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Mechanical milling and subsequent annealing in air at temperatures between 210 and 1200 ° C have
been carried out on high purity ZnO powder to study the defect generation and recovery in the
material. Lowering of average grain size 共from 76± 1 to 22± 0.5 nm兲 as a result of milling has been
estimated from the broadening of x-ray lines. Substantial grain growth in the milled sample occurs
above 425 ° C annealing temperature. Positron annihilation lifetime 共PAL兲 analysis of the samples
shows a distinct decrease of the average lifetime of positrons very near the same temperature zone.
As indicated from both x-ray diffraction 共XRD兲 and PAL results, high temperature 共⬎700 ° C兲
annealed samples have a better crystallinity 共or lower defect concentration兲 than even the nonmilled
ZnO. In contrast, the measured optical band gap of the samples 共from absorption spectroscopy兲 does
not confirm lowering of defects with high temperature annealing. Thermally generated defects at
oxygen sites cause significant modification of the optical absorption; however, they are not efficient
traps for positrons. Different thermal stages of generation and recovery of cationic as well as anionic
defects in granular ZnO are discussed in the light of XRD, PAL, and optical absorption studies.
© 2006 American Institute of Physics. 关DOI: 10.1063/1.2401311兴
I. INTRODUCTION

Nanocrystalline materials, semiconductors in particular,
are being widely investigated at present because of their interesting electronic and optical properties which may find
applications in devices such as solar cells, light emitting diodes, ultraviolet 共UV兲 lasers, fluorescent displays, etc.1–4
Surface phenomena dominate nanomaterial properties over
their respective bulk features due to high surface to volume
ratio. Grain surfaces are defect rich, and engineering on these
defects offer a scope to tune the useful material properties.5
Here, we employ mechanical milling or ball milling technique to reduce the grain size of powder ZnO material. This
technique is advantageous for large scale and cost effective
production of nanocrystalline materials without any effect of
chemical contamination.6
Recently, room temperature UV lasing has been reported
in ZnO samples with grain size of a few tens of
nanometers.7,8 It has also been found that incorporation of
low density defects in ZnO lattice sometimes helps to obtain
improved crystalline quality through proper choice of annealing environment and temperature.9 In this way, the exa兲
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tent of disorder and so also the characteristic emission from
the material can effectively be controlled. A better understanding on the generation and recovery of defects in ZnO,
particularly defects at grain surfaces, thus has immense potential to reach optimized annealing conditions. Suitable defect characterization technique such as positron annihilation
lifetime spectroscopy has been proven to be helpful3,10–13 in
this regard. Usually, positrons injected inside a solid from a
radioactive source 共here 22Na兲 get thermalized and annihilated with an electron. It is well known that positrons preferentially populate in the regions where electron density,
compared to the bulk of the material, is lower 共e.g., vacancy
type defects, vacancy clusters, microvoids兲. For materials
with nanometer scale grain size, positrons diffuse14,15 to the
surface region of the grains, which are rich in open volume
defects. Hence the electron-positron annihilated ␥ rays bear
the lifetime of positrons, which provides information regarding the nature and abundance of defects at the grain
surface.3,13,15,16 Simultaneous investigation of ultraviolatevisible 共UV-vis兲 photon absorption by the sample elucidate,
as will be detailed later, the defect dependent optical processes in such technologically important semiconductors.
II. EXPERIMENT AND DATA ANALYSIS

