spectra are corrected

for the spectrometer response. Both PAS and PL studies were

carried out at room temperature.

The PL spectra of ZnO crystals excited by the wave-

length of 325 nm are plotted in Fig. 1(a). The PL spectrum of

the as-grown ZnO crystal consists of a UV excitonic peak at

3.29(1) eV and a broad GL band centered around 2.3 eV. The

GL emission can be well described by superposition of two

Gaussian contributions, see solid line in Fig. 1(a). Their pa-

rameters are listed in Table I. As was suggested by Børseth

et al.,14 the shorter wavelength component at the energy

2.08–2.18 eV probably corresponds to the yellow lumines-

cence band assigned to Li impurities which are common in

hydrothermally grown ZnO crystals. Indeed, chemical analy-

sis by inductively coupled plasma mass spectrometry revealed

that ZnO crystals studied contain Li impurities with concen-

tration falling in the range ð1� 3Þ � 1016 cm�3. The Li con-

centration was found to be virtually unchanged after

annealing. The longer wavelength component located at the

energy of 2.3(1) eV agrees well with the emission attributed

to VZn related centers.7,14 PAS studies revealed that the as-

grown ZnO crystal exhibits a single component LT spectrum

with lifetime of 181.1(5) ps, see Table I. This lifetime is typi-

cal for hydrothermally grown ZnO crystals9,15 and agrees well

with the lifetime calculated for VZn associated with hydrogen

(VZn þ H).10 Hence, hydrothermally grown ZnO crystal con-

tains VZn þ H complexes in the as-grown state with

concentration at least 1018 cm�3 leading to saturated positron

trapping. The GL band at 2.3(1) eV is, thereby, caused by

transition from CB to the VZn þ H acceptor level in the band

gap.

One can see in Fig. 1(a) that annealing in Zn vapor led

to a blue shift of the defect related emission. The emission

associated with VZn þ H disappeared, and the GL band of

the Zn-annealed crystal consists of the Li related yellow lu-

minescence at 2.17(2) eV and a new dominating emission

band at 2.47(2) eV, see Table I. Moreover, PAS investiga-

tions showed that positron lifetime decreased from 181.1(5)

down to 166.2(5) ps, which is close to the lifetime measured

in vapor phase and pressurized melt grown ZnO crystals.16,17

Note that the bulk positron lifetime for a perfect ZnO lattice

obtained from ab-inito theoretical calculations is 154 ps.10

Hence, there are two possible interpretations: (i) the lifetime

measured in the Zn-annealed sample comes from free posi-

trons, i.e., the actual bulk ZnO lifetime is around 166 ps as

suggested by Tuomisto et al.;16 (ii) the lifetime of 166 ps

corresponds to some other defects with open volume smaller

than VZn þ H complexes, e.g., stacking faults proposed by

Anwand et al.17 Nevertheless, in both cases, the present

result testifies that by annealing in Zn vapor, VZn þ H com-

plexes were removed from the sample. It has been demon-

strated that Zn-annealing led to introduction of VO.18–21

Hence, the new emission band at 2.47(2) eV in the Zn-

annealed crystal could be attributed to VO centers. Since VO

do not trap positrons10 they cannot be detected directly by

PAS. But, it has been shown22 that when a sample containing

VZn and VO is annealed at 500 8C, presence of VO is revealed

through formation of clusters of VO merged with VZn. The

Zn-annealed crystal was extensively ground using a SiC

120 paper in order to roughen the surface and to introduce

VZn into a sub-surface region. Subsequently, the sample

was annealed at 500 8C in air. The LT spectrum of the

annealed sample consists of two components with lifetimes

s1 ¼ 167ð1Þ ps, s2 ¼ 440ð9Þ ps, and intensities I1 ¼ 91ð1Þ
%, I2 ¼ 9ð1Þ %. The second component represents a contri-

bution of positrons trapped at clusters formed by agglomera-

tion of VO which became mobile during annealing and

merged with VZn in the sub-surface region. Hence, the

annealing experiment confirmed existence of VO in the Zn-

annealed crystal.

