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Evolution of voids in Al*-implanted ZnO probed by a slow positron beam
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Undoped ZnO single crystals were implanted with aluminum ions up to a dose'¥l10cn?. Vacancy
defects in the implanted layers were detected using positron lifetime and Doppler broadening measurements
with slow positron beams. It shows that vacancy clusters, which are close to the sigea®\generated by
implantation. Postimplantation annealing shows that the Doppler broad&pagameter increases in the
temperature range from 200 °C to 600 °C suggesting further agglomeration of vacancy clusters to voids.
Detailed analyses of Doppler broadening spectra show formation of positronium after 600 °C annealing of the
implanted samples with doses higher thai*18 */cn?. Positron lifetime measurements further suggest that
the void diameter is about 0.8 nm. The voids disappear and the vacancy concentration reaches the detection
limit after annealing at 600—900 °C. Hall measurement shows that the implanteib#d are fully activated
with improved carrier mobility after final annealing. Cathodoluminescence measurements show that the ultra-
violet luminescence is much stronger than the unimplanted state. These findings also suggest that the electrical
and optical properties of ZnO become much better by ihplantation and subsequent annealing.
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[. INTRODUCTION as well as electron and proton irradiation induced defects in
Zn0?°-2'The energy-variable slow positron beam can espe-
Despite the fact that ZnO has been recognized as an egially be used for the study of depth profile of defects near
cellent candidate for the production of short-wavelength opthe surface regioff In this paper, we investigatedrtype
toelectronic devices? its practical application is hindered doping in ZnO by implantation with aluminum ions. The
due to a series of problems, such as the difficulty in thentroduction and annealing process of defects in the im-
growth of high quality single crystals, and also the serioudlanted ZnO were studied using positron annihilation spec-
problem inp-type doping. Like many other wide band-gap roScopy comb!ned with a slow positron bgam. Electrical e_md
semiconductors, there is a doping asymnigimyZnO. Con- optical properties of.ZnO after implantation and a_nneallng
trary to the easyrtype doping, it is rather difficult to obtain Were also characterized by Hall and cathodoluminescence
p-type ZnO. Aluminum has been proved to be a goetgpe ~ Measurements.
dopant for ZnO, and Al-doped ZnO film has application in
the transparent conduction eIectrpde in so!ar éellshough ' Il. EXPERIMENT
nitrogen is expected to be a possible candidate of acceptor in
ZnOY? only a few works have succeeded in reproducing Undopedn-type ZnO single crystals with size of ¥0.0
p-type ZnO film through epitaxial growthTherefore, effec- X 0.5 mn? and (0002 orientation were purchased from Sci-
tive doping methods, which enable to control bathand  entific Production Company. The samples were first annealed
p-type conduction, should be established. at 900°C in nitrogen ambient fa2 h to reduce grown-in
Besides the conventional doping method, ion implantatiordefects?” A multiple-step Al" implantation with seven dif-
is also an effective way of selective doping in semiconduc{erent ion energies ranging from 50 to 380 keV was per-
tors. However, ion implantation results in severe damages ttormed at room temperature using a 400 keV ion implanter.
degrade the performance of semiconductor devices. Thughe implantation sequence is from low to high energy. lons
systematic studies of implantation-induced defects and theivere implanted to the Zn face of the samples. Figure 1
annealing process are necessary to achieve successful dopstypws the implanted ion profile and vacancy profile calcu-
by implantation method. There are a number of reportdated by TRIM.?® A boxlike implantation profile is formed
on the ion-implantation effects in Zn®!® and some of through such multiple-step implantation. The box layer
them reported the study of implantation-inducedthickness is around 550 nm. The vacancy also shows nearly
defects$~1012141518 positron  annihilation  spectroscopy homogeneous distribution in the box-shaped layer, but its
(PAS has emerged recently as a powerful method for théoreadth is a little smaller 4500 nm). The ion dose was
study of defects in semiconductdtdecause of its high sen- varied from 16% Al */cn? to 10" Al */cn?, and the actual
sitivity to vacancy-type defects with detection limit as low asdose at each energy was determined after multiplied with
10" cm™3. This method has been applied to study grown-intheir respective ratio as shown in Fig. 1. Beam flux was
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FIG. 1. TRIM simulation of the depth profile d¢&) implanted
ions and(b) introduced vacancies for the ZnO after multiple-step
Al'* implantation. 1. Identification of defects in the as-implanted ZnO

