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Origin of MeV ion irradiation-induced stress changes in SiO 5
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The 4 MeV Xe ion irradiation of a thin thermally grown Sid@lm on a Si substrate leads to four
different effects in which each manifests itself by a characteristic change in the mechanical stress
state of the film: densification, ascribed to a beam-induced structural change in the silica network;
stress relaxation by radiation-enhanced plastic flow; anisotropic expansion and stress generation;
and transient stress relaxation ascribed to the annealing of point defects. Using sensitive
wafer-curvature measuremenits,situ measurements of the in-plane mechanical stress were made
during and after ion irradiation at various temperatures in the range from 95 to 575 K, in order to
study the magnitude of these effects, the mechanism behind them, as well as their interplay. It is
found that the structural transformation leads to a state with an equilibrium density that is 1.7%—
3.2% higher than the initial state, depending on the irradiation temperature. Due to the constraint
imposed by the substrate, this transformation causes a tensile in-plane stress in the oxide film. This
stress is relaxed by plastic flow, leading to densification of the film. The anisotropic
strain-generation rate decreases linearly with temperature front (24x 10~ 1" cnéfion at 95 K

to (—0.9+0.7)x10 Ycnflion at 575 K. The spectrum of irradiation-induced point defects,
measured from the stress change after the ion beam was switched off, peaks below 0.23 eV and
extends up to 0.80 eV. All four irradiation-induced effects can be described using a thermal spike
model. © 2000 American Institute of Physid$s0021-897@0)00513-2

I. INTRODUCTION While our previous experiments have given general in-
sight into the effects occurring during irradiation, several is-
During ion irradiation of a solid, ionization events and sues have remained unclear:
atomic collisions occur in the near-surface region. Thes
may give rise to three different phenomena that can induce
change in the mechanical stress of the irradiated region.
First, morphology changes can take place.Second,

?al) What is the interplay between structural transformations
and viscous flow? At what stage during irradiation does
densification due to the structural transformation take

radiation-induced Newtonian plastic flow may take place, in place?
[ P Y may taxe place, ‘(v_‘Z) How does the densification depend on irradiation tem-
which the stress relaxes at a rate that is proportional to th perature?

magnitude of the stress® Third, a nonsaturating anisotropic
stress generating effect may occur in which an in-plane stre
builds up (perpendicular to the direction of the ion
beam.*®The latter effect was originally discovered when | this article we will present stress measurements, made
free amorphous films showed anisotropic growth duringiy the temperature range between 95 and 575 K that allow us
high-energy irradiatioff;it has been found to occur in amor- 5 resolve these issues. In addition, we present transient
phous materials only, when irradiated with ions in the MeV gtress measuremerstter the ion beam is switched off. From
energy range. In contrast, morphology changes and NewtoRnese we find a fourth irradiation-induced effect: the genera-
ian plastic flow have been observed for both crystalline andion of volume-occupying point defects with an annihilation
amorphous materials at energies in the keV and MeV rangegctivation energy spectrum that depends on irradiation tem-
In the past, we have shown thatsitu measurements of perature. From the stress transients we derive the defect
the mechanical stress using a sensitive wafer-curvature megpectrum. Finally, we show that the four irradiation-induced

surement technique can provide detailed information on theffects in SiQ (densification, plastic flow, anisotropic stress
three radiation-induced effects mentioned ab%)_\?eThese generation’ and point defect genera}ime all thermal

measurements were made on thermally grown, 3ilths on  spike-related phenomena.

a Si substrate. The radiation-induced viscosity was deter-

mined as a function of irradiation temperature, and its mag-

nitude was explained by a thermal spike mdt#&lle also Il EXPERIMENT

measured the in-plane anisotropic strain generation rate at Experiments were performed on 2ua-thick SiO,
room temperaturé? films grown by wet thermal oxidatiof.100 °Q on 95um-
thick double-side polished Qi00) substrates. Rectangular

dAuthor to whom correspondence should be addressed; electronic maiﬁampleS(S%ZS mnf) were clamped at one end to a copper
polman@amolf.nl block, leaving the other end free to bend. The clamp tem-

s(g) What is the temperature dependence of the anisotropic
strain generation process?
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FIG. 1. In situ measurements of the average in-plane stress in u#-4-
thick SiG, film on a 95um-thick S(100) substrate as a function of the 4

