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Origin of MeV ion irradiation-induced stress changes in SiO 2

M. L. Brongersma, E. Snoeks, T. van Dillen, and A. Polmana)

FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 18 June 1999; accepted for publication 21 March 2000!

The 4 MeV Xe ion irradiation of a thin thermally grown SiO2 film 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 measurements,in 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 from (2.560.4)310217cm2/ion at 95 K
to (20.960.7)310217cm2/ion 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 Physics.@S0021-8979~00!00513-2#
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I. INTRODUCTION

During ion irradiation of a solid, ionization events an
atomic collisions occur in the near-surface region. Th
may give rise to three different phenomena that can indu
change in the mechanical stress of the irradiated reg
First, morphology changes can take place.1–5 Second,
radiation-induced Newtonian plastic flow may take place
which the stress relaxes at a rate that is proportional to
magnitude of the stress.3–6 Third, a nonsaturating anisotropi
stress generating effect may occur in which an in-plane st
builds up ~perpendicular to the direction of the io
beam!.4,5,7,8The latter effect was originally discovered whe
free amorphous films showed anisotropic growth dur
high-energy irradiation;9 it has been found to occur in amo
phous materials only, when irradiated with ions in the Me
energy range. In contrast, morphology changes and New
ian plastic flow have been observed for both crystalline a
amorphous materials at energies in the keV and MeV ran

In the past, we have shown thatin situ measurements o
the mechanical stress using a sensitive wafer-curvature m
surement technique can provide detailed information on
three radiation-induced effects mentioned above.3–5 These
measurements were made on thermally grown SiO2 films on
a Si substrate. The radiation-induced viscosity was de
mined as a function of irradiation temperature, and its m
nitude was explained by a thermal spike model.6 We also
measured the in-plane anisotropic strain generation rat
room temperature.4,5

a!Author to whom correspondence should be addressed; electronic
polman@amolf.nl
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While our previous experiments have given general
sight into the effects occurring during irradiation, several
sues have remained unclear:

~1! What is the interplay between structural transformatio
and viscous flow? At what stage during irradiation do
densification due to the structural transformation ta
place?

~2! How does the densification depend on irradiation te
perature?

~3! What is the temperature dependence of the anisotro
strain generation process?

In this article we will present stress measurements, m
in the temperature range between 95 and 575 K that allow
to resolve these issues. In addition, we present trans
stress measurementsafter the ion beam is switched off. From
these we find a fourth irradiation-induced effect: the gene
tion of volume-occupying point defects with an annihilatio
activation energy spectrum that depends on irradiation t
perature. From the stress transients we derive the de
spectrum. Finally, we show that the four irradiation-induc
effects in SiO2 ~densification, plastic flow, anisotropic stre
generation, and point defect generation! are all thermal
spike-related phenomena.

II. EXPERIMENT

Experiments were performed on 2.4-mm-thick SiO2

films grown by wet thermal oxidation~1100 °C! on 95-mm-
thick double-side polished Si~100! substrates. Rectangula
samples~5325 mm2! were clamped at one end to a copp
block, leaving the other end free to bend. The clamp te
il:
© 2000 American Institute of Physics
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perature was kept constant in the range between 95 and
K by cooling with liquid N2 or by resistively heating the
copper block. Subsequently, the SiO2 films were homoge-
neously irradiated by electrostatically scanning a 4.0 M
Xe41 beam over the sample at an ion flux in the range
31011– 531012 ions/cm2 s Rutherford backscattering show
that the projected range of the Xe ions was 1.67mm ~well
within the oxide film thickness! and that the full width at half
maximum of the Gaussian Xe depth profile was 0.61mm.

