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Cross-sectional transmission electron microscopy study of 1.5 MeV Kr +

irradiation-induced amorphization in a-quartz

W. L. Gong®
Department of Earth and Planetary Sciences, University of New Mexico, Albuquerque, New Mexico 87131

L. M. Wang and R. C. Ewing
Department of Nuclear Engineering and Radiological Sciences, The University of Michigan, Ann Arbor,
Michigan 48109

(Received 20 March 1998; accepted for publication 22 July 1998

Cross-sectional and high-resolution transmission electron micros€§p¥EM and HRTEM,
respectively have been used to characterize ion-beam-induced amorphizatieguartz irradiated

with 1.5 MeV Kr" ions at room temperature. The accumulation of damage and the growth of the
amorphous layers in quartz were studied as a function of ion fluence upxd.@¥ions/cnf. An
amorphous band was first observed at the peak displacement damage range, and this region
increased in width with increasing ion fluence. These results demonstrate that direct displacement
damage by nuclear collision is more efficient than ionization processes in inducing amorphization in
quartz. At lower fluences<t1.7x 10'% ions/cnf), the damage profile observed by XTEM is in
excellent agreement with the distribution of displacement damage predictegiMycalculations.

At higher fluences, the range of the amorphous band measured by XTEM exceeds the depth
predicted bytriIM. © 1998 American Institute of Physids$$0021-897¢28)09920-4

I. INTRODUCTION energy loss profile with the actual damage distribution, the
A, . . mechanism mainly responsible for the damage may be un-
Silica in Its cryst_alllne a_nd _amorPh‘?“S forms has_a wide erstood. Cross-sectional transmission electron microscopy
spectrum of |_ndustr|al appl|2cat|ons in integrated optics ancfXTEM) is a necessary tool of the investigation of
microelectronic teghnqlogﬁl. Fo_r example,c_y-quartz_ has irradiation-induced damage because it provides a direct mea-
been _used fpr fabrication of optical Wa_vegmfieﬂd PI€Z0- g rement of the damage distribution and detailed microstruc-
electric -dewgeé. A fundamental .reql_urement_ for opnpal tural information on the damaged zone, such as the presence
waveguides in transparent materials is to define a region ol amorphous regions and the size, density, and chemical

high refractive index within a lower index material. lon nature of defect aggregates. The purpose of this article is to

beam tgchnlqges haye bee.” appheq to directly create th%port on the formation and growth of the amorphous layers
wavegwdg region by |mplgnt|ng chermcal dopants to chapg%ue to 1.5 MeV Kf irradiation in quartz at room tempera-
the refractive mt_jex_or by6|on-beam-|ndu_ced dama_ge WhICh re. We have characterized the accumulation of damage in
lower the refractive index® The refractive index profile of a quartz with increasing ion fluence using XTEM. The XTEM
quartz waveguide has been studied as a function of ide observations are compared to theim calculations which

7 : PR ; +
flue+nce. Implj'r:m_tatlon of metallic ions such as Ti Cu_, rovide the basis for the analysis of the results.
Ga’, and Ag" into quartz substrates has been prewou:sl)}3

performed in order to form a conductive surface layer to

resolve problems with packaging and hermetic sealing of &- EXPERIMENT

microsensor devicé® In this previous work, Rutherford Slices of~200 um thick were cut from a single crystal
backscattering ~ spectroscopy  channeling  experimentss , quartz parallel to thé1010 plane. The slices were pol-
(RBS-Q were extensively used to provide depth profiles oficheq tg 4 5q.m in thickness using 9—3@m diamond films.
the implanted ions and radiation-induced damage zone, anghe holished slices were then drilled into 3-mm-diam disks.
these proflles_ were then compared to simulations fremw Only the side of a quartz disk, later polished by 0,08
code calculations. _ ~_ colloidal silica, was irradiated by 1.5 MeV Krions.

