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Photoelastic and elastic properties of the fluorite structure materials, LiF, and Si
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We present computational results of the photoelastic and elastic properties ¢f Cal, BaF,,
CaSr,_,F,, x=0.25,0.50,0.75, LiF, and Si. We also present measurements of the photoelastic properties in the
visible through the ultraviolet of Cak SrF,, and Bak. At least semiquantitative agreement is obtained with
most experimental results for all properties, including the low-frequency behavior and dispersion of the pho-
toelastic tensor components.
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I. INTRODUCTION II. TENSORS: MATHEMATICAL
AND COMPUTATIONAL ASPECTS

The feature sizes in integrated circuits have been reduced Several photoelastic tensors have been defined in the lit-
by orders of magnitude over the past decades, froqrsn erature. Here we consider the change in the dielectric con-
1965 (Ref. 1) to an estimated 0.Lm in 2003(Ref. 2. As  Stantde;; with respect to a straim, :
part of this transition, the wavelengths of light used to ex-
pose fche circuits have been reduced from the visible into the Seij= E Kiiice i - 1)
ultraviolet (<400 nm) and vacuum ultravioletVUV, <200 ke
nm). Planned transitions from the use of light at 248—-193 nrq_|
and, later, 157 nm require that fused silica, used for photoli- K
thography, be abandoned in favor of materials with higheFensor ijke
band gaps, of which calcium fluoride is the principal candi-
date. _ _ _ 7ij= 2, Cije ke 2

The optics of photolithography steppers must be precisely ke
characterized. Small deviations in the index of refraction g tag stresw;; to strain, where theC;;, are the elastic

may lead to a degradation in the quality of the focus, whichyqyji. Experimentally, the stress is typically the indepen-
in turn may prevent the features from being defined as pregent variable, but stress may converted to strain using the
cisely as required. In previous works, we investigated one of|astic moduli. In this paper, such conversions are performed
the sources of such deviation, intrinsic birefringence, due tq;sing experimental values for the elastic modulf Both
the finite wavelength of light, discussing the magnitude ofse;; ando;; are symmetric in the permutation of the indices.
the effect} its symmetry, and implications for VUV optiés.  Given thatk andC must respect the same cubic point group,
Another key issue for photolithography is birefringencethey are simultaneously diagonalizabtd=or the cubic crys-
induced by stress or straifie., photoelasticity in, specifi-  tals with fourfold axes, including all those considered in this
cally, Cak.® In this paper, we present measurements of thavork, these eigenvalues akg,+ 2K, K;1— Ko, andKy,
photoelastic constants of CaBnd the alternate VUV mate- with similar expressions fo€. [We adopt the convention that
rials Srk and Bak from the visible into the VUV. Addition-  pairs of indices are compressed according the Voight rule
ally, we present calculations of the elastic and photoelasti€11,22,33,23,31,12)(1,2,3,4,5,6), but all symbols with
constants of CaF; SrF,, BaR, and LiF. Because Cafand  compressed subscripts are equal to their uncompres_sed coun-
SrF, have alternate signs for their intrinsic birefringence atlerparts, €.9.K4=Kasp3.] The eigenvectors of strain are
157 nm(Ref. 3 and solid solutions G&r, _,F, are knownto Nydrostatic compression, compression along@01) direc-
exist®” we proposed the use of the mixed crystal with tion, and compression along(&ll) direction. In the case of

~0.33, because the intrinsic birefringence would be nearly"® diamond and fluorite structures, only itid1) compres-

zero® We present a theoretical determination of the elastic'" permits a single mternal_stram parameter.
We performed the calculation of the three components of

and photoelastic properties of these mixed crystals. K using finite differences. The optical-constant equations

Calculations for silicon are also presented to make Contac(tdescribed in the next sectipnere evaluated for several

with the existing literature on elastic and photoelastic prop-

erties. In particular, a comparison of the internal strain pa-eleCtrIC field polarizationd= and several straing, . The

rameter { to experiment and to an earlier generation of(ia(l)cu_lrar;{fn ;gafa‘r)nerf?grgﬁge\évliu;heugr?'zg.\sgor..Of#ﬁ“
density-functional-based calculations is possible for silicon, ) prog P - q jEiE € -
but not for any of the fluoride materials we considered. Thef@lculation was performed foiE=<[110], [101], [011],