A scanning laser technique was used toin situ measure
the radius of curvature from the back surface of the sam
while it was irradiated from the front. Details of this tec
nique are described elsewhere.10 From the radius of curva
ture the average in-plane stress in the SiO2 film, s, can be
derived, using the biaxial elastic modulus of Si~100!.11 Local
variations in film and wafer thickness limit the absolute d
termination of the stress to66 MPa, but stress variations i
a sample can be measured as accurately as 0.3 MPa. In
article, compressive stress is defined to be positive. The
erage in-plane straine can be calculated from the in-plan
stress using the biaxial elastic modulusYOX of the oxide
film: e5s/YOX .12,13 In addition, ion irradiation experiment
were performed on 3-mm-wide and 1-mm-deep trenches tha
were fabricated in a 2-mm-thick thermal oxide on a 325-mm-
thick Si wafer using reactive ion etching. The distance
tween the trenches was 17mm. Before and after irradiation
the trenches were studied with scanning electron microsc
~SEM! using a 25 keV electron beam.

III. RESULTS AND DISCUSSION

A. Structural changes, viscous flow, and stress
generation during irradiation

Figure 1 shows three measurements of the average
plane stresss in the SiO2 film as a function of Xe fluence
taken at a temperature of 95, 295, and 575 K. At all th
temperatures, the ion irradiation causes the initially comp
sive stress to turn tensile, reach a maximum tensile stres
a fluence of (1 – 2)31013Xe/cm2, and finally saturate. Note

FIG. 1. In situ measurements of the average in-plane stress in a 2.4-mm-
thick SiO2 film on a 95-mm-thick Si~100! substrate as a function of the
MeV Xe fluence~dotted lines!. The data were taken at 95, 295, and 575
and each represents a set of;200 data points. The solid line is a model fi
of Eq. ~3! to the 295 K data.
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that compressive stress is defined positive in this article.
initial compressive stress is attributed to the elastic str
caused by the difference in thermal contraction of the S2

film and the Si substrate upon cooling the wafer from t
oxidation temperature to the measurement temperature.
attribute the large initial stress change during ion irradiat
to changes in the SiO2 network configuration. Indeed, from
optical scattering measurements it is known that ion irrad
tion of SiO2 can cause changes in the network topology a
O–Si–O bond angle distribution, leading to a new structu
state with a higher equilibrium density.1

Figure 2~a! schematically illustrates how such a stru
tural change could result in a change from a compressiv
a tensile stress state. The two parabolas represent the
energy,G, as a function of the density~r! of the SiO2 film
for two structural configurations. The parabola minima c
respond to the zero strain state in each particular config
tion. A deviation to the right from the zero strain state co
responds to a compressive stress state, a deviation to th
to a tensile one. The initial compressive stress state of
SiO2 film in its initial configuration~I! is represented by the
solid dot on the dashed parabola. During irradiation a n
structural configuration, II, with a lower free energ
minimum1 evolves as is indicated by the solid parabola.
the density does not change, e.g., because the film is
strained by a substrate, this radiation-induced transforma
to the new structural state is indicated by the vertical arro
and leads to a tensile stress.

After the maximum tensile stress has been reached,
ther irradiation causes the stress to approach its satura
value after a fluence of'1014Xe/cm2. This stress change i
attributed to radiation-induced plastic flow,3–6 which serves
to relieve stress in the material. Note that this stress re
ation is accompanied by an increase in the density. The
cess of densification by viscous flow is illustrated pictoria
in Fig. 2~b!.14

The fact that some stress measurements in Fig. 1 satu
at a nonzero value for high-fluence irradiation indicates
presence of a continuous in-plane stress genera
process.4,5 The nonzero saturation stress results from a
namic equilibrium between this stress generating effect
viscous flow that serves to relax the stress. The effec

FIG. 2. Diagrams of the free energyG as a function of the density of the
SiO2 film, r, that schematically illustrate the following ion-irradiation in
duced effects:~a! effect of structural changes in the SiO2 film, ~b! densifi-
cation by viscous flow, and~c! the combined effect of viscous flow and th
in-plane stress generating effect. It should be noted that in practice t
effects occur simultaneously.
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viscous flow and the stress generating effect is depicte
Fig. 2~c!.

