HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 3 19 JULY 2004

Stress map for ion irradiation: Depth-resolved dynamic competition
between radiation-induced viscoelastic phenomena in SiO 5
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The dynamic competition between structural transformation, Newtonian viscous flow, and
anisotropic strain generation during ion irradiation of SiCeads to strongly depth-dependent
evolution of the mechanical stress, ranging between compressive and tensile. From indejpendent
situ stress measurements during irradiation, generic expressions are derived of the nuclear stopping
dependence of both the structural transformation rate and the radiation-induced viscosity. Using
these data we introduce and demonstrate the concept of a “stress map” that predicts the
depth-resolved saturation stress in fOr any irradiation up to several MeV. @004 American
Institute of Physics[DOI: 10.1063/1.1773937

lon irradiation is a widely used technique to modify the nation. In our analysis we limit ourselves to ion energies up
structure and composition of thin film materials. It is the keyto a few MeV, where electronic stopping effects on densifi-
doping technology in integrated circuit manufacturing and iscation and flow are negligible.
used to locally modify and tailor optical, magnetic, or me- As a starting point we use the solution of a differential
chanical properties of a wide range of materials. Over theequation that describes the interplay between the three ion
past years, ion irradiation has enabled a large number dfradiation-induced processesand gives the stress as a
important fundamental and technological innovations. function of ion fluence:

lon irradiation can induce large changes in the mechani-
cal stress state of a material. Surprisingly, this effect has only o(B) = Yox|:(_ £+ 8ea—C) - ex;(— h¢>

been marginally studieti®> However, mechanical stress is Trad

known to affect important parameters such as thin film sta-

bility, impurity diffusion, optical birefringence, and many +Cexp<——> _gsat] (1)
other properties. lon irradiation of amorphous $auses a bs

reduction in the mean Si-O-Si bridging bond angle, leadingynere C=67,ad82-81)/ (670q=Yorbo) and Eeat

to a new structural state with a higher equilibrium denity. = —BA7,.4 Yo, With Y, the biaxial stress state modulus of

This leads to the buildup of a tensile stress if the irradiateds‘ioz_ Here, we have assumed a damage overlap model for

film Is _(:ons_tra_\ine(_j on a substrate_. Se_cond, stress re%a?xaﬁ@?rU(:tural transformation, where the in-plane strain evolves
by ion irradiation-induced Newtonian viscous flow occurs, exponentially frome, to e, with a characteristic fluencé,,

and third, the relaxation of shear stresses that are brougRfewtonian viscous flow with a radiation-induced viscosity
about by the expansion of the highly anisotropic ion-induce .q and anisotropic strain generation at a constant Aate
thermal spike, causes anisotropic strain that freezes in as the™ Next we take into account the stopping dependence of
thermal spike cools dowhThis results in the buildup of a the parametersp, 7.5 and A in SiO,. Experiments by
compressive stress if the film is constrained on a substratepeyine et al. have shown that structural transformations oc-

In the past we have developed a qualitative model tqy at a characteristic fluencé;=«F,™, with F,, the nuclear
describe the stress evolution in Si@uring ion irradiation, stopping® Our previous measurements have shown that the
taking into account the interplay between these three iopagdiation-induced viscosity decreases Wi, as: 7aq
iradiation-induced processes. Even though this model ap= ,F -93 Benyagoub and others have shown that the aniso-
pears successfdljt is only a rough approximation and itS tropic strain generation raté increases linearly with elec-
applicability is limited, since it does not take into account theonic stopping(F,) above a thresholti:A=c X (Fe=Fy),
depth dependence of each of the radiation-induced effects igith c=3.38x 1077 cn? X nm/keV. Using these parameters
the film. However, each of the three effects strongly dependpthzoﬁ keV/nm, and Eq(l) we can now calculate the flu-
on either the nuclear or electronic energy |@s&pping,  ence dependence of the local stress at each deptith the
which are both highly depth dependent. depth-dependent stoppiriy(z) andF,(2) as input.

In this I(_atter_ we evaluate the depth dependenc_e of the Figure Xa) showsF.(z) andF,(2) for 2 MeV Ar irradia-
local stress in Si@due to the depth-depende'nt'stopp|.ng. Wetion of a SiQ film on Si calculated usingRrIM, a Monte
demonstrate that the local stress shows variations with deptfzrio simulation program. Fig(& shows the corresponding
as large as several hundred MPa, even ranging between Coffgq) stress as a function of Ar ion fluence for three different

pressive and tensile‘: Using this”model it now becomes posyenths, calculated using E@) and characteristic parameters
sible to construct a “stress map” that can be used to predicis il pe discussed later on. The solid line in Figa)2

the local saturation stress in Si@r any ion/energy combi-  yapresents the local stress at the surface of the (D).
The initial stress, before irradiation, is taken to be compres-
¥Electronic mail: polman@amolf.nl sive at the experimental value of 260 MPa. It is due to the
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FIG. 1. (a) Electronic and nuclear stopping as a function of the depth forg g 2. (a) Local stress as a function of fluence, calculated using Bgfor