predicted value of the photoelastic constants is sensitive tb110], [101], and[011]. (It was not necessary to repeat
the internal strain parameter. most of the calculation whel was varied. These six val-

erei, j, k, and¢ are Cartesian indices, and the photoelastic
is implicitly defined. The relationship
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ues of the polarization produced the six linear combinations TABLE I. Parameters used in the calculation. The experimental
%6“ + %eij + %6“ of the components of the real symmetric lattice constants are given. The energy cut off for the plane-wave
dielectric tensor foi # j. From these six values, the six com- expansion set,;, used in both for the LDA calculation and to
ponents of the symmetric tensey; were found. Although ~Solve the Bethe-Salpeter equation, is given. The numbkipoints
cubic symmetry could have been exploited to reduce thé\‘_k in the full Bnlk_)um zone f(_)r each(equivalent dimension is
amount of calculation somewhat, the method chosen herdVen: For the undistorted cubic crystalsx2x2, 4x4x 4, 6x6
averages over small, artificial symmetry breaking remaining & 8<8x8, 10<10x10, and 1212x12 in the full Brillouin

in the code and is general one correspond to 2, 10, 28, 60, 110, and 182 special points in the

The calculation was performed for several strains, eacl] cducile Brillouin zone(Ref. 57. In the case of the mixed crys-
- . . . . - tals, the “experimental” lattice constant is obtained by Vegard’s law
yielding the dielectric functiore;;(w; 7y,). The strain was

obtained using the relatioh (Ref. 59.
Expt. lattice LDA lattice Ecut

ai’j _ E (St M) 3) constant(pm)  constantpm)  (Ry) N
“ Si 542.9 536.2 20 4
where for eachj = 1,2,3,ay; are the three components of the LiF 402.0 394.0 100 4
direct lattice vector of the unstrained lattice, wig} the Cak, 546.4 531.0 100 4
corresponding quantities for the strained lattidg; is the  C@.7550.29> 556.2 542.3 100 4
Kronecker delta. For each strain typ#;; was obtained us- C&s0Sh.sd 565.0 551.8 100 4
ing finite differences from six magnitudes for LiF and GaF Ca.2s5h.79~ 572.7 559.9 100 4
(+0.01%, +0.02%, and +0.03%9 and four magnitudes Srk 579.6 566.6 100 4
(+0.01% and+0.02% for the other materials. These strains BaF, 619.6 592.9 100 4

are taken about the experimental lattice constant. The differ
ences between four-point and six-point derivatives were neg-
ligible for strains of order 0.1%. The elastic moduli were photoelastit’ and other optical constant$ Throughout this
determined by obtaining the quadratic term from a fit of totalwork, Ceperley-Alder correlation was uséas parametrized
energies using typically 14 uniformly spaced strains per diby Perdew and Zungét. Pseudopotential nonlocality was
rection over=26%, about the experimental lattice constant.treated using multiple projectors as described elsewffere.
(In some cases, some of the larger distortions resulted imhe same reference also describes the iterative diagonaliza-
metallization of the crystal and such values were omitted. Agion techniques used.
an extreme case, 16 values over the range froh8% to For optical calculations, we used the approach of Bene-
+129% were used for silicon. Larger distortions were nec- dict and Shirley® This approach is based on the Bethe-
essary for the elastic moduli than for the photoelastic tensobalpeter equation, and much of its justification is discussed
because the total energy has a quadratic minimum at they Benedict and Shirle§’ It assumes that a single Slater
theoretical lattice constant. To obtain the elastic moduli, the&deéterminant can describe the ground-state wave function and
second derivative was evaluated at the theoretical lattice corihat optically excited states can be described as linear super-
stant, which differed by a couple of percent from the experi-Positions of states formed by promoting an electron from an
mental value, as detailed in Table |. occupied band to an unoccupied band, producing an
In most cases, three strain types were chosen: namelgjectron-hole pair. We may denote the ground stai@)aend
hydrostatic, uniaxial001), and uniaxial(111) strain. How-  define its energy to be zero for purposes of optical calcula-
ever, for the case of LiF, the absence of an internal straiiions. A generic electron promotion would excite an electron
parameter permitted the calculation to be simplified to jusin bandn at wave vectok to a different banch’. The re-
two strain types—hydrostatic and uniaxid10—with two  sulting state, which is not a stationary state, may be denoted

components obe obtained at once with th€l10) strain. as|nn’k). The state§|nn’k)} are assumed to form an or-
thonormal basis for optically excited states.