MeV Xe fluence(dotted line$. The data were taken at 95, 295, and 575 K

and each represents a set-6200 data points. The solid line is a model fit
of Eq. (3) to the 295 K data.
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FIG. 2. Diagrams of the free enerd@y as a function of the density of the
SiO, film, p, that schematically illustrate the following ion-irradiation in-
duced effects(a) effect of structural changes in the Si@m, (b) densifi-
cation by viscous flow, an¢t) the combined effect of viscous flow and the
in-plane stress generating effect. It should be noted that in practice these
effects occur simultaneously.

that compressive stress is defined positive in this article. The
initial compressive stress is attributed to the elastic strain
caused by the difference in thermal contraction of the,SiO

perature was kept constant in the range between 95 and 5fifm and the Si substrate upon cooling the wafer from the

K by cooling with liquid N, or by resistively heating the
copper block. Subsequently, the Si@lms were homoge-

oxidation temperature to the measurement temperature. We
attribute the large initial stress change during ion irradiation

neously irradiated by electrostatically scanning a 4.0 MeVto changes in the SiOnetwork configuration. Indeed, from
Xe*" beam over the sample at an ion flux in the range loptical scattering measurements it is known that ion irradia-
X 10'-5x 10*?jons/cnt s Rutherford backscattering shows tion of SiO, can cause changes in the network topology and

that the projected range of the Xe ions was 16% (well
within the oxide film thicknessand that the full width at half
maximum of the Gaussian Xe depth profile was O.61.

A scanning laser technique was usedraitu measure

O-Si-0 bond angle distribution, leading to a new structural
state with a higher equilibrium density.

Figure 2a) schematically illustrates how such a struc-
tural change could result in a change from a compressive to

the radius of curvature from the back surface of the sampl@ tensile stress state. The two parabolas represent the free

while it was irradiated from the front. Details of this tech-

nique are described elsewhéfeFrom the radius of curva-
ture the average in-plane stress in the Sfibn, o, can be
derived, using the biaxial elastic modulus of1%i0).!* Local

energy,G, as a function of the densitlp) of the SiG film

for two structural configurations. The parabola minima cor-
respond to the zero strain state in each particular configura-
tion. A deviation to the right from the zero strain state cor-

variations in film and wafer thickness limit the absolute de-responds to a compressive stress state, a deviation to the left
termination of the stress ta6 MPa, but stress variations in to a tensile one. The initial compressive stress state of the
a sample can be measured as accurately as 0.3 MPa. In t18s0, film in its initial configuration(l) is represented by the
article, compressive stress is defined to be positive. The awolid dot on the dashed parabola. During irradiation a new
erage in-plane straile can be calculated from the in-plane structural configuration, 1l, with a lower free energy
stress using the biaxial elastic modultgy of the oxide  minimum® evolves as is indicated by the solid parabola. If
film: €= o/Yox.****In addition, ion irradiation experiments the density does not change, e.g., because the film is con-
were performed on gm-wide and 1um-deep trenches that strained by a substrate, this radiation-induced transformation
were fabricated in a 2em-thick thermal oxide on a 32am-  to the new structural state is indicated by the vertical arrow,
thick Si wafer using reactive ion etching. The distance begnd leads to a tensile stress.
tween the trenches was Jum. Before and after irradiation After the maximum tensile stress has been reached, fur-
the trenches were studied with scanning electron microscopyher irradiation causes the stress to approach its saturation
(SEM) using a 25 keV electron beam. value after a fluence of 10'*Xe/cn?. This stress change is
attributed to radiation-induced plastic flof which serves
to relieve stress in the material. Note that this stress relax-
ation is accompanied by an increase in the density. The pro-
cess of densification by viscous flow is illustrated pictorially
in Fig. 2b).1

Figure 1 shows three measurements of the average in- The fact that some stress measurements in Fig. 1 saturate
plane stress in the SiQ film as a function of Xe fluence, at a nonzero value for high-fluence irradiation indicates the
taken at a temperature of 95, 295, and 575 K. At all thes@resence of a continuous in-plane stress generating
temperatures, the ion irradiation causes the initially compresproces$:® The nonzero saturation stress results from a dy-
sive stress to turn tensile, reach a maximum tensile stress aamic equilibrium between this stress generating effect and
a fluence of (1-2x 10" Xe/cn?, and finally saturate. Note viscous flow that serves to relax the stress. The effect of

Ill. RESULTS AND DISCUSSION

A. Structural changes, viscous flow, and stress
generation during irradiation
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viscous flow and the stress generating effect is depicted ir <.
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The stress behavior as a function of fluengedue to \I

the combined effects of structural changes, plastic flow, anc i

the anisotropic stress generating effect, can be described bA 20
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data. The fit matches the data quite closely, indicating that ar 5

exponential strain evolution model as in EB) describes the 7+ JJL i N S S S S TN S N S R —
structural transformation quite well. Slightly better fit results 0 100 200 300 400 500 600
are achieved by separately fitting the low-fluenee<(3 Temperature (K)

X 103 Xe/cn?) and high-fluence¢>3x 103 Xe/cn?) data.