2 MeV Ar irradiation of SiQ. The threshold stopping for anisotropic strain 3 Mev Ar irradiation of SiQ at three different depths indicated in the fig-

generation(F,=0.6 keV/nm and the corresponding depfti200 nm are  yre; (b) in situ measurement of the integrated str&sas a function of ion

indicated by the dashed lineg) local stress as a function of depth for fyence during 2 MeV Ar irradiation of SiQat 115 K (solid line). The

2 MeV Ar (7% 1(_)14‘Ar/cm2,_ solid ling) and 2 MeV Xe(1x 10" Xe/cn, dashed line represents a calculation of the local stress model by integrating

dashed lingirradiation of SiQ. Eqg. (1). The inset in(b) shows anin situ measurement of the integrated
stresg(in N/m) in a SiG, film as a function of ion fluence during 2 MeV Xe
irradiation at 115 K (solid line). The fluence ranges from 0 to 1

difference in thermal contraction between the Sfiim and X 10 Xe/cn?. A calculation by the local stress model using integration of
the Si substrate upon cooling down the substrate to roorfd: (1) is also includeddashed ling
temperature after thermal oxidation at 10503°Upon irra-
diation the near-surface stress first changes from compreg&igh compressive stress is seen just below the surface, the
sive to tensile. This is due to the structural changes thastress then decreases with depth and finally vanishes at
compact the silica network. After a maximum tensile stress i9200 nm. The latter is the depth at which the electronic stop-
reached, the stress relaxes due to Newtonian viscous flowing is below the threshold for anisotropic strain generation
Ultimately, a compressive saturation stress as high apsee dashed lines in Fig(d]. At the end-of-range of the
270 MPa is reached. This saturation stress is a result of mns, around 2100 nm, a narrow tensile stress region is ob-
dynamic competition between compressive anisotropic stresserved, as explained above.
generation(with strain rateA) and stress relaxation due to Figure 2b) shows a measureme(dolid line) of the in-
Newtonian viscous flowwith viscosity 7,9 and amounts to tegrated in-plane stresS as a function of the ion fluence
6A7,,4 [the high-fluence limit of Eq(1)]. The large satura- during 2 MeV Ar irradiation of a 2.5wm thick thermally
tion stress near the surface results from the high anisotropigrown SiG, film on a 150um thick S(100) substrate at a
strain rate due to the high electronic stoppihigh incoming  temperature of 115 K. These data were taken usinig aitu
ion energy, and the high viscosity due to the relatively small wafer curvature techniqﬁethat probes the integrated stress
nuclear stoppingsee Fig. 1a)]. rather than the local stress in the film. Since our model pro-
An entirely different behavior is observed deeper in thevides the local stress at each depth, we can calculate the
film, at z=1500 nm[dashed curve in Fig.(8)]. At this depth  depth-integrated stress at any fluence. This calculation is also
the electronic stopping is below the threshold for anisotropicshown in Fig. 2b) (dashed ling As can be seen, the calcu-
strain generation and the high-fluence limit of ELj.is zero.  lation corresponds closely with the measurement.
Stress relaxation at this depth occurs slightly faster than at In fitting our model we have optimized the functions
the surface due to the higher nuclear stopping. Figua 2 ¢s=«F,™ and 5,4=aF,° to obtain good agreement for
also shows the stress evolution at the end-of-range of ththree independent measurements of the integrated stress as a
ions (z=2100 nm, dotted linewhere the nuclear stopping is function of fluencg1l MeV Ne, 2 MeV Ar, and 2 MeV Xg
small and structural changes and radiation-induced flowsing an iteration procedure. Note that the three irradiations,
therefore occur at a slower rate, as is observed in the calcwith very different ion masses, lead to entirely different
lation. depth profiles ofF, andF,. These three different measure-
From Fig. Za) we can immediately conclude that at a ments were all fitted using the same set of input functions
fixed fluence the local stress is strongly dependent on théor ¢ and 7,4 dlions/cnf)=1.46x 101 F, %% and
depth in the irradiated film. For example, at a fluence of 37,,4Pa ion/cm)=1.79x 10?3 F, %8 with F, in units of
X 10" Ar/cm?, the surface stress is highly compressivekeV/nm. Exponents smaller than unity have been observed
(200 MP3 while at the end-of-range the stress is highly ten-by Griscomet al,? and may point to defect reactions during
sile (-600 MPa. Such giant stress inhomogeneities in thinion irradiation.
films under ion irradiation have never been considered. To As an illustration of how these generic expressions con-
further illustrate the depth dependence of the stress, Hiy. 1 sistently describe entirely different experiments, we show in
plots the local stress as a function of depth for 2 MeV Arthe inset of Fig. &) a measurement of the integrated stress
irradiation at a fluence of X 10**ions/cn? (solid ling). A as a function of fluence during 2 MeV Xe irradiation of a
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high electronic energy loss and a small nuclear energy loss
results in a high local saturation stress. In contrast, a small
value of the saturation stress occurs in regions wikgres

high andF, small.