A. Positron annihilation measurements

about 1.2 10" cm~2s™L. After implantation, the samples Figure 2 shows th& parameter as a function of incident

were isochronally annealed in a nitrogen atmosphere in thBOSItron energy %E curve for the ZnO before and after
temperature range from 200°C to 900 °C for 30 min. ™ implantation. In the L_m|mpla_nte(_j s_amplﬁ,pa_rameter
Defects in the implanted layer were probed by a slowdecreases gradually with increasing incident positron energy
positron beam in the energy range from 0.2 keV to 30 keva@nd saturates @&>5 keV. This means that positrons anni-
Doppler broadening of annihilation radiation was measured!ilate in the deep bulk region at higher energies. The higher
using a high purity Ge detector with energy resolution of>S Parameter at lower energieg {3 keV) can be explained
about 1.3 keV at 511 keV. The Doppler broadening spectré’y surface effects. All th& parameters are thus normalized
are characterized by tt@parameter, which is defined as the {0 the value in the bulk region of the unimplanted sample.
ratio of the central region (5110.77 keV) to the total area _ After A" implantation, theS parameter systematically

of 511 keV annihilation peak. For the implanted sample withincreases with ion dose in the energy range of about 3—11
a dose of 18 Al*/cr?, positron lifetime spectra were also keV. This increase ofS parameter shows the presence of

recorded using a pulsed slow positron beam in National InYacancy defects after implantation, and the concentration of

stitute of Advanced Industrial Science and Technof§gshe ~ Vacancy defects increases with ion dose. The plateau region
incident positron energy was fixed at 7 keV, and total count&t 3—11 keV reflects the homogeneous vacancy distribution
of (3-6)x10° were collected in each lifetime spectrum. due to the boxlike implantation profile though tBgaram-

Hall measurements were conducted using the Van der Paufifer gradually decreases above 11 keV. o
method® The ohmic contacts were fabricated by evaporat- " this work, the region sampled by positrons is divided
ing gold (with area~1 mn?) at the four symmetrical cor- into several layers. Considering the broad implantation pro-

ners of samples after each final annealing process. Electric|e and diffusion of positrons, th& parameter at incident

connection to them was made with Al thread using a bondin@©Sitron energy is then given by a linear combination 8f

machine. Cathodoluminescence was measured at room tef@rameters in each layer:
perature using a modified scanning electron microstope
(TOPCON DS-13Din National Institute for Materials Sci-
ence. A monochromator with grating of 100 lines/ndobin
Yvon HR320Q and a charge coupled device were used for the
detection of spectra. The slit width of the monochromator n
was 100um, which corresponds to a spectra resolution of (B —

2.4 nm in wavelength. Detailed setup can be found in Ref. FS(EHZl FB)=1, @

32. The electron-beam energy and current for excitation were

5 kV and 1 nA, respectively. The acquisition time for eachwhereSs and S; are theS parameters corresponding to the
measurement was 5 s. All the samples were measured at ongerface andth layers, and th& parameter is assumed to be
to assure the same beam condition during measurement. Vég@proximately the same within each layer. The measured

S<E>=SSFS<E>+§1 SFi(E), 1)
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S-E curve is then analyzed using thve&pPFIT prograni® by A Zn010%em® o unimplanted
solving the following one-dimensional diffusion equation: 10 e as-implanted
600°C anneal
2 4 ¢
D+d—n(z)—Keff(z)n(z)+P(z,E)=O, (3 10°Fg
dz g BS
where n(z) is the positron density at distan@efrom the 3 " 1
surface,P(z,E) the positron implantation profile at gives) »
D, the positron diffusion coefficient, and the positron diffu- 107
sion lengthL _ (2) is given byL . (2) = VD /Ke1(2). Keti(2) 1 o ° %" .
is the effective escape rate of positrons from the diffusion 10— 1 P 3 4

process. The effective escape rate is related to the concentra-
tion of implantation-induced defects bykqi(2) =X\,
+u1Cqy(2), whereh, is the positron annihilation rate in the  FIG. 3. Positron lifetime spectra measured for the ZnO before
bulk state,u the specific positron trapping rate, a@g the  and after Al implantation (18° Al*/cn?) and 600 °C annealing.
defect concentration. The Makhov implantation profile for The incident positron energy is fixed at 7 keV.
positrons is adopted:

Z m

2_0)

mZ" 1
P(z,E)= - exr{—
Zy

wherez,=2/T' (1+1/m), T" is the Gamma functiorg is the
mean implantation depth of positrons, and AE"/p. m, n,
and A are constants, ang is the material density. In this
paper, the values ofm, n, and A are 2.0, 1.6, and 4
%1078 gem 2keV 18 respectively®

For the unimplanted ZnO, th&-E curve is analyzed tak-
ing into account one layer in theePFIT program. That is,
S(E)=SgsF 5(E) + SgFg(E), whereB denotes the deep bulk "o i
state. The solid lines in the figure represent the best fitting. L(t)=>, —exp — _)_ (5)
The positron diffusion length is determined to be about 22 i=1 T i
+11 nm. This is shorter than 52 nm for the Eagle Picher
ZnO reported by Uedonet al.,?® but is comparable to that of The lifetime spectrum of the unimplanted sample is fitted
the ZnO film samplé® The short diffusion length might be to a single exponential function with=188+1 ps. This is
due to the existence of some defects acting as scattering astbse to the lifetime of 181 ps determined through conven-
trapping centers for positrons. tional lifetime measurementé.Though this lifetime is still

The S-E curves of the implanted samples were also analonger than the previous bulk lifetime of ZnfA60-169 ps
lyzed in terms of one-dimensional diffusion equation, as(Refs. 20, 25, and 2§ it is hardly reduced by further an-
shown above assuming one damage layer in addition to theealing. Thus, we consider this state as a standard for refer-
surface and bulk layer. It is clear that tBeE data are well ence. After A" implantation, the second lifetime component
reproduced by the above model. The defect layer thickness &ppears, which is about 3Z7 ps with intensity of (66
determined to be=~500 nm, which is in good agreement =+3)%. This long lifetime is obviously due to positron trap-
with TRIM calculation. The positron diffusion length in the ping and annihilation at large vacancy clusters produced by
damage layer decreases continuously with increasing ioimplantation. The first lifetime is determined to be 195
dose, and reachesHl nm at the highest dose because of the= 14 ps with intensity of (343)%, which might be a
trapping of positrons at vacancy defects. earameter in  weighted average of free and trapped positron lifetimes at
the defect layer increases up to nearly 1.08 at the highesimall vacancies.
dose. Previous PAS stutfyshowed that the increase & To confirm thePATFIT analysis based on discrete lifetime
parameter is rather smalk(1%) after 2 MeV electron irra- components, we extracted continuous positron lifetime dis-
diation in ZnO with a dose of %10 cm™2, which pro- tributions usingconTIN prograni® based on the Laplace in-
duces only simple defects such as monovacancies. Our deersion algorithm. The result is shown in Fig. 4. For the
tailed electron irradiation studyusing 3 MeV electron up to unimplanted sample, only one narrow peak centered at
a dose of 510" cm™? revealed that the specift8 param- around 192 ps is seen. This is consistent with the above
eter for Zn monovacancy is1.02 (2% higher than the bulk PATFIT analysis. After Al implantation with a dose of
value before irradiation Even after 3 MeV proton irradia- 10'° Al */cn?, two peaks are observed. The second peak is
tion to a dose of 1.2 10 cm 2, which produces divacan- around 374 ps with an integrated intensity of about 66%. The
cies, the increase of parameter is only about 39> first peak is around 210 ps. Thus, all these results show a
Therefore it is obvious that Alimplantation produces large good agreement witRATFIT analysis.

Time (ns)

vacancy clusters. Such difference is due to the much heavier
ion mass which causes more collision cascades as compared
' (4 to electron and proton irradiation.