As-supplied polycrystalline ZnO powder 共purity 99.9%
from Sigma-Aldrich, Germany兲 samples have been ball
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milled 共ball: mass= 35: 1兲 by a Fritsch Pulverisette 5 planetary ball-mill grinder for 3 h and then annealed at ten different temperatures 共between 210 and 1200 ° C兲 for 4 h followed by slow cooling 共30 ° C / h兲 in air. Henceforth the
milled but unannealed sample will be termed as nano-ZnO.
X-ray diffraction 共XRD兲 of all the samples have been recorded in a Philips PW 1710 automatic diffractometer with
Cu K␣ radiation. The average grain size of the powdered
samples has been determined by Scherer’s formula:17
Dhkl = K/␤ cos  ,
where Dhkl is the average grain size, K is the shape factor
共taken as 0.9兲,  is the x-ray wavelength, ␤ is the linewidth
at half maximum intensity 共here 101 peak of the ZnO spectrum fitted with a Gaussian兲, and  is the Bragg angle. Standard method17 to deduct the contribution of instrumental
broadening in ␤ has been taken into account.
Different sets of samples have been pressed into pellets
共⬃1 mm thickness and 10 mm diameter兲 for positron annihilation lifetime 共PAL兲 study. A 10 Ci 22Na positron source
共enclosed in thin Mylar foils兲 has been sandwiched between
two identical plane-faced pellets. The PAL spectra have been
measured with a fast-slow coincidence assembly18 having
182± 1 ps 共Ref. 12兲 time resolution. Measured spectra have
been analyzed by the computer program PATFIT-88 共Ref. 19兲
with necessary source corrections to evaluate the possible
lifetime components i and their corresponding intensities Ii.
The two state trapping model20 predicts a two-component
fitting of the spectrum, the shorter one 共1兲 from free annihilation of positrons and the other 共2兲 from trapped positrons at defects. One can also construct, without assuming
any model, the average positron lifetime 关av = 共1I1
+ 2I2兲 / 共I1 + I2兲兴, which represents the defective state of the
sample as a whole.19,21 It is to be noted that av is free from
errors, if any, arising from particular fitting procedure.
The electronic absorption spectra of the ZnO samples
have been recorded on a Hitachi U-3501 spectrophotometer
in the wavelength range of 300– 1100 nm. The spectral absorption coefficient ␣共兲 has been evaluated3,22 from the
spectral extinction coefficient k共兲 using the following expression:

FIG. 1. X-ray diffraction patterns for the nano-ZnO and annealed ZnO
samples. Insets show the corresponding full width at half maximum
共FWHM兲 for 共002兲 peak.

getic Al+ irradiation and subsequent heat treatment dramatically improve the crystalline quality and so also the band
edge emission. Increase of average grain size, in our case,
continues up to 1100 ° C annealing temperature and reaches
to 139± 2 nm. Reduction of the grain size to ⬃15 nm in
1200 ° C annealed sample is, probably, due to thermally generated defects at both Zn and O sites.23
PAL analysis reveals a three-component lifetime fit, the
third 共3兲 and the longest 共⬃1400 ps with intensity 3%–4%兲
being due to the positron annihilation from positronium-

␣共兲 = 4k共兲/,
where  is the wavelength of the absorbed photon.
III. RESULTS AND DISCUSSION

The XRD spectra of the ZnO samples, ball milled and
subsequently annealed at 600 and 1200 ° C, have been shown
in Fig. 1. Mechanical milling reduces the average grain size
from 76± 1 nm 共as-supplied ZnO兲 to 22± 0.5 nm 共nanoZnO兲. Annealing at elevated temperatures induces an agglomeration of grains in the sample, however, appreciable
grain growth occurs only above 425 ° C 共Fig. 2兲. It is interesting to note that the average grain size of the samples annealed higher than 776± 8 ° C 共as estimated from Fig. 2兲 becomes larger than that of the as-supplied or nonmilled
material. Chen et al.9 have reported similar observation in
single crystalline ZnO, where initial amorphization by ener-

FIG. 2. Variation of grain size with annealing temperature. The annealing
temperature of nano-ZnO sample has been taken as 30 ° C 共room temperature兲. The solid line is a guide to the eyes, and the dotted line is the reference
line indicating the grain size for the nonmilled 共as-supplied兲 sample.
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TABLE I. Table showing the c-axis lattice parameter 共from XRD兲, band
tailing parameter, E0 共from optical absorption兲, and part of the PAL parameters for the ZnO samples. For comparison the corresponding values of the
as-supplied 共nonmilled兲 material has been shown. The annealing temperature of nano-ZnO sample has been taken to be room temperature 共RT兲
⬃30 ° C.