The excited-state Hamiltonian may be writtenths-H,
+H,+Vp+Vyx. HereH, and H,, account for the electron
and hole energy, and are diagonal in {hen’k)} basis. One

Calculations were carried out within the pseudopotentiahas He+Hp)|nn'k)=(E,«—En)|nn'k), where E,, de-
and plane-wave framework. Pseudopotentials were cormotes a quasiparticle band energy that is approximated as an
structed using the Hamann-SctduChiang approac¢fusing  LDA Kohn-Sham eigenvalue with a scissor-type correction
cutoff functions of Vanderbilf for enhanced smoothness. to the band gad and a 17% enhancement of the valence
For structural calculations, pseudopotentials in the localbandwidth in fluorides. Such corrections to the band struc-
density approximatiofiLDA) were used. For optical calcu- ture were explicitly calculated in $f,LiF, and Cak,?® and
lations, Hartree-Fock pseudopotentials enhanced by cordorrowed from Cak for other alkaline-earth fluorides and
polarization potential§ were used. Similarly, although we alloys.Vp andVy account for the direct and exchange parts
determined the elastic moduli about the theoretical latticeof the electron-hole interaction, respectively. We may denote
constant, we used the experimental lattice constants for oghe Bloch function at wave vectdrin bandn by ¢, (r) and
tical properties, because these give better results foso forth. We then have

Ill. THEORY AND COMPUTATION
OF THE LIGHT-MATTER INTERACTION
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for each material a rectangular prism was prepared with di-
(n"n"k'|Vp|nn'k)=— f d3ref d3rpW(re,rp) mensions 30 mrA 12 mmx 12 mm, with polished faces nor-
. mal to the crystallographic directiorjd11], [110], [112],
X Pme (T Unri(Te) YT ¥ (Th) - respectively. Uniaxial stress was applied along the long
4) (now, [111]) direction. Orientations were determined by
back-reflection Laue measurements to within 2°,

and The uniaxial stressing apparatus used is discussed in Ref.
29. The sample ends were placed in brass cups, with indium

<nrrnwkr|vx|nnlk>=2J d3rJ d3r'oir,r') foil between the sample and the cups to ensure uniformity 01_‘
the stress across the contact surfaces. The stress was applied

* , . continuously by a clamp, driven by a lever arm adjusted by a

X i (0 i (1) (1) k(7). fine-pitched screw. The stress values were determined by a
(5)  piezotransducer calibrated by weights. The sample in the

stressing apparatus was mounted between crossed, MgF
Rochon linear polarizers, with the stress axis 45° to the po-
larizer axes. Collimated monochromatic light from atomic
spectral lines from various spectral line sources was sent
through the polarizers and sample. As birefringence was in-
duced in the sample by the applied stress, a phase difference
was generated between the light components parallel and
perpendicular to the stress direction, given by

Herev is the bare Coulomb interaction excluding the mac-
roscopic componerii.e., excluding thg¢000] reciprocal lat-
tice vectoj, W is the statically screened Coulomb interac-
tion, and the factor of 2 is for the spin degeneradywas
computed using the Levine-Lodfemodel with local-field
effects included according to Hybertsen and Ldi&he
experimental value for the static dielectric function was used
An element of the dielectric tensag;;(w) for frequency
w, was deduced from the appropriate expression for 2t
Im €;(w0>0): 6= T(n”— n., (8
— J.|0) (6) yvh_eret is the thicl_<ness of the mat_erial, angandn, are the
—H+inp "7 indices of refraction of the material at that wavelength par-
allel and perpendicular to the stress direction. This phase
shift resulted in elliptically polarized light partially transmit-
ted through the second linear polarizer. The magnitude and
sign of the phase shift were determined by the amount of
compensating phase shift needed by a M&®leil-Babinet
compensator, placed between the crossed polarizers, to null
o~ Ynn’ K3, |O>_)(ELDA LDA) Y Yard 31 Yk - out the signal. The entire apparatus was operated in a nitrq-
gen gas purge tent to allow measurements for wavelengths in
This cancels the» 2 factor in the expression for Ig(w  the vacuum ultraviolet.
>0). Such a substitution appears to be standard |n current For each material, for each of the two crystal orientations,
Bethe-Salpeter work, and it does not appear to constitute @nd for each wavelength, measurements of the phase shift
significant approximation. were made for a series of stress values. Q@Ol be the
Following evaluation of In¥;(«>0) by the Haydock re- linear coefficient relating differences of the index to uniaxial
cursion method, as detailed by Benedict and Shiffeyne  stress applied along tH&01] direction, i.e.,
may extend the result to <0 using time-reversal symmetry