To evaluate the size of these vacancy clusters more di-
rectly, we measured positron lifetime before and after Al
implantation with a dose of £®Al*/cn? using a pulsed
slow positron beam. The incident positron energy is 7 keV,
which corresponds to the center of the damage area. The
positron lifetime spectra are plotted in Fig. 3. They are ana-
lyzed usingPATFIT prograni® based on a sum of several ex-
ponential decay terms:
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We also calculated positron lifetime at various sizes of
vacancy clusters in ZnO using the atomic superposition FIG. 6. Annealing behavior of th8-E curves measured for the
method®” Two approximations are made in the calculation. Al*-implanted ZnO with a dose of 1DAI*/cn?.

(1) The short-range enhancement of the electron density
at the positron is calculated using the semiconductor modayed within the supercell. The vacancy clusters are con-
proposed by Puskat al® Beyond this range, the positron structed by taking away the closest Zn-O pairs from the

does not affe(_:t the elect_ron structure. _ supercell to keep the minimum number of dangling bonds.
. (2) The lattice relaxation around the vacancy is not takerFor example, the configuration ofs\(3-V,,V) is assumed
Into account. to be so-called six-membered ring. The lattice constant of

A supercell containing 64 Zn atoms and 64 O atoms isg=0.325 nm and:=0.521 nm for ZnO is used in the calcu-
composed and the periodic boundary condition is used. Thigtion. The calculated positron lifetimes are shown in Fig. 5
supercell is large enough for our calculation of vacancy clusfor different vacancy clusters. The,ymonovacancy is also
ters, as the positron wave function is found to be well local-presented. The calculated positron bulk lifetime in ZnO is

about 158 ps. For ¥ (4-Vz.Vo), the positron lifetime in-

400 — . . , , . , creases to about 350 ps, which corresponds to a rgtig of
f ] 2.2. As for our Al -implanted ZnO, the ratia /7, is around
350 L ] 2.1 using, of about 181 pg’ Therefore, the size of the
7 vacancy clusters might be close t@.V
@ 300 ]
% 2. Annealing of implantation-induced defects
g 250 ] Figure 6 presents some select&#é& curves for the sample
g : ] implanted with a dose of #® Al */cn? and annealed at dif-
a 200 ] ferent temperatures. It is found that tBeparameters in the
' implanted layer increase with annealing temperature, reach a
150 maximum at 600 °C, then decrease and recover to the unim-

planted level at 900 °C. Th&-E curves were analyzed after

each annealing step based on the above one-dimensional dif-
FIG. 5. Calculated positron lifetime at vacancy clusters in ZnOfusion equation. Below 500 °C, the experimen$aE data

using atomic superposition method. are well reproduced considering one damage layer. On the

Number of Vacancies
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FIG. 8. Sparameter in the defect layers as a function of anneal-

. 8§ Al /om? . - ing temperature for the Akimplanted ZnO. For the sample im-
with a dose of 1& Al"/cm* obtained fromvePFIT analysis. Two planted with a dose of #BAI*/cm?, two defect layers appear after

defect layers appear after annealing above 500 °C. The total da"é'nnealing at 600—700 °GS, andS, are theS parameters in the first
age layer thickness keeps unchanged during the annealing process,y second defect layer, respectively.