The stress behavior as a function of fluence,w, due to
the combined effects of structural changes, plastic flow,
the anisotropic stress generating effect, can be describe
the following differential equation:

ds

dw
5YOXS 2

des

dw
2

s

6hRAD
1AD ~1!

in which es is the average local in-plane strain due
changes in the network structure. In the following it is a
sumed that the structural transformation can be describe
a damage overlap model15 in which es changes exponentially
from its initial in-plane strain state,e I , to its final in-plane
strain state,e II , after irradiation

es~w!5e I2~eI2eII)F12expS 2
w

ws
D G ~2!

with ws the typical fluence required for the structural chan
from state I to II. Using this assumption the solution of E
~1! is

s~w!5YOXF ~2e I1eSAT2C!expS 2
YOXw

6hRAD
D

1C expS 2
w

ws
D2eSATG ~3!

in which C56hRAD~eII2eI!/~6hRAD2YOXfs) and eSAT

526AhRAD /YOX , the high-fluence saturation strain. Th
drawn line in Fig. 1 is the best fit of Eq.~3! to the 295 K
data. The fit matches the data quite closely, indicating tha
exponential strain evolution model as in Eq.~2! describes the
structural transformation quite well. Slightly better fit resu
are achieved by separately fitting the low-fluence (f,3
31013Xe/cm2) and high-fluence (f.331013Xe/cm2) data.
The low-fluence fits will yield more accurate values fore II

and fs as the structural transformations take place dur
low-fluence irradiation. The high-fluence fit will give mor
accurate values forhRAD andA, which are characteristics o
structure II. Using this fit procedure for the 295 K data
Fig. 1, we find that ws5(1.4060.15)31013Xe/cm2,
hRAD5~2.960.6!31023Pa ion/cm2, and A5(1.260.4)
310217cm2/ion.

From this fitting procedure we also find that at 295
e I5(20.2660.01)% ande II5(0.760.1)%. It follows that
the relative difference in equilibrium density~i.e., in the un-
constrained state! of structures I and II (r II –rI!/rI

523~eII2eI)5(2.960.3)%, in agreement with typical val
ues for the density change obtained from refractive ind
measurements for irradiation of bulk SiO2 glasses.1,2 Note
that the structural transformation model in Fig. 2~a! assumes
that the transformation itself does not involve a dens
change. Indeed, this assumption appears justified by the
that the amount of densification obtained from our measu
ments using this model agrees well with values reported
the literature.

Figure 1 shows that the stress measurements taken a
295, and 575 K exhibit qualitatively similar behavior an
each curve can be described by Eq.~3!. The temperature
in
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95,

dependent values of (r II –rI!/rI , hRAD , and A obtained by
fitting Eq. ~3! to these curves are plotted in Fig. 3. Valu
obtained at other temperatures not shown in Fig. 1 are
cluded as well.

Figure 3~a! shows that the equilibrium density chang
decreases from 3.2% to 1.7% for irradiation temperatu
increasing from 95 to 575 K. Extrapolating the data to hi
irradiation temperature, no densification is expected forT
.900 K. This is plausible since at high temperatures
glass is nearer to its equilibrium~as-grown! structure and ion
irradiation will not lead to a large structural change.

Figure 3~b! shows the radiation-induced viscosity as
function of sample temperature. It is approximately const
at a value ofhRAD5~2.960.3!31023Pa ion/cm2 between 95
and 295 K and decreases at higher temperatures. In a s
rate publication the radiation-induced flow was discussed
terms of a thermal spike model,6 in which macroscopic stres
relaxation is caused by viscous flow in hot regions of me
scopic dimensions resulting from the energy deposition

FIG. 3. Parameters describing three radiation-induced effects in silica
function of sample temperature, obtained by fitting Eq.~3! to the data in Fig.
1: ~a! relative change in equilibrium density,~b! radiation-induced viscosity,
~c! in-plane stress generation rate.
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individual Xe ions. This model correctly predicts the mag
tude and the temperature dependence of the radia
induced viscosity@dashed line in Fig. 3~b!#. Since the densi-
fication of the SiO2 film as described above occurs throu
viscous flow, the densification process can also be descr
in terms of a thermal spike model.