The low-fluence fits will yield more accurate values fgy F'G-t_?’- P?rametlerf deSC“tt’ing th;?‘e_ ragisti?_rt‘t'_i“d%ef f:egtsti“_ Si'E_Ca asa
. : unction or sample temperature, obtaine y Titting 0 the aata In Fig

and b as the structural transformations take place durin : (a) relative change in equilibrium densit§h) radiation-induced viscosity,

low-fluence irradiation. The high-fluence fit will give more (c) in-plane stress generation rate.

accurate values fopgap andA, which are characteristics of

structure 1. Using this fit procedure for the 295 K data in

Fig. 1, we find that ¢s=(1.40+0.15)x10"Xe/cn?,  dependent values ofp(—p))/p;, 7rap, andA obtained by

Prap=(2.9+0.6)x10°Paion/cmd, and A=(1.2+0.4) fitting Eq. (3) to these curves are plotted in Fig. 3. Values

X 10 Y emPlion. obtained at other temperatures not shown in Fig. 1 are in-
From this fitting procedure we also find that at 295 K cluded as well.

€=(—0.26:0.01)% ande;=(0.7+0.1)%. It follows that Figure 3a) shows that the equilibrium density change

the relative difference in equilibrium densifye., in the un-  decreases from 3.2% to 1.7% for irradiation temperatures

constrained staje of structures | and Il g,—p)/p increasing from 95 to 575 K. Extrapolating the data to high

=—3(g—€)=(2.90.3)%, in agreement with typical val- irradiation temperature, no densification is expected Tor
ues for the density change obtained from refractive index>900K. This is plausible since at high temperatures the
measurements for irradiation of bulk Si@lasses:”> Note  glass is nearer to its equilibriutas-grown structure and ion
that the structural transformation model in Figa)2assumes irradiation will not lead to a large structural change.
that the transformation itself does not involve a density  Figure 3b) shows the radiation-induced viscosity as a
change. Indeed, this assumption appears justified by the fafiinction of sample temperature. It is approximately constant
that the amount of densification obtained from our measureat a value ofyrap=(2.9+0.3) X107 Paion/cm between 95
ments using this model agrees well with values reported irand 295 K and decreases at higher temperatures. In a sepa-
the literature. rate publication the radiation-induced flow was discussed in
Figure 1 shows that the stress measurements taken at %8rms of a thermal spike mod®In which macroscopic stress
295, and 575 K exhibit qualitatively similar behavior and relaxation is caused by viscous flow in hot regions of meso-
each curve can be described by E8). The temperature scopic dimensions resulting from the energy deposition of
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individual Xe ions. This model correctly predicts the magni-
tude and the temperature dependence of the radiation-
induced viscositydashed line in Fig. ®)]. Since the densi- =
fication of the SiQ film as described above occurs through
viscous flow, the densification process can also be described
in terms of a thermal spike model.

Figure 3c) shows the anisotropic stress generation rate
(A) as a function of sample temperature. It decreases roughly
linearly from (2.5+0.4)x 10 *"cn/ion at 95 K to (—0.9
+0.7)x 10" Y cnflion at 575 K. It is interesting to compare
this observation with measurements on bulk silica glasses
that were irradiated with 360 MeV Xe ions. In those experi-
ments anisotropic growth of the irradiated samples was ob-
served, and this effect also decreased with temper&iTinés
suggests that the anisotropic growths for 4 and 360 MeV Xe
irradiation share a common origin. The anisotropic stress
generation process can be described by a thermal spike
model in which it is assumed that the energy deposited by a
MeV Xe ion in nuclear collisions and electronic excitations
causes local melting in a cylindrically shaped region around
the ion track'® The shear stress that builds up due to thermal
expansion of this heated region relaxes and the viscous shear
strain increment resulting from this relaxation freezes in
upon cooling. Due to the anisotropic shape of the thermal
spike region, this leads to a net in-plane expansion of the
oxide layer, and shrinkage in the perpendicular direction.
Trinkaus and Ryazanov have derived a viscoelastic con-
tinuum modet® which yields A=(1.16/3)[(1+v)/(5
—4v)](alpC)S, with v, a, p, C, andS Poisson’s ratio, the
thermal expansion coefficient, the density, the specific heat
of the irradiated film at the flow temperature, and the energy