FIG. 7. Depth profile ofs parameter for the Al-implanted ZnO

other hand, above 500°C, two damage layers are needeithduced vacancy defects. For the sample implanted with a
Solid lines in the figure represent thus obtained best fittingsdose of 1&° Al*/cm?, as mentioned above, there are two
Figure 7 shows the depth distributions®parameters at the defect layers after annealing at 600—-700 °C. Biparameter
same annealing temperatures as in Fig. 6. At 600 °C, twan the first layer is higher than that in the second layer. This
defect layers appear. The first layer boundary is at about 338 possibly due to the slightly lower vacancy concentration
nm, and that of the second layer is at about 500 nm. Aftenear the end of the implanted box layer as shown in Fig. 1.
700 °C annealing, the first layer boundary decreases to abobbr the as-implanted sample, tBgparameter is not sensitive
42 nm, while the second layer boundary slightly increases téo such small difference, so only one defect layer is seen by
528 nm. These two defect layers merge into one layer agaipositrons. But after annealing at 600 °C, due to the agglom-
after further annealing at 800 °C. At 900 °C, the defect layereration of vacancies, the vacancy size or concentration in the
disappears, indicating recovery of the implantation-induceghallower region becomes larger or higher than that in the
defects which are seen by positrons. The total defect layedeeper region near the end of the box layer, and then the
thickness does not show significant change during annealingifference can be reflected by tt&parameter. Further an-
until the full recovery of defects, i.e., it keeps at around 500nealing at 700 °C causes decreas& parameter and change
nm. For the other two implanted samples, the overall anneabf their respective layer thickness, which is due to the recov-
ing behavior is nearly the same, i.e., only the magnitude oéry of vacancies and redistribution of vacancy size. At
change is different. One difference is that no second defe®00 °C, the vacancy size or concentration in the two layers
layer is seen in these two samples throwmgRFIT analysis.  decreases to the same level, so again only one layer is ob-
Figure 8 shows the annealing behaviorsgfarameters in  tained from fitting.
each defect layer as seen in Fig. 7 for all the implanted It is notable thatS parameters increase to rather high
samples. Thes parameter increases with temperature in thevalue after annealing of the implanted samples with higher
range from 200 °C to 600 °C, and then recovers gradually taloses & 10 Al/cm?). At 600 °C, S parameter reaches 1.28
the bulk value at 600—900 °C. The increasé&piarameter at and 1.14 at doses of ¥0Al"/cn? and 13 Al */cn?, re-
200-600 °C indicates evolution from vacancy clusters tospectively. This largé& parameter might be due to formation
much larger vacancy agglomerates, and the subsequent def-positronium(P9 atoms, as suggested by several autfors.
crease ofSparameter indicates recovery of the implantation-The Ps atom is the bound state of a positron with an
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electron®® It will be formed in the open spaces of porous
material§' where the electron density is sufficiently low. Ac-
cording to the spin orientation of the electron and positron,
Ps has two states: para-PositronigmPs, the singlet spin s
state and ortho-Positroniurfo-Ps, the triplet spin stateThe P(10°m,C)
ratio of p-Ps to o-Ps formation probability is 1:3 in a - .
vacuum. p-Ps mostly undergoes self-annihilation, i.e., the F'C: 10 (@ Original and(b) deconvoluted Doppler broadening

. - S S spectra for the ZnO before and after "Al implantation
positron .annlhllates \.Nl.th Its own electron b.y emitting two (10" Al*/cn?) and 600°C annealing. The original spectrum is
rays, while .O_PS 2nn|glates Into tgreﬁrays n \I/acuum and obtained by summing of the spectra at energy of 5-9 keV. The
two Y rays in media. because p-'s has nearly zero momer}ippearance of a narrow component after implantation and annealing
tum, its self-annihilation will contribute a very narrow peak

. indicates formation of p-Ps.
to the Doppler broadening spectrum. Therefore, the |&ge

parameter may be attributed to p-Ps self-annihilation. ing temperature for the implanted ZnO samples. For the

The integrated Doppler broadening spectra at energgample implanted with a dose of f0Al */cn?, formation of
range of 5-9 ke\(mean positron implantation range of 100— 1, ps starts at around 500°C, and its intensity increases to

250 nm) were analyzed by multi-Gaussian fitting using the 100, at 600°C. While for the sample with a dose of
ACARFIT program:° This method was proved to be Success-1gl5 Al +/cn?, p-Ps formation occurs at 300°C, and its in-

ful by Dlubek et al*? in the study of positronium in poly- tengity increases to about 26% after 600°C annealing. The
mers. Indeed, we examined the accuracy of this method by pg ‘intensity decreases after further annealing and finally

measuring a series of polymers and an amorphous 8%  4yains zero at 800 °C for both of the samples. No p-Ps for-
ing both Doppler broadening and conventional positron life- 4ti0n is found in the sample implanted with a dose of
time measurements. The discrepancy of p-Ps intensity obrgis pj+/cp.