Figure 3~c! shows the anisotropic stress generation r
~A! as a function of sample temperature. It decreases rou
linearly from (2.560.4)310217cm2/ion at 95 K to (20.9
60.7)310217cm2/ion at 575 K. It is interesting to compar
this observation with measurements on bulk silica glas
that were irradiated with 360 MeV Xe ions. In those expe
ments anisotropic growth of the irradiated samples was
served, and this effect also decreased with temperature.8 This
suggests that the anisotropic growths for 4 and 360 MeV
irradiation share a common origin. The anisotropic str
generation process can be described by a thermal s
model in which it is assumed that the energy deposited b
MeV Xe ion in nuclear collisions and electronic excitatio
causes local melting in a cylindrically shaped region arou
the ion track.16 The shear stress that builds up due to therm
expansion of this heated region relaxes and the viscous s
strain increment resulting from this relaxation freezes
upon cooling. Due to the anisotropic shape of the therm
spike region, this leads to a net in-plane expansion of
oxide layer, and shrinkage in the perpendicular directi
Trinkaus and Ryazanov have derived a viscoelastic c
tinuum model16 which yields A5(1.16/3e)@(11v)/(5
24v)#(a/rC)S, with v, a, r, C, andS Poisson’s ratio, the
thermal expansion coefficient, the density, the specific h
of the irradiated film at the flow temperature, and the ene
deposited per unit length by a Xe ion, respectively. Us
known parameters for SiO2 ,17,18 we find that A51.4
310217cm2/ion, in the same range as what we find in o
measurements@see Fig. 3~c!#. The decrease ofA with in-
creasing irradiation temperature may be due to the fact th
high temperature the in-plane strain that is generated by e
thermal spike is partly relaxed after the thermal spike ph
due to the lower thermal viscosity of the matrix glass at h
temperature.16,19

The ion irradiation-induced deformation of a repetiti
pattern of trenches etched in a SiO2 film is also a sensitive
alternative probe for the anisotropic stress genera
process.4 Figure 4~a! shows a SEM image of a 3-mm-wide
unimplanted trench with sharply defined sidewalls. T
angle of view is such that both the surface of the SiO2 film as
well as the cross section are visible. Figure 4~b! shows a
trench that has been irradiated at normal incidence to the
surface with 331015Xe/cm2 at 4.0 MeV at 295 K. A dra-
matic deformation of the trench is observed, and is attribu
to the anisotropic deformation phenomenon, as discus
previously.4 Dividing the relative in-plane expansion of th
SiO2 surface (D l / l'0.1) by the ion fluence, the deformatio
rateA is estimated to be 3310217cm2/ion, of the same orde
as the value forA at 295 K in Fig. 3~b!. Figure 4~c! shows a
trench after a similar irradiation~331015Xe/cm2 at 4.0
MeV! at a temperature of 575 K. Almost no deformation
observed in this case, in agreement with Fig. 3~c!, showing
that A is small at higher temperatures.
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B. Transient effects after irradiation: Structural
relaxation

In the following, we will describe transient measur
ments of the stress after the ion beam is switched off.
periments were performed on one sample that was first i
diated at 95 K at a flux of 531012Xe/cm2 s to a fluence
sufficient to reach saturation~see Fig. 1!. After equilibrium
was reached, the ion irradiation was stopped and the st
was measured as a function of time. The stress change,Ds,
with respect to the saturation stress during irradiation is p
ted in Fig. 5 as a function of time. At times shorter th
roughly 1 s after the beam was switched off, no significa
change in stress occurs. After that, the stress decre
roughly linearly on a logarithmic time axis, and a stre
change of approximately 6 MPa is observed in the first 70
~95 K data in Fig. 5!. Note that this stress change is mu
smaller than the changes due to structural transformat
and viscous flow during ion irradiation as seen in Fig.
After this measurement, the temperature was increase
135 K, and the procedure~irradiation to equilibrium stress
and measuring the stress after stopping the ion beam! was
repeated. These data, along with data taken at 195 and