deposited per unit length by a Xe ion, respectively. Using _ _ _ _ _
FIG. 4. Cross section SEM images of a a0rwide trench in a 2#m-thick

iA17,18 ; -
kI’IOV\irL parz_ametgrs for Spl we find that A_ ]_"4 thermally grown SiQ film on Si before irradiation@), and after 4 MeV
x 10 Y cnflion, in the same range as what we find in ourjradiation with 3x 10' Xe/cn? at room temperaturé) or 575 K (c). The

measurementgsee Fig. &)]. The decrease of with in- ion beam was directed perpendicular to the surface.
creasing irradiation temperature may be due to the fact that at
high temperature the in-plane strain that is generated by each ) o
thermal spike is partly relaxed after the thermal spike phas8- Transient effects after irradiation: Structural
due to the lower thermal viscosity of the matrix glass at highrelaxatlon
temperaturé®® In the following, we will describe transient measure-
The ion irradiation-induced deformation of a repetitive ments of the stress after the ion beam is switched off. Ex-
pattern of trenches etched in a Sifilm is also a sensitive periments were performed on one sample that was first irra-
alternative probe for the anisotropic stress generatingliated at 95 K at a flux of %10'?Xe/cn?s to a fluence
process. Figure 4a) shows a SEM image of a @m-wide  sufficient to reach saturatiofsee Fig. L After equilibrium
unimplanted trench with sharply defined sidewalls. Thewas reached, the ion irradiation was stopped and the stress
angle of view is such that both the surface of the Silbhn as  was measured as a function of time. The stress chakgge,
well as the cross section are visible. Figurd)4shows a  with respect to the saturation stress during irradiation is plot-
trench that has been irradiated at normal incidence to the filted in Fig. 5 as a function of time. At times shorter than
surface with 3< 10'®Xe/cn? at 4.0 MeV at 295 K. A dra- roughly 1 s after the beam was switched off, no significant
matic deformation of the trench is observed, and is attributeg¢hange in stress occurs. After that, the stress decreases
to the anisotropic deformation phenomenon, as discussewughly linearly on a logarithmic time axis, and a stress
previously? Dividing the relative in-plane expansion of the change of approximately 6 MPa is observed in the first 700 s
SiO, surface (Al/1=0.1) by the ion fluence, the deformation (95 K data in Fig. 5 Note that this stress change is much
rateA is estimated to be 8 1017 cm/ion, of the same order smaller than the changes due to structural transformations
as the value foA at 295 K in Fig. 3b). Figure 4c) shows a and viscous flow during ion irradiation as seen in Fig. 1.
trench after a similar irradiatiorf3x 10'°Xe/cn? at 4.0  After this measurement, the temperature was increased to
MeV) at a temperature of 575 K. Almost no deformation is135 K, and the procedurérradiation to equilibrium stress
observed in this case, in agreement with Fifc)3showing and measuring the stress after stopping the ion bemas
that A is small at higher temperatures. repeated. These data, along with data taken at 195 and 255

@
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FIG. 5. The average in-plane stress change in the 8i@ after the 4 MeV (ev)

Xe ion beam was switched off, measured with respect to the saturatiog g The defect annihilation activation energy spectra that were calcu-
stress, plotted on a logarithmic time scale. Results are shown for samplgeq ysing Eq(4) from the transient stress behavior after the 4 MeV Xe ion
temperatures of 95, 135, 195, and 255 K. At each of these temperatures g, was switched off. Spectra are shown for seven temperatures in the

samples were irradiated with a fluence sufficient to reach the saturatiopémge of 95-255 Kdashed lines The drawn line is a smooth fit through
stress value. The dashed lines are calculations of the stress changes using {ihg spectra, representing the defect annihilation spectrum.

continuous spectrum in Fig. 6 and Ed).

