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The formation of nano-dimensional metallic Al precipitates in alumina due to the reduction
of the host matrix as a result of ambient temperature ion implantation of Y ions is
examined. The formation and growth of Al precipitates are dependent on both the Y ion
dose and the energy available to the matrix, as reported here. Reducing the ion dose from
5 x 10" to 2.5 x 10" ions/cm? results in smaller precipitates; 10.7 + 1.8 nm to

9.0 nm =+ 1.2 nm, respectively, for incident ion energies of 150 keV, based upon particle size
measurements obtained using energy filtered transmission electron microscopy. Below a
fluence of 2.5 x 10’8, particle formation is not detected. The energy available to the matrix
was varied; first, by controlling the incident ion energy (varied between 60 and 150 keV)
while holding the substrate at ambient temperature, and second, by controlling the
substrate temperature (varied between 44 and 873 K) while holding the incident ion energy
constant at 150 keV. Experiments conducted with incident ion energies of 110 keV or higher
produce crystalline Al precipitates; whereas implantations at 100 keV produce amorphous
Al particles and implantations at 60 keV produce no detectable precipitates. The
implantations carried out as a function of temperature produce successively smaller
precipitates with decreasing temperature to 77 K (6.7 &= 1.0 nm), below which no
precipitates are detected. An Arrhenius activation energy for the formation of the
aluminum precipitates of 1.7 kJ/mole has been calculated using the volume of precipitates
formed as a function of inverse temperature. This low activation energy suggests that
radiation enhanced diffusion (RED) is responsible for particle growth during these
implantations. © 2001 Kluwer Academic Publishers

1. Introduction 1.2. Implantation as a particle-forming

1.1. Motivation mechanism in alumina

Dielectric materials with unusual optical propertieslon implantation provides a mechanism with which to
have awide variety of possible applications which rangentroduce a relatively large local concentration of an
from photoluminescent silica substrates to transparerglement into a substrate at some depth beneath the sur-
dielectrics with nonlinear optical responses such as aface. If the implanted element has a low solubility limit
intensity-dependentindex of refraction. The former aren the substrate material it is not energetically favorable
interesting because of their high efficiency atroom tem+for the element to remain in solution. In this situation
peratures and the latter are promising candidates fqorecipitation and/or chemical reaction will take place if
applications in the area of optical waveguide technolthe energy barriers to those processes can be overcome
ogy [1-4]. These two examples are similar in that thewith the available thermodynamic and kinetic energy.
desirable properties are the result of a fine dispersioiThis process of implanted ion precipitation has been
of nano-sized €~15 nm) metallic or semiconducting extensively studied in aluminum oxide substrates.
particles embedded in adielectric substrate. lonimplan- There are only a few elements that will form
tation is one of several techniques which readily lendsxanoparticles in alumina as a result of ion implan-
itself to the configuration and fabrication requirementstation alone. Those elements include Ag [5] and Nb
of these types of devices. Hence, nanoparticle formaf6] implanted to fluences in the 1®ions/cnt range.
tionin dielectric materials viaion implantation has beenMetallic nanoparticles of Fe [7, 8] will also form

a technique that has been studied intensively in the reén alumina during implantation if the iron is im-
cent past. planted to fluences of 10 ions/cn? or greater. lon
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implantation of~10 Au [9], Si or Ge [10] ions/cth  other researchers who did not report the formation of
carried out with the substrate held at elevated temper@luminum particles following ion implantation of vari-
atures will also cause precipitation and particle for-ous elements in ADs, including Ni, Mn, Ge, Ag, Cu,
mation. The heat introduced to the substrate during-€, and Si. The lack of Al particle formation in these
implantation provides the energy required for precip-cases is thus consistent with this mechanism of particle
itation of the implanted element. Post-implantationformation via reduction.

heat treatment is another way to introduce extra en-

ergy into an implanted system and is sometime
required for precipitation and particle formation in
alumina.

S'2. Experimental

The sapphire substrates used in this research were
donated by Saphikon Inc. and have been experimen-
tally determined to be [021] in orientation. The

. 10cmx 10 cmx 0.72 mm optically polished substrates
1.3. Previous research .y were cut into 1 cmx 1 cm pieces using a slow speed
Previous research [11, 12] has shown thation implantagiamond saw. The samples were annealed at 1800

tion of y(t)tlreiunl inrtT?z[OZ 01.] .[O 21] sapphirg, toadose ¢, gg hours to remove residual polishing damage and
of 5 10 Y */cn', administered at energies betweeng g re 5 crystalline structure throughout the substrate.

