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Observation of dynamic annealing effects in oxide single crystals
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Dynamic annealing effects and the behavior of oxygen trapping and migration in the perovskite oxide single
crystals following high dosé®0" implantation at 500 °C and at room temperature have been studied. We
report that the cascade collision induced by room-temperature irradiation #@h ions (200 keV
5x 10'%cmP) into SrTiO, single crystal induces an essentially amorphouys;~96%) surface layer to a
depth of 400 nm. However, irradiation at 500 °C results in dynamic annealing effects since ion channeling
showsymin Of 3% in the near surface regiotfO depth profiles measured by tA%(p, «) *®N nuclear reaction
show that high-temperature implantation results in a flat-topffed distribution with only 48%(compared
with room-temperature implantatiprof implanted 0 retained, and more importantly, channeled nuclear
reaction analysis shows that at least 77% of the retaffi@doccupies substitutional sites. Room-temperature
implantation plus post-irradiation annealing at 500 °C in flowing oxygen ambient resulted in much less recov-
ery of irradiation damagéyin~33 to 72%. Similar effects were observed O implanted single crystal
LaAlO;. [S0163-182®08)03510-3

I. INTRODUCTION system, and so provides ideal samples for the study of dy-
namic annealing effects in oxide single crystals. lon implan-
A wide range of materials can be modified advanta-tation can be used to produce an ion-beam damaged surface
geously by ion beams. During implantation, target temperafor subsequent epitaxial growth of YBCO films. In this case,
ture is a critical parameter. In the field of ion implantation the damaged layer may exhibit some selected defects that are
into Si, in the literature it has been reported that high-useful for studying the microwave loss mechanisms. This
temperature implantation can result in dynamic recovery ofnterest of ion implantation has been heightened by the ob-
irradiation damage and redistribution of implanted <";\toms.se_rv""t'9On of colossal magnetoresistance in the perovskite
For example, high dose Oimplantation into Si wafers ©Xides; which offers the possibility of developing a new
(500-700°G followed by high-temperature annealing generation of thin-film recording heads. Despite a substantial

(1300—1405 °C has been used to produce Si film on buried SOTPUS of work on ion implantation of oxides, including high

SiO, substrates for advanced complementary metal-oxide €. Oxl'f fz material¥’ and oxygen lonic qonductmg
i 1 : "~ oxides;*“the advantages and dynamic annealing effects of
semiconductor circuits:® Room-temperature implantation

: ; . L ) high-temperature implantationnto the perovskite oxides
results in such a high level of irradiation damage in the ton,1ve not yet been investigated and exploited. We note a re-
silicon layer that high quality silicon thin films cannot be

. o ; cent publicatiof? reporting that high-temperature implanta-
made, even by high-temperature anneahr?g]_'ms demon-  tion causes radiation-enhanced annealing as well as
s’Frates the necessity for, and advaptage of |.mplantat|on at @diation-enhanced diffusion of implanted La into Ji@e.,
high target temperature. In a previous publicafiong re-  yygile, which is a hard and chemically resistant coating ma-
ported some advantages and indirect evidence regarding disrial). In that case, the high-temperatug27 °Q implanta-
namic annealing effects during high-temperature implantation resulted in almost complete recovery of the lattice
tion of Ag™ into YBa,Cu;0,_ 5 (YBCO) oxide films. In this  disorder'?
case, oxygen starts migrating at(lawer) temperature be-
tween 250 and 300 °€.The oxygen displacements from Il. EXPERIMENTAL
chain sites will result in loss of superconductivity and in-
crease of oxygen vacancies in the film, which lead to struc- The materials investigated in this work were one-side pol-
tural defects. For this reason, it was necessary to periorm ished commercia{100) SrTiO; and LaAIG; single crystals.
situ oxygen annealing to attain oxygen enrichment and orThe stable oxygen isotopO was implanted at 200 keV to
dering in YBCO films’ These facts prevent direct observa- a dose of 5<10' ions/cnt, at 7° to the surface normal to
tion of dynamic annealing effects. The perovskite oxidesminimize channeling effectst (1) room-temperaturéRT)
SITiO; and LaAIQ; are useful substrates for epitaxial growth and (2) 500 °C. The beam current density was about 1
of high quality YBCO films. Each contains three elementsx 104 A/cm? (equivalent to 6.2% 10* ions/cnt s), and the
and has perovskite structufieowever belonging to the cubic 8 cn¥ target was in the beam for a total of 12 min. Because
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of the design of the target scanning system, in which the
target is moved through a stationary beam, the use of bean
time is very inefficient, and the total implantation time was
about 1 h. RT and elevated-temperature samples were
mounted side-by-side in order to achieve identical concurrent 15000
implantation conditions. Post-irradiation annealing was per-
formed, at 500 °C for 45 min, in flowing natural oxygen
ambient. The crystallinity of as-implanted and annealed ma-
terials was investigated by Rutherford backscattering spec-
trometry (RBS) and ion channeling analysis, using a 10 nA 5000
beam of 2.0 MeV*He" at a scattering angle of 165°. Ag