K, are also plotted in Fig. 5. As can be seen, the rate at whicly, heam is switched off, defects are annealing that have

the stress changes decreases with increasing temperature apgation energies which lie in a narrow batatder kT)
above 255 K no substantial stress changes are observed. 5.5und

The negative stress changes in Fig. 5 are qualitatively
similar to what has been observed after irradiation of a soda Qt=KTIn(t-kT/h). (6)

lime borosilicate glass at room temperattf8in that case, The rate at which the stress changes at tirredetermined

it was shown that the stress changes were not driven by thgy the pre-factorD(Q,), in Eq. (4). Vice versa,D(Q) can

stress itself(i.e., are not due to plastic flgwbut can be  pe approximated from the measured time dependence of the

attributed to relaxation to a structure with a higher equilib-gtregé!

rium density. As the film remains constrained by the sub-

strate, this relaxation leads to the buildup of a tensile stress. (g )~ P d(Apl/p) @

The relative change in equilibrium densiiye., in the uncon- YT KT d(In[t-kT/h]) "

strained staedue to this structural relaxation can be calcu- 5, mmarizing this procedure, the defect annihilation activa-

lated _from the change in 'Fhe average m-plan.e stress bﬁfon spectrumD(Q), that expresses the density change as-

Aplp=—3AalYox, wherep is the density of the irradiated  gqiateqd with the annealing of defects with an activation en-

region before the ion beam was switched off. The relatlveergy Q can be approximated by taking the slope of the

density increase that was calculated in this way is shown of,o2<ired curves in Fig. 5 at each tinevheret is directly

the right hand axis in Fig. 5. For example, Bt 95K, we related toQ

. a i 4 )

find thatA.{o/p'— 1.7x10"" after the f'rSF 700 s. . Figure 6 shows the activation energy spectriiQ),
Densification by structural relaxation can be describeqye iyed from the data taken at 95(ke dashed line labeled

by the annealing of volume occupying point defects thalgs k) |t was obtained by first fitting a second-order polyno-

have a spectrum of_ relaxation times. Assuming a Uniyia| to the data in Fig. 5 and then applying E@) to calcu-

molecular recombination mechanism, the time dependenqgteD(Q) from the fit. As can be seen, the calculated spec-

of this densification is given By trum shows a sharp increaseQ# 0.23 eV, implying that no
o significant steady state concentration of defects wih
Ap(t)=Ap..— fo D(Q)-exf —t/7(Q)]dQ, (4)  <0.23eV builds up during irradiation. The spectrum peaks

at 2.2<10%%cm 3eV ! and shows a gradual decrease with
where D(Q) is the density change of the film in units of energy. At 95 K no data were obtained for activation ener-
atomic density per unit energy due to the annihilation ofgies higher than 0.29 eV since the stress measurement was
defects that exhibit a characteristic annealing timeThis  halted after 720 s. Figure 6 also includes activation energy
time depends on the activation ener@,for annihilation of  spectra obtained from measurements at other temperatures

the defect such as, e.g., shown in Fig. 5. As can be seen, a sharp cutoff
h is observed in all spectra, and the cutoff activation energy
T= k—_rexp(Q/kT), (5) increases with temperature. At all temperatures the spectral

density shows a decrease with temperature, and comparing
with k and h Boltzmann’s and Planck’s constants, respec-all spectra measured at different temperatures, they seem to
tively. If the activation energy spectrum is a slowly varying fit on one continuous spectrum that gradually decreases be-
function of energy it can be shown that, at a titrefter the  tween 0.23 and 0.80 eV. To confirm this, a smooth curve
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D(Q) was fitted to the spectra of Fig. @rawn line. The transformation to a state with higher equilibrium density,
time dependence of the stress change was then calculatddnsification by viscous flow, anisotropic expansion, and
using this spectrum and E¢), and the result is shown for point defect generation. The interplay between these effects
four temperatures in Fig. Bdashed lines Good agreement is explained. The densification decreases from 3.2% to 1.7%
with the measured data is observed. The total relative volfor temperatures increasing from 95 K to 575 K. The in-
ume change associated with the annihilation of defects aftqulane strain generation per Xe ion decreases from (2.5
irradiation at 95 K can now be calculated by integrating+0.4)x10 *cnfion at 95 K to (-0.9+0.7)
D(Q) and is found to be 0.05%. X 10~ Y crffion at 575 K. This decrease with temperature

In order to understand the observation of a continuousvas confirmed by a study of the temperature dependence of
defect spectrum, it is important to first realize that defects ar¢he radiation-induced deformation of trenches etched in
produced in a thermal spike, and hence the defect generatiailica. The point defect activation energy spectrum peaks be-
will be independent of the sample temperature. It may bdow 0.23 eV and then gradually decreases until it vanishes
assumed that due to the high temperature in the spike a#lbove 0.80 eV, and the relative volume change due to these
memory of the defect population prior to the spike isdefects is 0.05% at 95 K. All four irradiation-induced effects
“washed out.” After each ion impact the defect annihilation can be described using a thermal spike model.
rate is then determined by the sample temperature and the
annealing activation energy of the defect, as described by E&CKNOWLEDGMENTS
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