A
Im €ij(a)>0): - F|m<0|\]|w

wherelJ is the current operator andy is a positive imaginary
infinitesimal. As written, the expression is appropriate. How-
ever, we evaluated a current matrix element using one
electron matrix elements with LDA wave functions. This
amounts to the formal replacement

and obtain Re;(w) by Kramers-Kronig analysis. In practice, [ny—n, Jjoon=Q[0oye for stress along{001]. (9)
these steps are all done at once in the Haydock recursion
method. Similarly, let Q[m] be defined as

IV. EXPERIMENTAL METHOD (=N, Ja1g=Qf1yo  for stress along111]. 10

The photoelastic constanks;;— K, andK,, were deter-
mined for Cak, Srf, and Bak for wavelengths from the Relating stress to strain by the measured elastic constants
visible down to 156 nm in the vacuum ultraviolet, from pi- C11—C12 and C44 given in Table Il and using the relation
ezobirefringence measurements. Procedures used were simi— €. ~2Ng(N;—n.) with the unstressed indicas, from
lar to those described by Feldnfdmmodified to operate in the literature, the photoelastic constants were determined by
the vacuum ultraviolet. To determine the constdfi;
—Ky,, for each material a rectangular prism was prepared [€1~ €1 ]joog=(K11—Kiz) 775 for strain along[00]]
with dimensions 30 mra 12 mmx 12 mm, with polished (1D
faces normal to the crystallographic directid®®1], [110], and
[110], respectively. Uniaxial stress was applied along the
long (i.e., [001]) direction. To determine the constalify,, [€,— € lj11g=Kaanma for strain along[111], (12
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TABLE II. Elastic moduli for silicon, LiF, and fluorite-structure compounds in GPa. The bulk modulus is
B=3%(Cy;+2C,,). The linear combinations shown correspond to hydrostatic strain and uniaxial strain along
the [001] and[111] directions, respectively.

C11+2Cy, Cuu—Cyp Cas

Si LDA Ref. 30 281 98 85
LDA Ref. 31 291 99 78.5
LDA  Present 294.81 100.94 81.18
Expt. Ref. 9 297.4 102.5 80.07 73K
LiF LDA Ref. 33 212
LDA  Present 220 70 58.3
Expt. Ref. 10 209.4 82.2 649 42K
Cak, LDA Ref. 34 310.5 129.1 49.2
LDA Present 305 122 34.0
Expt. Ref. 11 264.54 124.02 36.08 77.35K
Expt. Ref. 11 254.09 120.56 33.83 2955K
Cay 75510 257> LDA Present 297 110 35.0
Cay 50500502 LDA  Present 276 98 33.0
Ca&y o550 7572 LDA  Present 257 88 32.4
Srk, LDA Ref. 34 248.1 86.1 30.3
LDA  Present 243 81 31.6
Expt. Ref. 13 223.8 81.3 33.08 Extrapolated to 0 K
Expt. Ref. 13 209.6 80.4 31.28 300K
BaF, LDA Ref. 34 223.2 52.2 20.14
LDA  Present 219 56 27.4
Expt. Ref. 12 187.72 53.29 25.44  Extrapolated to 0 K
Expt. Ref. 12 169.2 49.13 2535 300K

wherens and 5, are the uniaxial strains along the respectiveto Ba obeys a trend of softening, as one would guess from

directions. the increasing atomic radius of the cation. The alloys, studied
The results of the experiment are given in Table Ill andhere in the virtual-crystal approximation, largely obey this
several of the figures. trend, but there is a small exception fo€,, for

Ca 7550 -9 . The agreement with experiment tends to im-

prove when the comparison is madew@ K data.(A review

of static and dynamic properties of fluorite-structure
Our main interest in this paper is the photoelastic propermateriald® was helpful in preparing Table )I.

ties of the fluorides. Fdrl11] strains, it is necessary to con-  Table Il also presents other local-density-functional calcu-

sider the internal strain parametgrwhich characterizes the lations of the elastic moduli of the fluoridé$>* The elastic

single internal degree of freedom of the atoms whose bondsioduli calculations of Meawa et al3* also include the

are directed along111] compared to thestill equivaleny Hartree-Fock, generalized gradient approximation, and a hy-