100 and 150 keV and at ambient temperature, will Pro-rhe crystallinity of the substrate surface was verified

duce metallic aluminum nanoparticles in alumina in by electron channeling in a scanning electron micro-

agreement with the predictions of equilibrium thermo- e, e (SEM) using a backscattered electron detector
dynamic principles. These nanoparticles were showntg 4 10 keV electrons [11].

have a lattice parameter of 0.412 am.002 nm, and g jpitial implantations of singly charged Y ions
an average particle size 12.5 nm. T_hls lattice paramry+y were performed with an ion implanter coupled
eter is close to that of pure, metallic Al (0.404 nm). \\ i o high vacuum end station. The pressure during
Electron energy loss spectroscopy (PEELS) was use plantation was maintained a6 x 10-° Pa. The lat-

to demonstrate the metallic nature of the Al found,, implantations of ¥ and all other ions were con-
in these particles by allowing the examination of the y,cteq in the Surface Modification and Characteriza-
low loss (0-40 eV) region of the electron energy 10SSjqn Fagility in the Solid State Division of Oak Ridge

spectrum which may be used to differentiate metallicy ationa| Laboratory. The vacuum was held in the range
and oxidized Al. Energy filtered transmission electrony¢ 13-4 p5 and the implantation was carried out in an

microscopy (EFTEM) further confirmed the presenceg,on jon implanter utilizing the Freeman ion source
of metallic Al in the particles themselves by allow- o,niquration. The accelerating potential ranged be-
ing electron images to be formed using only electrong,yeen 60 and 150 keV, and yielded singly charged ions
that have experienced the energy loss characteristic of; iose energies.
metallic Al. _ _ Examination of as-implanted substrates was carried
The mechanism of formation of .these Al partlplesout using TEM, energy dispersive spectrometry (EDS),
does not appear to be supersaturation and precipitatiobeg| s and EFTEM. TEM. EDS and PEELS experi-
which is the most common mechanism for the forma o5 were carried out at the Georgia Institute of Tech-
tion of metalllc p_art|cl_es in an_OX|de matrix as descrlbednolOgy using a field emission gun transmission electron
in Section 1.2, in which ion implanted elements form ;e q5cone operated at 200 keV with a typical operat-
particles comprised of the implantedion. The substrateﬁ]g intensity of 16—2QuA. The particle measurements
in this study, in contrast, are implanted with Y and thegqm pright field TEM images are reported, in accor-
resulting particles are comprised of Al. Lattice diSSOCI- 4416 with the literature, as a particle size range with
ation and the formation of particles from the cation of 5 5yerage size and associated standard deviation. This
the host Ia}ttlce have been reported_ prewou;ly [13__19]7I'EM is also equipped with a 576 pixel 384 pixel
however, in these cases the matrix material was irfa-cp camera. a light element EDS detector and a par-
diated with high energy (MeV range) electron or néu-ye| getection electron energy loss spectrometer with a
trons. The matrix material in this study was implanted, 5 iaple size entrance aperture.
W't.h relatlvel_y IOV‘.’ energy 1ons. Thergfore, the ”.“eCh_' The optical absorption measurements were recorded
anism of lattice dissociation due to high energy '”ad"using either a Lambda-9 or a Cary 500 dual beam spec-
ation does not appear to be active either. The mechgz,hotometer. The absorption presented here is labeled
nism for the production of free metallic aluminum is «ge|ative Absorbance” and was collected with an unal-
the reduction of the alumina substrate by the implantedeyeq sample of the substrate material in the reference
yttrium ions, [12, 20] via beam, resulting in a plot of differential, or normalized
absorption. The relative absorbance is plotted with a
Al203 +2Y = 2Al + Y03 (1)  dimensionless ordinate with a maximum of approxi-
mately unity.
The Gibbs free energy values for the free energy of this EFTEM makes it possible to perform chemically
reaction over the range of temperatures appropriate teensitive imaging using electrons which have experi-
these experiments are negative, indicating that this rea@nced the inelastic energy losses associated with pass-
tion is thermodynamically possible. Conversely, a sim-ing through a thin foil TEM sample. Each element
ilar calculation for a different implant ion yields posi- causes electrons that have interacted with it to expe-
tive free energies for many of the implantations done byrience a characteristic set of energy losses. This energy
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loss spectrum provides a fingerprint of the element: 1
present in the sample. In some cases this type of spe g9 | 5x10"
troscopy can also differentiate between different oxi-
dation states. By separating the electrons with differen
energy losses at the exit face of the electron energy§
loss spectrometer, introducing an energy selecting sy<x
tem that allows only electrons with a specified loss.8
to pass through the system, and finally redispersingﬁ
those allowed electrons with a set of magnetic lense&
in correspondence with their real space distribution 3
a chemically sensitive image may be formed. In this®
work the plasmon or valence region of the spectrun
is used to differentiate between oxidized and metallic
Al. This region is considered the low-loss region and
extends from O to~40 eV loss. In a few cases im-
ages were formed using electrons with a larger energy
loss characteristic of a core electron interaction. Thq:igure 1 Relative optical absorption spectra from the incident ion flu-
EFTEM experiments were carried out at Oak Ridgeence series of Y-implantations into alumina showing the slightintensity
National Laboratory in the Metals and Ceramics Di- differences between the implantation of various fluences and the lack of
vision’s Radiation Effects and Microstructural Anal- @ similar absorption feature in the low fluence implant.