Sample

Annealing
temperature c axis
E0
共°C兲
共Å兲 共meV兲

As-supplied
ZnO

RT

5.160

92

nano-ZnO

RT
210
250
300
350
425
600
800
900
1100
1200

5.242
5.172
5.168
5.166
5.182
5.197
5.177
5.258
5.264
5.272
5.279

316
320
300
255
201
226
214
258
386
523
676

1
共ps兲

I1
共%兲

I2
共%兲

147± 2 38.0± 0.5 58.0± 0.5

173± 2
181± 2
214± 2
201± 2
184± 2
186± 2
159± 2
163± 2
151± 2
151± 2
153± 2

32.3± 0.2
29.8± 0.2
47.0± 0.2
41.3± 0.2
36.4± 0.2
40.9± 0.2
31.6± 0.2
50.4± 0.2
57.9± 0.3
59.7± 0.3
61.5± 0.3

64.5± 0.2
66.4± 0.3
49.4± 0.2
55.0± 0.2
60.2± 0.3
55.2± 0.2
64.1± 0.3
46.0± 0.2
38.3± 0.2
35.8± 0.2
34.2± 0.2

like21 atoms. Formation of positroniums generally occurs in
the form of orthopositronium inside large voids in the material. Orthopositroniums subsequently decay as parapositronium by pickoff annihilation, giving rise to such a long lifetime ⬃1200– 3000 ps. In polycrystalline samples there
always exist void spaces where positronium formation is
favorable.12 To note, positronium formation in the material is
a separate physical process not related to positron trapping at
defects. 1 is generally attributed to the free annihilation of
positrons.21,24 However in disordered systems, smaller
vacancies9,16 共like monovacancies, etc.兲 or shallow positron
traps 共like oxygen vacancies25 in ZnO兲 may be mixed with
1. In the present investigation, 1 from different ZnO
samples show considerable variation with annealing temperature 共Table I兲. 1, here, is indeed a weighted average of
free and trapped positrons. But these sites are not major positron traps and their correlation with the material properties
is not yet conclusive. The most important lifetime component is the second one 共2兲, which indicates qualitatively the
nature and size of the vacancy20 and its relative intensity 共I2兲
quantifies the abundance of that vacancy with respect to
some standard of the same material. Here, 2 increases from
326± 3 to 343± 3 ps due to mechanical milling 关Fig. 3共a兲兴.
Enhanced vacancy clustering near the grain surfaces as a
result of milling can be understood. While annealing the
nano-ZnO material an increase of 2 with initial annealing up
to ⬃300 ° C has been found. This is similar to what we have
observed for as-supplied ZnO 共Ref. 12兲. Probably, the supply
of small thermal energy helps intragrain zinc vacancies to
migrate towards the grain surfaces, which are the universal
sink of defects. In this way, small size Zn vacancies 共monovacancies, etc.兲 assemble near the grain surfaces and 1
grows accordingly 共Table I兲. Part of such vacancies agglomerate to form larger size vacancy clusters causing an increase
of 2 also. Such a process can be understood as an intrinsic
feature of granular ZnO systems that causes the increase of

FIG. 3. Variation of 共a兲 2 共positron lifetime at defects兲 and 共b兲 av 共average
positron lifetime兲 with annealing temperature. The dotted lines are the reference lines corresponding to the error bars of the average positron lifetime
and positron lifetime at defects 共indicated by solid line兲 for nonmilled ZnO
sample. The annealing temperature of nano-ZnO sample has been taken as
30 ° C 共room temperature兲. The inset of lower panel shows the variation of
I2 with grain size. The same parameters of the nonmilled ZnO are represented by the dashed lines in the inset.