[111], [111], and[111] directions. We are not aware of Prid functional due to Beck&. Mérawaet al. concluded that

any measurements df for the fluorides. As such data do the more advanced methods were better than the LDA. Our

exist for silicon, silicon is included in the study. In the casecalculations support this interpretation for the bulk modulus:

of silicon, the photoelastic properties of silicon are known tohowever, for the other elastic moduli.e., C1,—Cy, and
be strongly dependent ah(Ref. 14. C..) we find the LDA to be highly satisfactory. In particular,

our values forC,, for CaF, and Bak differ significantly
from the calculation of Meawaet al,, which overestimated
the experimental trend in this isoelectronic series. Perhaps
The elastic constants of silicon have been predicted wellhe principal difference between our methods is the use of
by density-functional theory for some tim&3! As seen in  the pseudopotential and plane-wave approximation in our
Table I, our calculation is in good agreement with the pre-calculation versus the use of an atomic orbital basis set by
vious calculations and experiment for all three independenmMerawaet al.
tensor components.
The elastic moduli for fluorite-structure materials GaF
SrF,, CaSr,_4F,, and Bak, as well as LiF, are also shown
in Table Il. The agreement with experiment is at the 10% When silicon, a diamond-structure material, is com-
level, compared to 1% for silicon. The series from Ca to Sipressed in th¢111] direction, the[111] bonds between the

V. STRUCTURAL PROPERTIES

A. Elastic moduli

B. Internal strain parameter ¢
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TABLE Ill. Experimental results. The photoelastic constants for ~ TABLE IV. Internal strain parametef, a pure number, for sili-
various fluorite-structure materials, measured at a series of photoron, LiF, and fluorite-structure compounds. If an entry is given for
energies. The values @3 and Q{}); are measured for stress {’, that value was reported in its reference fagbut Q for the
applied in the[001] and[111] directions, respectively. The values fluorides and is multiplied by 1.5 to convert t&
for Ky;— Ky, and K4, are derived from theQ(™, the indices of
refraction, and the room-temperature elastic moduli given in Table 14 I
Il using several equations presented in the text. The unstressed in-
dex of refraction is denoted hy,. One standard total uncertainty is Si Expt. Ref. 63  0.750.07

given in parentheses. The principal contribution to the uncertainty Expt. Ref. 64  0.650.04
comes from the relative phase measurements, evaluated from a sta- Expt. Ref. 45  0.720.04
tistical analysis of repeated independent measurements. Expt. Ref. 46 0.740.04
LDA Ref. 30 0.795 0.53
Photon LDA Ref. 31 0.82 0.545
energy Qfgéq Qs LDA Present  0.81
€V)  ng (TPa’) (TPa") Ky—Kp Ky cak LDA Present  0.47
Cak, 2.269 1.438 2.252) —1.102) 0.7808) —0.1072) Force field ~ Ref. 40  0.324 0.216
2.844 1433 2.312) —1.102) 0.8048) —0.1072) Ca 7550267  LDA Present  0.53
3396 1.448 2.362) —1.112) 0.8238) —0.1092) CasoShosd>  LDA Present  0.57
4.886 1.468 2.623) —1.162) 0.9289) -—0.1152) CosShord>  LDA Present  0.60
6.421 1502 3.043) —1.112) 1.09010) —0.1132) Sth LDA Present  0.62
7.943 1.563 3.654) —0.872) 1.3714) —0.0922) Force field ~ Ref. 40~ 0.399 0.266
SrF, 2269 1.439 3.192) —0.9074) 0.7374) —0.08175)  Bak LDA Present  0.67
2844 1.444 3.252) —0.9134) 0.7544) —0.08245) Force field  Ref. 40 0.566 0.377
3.396 1.450 3.362) —0.9224) 0.7844) —0.08345)
4.886 1.473 3.732) —0.9614) 0.8834) —0.0883%5)
6.421 1519 4.302) —0.9964) 1.0444) —0.09425) There are at least four reported measurements of the in-
7.943 1.576 5.074) —1.0348) 1.2838) —0.102G10) ternal strain pqrameter, Wh.iCh are summarized in Table IV.
BaF, 2.269 1.476 4.995) —1.593) 0.7237) -0.1192) Models of the_ |nt7ernal strain pa_rameter hav_e been summa-
2844 1.48% 5135 —1.643) 0.7477) —0.1232) rized by Cousing! Here we restrict our attention to calcula-

tions performed using density-functional theory; the struc-
ture of such a calculation was given particularly clearly in
Ref. 15. Regretably, mo&t;*>303138pyt not all*® of the
density-functional calculations have unwittingly used a non-
standard definition of, herein called’’. The value/’ =0 is

