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Bi-self-trapped-exciton model for Frenkel defect formation in amorphous SiQ
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The observed depth profile of the concentrations of the Frenkel d€Se&i bondsE’ centers or peroxy
radical$ in amorphous Si@irradiated by high-energy Hions is shown to be close to the calculated depth
profile of O 2s-shell ionization as well as that of the electronic energy deposititffD). A new model,
namely, bi-STE model is proposed: the Frenkel defect is created by nonradiative decay of two neighboring
self-trapped excitons generated through ©skell ionization followed by an Auger decay process. This model
can explain the observed linear dependence of the Frenkel defect formation on the EED, in contrast to the
superlinear EED dependence expected for dense electronic excitation as for focused ArF excimer-laser irra-
diation.[S0163-18269)10339-4

Formation of the intrinsic defects in Sj@Refs. 1 and P It is known that in alkali halide$! the excitons or
has been extensively studied under irradiation of various ionelectron-hole(e-h) pairs are generated by ionizing radiation
izing radiations[ultraviolet (UV) photons>™ x rays®’ y  (Fig. 1) and the self-trapped excitoiSTE'’s) are created via
rays®® electronsi®*® and high-energy ioé%. Degrada- relaxation of excitond®'® It has been suggested that the
tion of optical and electrical properties of amorphousFrenkel defect ira-SiO, is formed through nonradiative de-
(a-)SiO, by such radiations has considerable interest in viewcay of a single STEFig. 2(a)] and the subsequent rotation of
of fundamental aspects of the defect-formation mechanisrthe Si-O bond® This model predicts the linear EED depen-
as well as of applications in lens materials for UV optics anddence of the defect formation that the concentration of the
insulators in Si electronic devices. Hobbs and Pasciicci, radiation-induced defects is proportional to the STE concen-
Pfeffer'2 and Deviné showed that the number of radiation- tration or the EED, and can explain most of the observations
induced defects such 4 centers(=Si+, where « and —, Mentioned above, except for the report by Tsai and
respectively, mean an unpaired electron and a Si-O jisnd Gnscqm. They found that the POR concentration depends
nearly proportional to either the ionization cross section oSUPerlinearly on the STE concentration for focused ArF ex-
the electronic energy depositidEED) or the electronic en- CIMer laser-pulse irradiation, and suggested thamolecule

ergy loss® and that the defects are created by EED but no{ormatlon, resulting in POR’s, is greatly enhanced by dense

.._electronic excitatioft or a biexciton mechanism. The ob-
by knock-on processes due to the nuclear energy deposition,

Furthermore, measurements were carried out on the com Isgrved results of high-energy proton irradiation do not show
' o >Ompig superlinear EED dependence of the Frenkel defect forma-
mentary defects such as the Si-Si boosygen vacancigs

tion but a linear EED dependent®&!®contrary to the predic-
and the peroxy radical®OR'’s, i.e., Si-O-O por the inter- P y P
stitial O, molecules in order to identify the radiation-induced

Frenkel defectgvacancy and interstitial pairseliminating 1or

E’ centers created from the pre-existing defécidonaka % CONDUCTION
et al*® observed the oxygen vacancies created by irradiation Of sdddidis > > BANDS
with low-energy electrong0.3—10 keV. Tsai and Griscorh g -0+ T

reported that POR’s are created through the reaction of % ° o ®  VALENCE
radiation-induced @ with E’ centers in wet a-SiO, T 0l BANDS
(OH content-1x 10*¥cn) as the dominant oxygen-related &

center((_)HClm:stead of.NBQH.CXnonbrldgmg-oxygen hole 30t R 028
center, i.e.=Si-O¢) by irradiation of focused ArF excimer L

laser-puls€193 nn). Formation of POR’s was also observed -40

for irradiation of x _ray§'7 and y rays? All of th_ese results FIG. 1. Energy-band diagram for Sj@ccording to Ref. 2 and
confirm that formation of the Frenkel defects is due to EEDye schematic excitation diagram. The vacuum level is taken as the

but not due to knock-on. For high-energy "#bn origin of the energy scale. Open and closed circles denote holes and
irradiation;***Si-Si bondsE’ centers, POR’s and the inter- electrons. The left-hand side shows an electron-hole pair excitation
stitial O, molecules are confirmed as the Frenkel defects cretexciton. The right-hand side shows Auger decay of a singlesO 2
ated by EED in weta-SiO, (the OH content is 3 hole, creating two electron-hole pairs in the valence baas