ysis Group (REMAG) using a Gatan Imaging Filter
(GIF™) interfaced to a Philips CM30 TEM operated
at 300 kV. All energy-loss images were 53512 pix-

els in size and were gain normalized to eliminate any:L Obticalab . forthi ies ofimol d
artifacts resulting from variation in the electrical re- ptical absorption spectra for this series ofimplante

sponse of the pixels of the CCD. The low-loss images'substrates ar_e_shown in Fig. 1. '_I'hethree largest fluence
were recorded with an exposure time of second |mplants exhibit sétr_ong abso_rptlon feqtures at 240 nm,
and an energy-selecting window of 5 eV. Images acwh'le the 1x 10° |on§/cn? |mpla_nta_t|on_ shows no
quired using core-loss electrons were recorded with aﬁwdence of an absorption feature indicative of the pres-

exposure time of 30 seconds and an energy-selectin ce of nanoparticles_. The most strikir_mg distincti_on be-
window of 30 eV. Further detail is given elsewhere een thes_e spectra is the difference In absorptlon_fea-
(11, 21-23) ture intensity, with the higher fluence implants having

absorption peaks with greater intensity. These spectra
have been normalized to the spectrum with the lowest
3. Results relative absorption value at 800 nm.

The preliminary work presented in the introduction . | EM €xamination via imaging and electron diffrac-
raises a number of issues regarding the formation ofOn Of this series of implantations shows that only the
metallic Al particles in alumina. The experiments re- substrates which demonstrate an absorption peak con-

ported here investigate the processes involved in thgain.crystalline mgtallic Al pa.rticlles as seen pictoriaI.Iy
evolution of Al particle formation in alumina during " Fig- 2. The particles range in size from 7—14 nm with
implantation. Two critical factors expected to affect par-2verage sizes of 9.0 nmel._Z nmand 10.7 nr- 1.8 nm
ticle formation include the energy available to the freefor the 2.5 and & 10'® ions/cn? implants respec-
Al atoms which form via reduction and the concentra-tively. The substrate implanted with the smallest flu-
tion of those ions in the region of particle formation. €Nce shows no diffraction evidence suggestive of par-
These variables must be indirectly investigated by malicles- EFTEM experiments carried out on this sample

nipulating the implantation parameters that are knowrf2/S0 Show no indication of diffraction or compositional
to affect particle formation in other systems, namely,contraSt of any kind, indicating that this sample does

ion fluence, incident ion energy and implantation
temperature.

200 250 300 350 400
Wavelength (nm)

from 7.4 to 2.3 at % for fluences of610 and 1x
06 Y+/cn?, respectively [24].

298 K 298K 298 K

150 keV Y+ 150 keV Y+ 150 keV Y+
3.1. lon fluence series .5 X 1016/.Cm.2 o 2.5.x 1.01f/fm2 1 x 1016/cm2
Altering the ion fluence, or number of ions per unit area-, « ;70;,1 . Ve '.;'- o0 "
incident on the sample will affect the maximum con- |+ 2% ¢ oW etins S
centration of ions at the peak of the implantation profile.| /&’ #** -/ A
All previous experiments have involved the implanta-|, « ':- ' oy /\ L
tion of 5x 10'® ions/cn?. The effects of reducing this |, * N = ]
fluence to 4, 2.5 and ¢ 10'6 Y+ ions/cnt at 150 keV  |» 20=0.410 nm \ | " a0=0.406 nm

are now presented. All other implantation parameters
such as temperature and current density have bee
held constant. The free Al concentration is expectea
to scale with the concentration of the ¥t the peak of  Figure 2 Graphical summary of the incident ion fluence series of
the concentration profile, which is predicted to changer *-implantations into alumina.