3.396 1.488 5.295) —1.663) 0.7748) —0.1252)
4.886 1518 6.016) —1.824) 0.8979) —0.14Q2)
6.421 1.588 7.387) —2.154) 1.14911) —0.1722)
7.943 1.664 10.21) —2.936) 1.66417) —0.2353)

aReference 59. the same ag=0; however,’=1 corresponds to the situa-
breference 60. tion in which the[111] bond length remains constant under
Reference 61. distortion, i.e.,3{'=¢ (Ref. 14. The values of the theory

dReference 62. presented in Table IV include the factde=¢/¢" where ap-

propriate to adjust for the different definitions &fThe ex-

_ istence of two definitions fot seems not to have been no-
two silicon atoms become inequivalent to those in[thel],  ticed before; indeed, Christensén demonstrates the
[111], and[111] directions. The bond length alofigll]is  necessity of 0.4& ¢’ <0.60 within LAPW, whereas the most
determined not by symmetry, but by energy minimization.recent experimental values afe=0.72+0.02 and{=0.74
However, even under strain there is a threefold rotationaf=0.02, and concludes there is an inconsistency. Converting
symmetry. The[Tll], [1?1], and [11?] bonds remain {' to ¢, Christiensen’s inequality becomes 0s60<0.90

equivalent to each other, and the direction of [th&l] bond which is weII_ s_atﬁ‘ied by_the experiments. Similarly,_ Wei,
is not free. This single degree of freedom is usually charac—A"an' and W|Ik|n ,argue ina fqotnote that the experimen-
terized by the parametér introduced by Kleinmar® When tal values violate’<3 (or, equivalently,/<1), but their

=0, the silicon atoms are displaced proportionately to th argument is flawed because of confusion over conven-

. . ions: ('<% and <1 are required, buf<% is not. The
macroscopic strain. Whef= 1, the bond lengths of the four experiment53 always repott not ¢/, and the3 actual values

bonds about a given silicon atom remain equal to each othe(0_72 or 0.74 given above are less than 1. As seen in Table
although not t_o the bond length in the undistorted crystaI;N, there is in fact a reasonable agreement among the two
moreover, their bond angles change to follow the tetragonghost recent experiments and all of the theory except the two
distortion. The atomic coordinates vary linearly wighThe  earliest calculations. Table IV suggests tlds predictable
condition{=1 would occur with central forces; physical an- with an accuracy of about 0.1 unit or 10% of #@spriori
gular forces require €{<1 (Ref. 36. Under hydrostatic ajlowed range®

strain or[110] strain there are no internal degrees of free- In the fluorite structuréwhich includes most of the ma-
dom. terials in this study, the fluorine anions occupy a simple
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FIG. 1. Hydrostatic photoelastic constant -+ 2K;,)/3 FIG. 2. Photoelastic constarit;;—Kj, ([001] strain for Si,

=V de/dV for Si, including theory for various values of the full including theory for various values of the full Brillouin zone sam-
Brillouin zone sampling grid, the previous theorgdensity- Pling grid, previous theory Ref. 14 ZWAW92), and the previous

functional pseudopotential calculation using plane waves and a sci€XPeriments of Refs. 43HCP69, 51 (B74), 52 (CGC79, 53
sors operator to correct the self-energf Ref. 14 (LZWAW92),  (GKC80, and 44(EKC93. Note the part of the 1212x 12 curve

and the previous experiments Refs. Ad71), 42 (B75), and 44  at the extreme right in the figure.
(—EKC93) (which appears with its sign switched