paste was painted onto the sample edge, and no surfac a’
charging effects were observed under the be&it®. depth
profiles were measured using th#(p, )N nuclear reac- 20000 -
tion analysis(NRA) (Refs. 13 and 14at a proton energy of

730 keV. TheQ of this convenient reaction was such that the 15000
energy of thex particles emitted is 3.394 MeV. A scattering
angle of 150° was used, with the sample tilted at 35° to the
beam in order to improve depth resolution. A standard Ru-
therford backscattering setup was used for the analysis. Ir
our case, the depth resolution is about 17 nm at the surfact
and about 24 nm at the depth of 500 nm. Energy calibration
was performed through RBS analysis of the oxide samples. b
Some channeled NRAs were also performed at a scattering 0 SY/S— ' ' '
angle of 150° with zero sample tilt in order to estimate the 0 %0 100 150 200 250 300
percentage offO retained in substitution sites. CHANNEL NUMBER
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FIG. 1. (@ Lines1and?2: random and channeled RBS spec-
Ill. RESULTS AND DISCUSSION tra (2.0 MeV“*He", 9=165°) for 500 °C implanted SrTiQ Line

. . 3: channeled RBS spectrum for unimplanted SgliSolid line:
Random(line 1) and channelediine 2) RBS spectra are simulated random RBS spectrui) Lines 1 and 2: random and

presented for 500 °CFig. 1(a)], and RT[Fig. 1(c)] 0" Channeled RBS spectra f@RT) implanted SrTiQ. Line 3: chan-
implanted SrTiQ, together with the channeled spectra for hgjeq RBS spectrum for RT implanted SrTigkter post-irradiation
the initial unirradiated sampl€xyi;~0.8% in the surface annealing. The solid line: simulated random RBS spectrum for
region [line 3, Fig. Xa)] and the post-irradiation annealed 400 nm-thick SrTiQ plotted with arbitrary vertical units. This spec-
RT samplgline 3, Fig. Xb)]. The solid lines in Fig. 1 show trum provides a reference to determine the depth of the damage.
the random spectra for bulk SrTiQFig. 1(@)] and 400 nm  The energy calibration for these measurements: Energy (keV)
SrTiO; [Fig. 1(b)] simulated by RBX codé&® plotted with  =6.13< Channel number 81.03.
arbitrary vertical units to provide a depth reference for the
damage.

Figure 2 shows thev particle energy spectrum from the
RT implanted sample. In the inset, the calibrated depth pro-
files are shown for the RTline 1) and 500 °C(line 2)
samples, obtained under identical NRA conditions. The con-  ® T 70
version from energy spectrum, i.e., count vs energy of emit-
ted a particles to depth profile(i.e., relative count vs depth
is achieved by using the stopping power @fparticles in 800
SrTiO; calculated byrriM-95 code!® while the effect of the

1000 - 1.0
1000 -|

800 —

600

RELATIVE COUNTS

w .
400 . .
change in the nuclear reaction cross section on the count pe%> 600 zzz | ,,2
channel, due to the energy loss of the protons in the im- 8 5 o
planted layer (50 keV), was calibrated using a relative wo ° 0 200 00 600 °
cross-section factor inferred from the reported cross DEPTH (nm) .
section®? 200 :
The as-implanted*®0 and damage distributions for the o
RT sample are presented in Fig. 3. The NRA concentration 2600 2800 4000 4200 2400
(line 1) calibration assumes that after implantation the den- ENERGY (KeV)

sity of SrTiO; is unchanged and all the implantéfO (the

nominal dosghas been trapped in the implanted region. The kG, 2. Energy spectrum ofx particles emitted from the
distribution is essentially skew-Gaussian and fi® con- 180(p, @) N nuclear reaction with®0 in RT implanted SrTiQ
centration peak is at a depth of about 284 nm. Lines 2, 3, anghset: calibrated depth profiledine 1 RT, line 2 500 °G. Mea-