N

decreasing fluence
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not contain any detectable type of metallic Al clusters.stant while the incident ion energy was reduced from
The lack of particle formation in the low-end implant 150 keV, an energy known to produce crystalline par-
suggests that there is a lower limit to the concentraticles, to 130,110, 100 and 60 keV. The Al clusters
tion at which the implantation of yttrium into alumina formed during implantation at 150, 130 and 110 keV
will result in Al particle formation. This lower limit were crystalline (Fig. 3) while those formed during the
would appear to occur between approximately 2.3 at %400 keV implant were noncrystalline [23]. The sample
and 5.1 at %, the predicted peak concentration profilesnplanted at 60 keV did not demonstrate any particle
[24] corresponding to % 10 and 25 x 106 Y+/cn?,  formation. This information is summarized pictorially
respecively. on the vertical axis of Fig. 4.
The differential optical absorption spectra for this se-

ries of implantations are shown in Fig. 5. The 150, 130
3.2. Incident ion energy series and 110 keV implantations demonstrate absorption fea-
When surface sputtering considerations are taken inttures at 240 nm, 240 nm and 242 nm, respectively. The
account a change in the accelerating energy of the incie0 and 100 keV implanted substrates exhibit no obvious
dent ions will only marginally affect the concentration absorption features indicative of crystalline nanoscale
of implanted ions at the peak of the ion profile while particles. The higher energy implants result in absorp-
radically altering the energy available for ion/lattice tion peaks of greater intensity. These spectra have been
interactions [24]. Thus it is possible to vary the inci- normalized to the level of the spectrum with the low-
dent ion energy while holding the peak implanted ionest absorption value at 800 nm in order to eliminate
concentration approximately constant. The incidentiorthe “background” absorption due to the increased col-
energy may be critical to the formation of the Al parti- oration of the substrates implanted at high energies.
cles which result from the implantation of*vinto alu- TEM analysis of the implanted substrates in this
mina. A series of implantations has been performed irseries reveals crystalline metallic Al particles pre-
which all other implantation parameters (fluence, cursent in the 150, 130 and 110 keV implanted substrates.
rent density, temperature, ion, substrate) were held conFhese samples show absorption features near 240 nm.

Figure 3 Bright field TEM images of the particle-bearing members of the incident ion energy series of implantations showing a slight particle size
decrease with decreasing energy. A) 150 keV-nplant, B) 130 keV Y -implant, C) 110 keV Y -implant. Inset in B) shows diffraction pattern
from implanted region in B); diffraction rings result from the particles produced from implantation; main spots result from the single crysité subst
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Figure 4 Graphical summary of the results of the implanted ion energ

and controlled temperature series of ¥mplantations into alumina.
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Figure 5 Relative optical absorption spectra from the incident ion en-
ergy series of Y -implantations into alumina showing the presence of ab-
sorption features for the 150, 130, 120 and 110 keV implantations and tht
lack of similar absorption features for the 100 and 60 keV implantations.

The particle sizes varied slightly with implant energy,

Wavelength (nm)

3.3. Implantation temperature series

The total energy available in the substrate at a given
current density to both the implanted ions and the free
Al atoms can be influenced by controlling the available
thermal energy. The previously presented implantations
were carried out with the substrate attached to the sam-
ple implantation block with conductive paint. This con-
figuration allows some of the beam-generated heat to
be transferred to the sample block; however, there was
a small amount of beam heating of the substrate. This
beam heating was kept to a minimum by keeping the
beam current density low, in the 1+3 range. In the
following series of experiments, the substrate tempera-
ture was varied by actively heating or cooling the sam-
ple block during implantation. Four different implan-
tation temperatures were investigated; 873 K, 298 K,
77 K and 44 K. All other implantation conditions were
kept constant, with the implantation of a 150 keV low
current density beam of % 10 Y * ions/cnf.

The differential optical absorption measurements re-
sulting from these substrates are presented in Fig. 6. The
dramatic difference in the absorption features indicates
immediately that there is a large difference in the parti-
cle morphology of the four substrates. The high temper-
ature implantation exhibits an intense, sharp absorption
peak at 240 nm, while the liquid nitrogen temperature
implant (77 K) exhibits a weaker, much broader absorp-

Ytion peak at 258 nm. The lowest temperature implant
carried out at 44 K exhibits no obvious absorption fea-
ture at all.