FIG. 4. Cross section SEM images of a 3.0-mm-wide trench in a 2-mm-thick
thermally grown SiO2 film on Si before irradiation~a!, and after 4 MeV
irradiation with 331015 Xe/cm2 at room temperature~b! or 575 K ~c!. The
ion beam was directed perpendicular to the surface.
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K, are also plotted in Fig. 5. As can be seen, the rate at wh
the stress changes decreases with increasing temperatur
above 255 K no substantial stress changes are observed

The negative stress changes in Fig. 5 are qualitativ
similar to what has been observed after irradiation of a s
lime borosilicate glass at room temperature.5,20 In that case,
it was shown that the stress changes were not driven by
stress itself~i.e., are not due to plastic flow!, but can be
attributed to relaxation to a structure with a higher equil
rium density. As the film remains constrained by the su
strate, this relaxation leads to the buildup of a tensile str
The relative change in equilibrium density~i.e., in the uncon-
strained state! due to this structural relaxation can be calc
lated from the change in the average in-plane stress
Dr/r523Ds/YOX , wherer is the density of the irradiated
region before the ion beam was switched off. The relat
density increase that was calculated in this way is shown
the right hand axis in Fig. 5. For example, atT595 K, we
find thatDr/r51.731024 after the first 700 s.

Densification by structural relaxation can be describ
by the annealing of volume occupying point defects t
have a spectrum of relaxation times. Assuming a u
molecular recombination mechanism, the time depende
of this densification is given by21

Dr~ t !5Dr`2E
0

`

D~Q!•exp@2t/t~Q!#dQ, ~4!

where D(Q) is the density change of the film in units o
atomic density per unit energy due to the annihilation
defects that exhibit a characteristic annealing timet. This
time depends on the activation energy,Q, for annihilation of
the defect

t5
h

kT
exp~Q/kT!, ~5!

with k and h Boltzmann’s and Planck’s constants, respe
tively. If the activation energy spectrum is a slowly varyin
function of energy it can be shown that, at a timet after the

FIG. 5. The average in-plane stress change in the SiO2 film after the 4 MeV
Xe ion beam was switched off, measured with respect to the satura
stress, plotted on a logarithmic time scale. Results are shown for sa
temperatures of 95, 135, 195, and 255 K. At each of these temperature
samples were irradiated with a fluence sufficient to reach the satura
stress value. The dashed lines are calculations of the stress changes us
continuous spectrum in Fig. 6 and Eq.~4!.
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ion beam is switched off, defects are annealing that h
activation energies which lie in a narrow band~order kT!
around

Qt5kT ln~ t•kT/h!. ~6!

The rate at which the stress changes at timet is determined
by the pre-factor,D(Qt), in Eq. ~4!. Vice versa,D(Q) can
be approximated from the measured time dependence o
stress21

D~Qt!>
r

kT

d~Dr/r!

d~ ln@ t•kT/h# !
. ~7!

Summarizing this procedure, the defect annihilation acti
tion spectrum,D(Q), that expresses the density change
sociated with the annealing of defects with an activation
ergy Q can be approximated by taking the slope of t
measured curves in Fig. 5 at each timet, wheret is directly
related toQ.

Figure 6 shows the activation energy spectrum,D(Q),
derived from the data taken at 95 K~the dashed line labeled
95 K!. It was obtained by first fitting a second-order polyn
mial to the data in Fig. 5 and then applying Eq.~7! to calcu-
late D(Q) from the fit. As can be seen, the calculated sp
trum shows a sharp increase atQ50.23 eV, implying that no
significant steady state concentration of defects withQ
,0.23 eV builds up during irradiation. The spectrum pea
at 2.231020cm23 eV21 and shows a gradual decrease w
energy. At 95 K no data were obtained for activation en
gies higher than 0.29 eV since the stress measurement
halted after 720 s. Figure 6 also includes activation ene
spectra obtained from measurements at other tempera
such as, e.g., shown in Fig. 5. As can be seen, a sharp c
is observed in all spectra, and the cutoff activation ene
increases with temperature. At all temperatures the spe
density shows a decrease with temperature, and compa
all spectra measured at different temperatures, they see
fit on one continuous spectrum that gradually decreases
tween 0.23 and 0.80 eV. To confirm this, a smooth cu