4 show simulated®0, vacancy, and dp@lisplacements per surements obtained with 35° sample tilt for improved depth resolu-
atom) depth profiles® The experimental and calculated tion.
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FIG. 3. Calibrated'®0 concentration distribution in RT im- FIG. 4. Energy spectra ofa particles emitted from the

planted single crystal, measured B0(p,a)N nuclear reaction  °O(p,a)*N nuclear reaction with*®0 in 500 °C implanted
(line 1), compared with simulated®O concentration(line 2), va- SrTiOs, obtained with zero sample tilt angle. Line 1: the incident
cancy(line 3), and dpa(line 4) distributions. The vacancy density Proton beam was not aligned; Line 2: the incident proton beam
has been multiplied by a factor of 18 to fit the same vertical Was aligned in the direction ¢b01) axis of the sample.
scale. For calculating the damage distribution, a threshold displace-
ment energyE, of 20 eV has been assumed for all elements. mining the resultant disorder structure. If the implantation
temperature exceeds some threshold value, amorphization of

range data are in good agreeméste Table)l although the the target materials is unlikely to occur since defect anneal-
experimental profile is slightly wider than the simulated pro-ing dominates defect production. More importantly, high im-
file (see lines 1 and 2 in Fig.)3The simulation predicts that plantation temperatures may induce thermal redistribution of
near the damage peak, each target atom will on average hairaplanted species, in addition to the irradiation enhanced
been displaced 28 times, and so it is to be expected thatiffusion. Dynamic annealing effects are taken to include
room-temperature implantation will amorphize the material.dynamic defect annealing and dynamic redistribution of im-
Indeed, lines 1 and 2 in Fig(h) show that RT implantation planted species during irradiation. In addition, clearly the
results in an essentially amorphous layer to a depth oflefinition of dynamic annealing is not only suitable to the
~400 nm, xmin rapidly increasing from 81% at the surface to implanted species of inert gas. The inset in Fig. 2 shows that
96%. The depth of the damage layer is in very good agreethe 500 °C implantation resulted in a flat-topped distribution
ment with the simulated dpa profilgee line 4 in Fig. B accompanied bin siturelease of®0. No indiffusion of 0

In the case of 500 °C implantation, dynamic annealinginto the undamaged regidne., beyond a depth of 500 nm
effects are clearly visible, since., in the surface region is is observedline 2, Fig. 2 inset The total retained dose for
equal to 3% Fig. 1(a)]. Here, we define dynamic annealing the 500 °C implanted sample is about 48% of that for the RT
in a similar manner to Williams for high-temperature ion implanted sample and so about 52% of implant€@ has
implanted St’ During higher temperature implantations been released from the samjfesitu.
when defectgsuch as Frenkel pairproduced by irradiation Lines 1 and 2 in Fig. 4 show random and channeled NRA
are mobile, defect annihilation and agglomeration occur synspectra from the 500 °C implanted sample. The depth reso-
chronously with their production. At this stage, defect pro-lution is not as high as in Fig. 2 since the sample was not
duction competes with dynamic defect annealing in detertilted during analysis. The ratio of areas under lines 2 and 1

between channels 200 and 224 in Figi.4., measurements

TABLE |. Range data including tabulated values Rf (the  of emitted« particles from the implanted layer under chan-
depth of maximum®O concentratiop) R, (the mean projected neled and random conditions equal to 36%i.€., Ximpurity
range, and ARy (the “straggle”). The maximum®®O concentra- measured by the NRA However, this does not mean that
tion (Cpmay) is also tabulatedR, represents the depth of maximum only 64% of the retained®O are in substitutional sites, since
vacancy concentration. It should be noted that here we dafiRp  the dechanneling effect on low-energgB0 ke\) protons is
as the half width of the depth profile at the Au concentrat®n much clearer than that for 2.0 Me¥He™ as shown in lines
=Cpax/€. The density of SrTiQhas been chosen to be 5.12glkem 1 and 2 in Fig. 5(RBS spectra for the 500 °C implanted
sample. In the implanted layery i, measured with a proton