For comparison, the solid dots in Fig. 3 indicate the
calculated near-surface saturation stress for 2 MeV Ar and
2 MeV Xe irradiations, taken from Fig.(h). The 2 MeV Ar
irradiation results in a much higher saturation stress
(~270 MPa than the 2 MeV Xe irradiatioi~20 MP3 due
to the smaller nuclear stopping. Using the stress map in
Fig. 3 we can now predict the final saturation stress in,SiO
] for any irradiation conditionenergy, ion at 115 K up to
10 20 T30 several MeV. Since the temperature dependence of both the

F (keV/nm) anisotropic strain generation radeand the radiation-induced
ViSCOSity 7,59 are known’ stress maps for SiDat other
FIG. 3. (Color) Stress map of Sipat 115 K under ion irradiation. Plotted temperatures can also be made. Finally, singg, and
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are iso-stress curves of the high-fluence saturation str&gs= 6A7;,4 (val- A have been determined for other materials as Welf

ues indicated in units of MPas a function of the electronic stoppifRgand . '

the nuclear stoppingr,. The near-surface saturation strégs0 nm for ~ SUESS Maps f‘?f these materials may also be constructed.

2 MeV Ar and 2 MeV Xe irradiation is also showlosed circles In conclusion, we have calculated the depth-dependent

mechanical stress induced by the interplay between densifi-
SiO, film on Si performed at 115 Ksolid line). The stress cation py strugtural 'Fransforma}tion., Newtonian visco_us flow,
curve exhibits a totally different behavior than for 2 MeV Ar @nd anisotropic strain generation in a constrained, $i®,
irradiation; the most striking difference is the apparent highby taking into account the electronic and nuclear stopping
fluence saturation stress that is now tensile. Nevertheless, ti§ependence of these processes. Throughout the depth, the
calculation[dashed line in the inset of Fig(1®] performed local stress shows variations as large as several hundred
using the same set of input functions as used for the calcdMPa, ranging between compressive and tensile. Finally, we
lation of the 2 MeV Ar irradiation shows very good agree- have constructed a stress map that can predict the final satu-
ment with the measurement. ration stress in SiQat any depth in the film for any irradia-

This analysis now provides a consistent explanation fotion condition up to several MeV.
the tensile saturation stress that had remained controversial
and unexplained to date. This tensile stress now naturallb/v
follows from our model as can be seen in Figb)l which a
-Shows -the local stress as a funchn of depth for 2 MeV xe 'A. Misra, S. Fayeulle, H. Kung, T. E. Mitchell, and M. Nastasi, Appl
irradiation at a fluence of % 10 Xe/cn? (dashed ling _ Phys. Lett. 73, 891(1998. : ' '
Clearly, the large ion straggle for Xe leads to a broad tensilezc ‘s \oikert, 3. Appl. Phys.70, 3521(1991).
contribution at the end-of-range, thus leading to a tensile3e. snoeks, T. Weber, A. Cacciato, and A. Polman, J. Appl. Pligs4723
integrated stress. (1995.
Finally, by analogy of the deformation mechanism map :R. A. B. Devine, Nucl. Instrum. Methods Phys. Res.9B, 378(1994.

that predicts stress—strain-temperature behavior for materialgﬁ- %iﬁ!‘j: :n”dd :‘- |Pc£m§;n“§3tegh Rsshiscl-j_émgbs%;a(l992)-
W_e i_ntrOduce the new _Concept of a_“stress ma_p" for ion irra- 7M.. L. Brongersma., E énoeks,'T. \ilar.1 Dillén, ar,1d A Polma.n, J. Appl.
diation. Since the anisotropic strain generation ratele- Phys. 88, 59 (2000).
pends on the electronic stoppirfg,, and the radiation- 8A. Benyagoub, S. Loffler, M. Rammensee, S. Klaumiinzer, and G.
induced viscosity 7,4 on the nuclear stoppind-,, the 9Saemann-lschenko, Nucl. Instrum. Methods Phys. Re§5%228(1992.
saturation stress,,=6A7.,4 can be calculated for any irra- D. L. Griscom, M. E. Gingerich, and E. J. Friebele, Phys. Rev. Lgit.
diation condition. These data can be plotted on a stress magéoéig:éak S. Boutros, and J. Barone, Appl. Phys. LZ1267(1997
in which iso-saturation stress contours are plotted VeFRUS 115 \auminzer, Radiat. Eff. Defects Solid40, 79 (1989.
andF;, as is shown in Fig. 3. Fdf, below 0.6 keV/nm the  12y.p. Hou, S. Klaumiinzer, and G. Schumacher, Phys. Rev1B1144
saturation stress vanishes. It can immediately be seen that @1990.
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