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Microvoid formation in hydrogen-implanted ZnO probed by a slow positron beam
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ZnO crystals were implanted with 20—80 keV hydrogen ions up to a total dose &f4% cm™2. Positron
lifetime and Doppler broadening of annihilation radiation measurements show introduction of zinc vacancy-
related defects after implantation. These vacancies are found to be filled with hydrogen atoms. After isochronal
annealing at 200—500 °C, the vacancies agglomerate into hydrogen bubbles. Further annealing at 600—700 °C
causes release of hydrogen out of the bubbles, leaving a large amount of microvoids. These microvoids are
annealed out at high temperature of 1000 °C. Raman spectroscopy for the implanted sample shows the
enhancement of vibration modes at about 575%cwhich indicates introduction of oxygen vacancies. These
oxygen vacancies disappear at temperatures of 600—700 °C, which is supposed to contribute to the hydrogen
bubble formation. Cathodoluminescence measurements reveal that hydrogen ions also passivate deep level
emission centers before their release from the sample, leading to the improvement of the UV emission.
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[. INTRODUCTION positron annihilation characteristics are quite different from
the defect-free bulk state. Some preliminary studies have
Due to the wide band gaf8.4 keV) and large exciton been conducted on the identification of as-grown as well as
binding energy(60 me\), zinc oxide(ZnO) has been recog- irradiation-induced defects in ZnO by using this meth&d?
nized as a promising candidate for the production of shortin this paper, Raman-scattering measurements were also con-
wavelength optoelectronic devices, such as UV light-ducted for a complementary study of the defects. The effect
emitting diodes and laset$. Recently, the behavior of of hydrogen on the luminescence properties before and after
hydrogen in ZnO has attracted much attenfiofi,because annealing was characterized by cathodoluminescence mea-
it may not only enhance the-type conductivity suggested surements. Our results show that hydrogen has a strong in-
by both theoretical predictiSn and experimental teraction with the implantation-induced vacancy defects, and
measurements? but may also improve the optical properties these vacancies evolve into hydrogen bubbles and micro-
by increasing the UV emission efficien€y® The hydrogen voids during the annealing process.
impurities are incorporated unintentionally during the crystal
growth with concentration on the order of #@m 326 and Il EXPERIMENT
are proposed to be the reason for the intrimstgpe conduc- '
tivity in ZnO.2 They can also be introduced with high con-  Hydrothermally grown ZnO single crystals were pur-
centration through plasma treatmént annealing in H  chased from the Scientific Production Comp#&8{?C Good-
ambient!® and ion-implantation techniqe*-1® However, will), which are undoped with an-type conductivity. Hy-
up to now most of these studies have been concerned primdrogen implantation was performed at room temperature
rily with the electrical and optical properties of ZnO. There with multiple energies ranging from 20 to 80 keV using a
is still a lack of fundamental study of the interaction between400 keV implanter. By choosing appropriate doses for each
hydrogen and intrinsic defects, which would help us to ob-energy, a box-shaped implantation profile can be formed. De-
tain a deeper understanding of the role played by hydrogetailed implantation parameters are listed in Table I. The beam
with respect to the electrical conduction and luminescencélux is about 1.2< 102 cmi?s™%, and the total dose amounts
properties. to about 4.4< 10" cmi 2. The implanted samples were an-
To study the possible interaction between hydrogen andiealed isochronally in a nitrogen ambient from 200 to
defects, we incorporated hydrogen into ZnO using an ion1100 °C for 30 min.
implantation technique, which would also produce a large Doppler broadening of positron annihilation spectra were
number of defects. The introduction and thermal evolution ofmeasured using a slow positron be&n2—-30 keV. Posi-
the defects were studied by positron annihilation measuretron lifetime spectra were also measured using a pulsed slow
ments. Positron annihilation spectroscopy is a unique tool tpositron beam in National Institute of Advanced Industrial
study vacancy defects in semiconducttrdhe positron is  Science and Technology of Jap#riThe conventiona pa-
particularly sensitive to vacancy-type defects, in which therameter, which is defined as the ratio of the central region
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TABLE |. Detailed information about the ion implantation. The
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(511+0.77 keV to the total area of the 511 keV annihilation
peak, is used to analyze the measured Doppler broadening
spectra. In this paper, tf®parameters are normalized to the  FIG. 1. S parameter as a function of incident positron energy
value in the bulk region of the as-grown sample. Thereforemeasured for ZnO samples before and aftéritdplantation. The

an increase of th& parameter to larger than unity indicates lines are drawn to guide the eye.

introduction of vacancy defects.