tained from Doppler broadening spectrum is less than 2% as \ye also examined the shape of the integrated Doppler

compared to that from positron lifetime measurements. The,,,qening spectra measured before and after implantation

background of the spectrum was subtracted using the meth‘With a dose of 18 Al*/cn?. The Doppler broadening spec-
proposed by Mogenséfl, ie., Bi=Bgr+(BL~Br)A/A,  trum can be expressed as

whereA, is the area of the peak above fitie channel and\,

the total area of 511 keV peaB, andBg are the average N(E) fﬂc

background on the left- and right-hand sides of the peak, R(E—E')D(E")dFE’, (6

respectively. For the unimplanted and as-implanted samples,

only two Gaussian components with full width at half maxi- whereD (E) is the real Doppler broadening spectruR{E)

mum (FWHM) of 2.9 keV and 5.0 keV are resolved. They is the energy resolution of the instrument, aN¢E) is the

can be attributed to valance and core electron momentumeasured spectrum. Due to the instrument resolution, fine

distribution, respectively. Al implantation does not change structures in the Doppler spectrum are likely to be smeared

the width of each component, but only causes change in theout. Thus, we deconvoluted the Doppler broadening spectra

respective intensities. For the samples implanted with dosdsy using a Gaussian-type energy resolution function with

higher than 1&* Al */cn? and annealed at 600 °C, however, FWHM of 1.3 keV. A point by point deconvolution method

three Gaussian fitting becomes necessary. A very narrowas used. Details of the deconvolution process were reported

component with 1.5 keV ifwHM appears. This narrow com- in Ref. 43. Both original and deconvoluted spectra are plot-

ponent might be due to p-Ps self-annihilation. ted in Fig. 10 for the samples before and after implantation
Figure 9 shows the p-Ps intensity as a function of annealand subsequent annealing at 600 °C. After implantation, the

—o0
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central low momentum part shows some increase, which caimcreases p-Ps intensjfybut also shortens o-Ps lifetinté.

be attributed to the reduced positron annihilation rate withThis is the reason for the short o-Ps lifetime in our sample.
high-momentum core electrons at vacancy clusters. AftekJsing the same numerical calculation procedure as done by
600°C annealing, the central part increases abruptly. Thipannefaeret al,** we obtain the o-Ps pickoff annihilation
can be more clearly seen from the deconvoluted spectrum if&te X pick.of to be about 0.68 ns' for the sample implanted
Fig. 10b). There, a very narrow component is superimposedvith a dose of 1& Al*/cn?* and annealed at 600 °C. So the
to the broadern(valence electronpeak. This narrow peak 0-Ps pickoff lifetime is about 1.48 ns. The void diameter can
probably originates from p-Ps self-annihilation since it hasthus be obtained using the Tao-Eldrup relationsfit?

nearly zero momentum.

The detection of p-Ps formation indicates also formation Ro—AR 1
of 0-Ps. From the analysis of the Doppler broadening spectra Npick-off= 2| 1= Ro tosn
as a function of positron energy, we did not detect 8nni-
hilation of o-Ps in vacuum due to its diffusion to the samplewhereR; is the void radiusAR is the electron layer thick-
surface. Therefore, we can assume that o-Ps is formed amss, which is about 0.166 rfn?® The average void diam-
trapped in large voids or open spaces in the implanted regter is then estimated to be about 0.8 nm.
gion, and annihilates into twg rays. So the p-Ps intensity ~ All the above results confirm that the large increase&of
reflects information about the number of voids or porosity inparameter after annealing of the high dose implanted sample
the damage layer. As shown in Fig. 9, the number of voidgs due to positronium formation in large voids with an aver-
first shows increase after annealing below 600 °C, and theage diameter of about 0.8 nm. These large voids are formed
decreases quickly with increasing annealing temperature, aritiie to the agglomeration of vacancies during annealing. Fur-
finally disappears at 800 °C. ther annealing above 600 °C results in the recovery of these