TEM examination of these substrates shows that
the 873 K implant contains large, spherical particles
ranging in size from 22-43 nm with an average size
of 34 nm+5 nm, see Fig. 7a. These particles pos-
sess a polycrystalline diffraction pattern that identifies
them as metallic aluminum with a lattice parameter of
0.409 nmt= 0.002 nm. As described earlier, the 298 K
sample contains metallic aluminum particles with an
average size of 10#1.8 nm, Fig. 7b. The 77 K
(—196 °C) temperature implanted substrate contains

873K

12
1

b
o0

Relative Absorbance
o o
S =S

0.2 +

yielding particles with average sizes of 10.7 #m
1.8 nm, 10.5 nm-1.9 nm and 9.0 nm 1.6 nm for
the 150, 130 and 110 keV implanted substrates, respe
tively. In all cases the implanted substrate material wa:
amorphous, consistent with the microhardness mee
surements. Since the lower energy implantations did
not produce particles although their microhardnesse

indicated an amorphous surface layer it appears thaj

200

250

300
Wavelength (nm)

350

400

Eigure 6 Relative optical absorption spectra from the temperature con-
trolled series of Y -implantations into alumina showing the intensity
fferences between implantations carried out at varying temperatures

the formation of such a layer is not necessarily a resultng the lack of a similar absorption feature in the lowest temperature

of, or responsible for the reduction of the substrate.

implant.
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Figure 7 Bright field TEM of the A) 873 K, B) 298 K and C) 77 K ¥-implants into alumina.

very few crystalline particles which range in size from 3.4. Calculated volume fraction
5-8 nm with an average size of 6.7 and.0 nm, of metallic aluminum
see Fig. 8c. There are so few of these contained imtn order to further investigate the feasibility of the
the large amorphous region of this substrate that ngdea that the Al particle formation is the result of
polycrystalline pattern can be detected, despite théonimplantation-induced reduction, the total experime-
obvious diffraction contrast that makes the particlesntal volume fraction of Al present in the implanted sub-
visible. The lowest temperature implantation (44 K) strates (VEp) is calculated in this section and com-
does not appear to contain any features demonstrapared with the volume fraction of metallic Al that is
ing diffraction contrast when examined with TEM theoretically possible (VP, assuming that each in-
(not shown). cident ion produces one Al atom via reduction of
PEELS and EFTEM experiments both confirm thatthe substrate. It should not be possible for the ra-
the particles present in the 873 K implantation aretio of these volume fractionsR= VFgp/VFT) to ex-
metallic aluminum. Fig. 8 shows a series of energy fil-ceed unity within the framework of the proposed
tered images at 15, 25 and 40 eV loss used to confirrmechanism.
the particles’ identity as metallic Al. The use of PEELS  This ratio (R) may be calculated using particle size
and EFTEM to identify the metallic Al phase is pre- measurements from EFTEM images and certain pa-
sented elsewhere [21-23] and for brevity will not berameters of the ion implantation as determined by
discussed in detail here. EFTEM on the 77 K implantPROFILE [24]:

reveals quite a different picture of this sample than was b

seen in conventional TEM. Fig. 9 shows an EFTEM Z (f’nRﬁ) Ni

series of images which reveals that the particles are i1

Al and that the density of particles is greater than the Rp(area)

TEM analysis indicates (see Figs 7c and 9). The par-

ticles that appear in the 15 eV loss image (Fig. 9) and rR— VFer _ 3)
which do notappear in conventional bright field (Figs 7c VFr Doser/Densitys

and 9) are assumed to be amorphous as they exhibit no Re

diffraction contrast. The particles in the EFTEM im-

age have a size range of 7-12 arnthe 2 nm resolu- where the theoretical upper limit of the Al volume frac-
tion expected from a 15 eV-loss plasmon image. Botftion (VFy) is found using the retained dose (Dgke
PEELS and EFTEM of the lowest temperature implan-the density of metallic Al (Densify) and the total
tation (44 K) reveal a lack of any type of signal or implanted volume (1 c#). The experimentally deter-
contrast indicative of the presence of aluminum parti-mined volume fraction of Al (VEp) is found by sum-
cles in the examined portion of the TEM thin foil. This ming the volumes of the particles measured in an
null-result, in conjunction with the lack of diffraction EFTEM image and dividing by the implanted volume
contrast and diffraction pattern seen in TEM and thein each measured areR{and Area). In this equation,
lack of an optical absorption peak all lead to the con-the summation of the particle volume is accomplished
clusion that the substrate implanted at 44 K did notin a distributed manner by definirigj as the radius of
experience any measurable Al particle formation. theith bin, Ni as the number of particles whos radium
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Figure 8 Series of EFTEM images from the 873 K'Yimplant into alumina. Image A) is a 15 eV-loss image, B) is a 25 eV-loss image and C) is a
40 eV-loss image.