Micro-Raman-scattering measurements were performe@ne lifetime component, which is about 182+1 ps. This is in
using the NANOFINDER spectrometer in the wave numbergood agreement with our previous value of the positron bulk
range of 200—800 ch with a spectral resolution of lifetime in ZnO?!indicating no positron trapping by vacan-
<4 cnil. The 488.0 nm line of a nonpolarized *Aion laser ~ €ies, or that the vacancy concentration is very low. Aftér H
was used for excitation and the incident laser power Waynplantation, there is still only one Iifetime, but it increases
~1 mW. The scattered light was detected in the backscattef0 about 202+1 ps. For the monovacancies in ZnO, only zinc
ing geometry. The measurement time was 60 s for each spe¥acancy(Vz,) can be observed by positrotsi'-*However,
trum. Cathodoluminescenc¢€L) spectra were measured us- the experimental positron lifetime faf,, is around 230 p#?
ing a modified scanning electron microscdf®PCON DS- This is apparently longer than the positron lifetime measured
130). A monochromator with grating of 100 lines/m@obin  in our H'-implanted sample.

Yvon HR320 and a CCD were used for the detection of One possible reason for the small increase of the positron
spectra® The electron-beam energy and current for excitalifetime andS parameter is that the *Hmplantation-induced
tion were 5 keV and 1 nA, respectively, and the acquisitionvacancy concentration is not high enough to cause saturated
time for each measurement was 5 s. In order to assure tHgapping of positrons. Therefore, the measured positron life-
same condition in the Raman and CL measurements aftéime and S parameter are just averages of the free and
each annealing step, we repeatedly measured one refererféapped states. To elucidate this possibility, we also listed in
sample, and found little change. This indicates that the mealable Il our positron lifetime result for the electron-irradiated
surement is highly repeatable. All the above measuremen#nO at some selected doses for a comparison. Fromrie
were performed at room temperature. simulation?® the hydrogen implantation produces a total va-
cancy concentration as high as 8x30%° cm 3, while the
calculated vacancy concentration produced by 3-MeV elec-

Incident positron energy (keV)

Ill. RESULTS AND DISCUSSION

T T T T T T
[0} as-grown

® H-imp E
H-imp+700°C

A. Positron annihilation measurements

Figure 1 shows th& parameter as a function of incident
positron energy (SE curve for the as-grown and
H*-implanted ZnO. For the as-grown sample, ®i@aram-
eter decreases gradually from the surface state to the bulk
state with increasing energy, and becomes constari at
>7 keV. After H" implantation, we can see an increase of

the S parameter in the energy range of 5-15 keV. This 10°¢

means that H implantation produces vacancy defects in N &

ZnO. However, thes parameter1.01—-1.02 is significantly 10" s . . s s
smaller than the reported value of 1.039 for zinc 0 ! Timez(ns) s *

monovacancie¥’

To decide the size of these vacancies, we measured the FiG. 2. Positron lifetime spectra measured for ZnO samples
positron lifetime for the H-implanted sample. The lifetime pefore and after #implantation and 700 °C annealing. The inci-
spectra are shown in Fig. 2, and the analyzed lifetime result§ent positron energy is 10 keV for the as-grown sample, and 7 keV
are listed in Table II. For the as-grown sample, there is onlyfor the implanted samples.
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TABLE Il. Positron lifetime results for the ZnO sample before and aftéririplantation and annealing.
The positron lifetime data in the 3 MeV electron-irradiated ZnO at some selected doses are also listed for a

comparison.
Sample 71 (P9 11 (%) 7 (ps) 15 (%) Tav (P9
As-grown 182.2+0.7 100 - - 182.2
H*-implanted 202.0+0.6 100 - - 202.2
H*-impl.+700 °C 173.2+6.0 48.0£2.0 416.1+£9.2 52.0£2.0 299.5
1x10'% e /cn? 161.8+14 44+22 216.0+11 56+22 192.4
5.5% 108 e /cm? 151.7+14 22.7+8.0 230.8+4.4 77.3+8.0 212.3
trons with a maximum dose of 5:510'8 cm 2 is only about We summed together the Doppler broadening spectra