The positron lifetime measurement gives us direct evidarge voids. The number of voids formed after annealing de-
dence of Ps formation. After 600°C annealing of thepends on the implantation dose. For the sample implanted
Al*-implanted sample with a dose of ¥0AI*/cn¥, the  with the lowest dose (28 Al*/cn?¥), the increase o8 pa-
second positron lifetime component framTFIT analysis in-  rameter is very small, and even after annealing, it increases
creases to 44621 ps with intensity of (4% 1)%, andalsoa only to about 1.04. No p-Ps peak is observed either. This
long lifetime of about 936120 ps with small intensity of means that no large voids are formed during implantation or
(5+2)% appears. HoweveGONTIN analysis shows only after annealing, or their concentration is rather low.
two peaks, but the second lifetime increases to around 530 ps The Ps intensity is closely related to the porosity of ma-
with intensity of about 40%, and it becomes rather broadterials. For the implanted sample with the highest dose, the
The difference betweepATFIT andCONTIN analysis might be  total Ps intensity I,.pst 1,.p9 amounts to 66% after 600 °C
due to the broad lifetime distributioraTFIT analysis always ~annealing. This means that the implanted layer has trans-
tries to separate continuous lifetimes into discrete compoformed to highly porous structure. For a comparison, we
nents, especially when the lifetime distribution expands inmeasured an amorphous $jCGand the total Ps intensity is
wide range. Actually if we use only two-component analysisaround 89%. The size of the void in our implanted ZnO
by PATFIT, the result is then in agreement witlonTIN analy- ~ Sample is also close to that in the amorphous ,Si®Ps
sis, but the variance of fitting becomes worse. Therefore, ififetime 1.58 ns, corresponding to a void diameter of 0.82
this casecoNTIN analysis provides more reliable results. Be-nm). Such comparison suggests that Ainplantation causes
cause the average lifetime of this component is longer thagevere damage to ZnO and may even cause amorphization at
500 ps, this peak is apparently due to the annihilation ohigher dose ¥10"Al*/cn?). However, previous
0-Ps. The wide o-Ps lifetime distribution indicates that afterstudie$°®>showed that amorphization in ZnO by ion im-
implantation and annealing, various sizes of voids areplantation was rather difficult due to the effective dynamic
generated. annealing process. Sondetal° did not observe complete

Considering both positron lifetime and Doppler broaden-amorphous region in Bi, Mn, and Cr implanted ZnO with ion
ing analyses, however, we find that the ratio of p-Ps to o-Psnergy of 93-120 keV and ion dose up to< Z0™/cn?.
intensity deviates from 1:3. For example, for the implantedkucheyevet al*® also reported that amorphization was dif-
sample with a dose of DAl */cn?, after 600 °C annealing ficult for most of the ions. Therefore, at this moment, we
the p-Ps intensity from Doppler broadening measurement isannot confirm whether amorphization occurs or not in our
about 26%, while the o-Ps intensity from the lifetime mea-Al “-implanted layer. Further experiments adopting other
surement is only 40%. The ratio of p-Ps to 0-Ps intensitycharacterization methods are needed to solve this problem.
increases to about 2:3. This is possibly due to the spin con- Our positron annihilation measurements show that com-
version of 0-Ps caused by some paramagnetic centers on théete recovery of vacancy defects occurs at 900 °C for high
surface of the void$* Some of the o-Ps will then convert to dose implanted sample and 800 °C for low dose implanted
p-Ps. The impurities, oxygen, and implanted aluminum aresample. This can be reflected by the recover$ parameters
the possible paramagnetic centers. Our electron-spirshown in Fig. 8, which approach to that of the unimplanted
resonance measurements indeed show very high concentialk state after final annealing. The annealing temperature is
tion of paramagnetic centers in the as-grown ZnO samples little lower than that reported by previous stdflyyhich is
This confirms that spin conversion of 0-Ps is possible. Thewround 1000 °C. There are several reasons for this differ-
spin flip of 0-Ps not only decreases o-Ps intengibereby  ence. First, positron is mainly sensitive to vacancy-type de-

2 RO_AR
7T—RO

(D)

035210-7



Z. Q. CHENet al. PHYSICAL REVIEW B 69, 035210(2004

TABLE I. Hall measurements of sheet resistafg free carrier concentration,, carrier mobility u,
and conduction type in the as-grown and"Amplanted ZnO after annealing.