X 10Y%cmd). excitons.
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FIG. 2. Schematic illustrations in SjO(a) single STE(self- £ -
trapped excitonaccording to Ref. 18 an¢b) bi-STE’s generated i 20
from two electron-hole pairs as shown on the right-hand side of Fig. ¢,® [
1. Solid and dashed lines denote a normal Si-O bond and an elon-

gated(due to an additional hoJeSi-O bond, respectively. Large 0
circles withe™ indicate schematic orbits of electrons trapped by a
hole (h*) or double holestf?").

20 —r—r—r— - r v r -
tion due to the high-density electronic excitation for proton &~ ! (b) ag*W" T d T
irradiation. §E [ s -

In the present paper, we report that the linear EED depen- ':b 151 Ew“r 7 o * A
dence of the Frenkel defect formation observed fof H < g -~ ° - 3
irradiation*5can be explained by a bi-STE model, i.e.,non- & | Ew“ e . 24
radiative decay of two neighboring STE's created by 0 & 10F g ¢
2s-shell ionization followed by Auger decay process, leading ?_ [ @1o" - = —r *
to the Frenkel defect formation ia-SiO,. The above con- E sk @ PROTON ENBRGY(MeV) . 8 g, ]
troversy can be reconciled by the present model, provided © x x X™He .
that (i) the O Z-shell ionization probability is comparableto & x X xF e L IIet eyt ]
the valence-band excitation probability or reasonably large © 0 #,0,8,9,a,8, g s, a "9 | aX]
for ion irradiation, and(ii) the bi-STE’s are more efficient 0 200 400 600 800
than the single STE for the Frenkel defect formation. One DEPTH (um)

should notice that the bi-STE model has not been established .

yet but is considered to be a reasonable extension of the FIG: 3. (@ The calculated energy dependence of EED per unit

single-STE model. lengthS, (dashed lingand ionization cross sectid (solid line) of
Now we discuss the EED density. For conventional laseri® © 2 shell for 10-MeV H irradiation ina-Si0,. (b) Depth

pulse irradiatior{ fluence of 30 mJ/chiand a pulse duration Profiles of the concentrations of Si-Si bon®), POR's(X) andE&

of 20 ns(Ref. 5], the energy density per pulse is estimatedigﬂst/eﬁzm) n a(;Squ foFralf-me\LH* 'rLad'artl'orILg';h total dose of

e . : . ing to Ref. 14. Note that the concentration is
to be roughly 4< 108 eV/nn?, using the absorption coeffi- e according

- multiplied by a factor of 5. Open circles in the inset show the H
C'?rn.t of O'QZ/Cm at 193 nff.On the other hand, for 10-MeV energy dependence of the Si-Si bond density for tHefldence of
H™ in a-Si0,, more than 9

n 90% of the electronic energy is jyie/cny. taken after Ref. 15, illustrating the linear EED depen-
calculated to be deposited within the adiabatic radfi4§  gence of the Si-Si bond densitynore than 99% of the incident

=hv/2ml of 1.4 nm? Hereh is the Planck constany, the energy of H being deposited into EEDOpen triangles show the

H* velocity, andl the mean ionization potential, taken as 20 nuclear energy depositiolAE,,) calculated byrriM (Ref. 24.

eV for valence electrons, i.e., approximately twice the band

gap. Then an EED of-10 eV/nm per H ion of 10 MeV in  valence bands, because the ionization probability is roughly

SiO, (Ref. 24 [see Fig. 83)] corresponds to approximately 1 proportional to the inverse of the binding enéf§80 eV for

eV/nnT. The number of the valence electrai@ 2p* and Si  the O X shell and 10-20 eV for the valence bahtfs.