Annealing in Zn vapor changed the color of the ZnO

crystal from colorless to dark red as shown in Fig. 2. In

FIG. 1. PL spectra of ZnO crystals in the as-grown state and after annealing

in Zn and Cd vapor: (a) excitation using wavelength of 325 nm, (b) excita-

tion using wavelength of 390 nm. Solid lines represent fits by Gaussian emis-

sion bands.

TABLE I. Results of PAS studies: the positron lifetime s obtained from

decomposition of LT spectra; results of PL measurements with excitation

wavelength of 325 nm: decomposition of GL in Fig. 1(a) into two Gaussian

contributions with maxims at energies Ei and relative intensities Ii. The

width of the Gaussian contributions falls into the range 0.15–0.25 eV.

Standard deviations are given in parentheses in the units of the last signifi-

cant digit.

PAS
PL excitation 325 nm

Sample s (ps) I1 E1 (eV) I2 E2 (eV)

as-grown 181.1(5) 60(10) 2.18(9) 40(10) 2.31(9)

Zn-annealed 166.2(5) 20(2) 2.17(2) 80(2) 2.47(2)

Cd-annealed 180.4(5) 57(5) 2.08(7) 43(5) 2.3(1)
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contrast, annealing in Cd vapor did not change color of the

as-grown crystal and also the positron lifetime remained

practically the same as in the as-grown sample testifying that

VZn þ H were not removed by Cd-annealing. Fig. 1(a) shows

that GL of the Cd-annealed crystal is very similar to that in

the as-grown sample.

The optical transmittance of ZnO crystals is plotted in

Fig. 3. The as-grown crystal and the crystal annealed in Cd

vapor exhibit similar transmittance curves characterized by a

sharp absorption edge at �3.2 eV. For the Zn-annealed crys-

tal, the absorption edge shifted down to �2.4 eV. Similar

shift has been reported19 for a ZnO crystal grown by seeded

chemical vapor and annealed in Zn vapor in similar way as

in the present work.

Note that the UV emission peak in Fig. 1(a) was

enhanced in the annealed samples. This is most probably due

to improvement of crystal perfection mainly by recovery of

dislocations introduced into the virgin crystal by surface pol-

ishing.9 The observed shift of the maximum of the UV emis-

sion to lower energy is likely related to shallow donors

which were introduced by annealing and will be discussed in

the following text.

The PLE spectra detected at 550 nm (2.25 eV) are plot-

ted in Fig. 4. The as-grown and Cd-annealed crystals exhibit

very similar PLE spectra characterized by a sharp edge at the

bang gap energy of 3.37 eV. In contrast, the PLE curve for

the Zn-annealed crystal contains a pronounced resonance

peak in the below-band-gap region at 3.2 eV testifying that

there is a remarkable GL excitation involving states inside

the band gap. The PL spectra collected using an excitation of

390 nm (3.18 eV) are shown in Fig. 1(b). While GL

disappeared in the virgin and Cd-annealed sample, the Zn-

annealed crystal exhibits green emission which is well

described by a Gaussian GL band centered at 2.46(2) eV, see

the solid line in the figure.

Several models for room temperature GL associated

with VO centers can be considered. One possibility shown in

Fig. 5(a) assumes recombination of electrons photoexcited to

CB or shallow donor levels with holes at VO level. The tri-

plet-to-singlet state model2 shown in Fig. 5(b) involves pho-

toexcitation of VO center from the singlet to the triplet state

and subsequent radiation recombination of the triplet state.