positron lifetime up to some annealing temperature
⬃300 ° C. The variation of average lifetime 共av兲 with annealing temperature is more or less similar to that of 2 关Fig.
3共b兲兴. av starts to decrease above the annealing temperature
of 425 ° C, interestingly, which is very close to the temperature from where the XRD spectrum shows a substantial grain
growth. One should note here that positrons have a specific
affinity towards cationic defect sites, which are generally
negatively charged in these II-VI semiconductors.10,24 So, the
reduction of 2 as well as av above 425 ° C annealing represents a lowering of Zn vacancy defects at the grain boundaries, and consequently, grain growth occurs. Mobility of
interstitial Zn defects above 425 ° C may be the reason for
Zn vacancy annihilation.26 It can be estimated from Fig. 3共b兲
that above 700± 50 ° C annealing temperature the annealed
sample becomes less defective compared to the nonmilled
one. Similar conclusion has been reached while discussing
the grain size variation of the annealed samples, and the
related temperature zone also close to that has been estimated from the variation of grain size 共776± 8 ° C兲. In view
of the qualitative probing by two different techniques, such
consistency is remarkable. Alternatively, our results altogether confirm the clustering of cationic vacancies at grain
boundaries in ZnO nanocrystals. At the same time, it can also
be concluded that majority of such cation vacancies, incor-
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FIG. 4. 共Color online兲 Absorption coefficients near the UV edge as a function of photon energy for the ZnO samples annealed at different
temperatures.

porated artificially either by particle irradiation9,26 or by mechanical milling 共present case兲, in ZnO gets recovered in
between 700 and 800 ° C. Compared to 1100 ° C annealed
sample, the defect lifetime 共2兲 has been found to be increased for 1200 ° C annealed sample. Chen et al.27 have
also found an increase of positron lifetime above 1000 ° C in
single crystal ZnO. Such increase of positron lifetime is due
to the enhancement of cationic vacancy sites. A reflection of
the large number of thermal vacancy generation, anionic as
well as cationic, is also evident from the lower grain size of
the 1200 ° C annealed sample with respect to the 1100 ° C
annealed one 共Fig. 2兲. Here we should briefly mention the
variation of I2 共i.e., the relative intensity of 2兲 due to annealing. I2 is related 共but not proportional兲 to the abundance of
defects in the material that gives rise to a positron lifetime of
2. It has been mentioned earlier that in materials with few
tens of nanometer grain size, most of the defects reside near
the grain surfaces where positrons annihilate. With annealing
induced grain growth, the ratio of surface to bulk region
decreases in the material. Hence, in our nano-ZnO system
also, we should expect a correlation15 between I2 and the
grain size, which has been plotted in the inset of Fig. 3共a兲. A
general trend of lowering I2 with increasing grain size can be
identified although below 38 nm there exists some subtle
features which are not understood at this stage. Below a certain grain size, other type of defects such as dislocations,
microstrain, etc., which are very much likely in such mechanically milled nanosystems, may partly contribute to I2.
The photon energy dependence of the optical absorption
coefficients of the milled and annealed samples has been
shown in Fig. 4. The optical band gap 共Eg兲 of the samples
have been estimated from the well known expression28 for
direct transition

␣E = A共E − Eg兲1/2 ,
where E共=hc / 兲 is the photon energy and A is a constant.
Standard extrapolation of absorption onset28 to ␣E = 0 共where

FIG. 5. 共Color online兲 Plots of 共␣h兲2 vs photon energy for 共a兲 as-supplied
ZnO sample, 共b兲 nano-ZnO sample, 共c兲 sample annealed at 600 ° C, and 共d兲
sample annealed at 1200 ° C. The inset shows the variation of band gap with
annealing temperature.