3s?p?) is 12/30 of the total electrons, and the EED per elec+urthermore, the depth profile of the G ghell ionization is

tron is nearly independent of the electron shell for high-found to be close to that of the defect concentration and that

energy iong® and hence the valence electron contribution toof the EED[see Figs. @) and 3b)]. Hence conditior(i) is

the EED is reduced te-0.4 eV/nni. Both the laser-pulse justified. Once a hole is created in the G 8hell by ion

duration (20 ng and the time for ion stoppingR,/v irradiation, Auger decay is possible, and results in the gen-

~10 s, R, being the projected range of 'Hion’®) are  eration of two holes in the valence bands, since the energy

much shorter than the lifetime of a STE10 m9,2°which is  difference of 20 eV between the G Zvel and the top of the

of primary importance for the defect formation. Accordingly, valence bands is larger than twice the energy (agV)

the above calculated energy densities may represent the eldeetween the conduction and valence bands as seen in the

tronic excitation densities, provided that the conversion effitight-hand side of Fig. 1. In this situation, bi-STE’s can be

ciency from EED to STE'’s is the same for both laser-pulsecreated via relaxation of two neighboring excitofisig.

and ion irradiation. Hence the energy density by irradia-  2(b)]. The probability would be fairly high that two holes

tion is far larger than that by conventional laser-pulse irra-occupy the valence orbital of an oxygen atom. We assume

diation. that fast lattice relaxation and tweh pairs go immediately
We examine two conditions mentioned above. For ioninto bi-STE's with the certain efficiency, as in alkali

irradiation, the ionization probability of the Os2shell is  halides'’ The bi-STE model does not require rotation of the

estimated to be the same order of magnitude as those of ti&-O bond to create Frenkel defects, and an oxygen with two
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holes in the bi-STE’s would have more energy available forcitons and STE’s, as observed in alkali halid®and by their
the formation of an oxygen interstitial than a single STE.diffusion out from the ion-track region. These are plausible
Thus condition(ii) is reasonable. Enhancement of the defectreasons for the suppression.

formation by focused ArF laser-pulse irradiatiaran be ex- It is important to discuss the possibility whether the en-
plained in terms of bi-STE’s generated by collisions of exci-ergy deposition is sufficient to create tweh pairs in one or
tons at high density due to valence-band excitations, whiclyo neighboring- SiO, units by valence-band excitations for
predicts naturally the superlinear EED dependence of the dgsnergetic ion irradiation. A part of EED is due to generation
fect formation. There is a probability that twesh pairs are 4t gelta rays(high-energy secondary electrons generated by
created in one or two neighboring tetrahedta) (SiO, units ;- ~iqent ion. The EED densityD(r) due to & rays?®
(resulting in bi-STE'$ due to high-density excitation of the nieh contributes approximately half of the total EED, is
valence electrons by ion irradiation, leading to a linear EED. tegrated from the ion track center to a radiust is found,

dependence of the defect formation. This will be discusse(li{]mt for r<0.4nm (chosen as twice the Si-O bond length

later in more detail. . .
Figure 3a) shows the depth profiles of the calculated z,hoe ti)/tal .dep;o‘f,lte?henergglo e\./t’ ?nd is much .Sﬂf"‘”‘i.r th?r? t
EED or the electronic energy loss per unit path lengsp) ( eV, viz., twice (e mean excitation energy, indicating tha
two excitons are not created sufficiently in one or two neigh-

and the ionization cross sectid@ of the O X shell for . ) i e
10-MeV H'-ion irradiation. The calculation is based on the P0ring t-SiO, units. Here the range of electrons, which is

TRIM simulation code(1992 versioj?* with a concentration required to evaluat®(r), is calculated using the data from
of a-Si0, of 2.2x 10%%/c?, and the Bragg additive rule is Refs. 31 and 32. The rest of half the energy deposition den-
applied. Firstly, the energf of H* ions is calculated as a Sity can be estimated using the dipole approximatibAs-
function of depthz. For depths smaller than the projected suming that the mean excitation energy is 20 eV as before,
range(<600 um), Q andS, are given byQ(E) andSe(E)24 more than 80-90% of the total EED is calculated to be
at E(z), because the energy stragglifityictuation is small. ~ within the adiabatic radiuR,q of 0.14-1.4 nm for 0.1-10-
Q(E) is calculated using the binary encounter MeV H*. Thus the integrated energy over one or two neigh-
approximatio”® with a binding energy of 30 eV for the Os2  boringt-SiO, units is found to be much smaller than 40 eV,
shell>?’ For depths near the projected rar@80—800um), indicating that two excitons in one or tweSiO, units are