200 keg/lgo+ Rp Ry R, AR Cmay beam increases from 10 to 24%e., the averagegt . mea-
5x10"cn? (m  (m  (hm) (M) (cm™) sured by the RBS is equal to 17%vhile the 2.0 MeV*He"

NRA Expt. 284 255 106 2 & 107 beam yield increases from 3 to 10%ines 1 and 2 in Fig. L
(SITIOy) In addition, v, (2.0 MeV *He") measured in the same
TRIM-96 272 216 248 88 3% 107 region of the unirradiated perfect crystal also increases from
(SFTiOy) about 1 to 4%. That means that the dechanneling effect of

the proton beam has made a significant contribution to the
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RBS spectra: 730 keV H*, ©=150°
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oxygen outdiffusion occurred in these ca8égalthough the
damage within the implanted region is attributable to oxygen

60000
55000 o displacement. The 500 °C implantation resulted in a rather
Random w4 m different case: the simulated damage of 28 dpa i I
50000 gt o 1 : geo pa is no longer
45000 S meaningful because of dynamic annealing effects. Either the
+ 8r threshold damage level for amorphization was not reached or
¢ 40000 . 9 . P o
= else the energy deposition threshold for amorphization
= 35000 . ) ) ) P
2 30000 001> alianed 4 increaseY as a result of dynamic annealing. It should be
9 000 L, 9 noted that during high-temperature implantation some of the
20000 1 Iy energy deposition of the implanted ions resulted in defect
I - 5 annihilation and agglomeration whereas it results mainly in
15000 ", defect production for RT implantation. As we have men-
10000 - " tioned that only 48% implanted?O remained in the sample
5000 - | ] | R . and at least 77% of this retainé80 occupied substitutional
0 10 60 80 100 120 sites. The material remained as good quality single crystal

and the cubic structure of SrTiQs stable, thus, it can be
expected that most of the replac&D (i.e., those®O atoms
with their lattice sites having been taken by the implanted
180 atoms through oxygen isotopic exchahgell diffuse
out of the sample. In other words, the total releadtd is
about 1.810'%cn? and total released®O is about 2.6
X 10'%cn? (i.e., 52% of the implanted doseWe assume
count obtained from the emitted particle yield shown in that about 23% of the replacetfO could be trapped by
line 2 in Fig. 4. Taking into account the correction due to theresidual defects rather than being releagmuthe basis that
larger low-energy proton beam dechanneling, ang, for ~ about 23% of the retained®O occupied non-substitutional
the initial perfect crystal, the percentage ¥D retained in  siteg, and so the total releasetfO amounts to about 1.4
substitutional sites is 77%. We note that the application ofx 10*%cn? (or 0.56% of the total oxygen already in the im-
the formula for substitutional lattice site occupatiorf:  planted layer. However, it should be noted that we have no
= (1~ Ximpurity)/ (1 — xnos) Can facilitate the above discus- analytic technique to monitor such relative change of the
sion and gives the same value of 77%. In addition, the actuaibsolute 0 content. We can monito=2% of relative
percentage may be still larger since there may be furthechange of the absolut®’O content in the surface region of
effects to consider for the channeled NRA spectrum. Fothe implanted layer by 3.05 MeVHe™ RBS.
example, single crystal Y-stabilized ZsQYSZ) annealed in Naguib and Kelly®?! have investigated implantation of
an 0 gas ambient, should retain all exchand@@ in sub-  nonmetallic solids and proposed a formalism using a modi-
stitutional sites, but is observed that channeled NRA yields died thermal spike model, to predict whether the final mate-
similar substitutional percentage in the YSZ sample to that infial will be amorphous or crystalline. Atoms in the cascade
the 500 °C implanted SrTi9'* Therefore, we conclude that volume are in a transient, pseudo-liquid state surrounded by
at least 77% of the retainetfO atoms are in substitutional the original lattice. As the perturbation relaxes, the crystalli-
sites in the case of 500 °C implanted SrfiMuring 500 °C  zation front propagates a distankginwards from the sur-
implantation, many point defects are generated that are annieunding lattice. Ifx. is greater than the mean atomic spac-
hilated by dynamic recovery processes, while some poining \, then the materials will crystallizex, has an explicit
defects remain to form extended defects. In particular, line 2Zlependence on the bulk temperature;:
in Fig. 1(a) shows some residual damage in the region
around markD. It seems that much of the retainétD has
exchanged sites with®0 in the 500 °C implanted sample,
since the material remains as good quality single crystal. In
this case, the extra oxyger?O and 10, i.e., the number whereT,, is the melting temperature. Putting in values for
excess above stoichiometric SrgiChas escaped from the SrTiO; T,=2353K, T.(low)=300K and T.(high)
sample, probably forming gaseous oxygen molecules. For 773 K, the model predicts an increasexinof a factor of
the RT implanted sample, which is essentially amorphous2.0 at the high-temperature implantation. If we apply this
the extra oxygen is retained, since there is little thermal enmodel to our case, we may conclude that during 500 °C im-
ergy for activating its diffusion and release. In fact, SrJiO plantationx. is greater thark and so most of the irradiation
(density 5.12 g/cr), contains 5.X 10?2 O/cnt and so a damage is annihilated as it forms and good crystalline order
layer 19.7 nm thick will contain X 10" oxygen atoms/cka  is maintained after implantation.
The natural abundances are 99.76% and 0.2%'0, and C. W. Whiteet al?? report good regrowth at a rather low
so the implanted dose §510'° 1%0*/cn¥) only corresponds temperature of SrTiQamorphized by Pbimplantation(540
to 2% of the total oxygen already present in the implanteckeV, 1x 10"%cn? at 125 K). This implantation resulted in
region of SrTiQ (~500 nm). disorder in both metal cation sublattices to produce the amor-
We report here on self-implantation of oxygen, a speciephous state, corroborating our findings for RfO* im-
already present in the target. After RT implantation, the im-planted SrTiQ [see lines 1 and 2 in Fig.()]. In fact, the
planted region is essentially amorphous. It seems that noxygen sublattice has also been damaged but it cannot be