E = Eg兲 has been figured for selected samples 共Fig. 5兲 along
with the modification of band gap due to annealing 共inset of
Fig. 5兲. The nano-ZnO has a lower optical band gap
共3.11 eV兲 compared to the nonmilled or as-supplied one
共3.22 eV兲, which is probably due to its more granular
nature.29 Annealing above 900 ° C temperature induces a redshift in the band gap, which is consistent with earlier
reports.24,30,31 Possible reason may be the increase of oxygen
vacancy related disorder for annealing at high temperature.
Enhanced oxygen vacancy in ZnO lattice is also evident
from the expansion12,32 of c-axis lattice parameter above
800 ° C annealing, as shown in Table I.
We further plotted for all the samples ln共␣兲 vs E graph
共Fig. 6兲 just below the band edge 共E ⬍ Eg兲 to understand the
band tailing effect due to enhancement/reduction of defects
with annealing. According to the theory,28 ␣共E兲 should follow

␣共E兲 = ␣0 exp共E/E0兲,
where ␣0 is a constant and E0 is an empirical parameter. E0
has been estimated from the reciprocal of the slope by fitting
the linear part of the respective ln共␣兲 vs E curves. Any defect
or disorder in the lattice gives rise to localized states within
the band gap 共band tailing兲, and E0 describes the width of
such localized states.29 Enhancement of E0 indicates the increase of disorder in the system. It has been found that the
350 ° C annealed sample shows the lowest E0 value 共Table I兲.
Interestingly, we have also observed a reduced E0 due to
annealing of as-supplied ZnO near the same temperature
zone.33 However, the degree of disorder as reflected from the
value of E0 is higher for nano-ZnO along with its annealed
counterparts than the as-supplied material. E0 starts increasing steeply with the increase of annealing temperature from
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The annealing induced grain growth occurs due to the recovery of such zinc vacancies, the majority of which reside near
the grain surfaces. PAL results, thus, bear a qualitative similarity with the findings from XRD analysis. Oxygen vacancy
related disorder 共⬎800 ° C兲 mainly contributes to the modification of UV-vis absorption spectrum, and thus positron
lifetime and optical absorption spectroscopy provide different scenario regarding the defective state of the material.
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FIG. 6. 共Color online兲 Plots of ln共␣兲 vs photon energy for 共a兲 as supplied
nonmilled ZnO sample, 共b兲 nano-ZnO sample, 共c兲 sample annealed at
350 ° C, and 共d兲 sample annealed at 1200 ° C to show the linear variation of
the respective curves. The inset shows the same curves in a broader region.

800 ° C. In contrast, the PAL investigation reveals 共discussed
earlier兲 a considerable lowering of defects due to annealing
above 700± 50 ° C. This is due to the fact that the relative
trapping probability of positrons at an oxygen vacancy is
much weaker compared to that of a zinc vacancy. Within
700– 800 ° C most of the zinc vacancies are recovered, but at
this stage, thermally generated oxygen vacancies become
dominant defects in the ZnO lattice. Oxygen vacancy and its
related disorder create localized defect states within the band
gap, resulting in an increase of the band tailing parameter E0
and a redshift of the band gap.
IV. CONCLUSION

We have studied the effect of mechanical milling and
subsequent annealing in air at temperatures between 210 and
1200 ° C on high purity ZnO by XRD, PAL, and optical absorption spectroscopy. The grain size has been reduced to
22± 0.5 nm 共nano-ZnO兲 from 76± 1 nm 共as-supplied ZnO兲
due to milling. The XRD analysis reveals a substantial grain
growth in nano-ZnO above 425 ° C temperature. Distinct decrease of the average lifetime of positrons also starts from
the same temperature. This indicates a lowering of defect
concentration, mostly cationic, due to annealing above
425 ° C. Such a reduction of defects continues up to 1100 ° C
annealing, and a little above 700 ° C the sample becomes less
defective, even better than the as-supplied ZnO. However,
the band tailing parameter 共E0兲, which has contributions
from all possible disorders, does not reflect a lowering of
defects for high temperature annealing 共⬎700 ° C兲. Enhanced oxygen vacancy concentration is responsible for such
an increase of E0. These oxygen vacancies are less sensitive
to positron spectroscopic measurements. Only the increase or
decrease of the zinc vacancies is reflected in the PAL results.
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