_ Amorphization can be induced by rad|0IyS|sl or loniza-  The jrradiation was carried out at the HVEM-Tandem
tion in electron and light-ion irradiated quaftz." Amor- Facility at Argonne National Laboratory. This facility con-
phization can also be induced by _dlsplacemeng cascade Praisis of a modified Kratos/AEI EM7 high-voltage electron
cesses by the heavy ion irradiation of quaftZ® For the microscopgHVEM) and a 2 MeV tandem ion acceleratdr.

energetic charged particles, energy loss is mainly throughhe seven quartz disks for XTEM were irradiated with 1.5
both ionization and elastic collision processes. The two typegiav kr* ions at room temperature, to the following flu-

of energy loss of energetic ions in solids are both depth deznces: 1.% 102 85x102 17102 3.4x 103 5.1
pendent, as is the damage distributtérBy comparing the 1713 g5« 1013 and 1. 10 ions/cn?. Several pre-
thinned transmission electron microscopyEM) samples
3Electronic mail: wgong@unm.edu were also irradiated with 1.5 MeV Krions using the
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FIG. 1. Calculated distributions of energy loss displacement damage in
quartz and amorphous silica; SiO,, from 1.5 MeV Kr' irradiation based
on TRIM-95.

HVEM-Tandem Facility within situ TEM observations. The
critical fluence for amorphization of quartz was %.20'
ions/cnt for a maximum thicknes$~300 nm) that can be
penetrated by 300 keV electrons duriimgsitu TEM.

The cross-sectional specimens were prepared using the C
so-calledT-tool technique which is a modified tripod polish-
ing technique’® The irradiated surface of the disk was first
glued to a silicon wafer. The glued specimen was sectioned
perpendicularly to the irradiation surface and was then pol-
ished down to the thickness at which the silicon wafer be-
came transparentfor yellow—orange birefringence, the
thickness is~1 um). The specimen was ion milled for sur-
face cleaning and final thinning~4 keV Ar* ions, 7°-9°
sputtering angle In this process, the silicon strip was used
to monitor the sample thickness, as the color of the |igth|G- 2. XTEM micrographs sh(znyving the damage strtzx_:ture as a function of
transmitted through a silicon strip depends upon the silicor" ﬂuglngc.e at 32? Kta) 1.7 10 ionsfer, (b) 8.5x 10" ions/cnf, and(c)
sample thickness as well as the type of light sodfcBe- .7X 10~ ions/cnt. The unit length of the vertical bar on the left is 500 nm.
cause of the minimal ion-milling tim&0 min or lesy arti-

facts arising from lengthy ion milling can be avoided. Mostrings, overlapping the sharp diffraction maxima, indicating
of the TEM analysis was performed using a JEM 2000FXthe presence of amorphous volumes embedded in the still
microscope. High resolution transmission electron microscrystalline matrix. This is confirmed by the corresponding

copy (HRTEM) analysis was performed using a JEM 2010HRTEM image (Fig. 3. The image shows amorphous re-
microscope with a Gatan® 694 slow scan charge coupled

device camera. Both microscopes were operated at 200 keV. _

The distribution of atomic displacements per ion and en- R 5%*%*{33‘2
ergy loss due to ionization are shown in Fig. 1 as functions NS :
of depth. The results were calculated usimgiM-95 (full
cascades'® and a displacement energy of 10 eV for both Si
and O in quart?!

IIl. RESULTS AND DISCUSSION

XTEM micrographs(Fig. 2) show the early stages of
damage accumulation in quartz. In all the micrographs, the
specimen surface shown in the upper part of the picture is
covered by the epoxy and the depth scale can be easily de-
duced.

A damage zone formgFig. 2(a)], after a fluence of 1.7
X 10 jons/cnt (~0.01 dpa at the peak deptfihe damage
layer lies at a depth of 550—850 nm below the surface, cor-

reSP_Onding to the peak displacement depth. The mi‘?rOdifFlG. 3. HRTEM image from the damage layer at a depth of appropriately
fraction pattern of the damage layer reveals two diffuser00 nm after a fluence of 17102 ions/cnf.
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isurface:

FIG. 5. HRTEM image of the amorphous-crystalline interface in the upper
portion of the cross section after a fluence of>X4 0" ions/cn?. Discon-
inuous lattice and twisted lattice fringes with mottled contrast suggest that