CHANNEL NUMBER

FIG. 5. Random and channeled RBS spec¢#a0 keV H", ¢
=150°) for 500 °C implanted SrTiQ The energy calibration for
the  measurements: Energy (ke¥$.12< Channel number
+117.56.

X (1= T, /T) 85
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FIG. 6. Calibrated"®O concentration distribution profile for im-

planted SrTiQ: RT (line 1), 500 °C (line 2), RT implant and FIG. 7. Lines 1 and 2: random and channeled RBS spectra
post-annealline 3). (2.0 MeV“He*, 9=165°) from 500 °C implanted LaAlQ oxide

. single crystal. The solid line: simulated random RBS spectrum for
observed by RBS. Therefore, during the lower temperatur@ng nm-thick LaAlQ, plotted with arbitrary vertical units. This

implantation, the displacement of target atoms resulted iRpectrum provides a reference to determine the depth of the dam-

amorphization since defect production d_omi_nated the_ PrOage. The energy calibration for these measurements: Energy
cess. The amorphous layer induced by ion implantation inkev)=6.13x Channel number 81.03.

oxides recrystallizes epitaxially by furnace heating, the acti-
vated process proceeding from an underlying seed crystal. ) 1 )
With the assumption that the observed epitaxial recrystalli-1he quantity of 1O released is greater than that for the
zation of annealed Pbimplanted sampléin air) is a ther- 900 °C implanted sample. Following RT implantation most
mally activated process Whitt al22 obtained a rather low Of the retained'®0 atoms are weakly and become more un-
activation energy of 0.77 eV. It can be expected from thestable during post-irradiation annealing. In addition, the
regrowth curve reported by théfthat epitaxial regrowth hump around the markl (at a depth of~465 nnj in Fig.
could proceed at a temperature as low as 225 °C. It is alsd(b) shows some residual end-of-range defects formed at the
interesting to compare this with our result obtained frominterface region between the implanted and unimplanted lay-
500 °C 80" implanted SrTiQ. Our implantation tempera- ers. These results illustrate that dynamic annealing effects
ture is much higher than the critical regrowth temperatureare very different from post-irradiation annealing effects,
during the post-irradiation annealing. Moreover, during high-since amorphized material requires thermal energy to con-
temperature irradiation the annihilation and agglomeration ofribute both to(1) recovery of crystallinity and2) activation
point defects are more probable than during post-irradiationyf the implanted species. For better recovery of the damage,
annealing: the effect of dynamic annealing is that they pigher post-irradiation annealing temperature must be cho-
sample was never amorphized. RBS and ion channeling studep " Even so, when the amorphized layer recrystallizes, it
ies [Fig. 1(a)] showed that some extended defe8ch as  5ymally contains disoriented regions and thus is more
d_|slocat|0n loopsremained within the implanted layer €SP granular than the initial single crystal, leading to a deteriora-
qally near the end OT the range. However, the defect densit ion in material quality. The dynamic annealing in the crys-
is much lower than in the post-iradiation annealed sampl?alline material implanted at high temperature may be seen as
(i.e., annealed at similar temperature, see bgltmaddition, . 1 Imp thig P y 8
even following higher temperature post-irradiation anneal 2" Ncrease '? .the effective thre§hold energy density for
morphizatiof’ since defect annealing dominates defect pro-