Q and S, are given as the convolution @(E) and S,(E) unlikely to be created by valence-band excitations. Notice
with a Gaussian distribution {(27) Y4 o}lexp{—[E  that all discussions so far are based on the mean values of the
—E(2)J%20°}, by taking the energy straggling into ac-  energy-deposition distribution, discarding the fluctuation ef-
count. For 10-MeV H, ¢ is estimated to be approximately fect of the energy deposition due to its statistical naftre.
900 keV using the derivative dE(z), 90 keVijum (nearly It should be pointed out that for electron irradiation, the
equal to the maximur, of 120 keVjum atE~80keV) and  bi-STE could play a role in the Frenkel defect formation in
a range straggling of 1@m. The depth profile 0§, obtained a-SiO,, because the ratio of OszZhell ionization over va-
with the above method is shown in Fig(@® which repro- lence excitation is roughly the same for both high-energy ion
duces well theS, obtained directly by therim. Figure 3b) and electron irradiatioff and also because the electron irra-
shows the depth profile of the defect concentration and thdiation has effects quite similar to ion irradiatipe.g., the
relation between the total density of Si-Si bonds and themaximum EED is~40 eV/nm at an electron energy €100
incident energy of protons which are reproduced accordingV (Ref. 30]. This is supported by the observations of the
to Refs. 14 and 15, noticing that more than 99% of the inci-oxygen-vacancy formation by electron irradiattdnSimi-
dent energy is deposited into EED for"Hrradiation, and larly, the bi-STE model is effective for x- angiray irradia-
probable errors of the defect concentration were estimated a®n, as observef’®

20%. As mentioned before, we see that the depth profile of In conclusion, we have demonstrated that the linear EED
the defect concentration is close to that@fas well asS,. dependence of the Frenkel defects created by high-energy
The defect formation efficiency is estimated to be).7 H™ irradiation in a-SiO, can be explained by the bi-STE

X 10" ° oxygen vacancies per Gshell ionization by taking model, where a bi-STE is created via Auger decay of a hole
the ratio of the defect concentration per ion over the Ogenerated by O £shell ionization. This model may provide
2s-shell ionization cross section from Fig(aB. The ob- some clues in understanding the observed linear EED depen-
served linear EED dependence of the Frenkel defect formadence of defect formation for high-energy"Hbn irradia-

tion for H* irradiation reveals that the superlinear EED de-tion, contrary to the predicted superlinear EED dependence
pendence process, i.e., creation of bi-STE’s by valence-bandue to high-density electronic excitation, and can also be
excitations, is effectively suppressed. Fof Wradiation, the  applicable to the Frenkel defect formationdnSiO, by irra-
valence-band excitation is so dense and nonuniform that theiation with other ionizing radiations such as x raysays,
number of bi-STE’s could be reduced by collisions with ex-and electrons?

*Author to whom correspondence should be addressed. FAX:R. A. B. Devine, Phys. Rev. Let62, 340(1989.

+81-52-789-3847. 4H. Nishikawa, R. Nakamura, R. Tohmon, Y. Ohki, Y. Sakurai, K.
Electronic address: n-matsunami@nucl.nagoya-u.ac.jp Nagasawa and Y. Hama, Phys. Rev4B 7828(1990.
IR. A. Weeks, J. Appl. Phy7, 1376(1956. ST. E. Tsai and D. L. Griscom, Phys. Rev. LeiZ, 2517(1991).

2D. L. Griscom, J. Non-Cryst. Solid&3, 51(1985; J. Ceram. Soc. 6. Zhang, V. A. Mashkov, and R. G. Leisure, Phys. Rev. Lét.
Jpn.99, 923(1991). 1605(1995.