FIG. 4. HRTEM image of the upper portion of the cross section at a deptI{he upper zone is not completely crystalline

of 300 nm after a fluence of 110" ions/cnt. The strain center resemble
those found in the electron-irradiateacquartz where ionization effects were
dominant(see Refs. 10 and 19

range (400—900 nmy while it is only 0.03 for the near-

surface rang€é0—400 nm. The amorphous layer is homoge-
gions embedded in the crystalline matrix, suggesting thaheous in image contrast, lacking of diffraction contrast from
amorphization of Kf-irradiated quartz occurs through a het- local bending, and is confirmed by the diffraction halo pat-
erogeneous displacement process instead of a homogenedas and HRTEM imaging. The interface between the amor-
process, by which a gradual increase of point-defect concerphous layer and the upper crystalline zone is not skigig
tration leads to a gradual change in image characteristic fror). Furthermore, the top zone is not perfectly crystalline. The
that of a perfectly crystalline to an aperiodic matetfalhe lattice fringes are discontinuous or twisted and exhibit
homogeneous mechanism consists of a structural relaxationottled contrast as shown by Fig. 5, which may be due to a
process of a highly damaged quartz matrix, triggered by digh concentration of point defects or the presence of small
critical point defect concentratidf. In contrast, the near- amorphous volumes. As compared with Fig. 4 taken at a
surface portion of the cross section, corresponding to théower fluence, the lattice fringes show “fuzzy” contrast in
region with maximum electronic energy loss, is mostly crys-the matrix. This suggests that amorphization may also pro-
talline as evidenced by both XTEMFig. 2(@)] and HRTEM  ceed in slower homogeneous manner when ionization domi-
images(Fig. 4). Individual strain centers appear in the crys- nates the near-surface region.
talline matrix. This type of strain center has been reported in  The present XTEM results are consistent with the
electron-irradiated quartz and coesite high-density poly- RBS-C measurements on ion-beam-induced amorphization
morph of SiQ) for which ionization is the dominant amor- of quartz by Harbsmeier and Boié&There is a critical flu-
phization proces$:~23The strain centers formed at the initial ence at which a buried amorphous layer formed. At higher
stage of electron irradiation can be nucleation sites for amorfluences, the continuous amorphous layer grows toward the
phous area& This indicates that the damage in the uppersurface and into larger depths.
portion of the cross section is indeed dominated by ioniza- Figure 6 presents a set of XTEM micrographs showing
tion processes. As shown in Fig. 1, the dominant energy losthat amorphization proceeds toward both the top surface and
is by ionization at the near surface portion of the specimenthe interior regions of the quartz crystal under continued ir-
The collisional displacement profile for quaftzsing density  radiation at room temperature. After a fluence of>319'3
2.65 g/cni) reaches its peak at a depth of 500—-800 nm andons/cn?, the amorphization front is at a depth €950 nm,
ends at a depth of 950 nm. The damage profile observed bgnd the upper crystalline portion of the specimen that was
XTEM is in excellent agreement with that for the displace-observed at a lower fluende.g., 1.7 10* ions/cnf), has
ment damage predicted byrim calculations for quartz. been fully amorphizedFig. 6(@)]. The fluence is 0.06 dpa at
XTEM results indicate that direct displacement by nuclearthe near-surface region and 0.14 dpa at the peak displace-
collision is more efficient in inducing amorphization in ment depth. For comparison, the prethinned TEM sample
quartz than the ionization process. was amorphized at a relatively higher flueneel(2x 10

At a fluence of 8.% 10'? ions/cnt, a continuous amor- ions/cnf) as indicated byn situ TEM. However, the XTEM

phous layer has developed from the previously formed damresults indicate that a surface laye®50 nm in thickness is
age layer at a depth of 600—800 r(m0.04 dpa at the peak fully amorphized at a relatively low fluence (%40
displacement rangeas shown by Fig. ®). After a fluence ions/cnf). During thein situ experiments using the HVEM-
of 1.7x 10" ions/cnt, the amorphous layer has grown to- Tandem Facility, a 1.5 MeV Krion beam was used to irra-
ward the surface, and it spans across a depth range of 40@#ate the specimen, and a 300 keV electron beam was used
900 nm, with the presence of a crystalline-dominated zonéor thein situ TEM observations. Thus, the effect of concur-
on the near-surface portion of the specinfiig. 2(c)]. The rent irradiation with electrons on ion-ionization-induced
displacements per atom is 0.07 for the peak displacememmorphization should be considered. The concurrent effect
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FIG. 7. HRTEM image of the amorphous—crystalline interface within the
bottom portion of the cross section after a fluence of<I1@™ ions/cnf.