Kodama and Uchino23 extended the triplet-to-singlet state

model and proposed that in addition to the direct emission

process, a thermally assisted indirect emission takes place

and dominates when the excitation energy comes near or

below the band gap energy. The indirect emission illustrated

in Fig. 5(c) involves both VO and shallow donors and is real-

ized by the following sequence:23 (i) thermally induced ioni-

zation of shallow donors; (ii) photo induced electron transfer

from VO to the empty donor levels; (iii) electron capture by

ionized VO and formation of the triplet VO center; and (iv)

green emission by triplet-to-singlet state radiative recombi-

nation of the VO center. The model in Fig. 5(a) is consistent

FIG. 2. Photographs of ZnO crystals in the as-grown state and after anneal-

ing in Zn and Cd vapor.

FIG. 3. The transmittance of ZnO crystals in the as-grown state and after

annealing in Zn and Cd vapor.

FIG. 4. PLE spectra of ZnO crystals in the as-grown state and after anneal-

ing in Zn and Cd vapor. The spectra were detected at 550 nm. The arrow

indicates the band gap energy.

FIG. 5. Schematic depiction of possible mechanisms of GL associated with

VO center: transition from CB or shallow donor levels to a hole in VO (a); tri-

plet-to-singlet VO state model for excitation above (b) and below (c) the band

gap.
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with GL observed in experiment when VO is a deep donor

located �0:9 eV above VB while the triplet-to-singlet state

emission model requires VO level to be located closer to VB,

see Figs. 5(b) and 5(c). Electronic structure calculations con-

sistently report a negative-U behavior for VO, but there is a

large scatter in their predictions of the 2þ/0 transition

energy. The reported values24 fall into a broad range from

0.3 to 2.7 eV. Hence, at the present knowledge, it is hard to

make any definite conclusion about the position of the VO

level. The scatter of the calculated values is, to a large

extent, caused by various ways of band gap corrections.

Patterson25 employed all-electron B3LYP hybrid functional

calculations which gave band gap of 3.34 eV, i.e., close to

the experimental value. Interestingly, his calculations

yielded the 2þ/0 transition energy at �0.3 eV above VB,

which is not far from the level required by the triplet-to-sin-

glet state model in Figs. 5(b) and 5(c). Kodama and Uchino

attributed the shallow donors to Zni. Although Zni have

higher formation energy than VO,3 it is likely that some Zni

were created during annealing in Zn vapor. The shallow

donors could be also HO defects, i.e., VO associated with

hydrogen. Weber and Lynn21 showed that red coloration of

ZnO occurs only when hydrogen was present during high

temperature annealing in Zn vapor. Chemical analysis

revealed that the as-grown ZnO crystals always contained

considerable amount of hydrogen either occupying intersti-

tial sites or forming VZn þ H complexes.10 The interstitial

hydrogen diffuses out of the sample at temperatures around

400 �C.21 During annealing in Zn vapor, VZn are filled by

diffusing Zn atoms. Released H atoms can be trapped at VO

introduced during Zn-annealing. Thus, it is plausible that

certain fraction of VO turned into HO defects which are shal-

low donors in ZnO.26 Hence, the shallow donor levels in Fig.

5(c) can be either Zni or HO.

A tail below the PLE peak for the Zn-annealed sample

in Fig. 4 extending down to 2.5 eV indicates a continuous

density of states between VB and VO level formed by Zn-

annealing in the presence of hydrogen and mediating GL.

This is in accordance with the red shift of the absorption

edge of the transmittance curve in Fig. 3.

In summary, combination of PL and PAS studies

enabled us to disclose the origin of GL in hydrothermally

grown ZnO crystals. The green emission band at 2.3(1) eV is

caused by VZn þ H complexes while the green emission at

2.47(2) eV is related to VO centers. As-grown ZnO crystals

contain VZn þ H complexes, and the green emission band at

2.3(1) eV is dominating. By annealing in Zn vapor, VZn þ H

are removed from the crystal but VO and shallow donors

(Zni or HO) are introduced. This makes dominating the green

emission band at 2.47(2) eV.
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