2x10'° cmi 3. However, we observed an average positronmeasured in the incident positron energy range of 7—10 keV,
lifetime of 212 ps in the 5.% 10" cmi 2 electron-irradiated  which corresponds to the central implanted region, and cal-
sample, which is higher than that of the*Hnplanted culated the averag8 parameter as a function of annealing

sample. This comparison indicates that the short positrofemperature, which is shown in Fig. 4. Three annealing pe-
lifetime in the H-implanted sample is not due to low va- riods can be seen clearly from this figure. In the first period
cancy concentration. It is known that hydrogen is a veryl0—500 °Q, the S parameter shows a slight increase with

active impurity, which will passivate intrinsic defects in increasing temperature. In this process, agglomeration of va-
many metals and semiconductéfsin ZnO, formation of ~¢ancy clusters is expected to take place. The hydrogen-

O—H bonds insid&/,, has been proposééDue to the filling decoratedv,, might not be able to migrate. However, they

of hydrogen impurities in the vacancies, the positron lifetimeC2n @bsorb mobil&/ or other emptyVz, to grow into va-

or S parameter will decrease considerably. Similar behavioﬁ]igﬁi/ b?alurség;segu(;?r?an?incglelslIfr:g}vtsogqn% ?g;\;ggﬁlgbﬁéoms
1 _ n

has k_)een observed by many auth_@r§. Therefore, the va vacancies, which also contribute to the growth of vacancy

cancies produced by Himplantation are most probably

filled with hvd ¢ dth . clusters. During the above agglomeration process, more hy-
nied with hydrogen atoms, and these vacancies aré SUppoSeloqgen impurities are also absorbed into the vacancy clus-

to be Vz,. However, we cannot exclude the possibility of (o< \hich occupy the space inside the vacancy ciusters.
divacancies that are filled with more hydrogen impurities;These vacancy clusters containing hydrogen impurities are
thus, the positron has a similar lifetime in them. The hydro-cjied hydrogen bubbles. Due to the occupation of hydrogen,
gen has less chance to fill in the oxygen vaca(y), be-  he 5parameter does not show an effective increase with the
cause the Zn—H bond is much weaker than the O-H Bb”d-vacancy cluster growth.
However, because the positron is not sensitivevy we With increasing annealing temperature, the hydrogen at-
cannot prove it using this method. _ oms will be released from the bubbles.dpal. have inves-
Figure 3 shows some select8 curves as a function of  tigated in detail the thermal stability of hydrogen in ZnO.
annealing temperature for the*timplanted ZnO. At lower They found that annealing at 600—700 °C was enough to
temperaturesS-E curve has nearly no change. However, af-remove the implantation-incorporated hydrodéfherefore,
ter annealing at above 500 °C, tBeparameters in the im-  the aprupt increase of the parameter in the second period
planted regior(5—-15 ke\j begin to increase. At 700 °C, the (600—700 °Q is apparently due to the release of hydrogen
S parameters increase abruptly, after which they begin tgrom the bubbles. As a result, a large number of microvoids
decrease, and finally attain the bulk value at 1100 °C.  are |eft. This leads to the large increase of Ssarameter up

Mean implantation depth (um) to a maximum value of 1.17 at 700 °C.
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FIG. 3. Annealing behavior of th&E curves measured for the FIG. 4. Sparameter in the central damaged region as a function
H*-implanted ZnO. The lines are drawn to guide the eye. of annealing temperature for the'fimplanted zZnO.
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FIG. 5. Multi-Gaussian analysis of the summed Doppler broad- 1.5 1.7 1.9 2.1 2.3 25
ening spectrd7—10 ke\} measured for the Himplanted ZnO be- o-Ps lifetime (ns)
fore and after annealing at 700 °C. The solid lines are from the
fitting. FIG. 6. (a) p-Ps intensity in a series of polymers together with a