The irradiation-induced strain field is evident in the region close to the
interface as indicated by the dark contrast.

measurements for 250 keV ions atk10™ ions/cnt on
quartz using optical microscopy and Rutherford
backscattering® Arnold found that there is a threshold value
for collisional energy deposition at which the effective or
extended damage depth begins to markedly exceetRine
values. As the XTEM results showsig. 6a)], complete
amorphization is reached within theim calculated range,
950 nm, at a fluence<3.4x 10 ions/cnf. The change in
density of quartz, from 2.65 g/chfior a-quartz to about 2.25
FIG. 6. XTEM micrographs showing continuous growth of the amorphousg/C'TF for amorphous silica 4-Si0,), is caused by amor-
layer with increasing ion fluence at 300 K3 3.4x 10" ions/cnf, (b) 85  phization. The damage profile was then recalculated using
X 10* ions/cnt, and(c) 1.7x 10" ions/cnt. The unit length of the vertical  TR|m-05 assuming a density of 2.25 g/éror a- SiO, with an
bar on the left is 500 nm. ion fluence=3.4x 10" ions/cnf. A shown in Fig. 1, the
calculated damage range now shifts to a deptk 8200 nm.
However, our XTEM results indicate that the amorphization
of electron irradiation on ion-induced amorphization hasdepth still exceeds therim predicted value ira-SiO,. The
been observed to retard ion-induced amorphization in Siiscrepancy in the damage range between the XTEM and
crystals® Electrons of low energy may retard the process ofTRIM results may be explained by the effect of irradiation-
ion-induced amorphization through ionization-enhancednduced stress as suggested for ion-irradiated glasses by Ar-
point defect diffusion and recombinatiéh?’ Also, a free nold et al®® Large strain fields may be produced at the
surface may act as a sink for point defects. Therefore, arystalline—amorphousc{a) interface due to the volume
higher critical fluence for ion-induced amorphization of the expansion in the amorphous material. The dark contrast in-
thin foil specimen is to be expected. dicate that a large gradient of stress exists in the deeper crys-
With the ion fluence increased to 510" ions/cnt, talline region close to the interfad€ig. 7). Plastic or vis-
the amorphization front has moved to a depth~df100 nm  cous flow can be produced during ion-irradiation-induced
below the surface. After a fluence of &30 ions/cnf, the  amorphization’®~33Some part of energy may be transported
amorphization front is at a depth f1250 nm[Fig. 6b)]. = beyond the end-of-range along the stress gradient through
With a fluence up to 1.X 10" ions/cnt, the amorphization point defect diffusion. Thus, ion implantation in glasses in-
front had extended to a depth of nearly 1400 [iifig. 6(c)].  cluding amorphous silica, produces structural modifications
Data in Fig. 6 indicate that with increasing ion fluence, theat depths greater than those of the implanted ion rahgae
amorphous layer may extend into the deeper regions of thexistingc—a interface may play an important role in causing
quartz crystal, far beyond the damage range predicted by thbe extension of the amorphous layer into the undamaged,
TRIM calculations(Fig. 1). The range ratio of the theoretical underlying region of the crystal. Pre-existioga interfaces
an the XTEM measured valueRyrem/Rrriv IS Close to 1 can act as nucleation sites for amorphization leading to
for the quartz irradiated at lower ion fluences 1.7 10  amorphous layer growth in $Ref. 34 and coesité®
ions/cn®). In this case, the upper portion of the cross section  The discrepancy in the damage range between the
for the quartz crystal is not fully amorphized. However, for XTEM and TRIM results may be also explained by the di-
high ion fluencese.g., 1.7 10* ions/cnf) Ryrem/Rrrm  Mensional change caused by the irradiation. The relative di-
increases to~1.5. Arnold has completed systematic rangemensional change has been reported to-11©% for quartz
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during 340 keV Xé irradiation (~10'* Xe*/cm?) at 458 Wwas completed in the Microbeam Analysis Facility of the
K.*' Mechanical surface profiling has revealed that largeDepartment of Earth and Planetary Sciences at the Univer-
compressive stressés 1.5 GPabuild up at the low fluences  Sity of New Mexico. This study has been supported by the
for which the amorphous layer has not extended to théffice of Basic Energy Sciences and the Environment Man-
surfacé®* The stresses are released at higher fluences aft@@ement Sciences Program, U.S. Department of Energy un-
the amorphous layer extends to the surface. The stress rder Contract No. DE-FG02-97ER45656.
lease is accompanied by a significant reduction of the atomic
density by ~19%2* The surface profile measurement of
quartz irradiated with 50 keV Naat a fluence of X 10 1 G. H. Beall, inSilica: Physical Behavior, Geochemistry, and Materials
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