n
le

the
on

the

FIG. 6. The defect annihilation activation energy spectra that were ca
lated using Eq.~4! from the transient stress behavior after the 4 MeV Xe i
beam was switched off. Spectra are shown for seven temperatures i
range of 95–255 K~dashed lines!. The drawn line is a smooth fit through
the spectra, representing the defect annihilation spectrum.
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D(Q) was fitted to the spectra of Fig. 6~drawn line!. The
time dependence of the stress change was then calcu
using this spectrum and Eq.~4!, and the result is shown fo
four temperatures in Fig. 5~dashed lines!. Good agreemen
with the measured data is observed. The total relative
ume change associated with the annihilation of defects a
irradiation at 95 K can now be calculated by integrati
D(Q) and is found to be 0.05%.

In order to understand the observation of a continu
defect spectrum, it is important to first realize that defects
produced in a thermal spike, and hence the defect genera
will be independent of the sample temperature. It may
assumed that due to the high temperature in the spike
memory of the defect population prior to the spike
‘‘washed out.’’ After each ion impact the defect annihilatio
rate is then determined by the sample temperature and
annealing activation energy of the defect, as described by
~5!. Whether a~steady state! defect population builds up de
pends on the ion flux. For the flux of 531012 ions/cm2 s used
in our experiment, and assuming a typical thermal sp
cross section of 20 nm2, each region in the SiO2 film is
excited by an ion typically every 1 s. Therefore, defects w
an annealing time shorter than 1 s will anneal out between
two subsequent spikes, and will not build up a steady s
population~as observed, as no stress change is found ft
,1 s!. In contrast, defects with longer annealing times tha
s will build up a steady state population. As this cutoff tim
translates into activation energy in a logarithmic way@see
Eq. ~6!#, a sharp transition is observed in the activation e
ergy spectra in Fig. 6. The fact that the cutoff energy
pends on temperature is mostly due to thekT pre-factor in
Eq. ~6!.

As no annealing of high-energy defects~with long an-
nealing times! occurs in between two spikes, their density
purely determined by the defect generation in the ther
spike. This population is therefore not dependent on te
perature, explaining the continuous behavior observed in
6. From this analysis we can conclude that each ion produ
a collection of defects with an activation energy spectr
that is independent of the temperature. No evidence is fo
for the formation of defects with activation energies.0.80
eV.

Finally, we note that relaxation measurements such a
Fig. 5 have also been performed after 2 MeV X
irradiation.22 The activation energy spectrum derived fro
these data was identical to that for 4 MeV irradiation in F
6. We have also varied the beam flux for 2 MeV irradiati
in the range of (1 – 5)31011Xe/cm2 s and no significant dif-
ference in the spectrum was observed.

IV. CONCLUSIONS

In situ measurements were made of the mechan
stress in thermally grown SiO2 films on Si during 4 MeV Xe
irradiation at temperatures in the range from 95 to 575
Four radiation-induced effects occur, that each have a c
acteristic effect on the stress state of the film: a structu
ted
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transformation to a state with higher equilibrium densi
densification by viscous flow, anisotropic expansion, a
point defect generation. The interplay between these eff
is explained. The densification decreases from 3.2% to 1
for temperatures increasing from 95 K to 575 K. The i
plane strain generation per Xe ion decreases from (
60.4)310217cm2ion at 95 K to (20.960.7)
310217cm2/ion at 575 K. This decrease with temperatu
was confirmed by a study of the temperature dependenc
the radiation-induced deformation of trenches etched
silica. The point defect activation energy spectrum peaks
low 0.23 eV and then gradually decreases until it vanis
above 0.80 eV, and the relative volume change due to th
defects is 0.05% at 95 K. All four irradiation-induced effec
can be described using a thermal spike model.
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