Si single crystal and an amorphous $Si@btained by both Doppler

The largeS parameter is generally supposed to be due tdroadening and positron I?fet?me measuremefi$.Width of the
the formation of positronium, which is the bound state of aP~PS component vs o-Ps lifetime.
positron and electron, and which is usually formed in porous

materials with large open spaces. To confirm this, we anasnown in Fig. 6. It is seen that the p-Ps intensity obtained
lyzed the Doppler broadening spectra in more detail. Thﬁfrom Doppler broadening measurement shows very good
summed spectra used absovg were analyzed by as4mU|té'greement with that obtained by positron lifetime measure-
Gaussian fitting proceduie® using theaCARFIT program? ment. The width of the p-Ps component also shows a mono-
Figure 5 shows the Doppler broadening spectra for thggnjc decrease with increasing o-Ps lifetime because of the
H™-implanted ZnO before and after annealing at 700 °C. Fogonfinement of p-Ps inside the free voluAi@y comparison

the as-implanted sample, the spectrum can be fitted usingith these results, the diameter of the microvoids in

two Gaussian components. The full widths at half-maximumy+_implanted ZnO is then estimated to be close to that of the
(FWHMs) are 3.0 and 5.5 keV, which correspond to the Iow-free volume in PS, which is in the subnanometer range.

momentum valence electrons and high-momentum core elec- \ye plotted the p-Ps intensity as a function of annealing

trons, respectively. However, after annealing at 700 °C, 3emperature for the Himplanted ZnO in Fig. 7. The p-Ps
third component appears with a FWHM of only 1.51 keV,

which is very close to the energy resolution of the detector

(~1.3 keV). The intensity of this peak is 16.6%. Besides this 20 ———— - PR -
[ H > SPC-Zn0 4.4x10 "cm

narrow component, the width of the other two broad peaks [

are the same as that of the as-implanted sample, with only a 15[ ]

variation in their respective intensities. The narrow peak is ~

therefore attributable to the self-annihilation of the para- c

positronium(p-P9, as it has nearly zero momentum. 2101 1
To check the reliability of the above analysis, we mea- é [

sured a series of polymer samples using both beam-based 5 5| ]

Doppler broadening and conventional positron lifetime mea- T 0

surements. These polymers are: high-density polyethylene, I

polypropylene, polystyren@PS), polycarbonate, and polytet- 0f ]

rafluoroethylene. Besides these polymers, we also measured 0 200 400 800 800 1000 1200

a Si single crystal and an amorphous $i®he p-Ps inten-
sity obtained from both lifetimg¢1/3 of ortho-positronium
(0-P9 intensity] and Doppler broadening measurements, and FIG. 7. p-Ps intensity obtained from the multi-Gaussian fitting
the width of the p-Ps component versus o-Ps lifetime ardor the H-implanted ZnO as a function of annealing temperature.

Annealing temperature (°C)
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formation appears after annealing at 600 °C, and rapidly at- N ' ' ' ' ' ]
tains a maximum at 700 °C. As the p-Ps intensity is related ; H+———>‘5SP<2'2Z“O ]
to the number of microvoids or porosity, this indicates that i 4.4x10 "cm
hydrogen effusion from the bubble starts from 600 °C, and
at 700 °C all the hydrogen atoms have been removed out of
the bubbles. This result is in good agreement with that mea- . .
sured by Ipet all? i ]

The observation of p-Ps means that o-Ps should also be
formed. From Fig. 2, we can see that positron lifetime shows
a considerable increase after 700 °C annealing. There are
two lifetime componentsr;=173+6 ps andr,=416+9 ps.
However, it is difficult to say that the second lifetime is due
to the o-Ps annihilation because it is shorter than 500 ps,
which is generally regarded as the criterion for positronium
formation. This might be due to the spin conversion of Ps by
paramagnetic impurities, which reduce o-Ps lifetime to a
large extent. At a very high conversion rate, the o-Ps lifetime i ‘ ]
may be reduced to well below 500 #50n the other hand, 1 as-implanted
in case of strong spin conversion of positronium, the ratio of i
0-Ps intensity to p-Ps intensity should be reduced to much 200 300 400 500 600 700 800
smaller than 3:1. However, in our measurement, the ratio of Raman shift (cm”)
the second lifetime component to the p-Ps component is
52:16.6, which is around or even a little higher than 3:1.
This indicates that the second lifetime is not merely from
0-Ps annihilation. In other words, it is a mixture of two com- result is shown in Fig. 8. As ZnO has wurtzite structure, the
ponents: one is the reduced o-Ps lifetime by spin conversioraxpected phonon modes from group theory*aws, +2E,
which might be higher than the present value of 416 ps. An+E,;, whereA; andE; are polar and split into TO and LO
other is the positron lifetime annihilated at these microvoidsphonons with different frequencies. According to the phonon
without Ps formation. These two components may be todlispersion curve of ZnO, Raman spectra usually give the
close to each other to be well separated. following phonon mode4>41 E, (LO) at 583 cm?, A; (LO)