lies within the radium range of theh sorting bin and in these experiments is50 nm, this appears to be a
b as the number of 2 nm bins required to sort the parreasonable assumption. Should the particles reside in a
ticle sizes. The 15 eV-loss images were used for theskarger region, the volume of implanted material would
measurements because of the high contrast and highbe underestimated resulting in a volume fraction that
particle density visible in the EFTEM images. errs toward a larger percentage. Conversely, if the par-
This method of volume fraction calculation is found ticles reside in a smaller volume, the volume fraction
to yield values that lie between the volume fractionsvalues would be artificially low.
calculated using the simple average particle diameters An additional assumption concerns the form of the
measured from TEM and those measured from EFTEMarticles themselves. The particles are considered to
images [25]. The “distributed” volume fractions W=  be spherical in shape and composed of fully dense Al.
reported here are used for further discussion. Shape variations could cause volume calculation errors;
A number of assumptions were made in these calcuhowever, for most of these substrates the particles ap-
lations. First, it is assumed that the particles reside irpear generally spherical. All particles in a designated
a layer of material with a thickness equal to the rangearea of the EFTEM image were measured.
of the original implantationk). It is further assumed The values for the experimentally determined and
that the whole volume of this implanted material is con-the theoretical maximum volume fractions for the im-
tained within the TEM thin foil pictured in the measured planted substrates are compared in Table I. The first
image area. Considering thatmost TEM foils are atleasimportant trend to note is that all of the experimen-
100 nmin thickness and that the largest projected rang&l volume fractions are significantly lower than the
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Figure 9 Series of EFTEM images from the 77 K*¥implant into alumina. Image A) is a bright field image, B) is a 15 eV-loss image, C) is a
25 eV-loss image and D) is a 40 eV-loss image.

theoretically predicted maximum values. This showsmaterial cannot be measured without imaging the im-
that it is possible for the reported doses of implantedblants in cross section, which proved to be problematic
ions to produce the amount of free Al required tofor these substrates. Both the theoretical and experi-
form the particles imaged in these substrates, consisnental volume fractions use the projected rangg) (
tent with the proposed mechanism. Initially, it appearsof the implanted ions as the relevant thickness in the to-
that these experimental volume fractions may be contal volume calculation. Itis not reasonably expected that
sistently under-estimated due to the assumptions madbe particles would reside in a region thicker than this
in the calculations. In particular, the thickness of therange because the concentration of the implanted ion
layer in which the implanted ions and/or particles re-is very low outside this region. It is possible, however,
side is uncertain. This thickness of the particle-bearinghat the particles are present over a smaller thickness. If
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TABLE | Comparison of theoretical and experimental aluminumvol- 2.5
ume fraction
VFt, theoretical VIep, experimental 24
Implant Conditions volume fraction (%) volume fraction (%)
150 keV, 5x 101 14.9 75 8151
Y+/cn?, 298 K E ’
130 keV, 5x 10' 15.8 7.8 A
Y+/en?, 298 K &
150 keV, 2.5¢ 106 8.2 48 £ 17
Y+/cn?, 298 K
150 keV, 5x 106 14.9 11.4
Y+icn?, 873 K 051
150 keV, 5x 106 14.9 1
Y*iem?, 77 K
50 keV, 5x 106 16.6 5.1 0 i b ; | ‘ ‘
Caf/cm?, 298 K 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

1T (K)

the thickness of the particle bearing region is reducedfigure 10 Arrhenius-type plot of In(%VEp) vs. 1/T showing the linear

the experimentally measured volume fraction value in_temperature dependence of the Al volume fraction measured from the
. . . . temperature controlled series of ¥mplantations.

creases. The same situation occurs if the full thickness

of the particle-bearing material is not contained in the

region of the TEM foil imaged. The first source of er- the absolute volume fraction uncertain, but it allows a
ror can not be investigated without examination of aconfident comparison of the two calculations. The fact
cross sectional sample. However, efforts were made ifhat the experimental volume fractions are, in every case
the imaging and measurement process to take partickmaller than the theoretical maximum volume fractions
measurements from regions of the sample that exhibindicates that the reduction of the substrate by the im-
ited the greatest visible particle density. This precautiorp|anted ion in each case would be more than sufficient
ensures that the whole particle range is contained in thg supply the Al that is imaged in each substrate in
section of the thin foil represented in the image. Thethe form of particles. In addition, those implantations
fact that the average TEM thin foil thickness is approx-carried out under special conditions and expected to

imately twice as thick as the maximum range for anyhave varied volume fractions follow the expected trends
of the implantations studied here is additional assuryery well.