earlier study, and larger deviations between the theories at
cubic lattice; the cations are located at the centers of alternatsigher frequencies are expected. The comparison with the
cubes in a face-centered-cubic lattice. The lattice responds axperiment past the indirect gap is obscured because of the
the diamond lattice does to strain: wifti11] strain the neglect of indirect transitions in the present calculation.
fluorine atoms are free to move symmetrically about the cat- The case of uniaxial strain alofg01] is shown in Fig. 2.
ion along the[111] line; if the cation is ignored, the defini- Here the new calculation is in excellent agreement with the
tion of £ given for the diamond lattice may be used for the low-frequency results of Ref. 43 and gives a fair account of
fluorite structure as well. Similarly, there are no internal de-the other experimental data. In particular, the extreme rever-
grees of freedom under hydrostatic strain[@rl0] strain.  sal in the data of Ref. 44 above 3 eV is mimicked by the
The only previous work on the internal strain parameter incalculation at a slightly higher frequency for the X122
the fluorite structure solids of which we are aware is a force-< 12 case. Because numerical convergence could not be
field model due to Sharma and Goy4As seen in Table I, achieved so close to the direct gap frequency, the exact nu-
these values give the same trend as the present calculatiomgrical prediction is not necessarily representative of the full

albeit with lower values. theory.
LiF has the sodium chloride structure which does not The results for uniaxial strain alorig11] are shown in
have any internal degrees of freedom under strain. Fig. 3. As demonstrated earlirthe results are sensitive to

the value of the internal strain parametediscussed earlier.
The present theory is presented with values given by LDA
total energy minimizationd=0.81) and by comparison with
Silicon is considered first to make contact with its largeexperimert®*®(£=0.73); see also Table IV. Like the hydro-
literature. The results of the calculation for hydrostatic strainstatic case, the present calculation shows greater variability
are shown in Fig. 1, which includes a convergence study, agear the band edges—in this case resolving some of the dis-
well as a comparison to the literature. Numerical convercrepancy with experiment. Again, the existence of phonon-
gence with respect to sampling of the Brillouin zone hasassisted transitions between the indirect and direct gaps
been achieved to about 15% over the range of 0—-2 eV. Thmakes comparison to experiment difficult.
Brillouin zone convergence is the largest numerical error in  LiF, in the rocksalt structure, is the simplest of the fluo-
the study. Agreement with earlier experimeffefs. 41 and ride compounds. Theoretical results for the photoelastic ten-
42) at low frequencies is quite good. Agreement with thesor under hydrostatic strain are shown in Fig. 4; we are not
previous theor}# based on the local-density approximation aware of any comparable experimental results. The case of
with a simple self-energy correction in the form of a “scis- uniaxial [001] strain is presented in Fig. 5. The theory ob-
sors operator” is also reasonable, although the deviation&ins the correct trends as the data, but disperses too strongly
become more marked at higher frequencies. The treatment ahd overestimates the value Kf,— K, for all photon ener-
excitons is explicit in the present work, in contrast to thegies. In contrast, for the case of uniax{dl1] strain, the

VI. PHOTOELASTIC PROPERTIES
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FIG. 3. Photoelastic constakt, ([111] strain for Si, including FIG. 5. Photoelastic constait;;—K,, ([001] strain for LiF,
theory for two values of the internal strain parameter,0.81, pre-  including theory for various values of the full Brillouin zone sam-

dicted by our minimization of the total energy, afi¢ 0.73, which ~ Pling grid. The previous experiment of Ref. 48C72 is also

is representative of the experimental data presented in Table [\8hown.

The previous theory of Ref. 14 ZWAW92) and the previous ex-

periments of Refs. 4BHCP69, 52 (CGC79, 53 (GKC80), and 44  tal values. The dramatic feature predicted at high energy in

(EKC93) are also shown. Figs. 8 and 9 also holds for the case of ga&lbeit between

10.1 and 10.4 eV. Because this feature is similar to the ex-

agreement with experiment is excellent. The predictiveperimental and theoretical results for silicon shown in Fig. 1,

power of the theory is to be judged by the worse of these twave believe it is real.

results—i.e., factor-of-2 agreement with correct trends. Con- The results for uniaxigl001] strain are given in Figs. 10,

vergence to about 15% or better is achieved by the88 11, and 12. Like the case of silicon, the magnitude is over-

x 8 sampling grid in all casesee Fig. 6. estimated compared with experiment, and the dramatic turn-
Results for hydrostatic strain for the homologous seriesiround near 9 eV in the case of Gabccurs both in theory