As we cannot confirm the direct evidence of o-Ps fromat 574 cm?, E, (high) at 437 cm?, E; (TO) at 408 cm*, A;
the positron lifetime measurements, the formation of positro{TO) at 381 cm?, and E (low) at 101 cm?.
nium still needs to be verified by further investigations. In  As seen in Fig. 8, for the as-grown ZnO, there is a pre-
any case, the large increase ®parameter reveals the for- dominant peak at about 437 chin the measured wave
mation of subnanometer-sized microvoids iri-ifplanted  number range of 200—800 chwhich is the high-frequency
ZnO, which might evolve from the hydrogen bubbles formedE, mode characteristic of the wurtzite structure. Besides this,
after annealing. It is a well-known phenomenon that hydrothere are also two weak peaks at 331 and 575'cffihe
gen or helium will lead to bubble formation in metals as well peak at 331 cit is due to the second-order phonon; i.e.,
as semiconducto€-3? They can be observed by transmis- 2E,(M). The smallest peak at 575 chcorresponds té\;
sion electron microscopyTEM) if the implantation dose is (LO), or a defect-induced mode. The other phonon modes
high enough to form large bubble$or example, in the are not seen in our measurements because of the backscatter-
He*-implanted silicon with dose>10'® cm™).3° For low  ing geometry used in the experiment.
dose implantation, the bubble is too small to be recognized After H* implantation, the intensity of the peak at
by TEM. However, the positron can detect small open vol-331 cm* shows no change, but the peak at 575tm
ume defects down to the atomic scale; therefore, it is d@ecomes stronger, and it also becomes much broader, extend-
unique tool for the study of small bubbles. ing from 520 to 600 cm'. As a result, theE, intensity

After further annealing at above 700 °@he third pe- decreases. The broad peak at 575%im obviously not re-
riod), S parameters begin to decrease. The p-Ps intensity, dated to the hydrogen impurity, as we observed the same
shown in Fig. 7, also decreases. This might be due to thpeak in other ion-implanted and even electron-irradiated
recovery of the microvoids. After the decrease of p-Ps intensamples. It is not related to the LO phonon either. The LO
sity to zero at 1000 °C, which indicates full recovery of the phonon band becomes stronger only in the sample with
microvoids, theS parameter is still a little higher than the higher crystallinity. After ion implantation, it should decrease
bulk value. This might be due to the detection limit of mi- due to damage. This is contrary to our results. Therefore, we
crovoids by p-Ps, or to the existence of remaining smalwould rather believe that this broad peak is due to the
vacancies, which are removed after annealing at 1100 °C, asplantation-induced defect$. Defect-induced modes are
shown in Fig. 4. usually forbidden, but in defective crystals they appear be-
cause the Raman selection rules are relaxed. Implantation
produces large amounts of defects, which cut the long-range

Raman spectra were measured for thé-itdplanted lattice ordering. In this case, phonon frequencies close to the
sample after annealing at some selected temperatures. Thepoint participate in the Raman spectrum. These contribu-

as-grown |

Intensity (arb. units)

FIG. 8. Raman spectra measured for theitplanted ZnO af-
ter annealing at different temperatures.

B. Raman scattering characterization
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tions become larger when the phonon density of states L A H-SPC.ZnO |
(DOY) is high; i.e., when the phonon dispersion curve is - .
relatively flat. Thus, a broad peak will appear in the Raman [
spectrum.