ance that this source of error has been minimized. With
these stated considerations, it appears that the compar-
ison of theoretical and experimental volume fractions3.5. Dependence of volume fraction on
indicates that the implanted ions are capable of produc-  implantation temperature
ing the volume of Al imaged in these substrates. An examination of the temperature dependence of the
The implantations carried out at different tempera-volume fraction values (Vip) as a function of im-
tures should have the same retained dose and approglantation temperature sheds light on the kinetics of
imately the same concentration profile of implantedthe particle formation process discussed earlier. All
ions; however their different thermal histories give riseof the implantations in the varied temperature series
to different amounts of Al in the detected particles.were carried out at the same incident ion energy, to the
The implantation carried out at 77 K should contain asame incident ion dose and at the same approximate
smaller volume of metallic aluminum particles basedcurrent density; therefore, the implantations took ap-
on the restricted amount of thermal energy availablgroximately the same amount of time. Therefore, the
for particle formation as compared with a similar room volume fraction estimates may be viewed to a first ap-
temperature implant. This assumption was supportegroximation as an Al particle formation rate. When
by the peak intensities seen in the optical absorptiorthe natural log of a temperature dependent rate is plot-
spectra for these samples. It is also supported by th&ed versus the inverse of the temperature at which the
much lower experimental volume fraction. Conversely,process took place, an activation energy may be de-
the 873 K implantation should contain a larger volumetermined from the resulting line if the trend is linear
of Al in particle form due to the greater amount of (Arrhenius-dependent). This analysis was carried out
thermal energy available for diffusion during the im- using the experimental volume fraction data E¢f
plantation. Again, the optical absorption peak intensi-from the substrates implanted at 873, 298 and 77 K
ties support this conclusion, as does the experimentand the resulting plot and its linear trendline are shown
volume fraction calculation in Fig. 10. The activation energyl) determined from
In conclusion, the assumptions inherent in the experthe slope is quite low at 1.7 kJ/mole. Typical activation
imental estimation of the volume fraction can introduceenergies for the diffusion of Alin polycrystalline and
a significant error. However, the most problematic assingle crystalline alumina range froril10 kJ/mole to
sumption concerns the volume of material containingmore than 650 kJ/mole [26—29]. However, the effects of
the Al particles. This estimate could cause the greatiradiation can significantly enhance diffusion in these
est amount of error; however, it was used for both theypes of materials by lowering the diffusion activation
theoretical and experimental calculations. This makegnergy during the implantation, as will be discussed.
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4. Summary and discussion deposited per ion per unit length significantly higher
The importance of the energy that is incident on, andhan they are in reality. Because of the complexity of
present in the substrate during™Yimplantation to  precisely determining these values and the misleading
the formation of Al particles has been demonstratechature of the raw calculations they are not discussed in
through a series of implantations in which both the inci-relation to particle formation here except to note that
dention energy and the thermal energy were controlledan important role is clearly played by the incident ion
see Fig. 4. The roles of both types of energy have beeanergy.
determined by the analysis of experimental data and it The importance of the fluence of the incident (re-
has been shown that both are critical to the formatiorducing) ion was also shown to play a role in particle
of Al particles in reduced alumina substrates. formation, (Fig. 2). It has been shown that the implan-
The highest temperature and energy implantationgation of 5x 10'® Y */cn? results in the formation of
resulted in the formation of crystalline aluminum par- crystalline particles. The implantation of half of this flu-
ticles. The particles were slightly larger in the higherence also results in crystalline particles. The implanta-
incident ion energy implants and significantly larger intion of 1 x 10'® Y+/cn? is insufficient for particle for-
the high thermal energy implantation. This large parti-mation. It is possible that there is a minimum threshold
cle size is the result of the greater thermal energy availeoncentration of Y ions or Al atoms that is necessary
able for the diffusion of the free Al that is produced by for particle formation; however, it is also possible that
reduction of the substrate. This behavior is consistenthe same incident energy dependent factor mentioned
with the expected thermal dependence of atom mobilityabove is responsible for the lack of particle formation in
in solids. The lower temperature implantations appeathis low fluence sample. The actual incident ion energy
to be inconsistent with this trend as they show that thes the same (150 keV) as the other, particle forming im-
atom mobility appears to be significant even at lowerplantations; however, the total energy dose incident on
temperatures (77 K) than traditionally expected. Wherthe substrate is smaller due to the much lower ion flu-
the Arrhenius relationship between the experimentallyence. This difference in total energy dose deposited in