Sample Rs (Q/00) ne (cm™3) w(cmPV-is™h Type
As-grown 3.X10° 5.7x10% 66 n
As-grown+ 900 °C 4950 3.&10% 70 n
10 Al*/cm?+900°C 8.6 8.& 10%° 167 n

fects, while previous studies use Rutherford backscatteringlecreases by nearly two orders of magnitude to about
channeling method, which detects mainly interstitial-type5000}/J. This might be due to reduction of acceptor-type
defects or impurities. Therefore the annealing behavior mightlefects such as ){, or production of donor-type defects,
be different for different types of defect. Second, the annealsuch as oxygen vacancyo\or Zn interstitial Zn. After Al*

ing behavior also depends on the implant and annealing cormplantation with a dose of 8 Al */cn? and annealing at
dition. Much heavier ion$Bi, Mn, and Cj and higher doses 900°C, the sheet resistance decreases abruptly to about
(7% 10"/cn?) were used in the previous study, and the an-8.6 /1. Assuming implanted layer thickness of 500 nm
nealing time is also shortgl5 min 10 Therefore, a lower from TRIM calculation, the electron concentration increases
annealing temperature in our study is possible. Actually weo 8.6x 10'° cm 2, comparable to the implanted Alcon-
have also performed implantation with other ions such &s O centration ¢7.5x10'° cm™2 from TRIM calculation. This

and N, and we found completely different annealing behav-suggests that all the implanted aluminum ions are activated
ior of the implantation-induced defects. as donors after annealing. It is also interesting to note that
the electron mobility increases from 70 & 1s™ ! before
implantation to 167 cfV s ! after AI" implantation and
annealing, indicating improved crystal quality. This might be

The results of Hall measurements for the unimplanted andje to the reduction of defects which exist in the as-grown
Al"-implanted samples are listed in Table I. The repeatedn0 and act as scattering centers.

measurements show that all the data are reproducible, and
hence are reliable. All the samples shosype conductivity.
For the as-grown sample, the sheet resistance is rather high
(3.3x10°0/0). After 900 °C annealing, the sheet resistance  Figure 11 shows the result of cathodoluminescence mea-
surements for the ZnO samples before and after implantation
B L B B B B and annealing. In this paper we mainly considered the ultra-
Al'—=8SPC-ZnO _ violet (UV) emission, which is attributed to the radiative
recombination of free excitofé. This UV emission is
closely related to the crystal quality of ZnO. For the as-
grown ZnO, the UV emission is rather weak due to the ex-
istence of large amount of defects acting as nonradiative re-
combination centers. After 900 °C annealing, these defects in
7 the as-grown sample are reducé@nd thus UV emission is
o 2 o enhanced. After Al implantation with a dose of
107cm™ +900°C 10" Al*/cm? and 800 °C annealing, the UV emission peak
has nearly the same height as that of the as-gre@00 °C
annealed sample. This indicates that all the implantation-
induced defects are removed by 800 °C annealing. When the
implantation dose increases to't@l*/cn?, however, the
M 10%cm? +800°C | UV emission is further enhanced. After implantation with a
) dose of 1&° Al*/cn? and subsequent annealing at 900 °C,
| | the height of UV emission is about 60 times greater as com-
\_\51_’_//\‘ as-grown+900°C pared to the as-grown sample. This means that aftér Al
i implantation and annealing, the ZnO crystal quality is fairly
improved, in good agreement with the increase of electron
mobility as shown by Hall measurements. However, further
experiments are still needed to confirm this conclusion.

B. Electrical characterization

C. Optical measurements

x1 10"cm® +800°C

CL intensity (arb. units)

x10 as-grown |

! PR YT T TR W N YT T S W [ Y
3.0 3.2 3.4 3.6 3.8 4.0
Photon energy (eV) IV. CONCLUSION

FIG. 11. Cathodoluminescence spectra measured at room tem- Al " -implantation-induced defects were studied by using a
perature for the ZnO samples before and after ishplantation and ~ slow positron beam. The implantation introduces vacancy
annealing. clusters. During annealing process, agglomeration of vacan-
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