A close examination of the broad peak reveals also a low-
frequency shoulder near 540 cThis is the two-phonon

scattering of the LA phonon branch at 541 ¢t which is @ 800°CT
also relatively strong in defective crystals, because the two- 5 ]
phonon DOS is high. In any case, the broad peak at around g __’/\Jw
575 cm? is induced by the implantation damage, which is =
one of the very outstanding characteristics of ZnO phonon 5 [ o]
Raman spectra. 2 &0 e
After annealing the implanted sample at 300 °C, the in- 8 __’/\J\;
tensity of the broad peak is reduced. Further annealing at 300 ¢

600 °C causes a decrease to much smaller intensity. At r i

700 °C, it attains the same level as that of the as-grown [__as-implanted

sample, and thds, peak also shows full recovery. Many r .
researchers have interpreted this broad vibration mode to be [ as-grown A ]
due to Vg or Zn in_terstitial_s(Zni),43‘45 as they found the 14 18 22 26 30 34 38
enhancement of this peak in the oxygen-deficient condition. Photon energy (eV)

However, the interstitials in ZnO have much weaker thermal

stability than vacancy defects, which has been verified by FIG. 9. Cathodoluminescence spectra measured for the

Gorelkinskiiet al*¢ They found that the electron irradiation- H*-implanted ZnO after annealing at different temperatures.

induced interstitials in ZnO became mobile at 110 K, and

were annealed out below room temperature. Therefore, onlyirogen, which led to the strong UV emissibf.lt is there-

Vo might be the most probable candidate for the broad Rafore reasonable to assume that in ouririplanted ZnO, the

man peak at around 575 cin suppression of deep level emission between 300 and 600 °C
The annealing results indicate that oxygen vacancies arg also due to the passivation of those defect centers by hy-

removed at around 600—700 °C. They may disappear in twdrogen. This is further confirmed by a sudden increase of

ways: one is the recombination with oxygen interstitials ordeep level emission after annealing at 700 °C, which causes

migration into sinks; another way is the incorporation intothe release of the hydrogen. The origin of the defect respon-

hydrogen bubbles. The latter case is more probable, as itsible for this deep level emission is still under delfdt&!

annealing process coincides completely with the bubble forThus, we cannot specify this defect center. Further detailed

mation shown by the positron annihilation results research work is needed.
_ Upon increasing temperature up to 1000 °C, the visible
C. Cathodoluminescence measurements emission shows a considerable increase, indicating that more

The cathodoluminescence spectra for the H-implantedleep level defects are introduced. A similar phenomenon was
sample are presented in Fig. 9. For the as-grown sampl@so observed in the as-grown ZnO after high-temperature
there is a predominant band-edge UV emission and a vergnnealing?* This might be due to the defect formation at
weak visible emission, which can be attributed to free exci-high temperatures. Nevertheless, the positron annihilation re-
ton and deep level defect recombination, respectivélffer ~ sults show a gradual decrease of Bi@arameter after an-

H* implantation, both of the emissions are greatly reducednealing above 700 °C. This means that the defects observed
This is due to the introduction of defects by implantation.by positrons are not responsible for the deep level emission.
Some of the defects act as nonradiative recombination cer-he hydrogen atoms not only interact with vacancy defects,
ters and therefore compete with the UV and visible emissionbut also passivate other defects, such asu@ G, which

After 300 °C annealing, the UV emission recovers, and bewere suggested to be responsible for the deep level
comes even stronger than that in the as-grown sample. Thigmissiorf:®*° These hydrogen atoms may have the same
means that most of the nonradiative recombination centerhermal stability as those in the vacancies; therefore, they
are removed. The enhancement of UV emission comparesuppress the deep level emission below 700 °C.

with the as-grown sample indicates that nonradiative recom-

bination centers may also exist in the as-grown sample. IV. CONCLUSION

However, after disappearance of the nonradiative recombina-

tion process by annealing at 300 °C, the deep level emission Zinc vacancies are produced by finplantation in ZnO.

is still very weak. Further annealing at 600 ° C causes nearlyfhey are filled with hydrogen impurities. After annealing,
no change of the spectra. Only after annealing at 700 ° C, theydrogen bubbles are formed due to the coalescence of the
deep level emission begins to increase and, consequently, tiseall vacancies. With further annealing at around 700 °C,
UV emission is weakened. all the hydrogen impurities are released from these bubbles

Previous studies showed that in the hydrogen plasmaand leave empty microvoids. These microvoids are recovered
treated ZnO, the deep level defects were passivated by hyt about 1000 °C. Raman-scattering measurements show
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