ing, the regrown amorphous layer may be more granular thaﬁ ion. S ded def in i th il
the initial layef® or the layer formed by the high-temperature duUction. Some extended defects may remain in the materia

implantation. Positive confirmation of the detailed defect2S @ result of agglomeration of point defects. Note that in our
structures will require cross sectional transmission electroff@S€ the total implantation processing time was about 1 h,
microscopy observations. allowing plenty of time for dynamic annealing.

Calibrated 80 concentration distributions are shown in It would be of interest also to compare our post-
Fig. 6 for 500 °C(line 2), RT (line 1), and RT plus 500 °C irradiation annealing data with the results of C. W. White
annealedline 3) samples. Note that th&®0 dose retained €t al?” For the PB implanted SrTiQ sample (540 keV,
after post-irradiation annealingFig. 6, line 3 is only 34%  1Xx10'%cn? at 125 K White et al. reported that the anneal-
for that in the RT sampléFig. 6, line 1. It can be seefFig.  ing condition(400 °C 30/min, in air is sufficient to achieve
1(b), line 3] that xmi, is equal to 33% at the top surface complete epitaxial crystallization of the amorphous layer.
increasing to 72% at a depth of 230 nm. It is clear that theThe value ofy,,, behind the surface peak is about 9% in
RT implantation and post-irradiation annealing resulted intheir Fig. 45, which is better than 33% for our RT implanted
much less recovery of damage, in spite of the N@RBe 3in  SrTiO; after post-irradiation annealingb00 °C/45 min, in
Fig. 6) observation showing diffusion and exchange of abouflowing oxygen ambient Fig. (b), line 3]. It seems that
66% of the retained®0 with 0 in the annealing ambient. White et al. achieved better recovery at a lower annealing



57 OBSERVATION OF DYNAMIC ANNEALING EFFECTSN.. .. 5673

temperature, probably due to the different “amorphous” de- IV. SUMMARY

fect .S‘tr.u ctures_obtamed by heavy (Rband light (O) ion Single crystal SrTiQ has been irradiated with 200 keV
irradiation. Whiteet al. noted that although the damage layer 185 ions to a dose of 5 10'/cr?, at room temperature and
crystallized epitaxially, the regrown layer has a high densitysgq o Implantation at 500 °C resulted in dynamic anneal-
of defects relative to the unimplanted near-surface regiofy,g effects, ion channeling showingy;, of 3% in the near-
because the aligned RBS count in the implanted region aftegrface region. An important observation is that the retained
annealing is considerably greater than that in the unim<8g in the sample shows a flat-topped distribution and at
planted regiorf? least 77% of the retained®O occupies substitutional sites.
In addition, our research shows similar dynamic annealingsimilar effects are observed in single crystal Lajl@Ve
for 80 implanted LaAIQ at 500 °C. Figures (&) and 7b)  conclude that suitable high-temperature implantation can be
shows random and channeled RBS spectra from 500 °C imapplied to(1) dope impurities into oxide single crystals with-
planted LaAIQ (200 keV 80", 5x 10 cn?). Identical RT  out amorphization ané2) control the residual damage level
irradiation produced an essentially amorphous layer to a@nd redistribution of implanted ions.
depth of ~400 nm?* Dynamic recovery of the damage is
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