measured particle volume fraction and the implantathe substrate may explain the lack of particle formation
tion temperature is examined, an activation energy o#t this low ion fluence.
~2 kJ/mole (406 cal/mole) is calculated. This activa- It is proposed that the critically important, inci-
tion energy is significantly lower than that expected fordent/deposited energy dependent mechanism that ap-
Al diffusion in alumina. pears to be responsible for the apparently inconsistent
The lower incident ion energy implantation experi- results summarized above is radiation enhanced diffu-
ments (100 keV and 60 keV) that were carried out atsion (RED) caused by the ion implantation treatments.
room temperature produced predominantly amorphouBRED allows the activation energy for atomic diffusion
Al clusters and no Al clustering, respectively. This re-in a solid to be significantly reduced during ion implan-
sult is inconsistent with the assumption that Al par-tation. For example, Arnolét al. [32] and Mazzoldi
ticle formation relies solely on the presence of suffi-[30] have shown that Rb diffusion in R®-SiO; glass
cient thermal energy for diffusion of the free Al atoms. can have activation energies ranging from 1-4 kJ/mole
Based on the results of the other room temperature imduring heavy ion irradiation. This range is compara-
plantations, there appears to be enough thermal enerdye with the calculated activation energy of 1.7 kd/mole
available in both low incident energy experiments forfor the Al particle formation process studied here. The
crystalline particle formation, however, no such parti-presence of RED during implantation would also ex-
cles are detected. These results indicate that there ain the formation of Al particles even at temperatures
an important, incident energy dependent factor asidsignificantly below the limit where “normal” diffusion
from the thermal energy that affects the particle for-processes become insignificant due to reduced thermal
mation in these substrates. The exact effect of the inenergy. The occurrence of a significant amount of dif-
cident energy on the deposited energy in the substratiesion below room temp is characteristic of RED [31],
is difficult to determine due to sputtering of the surfacewhich is only heavily dependant on temperature above
material during implantation. It would be expected that~298 K [32]. Pivin and Colombo have seen definite
lower energy ions would result in both ion and energyevidence of RED at temperatures as low as 100 K and
deposition profiles that are narrower and closer to thesuspect that it occurs at lower temperatures, but were
substrate surface than their higher energy counterpartanable to detect the very small particles that would re-
However, when surface sputtering is taken into accounsult using X-ray diffraction. At temperatures as low as
the ion profiles of high and low energy implants are44 K it is possible that even RED is suppressed due
surprisingly similar, with nearly equal concentrationsto either the very low defect mobility and/or the tem-
and depths. This effect is due to the higher sputterperature dependence of particle nucleation. If RED is
ing coefficient for the lower energy ions. The changingstill active at this temperature, the volume fraction of
sputtering coefficient also affects the deposited energparticles formed, according to the calculated activation
profile for the lower energy ions. Much of the mate- energy is so small as to be undetectabl®.(L%).
rial that absorbs implanted ion energy will be sputtered Lastly, the presence of RED in this system also ex-
away by the time the implantation is complete and thaplains the lack of particle formation in both the 60 keV
material is not taken into account when finding the fi-and 1x 10 ions/cn? implantations. The 60 keV im-
nal thickness (depth) of the implanted material. Thisplanted substrate was subjected to a large fluence of low
effect makes the low energy calculations of the energyenergy ions, while the other underwent irradiation with
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a small fluence of high energy ions. It appears that nei-6.
ther implanted substrate experiences the effects of ra-
diation enhanced diffusion and therefore the “normal”
activation energy of Al in alumina would apply in these
circumstances. The magnitude of this ordinary acti- g,
vation energy (100-650 kJ/mole) would prevent the
diffusion required for Al particle formation during a 9
room temperature implantation. The 60 keV sample
may not experience particle formation as a result o
a reduced defect concentration, an important factor in
RED. The low fluence implanted substrate was exposed
toions with sufficient energy to produce defects, but thel1.
small magnitude of the implant may shorten the implant1
time sufficiently to prevent particle formation at room 75
temperature. 14,

In conclusion, there are three mechanisms responsi-
ble for the formation of Al particles in alumina sub- 15.
strates implanted at moderate temperatures. First, re-
duction of the substrate by the implanted ion must take
place. Thermodynamic calculations show that this reacy7
tion is possible for the ¥ Al ,O3 system. Itis assumed
that the reaction goes to completion in all implantedis.
substrates and experimental evidence from many of thle
substrates has shown that is does occur. Second, the ac-
tivation energy for the diffusion of Al in the substrate g
is lowered by the effects of RED; and third, there must
be sufficient thermal energy to overcome that lowered?!-
activation energy and cause Al diffusion.
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