PRB 60 BRIEF REPORTS 10619

L. Zhang, V. A. Mashkov, and R. G. Leisure, Phys. Rev58  2°A. Shluger and E. Stefanovich, Phys. Rev4B 9664 (1990.

7182(1996. 2K. Tanimura and N. Itoh, Nucl. Instrum. Methods Phys. Res. B
8H. Imai, K. Arai, J. Isoya, H. Hosono, Y. Abe, and H. Imagawa, 32,211(1988.

Phys. Rev. B48, 3116(1993. 22R. K. Brimacombe, R. S. Taylor, and K. E. Leopold, J. Appl.
9D. L. Griscom and M. Mizuguchi, J. Non-Cryst. Soli@89, 66 Phys.66, 4035(1989.

(1998. 233, D. JacksonClassical ElectrodynamicgWiley, New York,
101, W. Hobbs and M. R. Pascucci, J. PhyBarig, Collog. 41, 1962, Chap. 13.

C6-237(1980. 243, F. Ziegler, J. P. Biersack, and U. Littmartopping and
11K, Tanimura, T. Tanaka, and N. ltoh, Phys. Rev. L&t 423 Ranges of lons in Solid®ergamon, New York, 1985

(1983. 253, H. Stathis and M. Kastner, Phys. Rev.3B, 2972 (1987. It
12R. L. Pfeffer, J. Appl. Phys57, 5176(1985. was pointed out in Ref. 18 that the STE lifetime is shorter than
13H. Nonaka, S. Ichimura, K. Arai, and C. Le Gressus, Surf. Inter- 10 ms, but this does not affect the discussion in this study.

face Anal.16, 435(1990. 263, D. Garcia, R. J. Fortner, and T. M. Kavanagh, Rev. Mod. Phys.
H. Hosono, H. Kawazoe, and N. Matsunami, Phys. Rev. 8&t. 45, 111(1973.

317(1998. 27T, A. Carlson, C. C. Lu, T. C. Tucker, C. W. Nester, Jr., and F. B.
15H. Hosono and N. Matsunami, Nucl. Instrum. Methods Phys. Res. Malik (unpublishedl

B 141 566 (1998. 28N, Matsunami, T. Ohwaki, N. Itoh, and Y. Horino, Nucl. Instrum.

8t is more appropriate to define EED as the electronic energy Methods Phys. Red.94, 39 (1982.
deposition per unit volume to obtain the electron-hole pair con?°R. Katz and E. J. Kobetich, Phys. ReM70, 401 (1968.
centration. For laser irradiation, EED distribution is approxi- *°R. Katz, F. A. Cucinotta, and C. X. Zhang, Nucl. Instrum. Meth-
mately uniform. For ion and electron irradiation, EED can be ods Phys. Res. B07, 287 (1996.
assumed to be distributed uniformly over the adiabatic radius'J. C. Ashley and V. E. Anderson, J. Electron Spectrosc. Relat.

Raq (see text or Ref. 23 Moreover, the energy variation &,y Phenom24, 127 (1981).

is relatively weak. Thus the EED distribution per unit volume *2ICRU Report No. 37 Stopping Powers for Electrons and Posi-

can be approximated by EED per unit leng&). This approxi- trons (1984).

mation is supported by the fact that the defect formation by**There is a possibility that the two excitons are created in one or

electrons(Ref. 13 and ions(Refs. 14 and 1bis found to be two t-SiO, units due to fluctuation of the EED into the valence

nearly proportional tS, . For x- andy-ray irradiation, the situ- bands. The fluctuation is estimated to-b60 eV pert-SiO, unit

ation is more complicated because photoionization and Compton from the energy straggling of high energy" Hindependent of

processes play a role. energy [E. Bonderup and P. Hvelplund, Phys. Rev.4A562
YN. Itoh, Adv. Phys31, 491 (1982. (1972)]. Yet, this effect may not simply result in the linear EED
18N, Itoh, T. S. lwayama, and T. Fujita, J. Non-Cryst. SolidZ9, dependence of the defect formation.

194 (1994). 34T, D. Mark and G. H. Dunn,Electron Impact lonization

ON. Itoh, Pure Appl. Chem67, 419(1995. (Springer-Verlag, New York, 1985