Cak, SrF,, and Bak are given in Figs. 7, 8, and 9. At low and experiment. The measurements of the present work is

photon energy, the theory agrees with the available experi-

mental data at a level comparable to the range of experimen- 0.5 —rrrr T T
rTT 1T 17T T 1T 7T 17T T 1T T T T T T 17 I'l I::‘ i LiF 7
2 , P
LiF
- 12x12x12 ———
10x10x10 -------
> 151 8x8x8 oo
o L 6X6X6 e g
® 4x4x4 ---—- < N
o 1 2x2x2 - . > 0F 12x12x12 ——— \
> 10x10x10 -------
og 7] - 8x 8x 8 ]
@ i e BX 6X 6 \
& 05 B ax 454 R
S . 2x 2x 2 -
+ sC72  x i
r 0 .
= = |
0.5 et 7] s Y-S5 A T N O B B B |\|“.| 11
B ] 0 1 2 3 4 5 6 7 8 9 10
_1 | N I N (N Y O N I S N I I A |

Photon Energy (eV)
01 2 3 4 5 6 7 8 9 10

Photon Energy (eV) FIG. 6. Photoelastic constaHt,, ([111] strain for LiF, includ-
ing theory for various values of the full Brillouin zone sampling
FIG. 4. Hydrostatic photoelastic constant,(+2K;,)/3 grid. The symmetry of the LiF does not lead to an internal strain
=V de/dV for LiF, including theory for various values of the full parameter under compression in this direction. The previous experi-
Brillouin zone sampling grid. ment of Ref. 47(SC72 is also shown.
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FIG. 7. Hydrostatic photoelastic constantK(+2Ki,)/3 FIG. 9. Hydrostatic photoelastic constantK,(+2K;5)/3

=V de/dV for CaF,, including theory for various values of the full =V de/dV for BaF,, including theory for various values of the full
Brillouin zone sampling grid and the previous experiments Refs. 58Brillouin zone sampling grid and the previous experiments of Refs.
(SV66), 55 (RN70), and 56(SBL72). 54 (SV66), 55 (RN70), and 56(SBL72).

consistent with the low-energy measurements of Ref. 48. Thgjon of Srk; is intermediate between Cafnd Bak. It is
origin of the discrepancy between these measurements afgteresting to note that the same relationship holds for the
Ref. 47 for the case of SgHs unclear. The theory, present dispersion of the intrinsic birefringendé®
experiment, and Ref. 48 find the low-frequency values for  As noted earlier for the case of silicon in Ref. 14 and Fig.
the series CaF; SrF,, and Bak; to be roughly constant on 3, the photoelastic tensor componéy, is a sensitive func-
the scale of the factor-of-3 difference reported by Ref. 47 fottion of the internal strain parameté&rMoreover, the internal
SrF; only. strain parameter is not known experimentally for the fluo-
The results for uniaxigl111] strain are given in Figs. 13, rides. Hence we take two approaches. As discussed earlier
14, and 15 for Caf; SrF,, and Bak, respectively. As noted and presented in Table 1V, a total-energy LDA minimization
by Sachez and Cardofidand seen the measurements of thewas performed yielding theoretical values frThe results
present work, for both thg001] and[111] cases, the disper- for the photoelastic tensor componéfy, using this proce-

25 LI I N I B O O I B B B B Y L rrrrrrrrrrTryrrd I},L«\‘ T T
N va\
2+  8x8x8 Lo
T 6x6x6 X
i L 4x4x4 .
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P o 1.5 " scr2 i
o : FW80 2% ¢
> by N P
I ! X crerryr IR
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E _ x Tr +X ]
c'\lt- ' - A X +)$+x>< x -
;_ 05 ol
-1 beledepede P e i i A N A B A B S R T [ JJL T N T T N T O Y L
01 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
Photon Energy (eV) Photon Energy (eV)
FIG. 8. Hydrostatic photoelastic constantK,g+2K,,)/3 FIG. 10. Photoelastic constalii; — K, ([001] strain) for CaF,,

=V de/dV for SrF,, including theory for various values of the full including theory for various values of the full Brillouin zone sam-
Brillouin zone sampling grid and the previous experiment Ref. 56pling grid, the present experiment, and the previous experiments of
(SBL72. Refs. 47(SC72 and 48(FW80).
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FIG. 11. Photoelastic constakt,— K, ([001] strain for SrF, FIG. 13. Photoelastic constaHt,, ([111] strain for CaF, in-

including theory for various values of the full Brillouin zone sam- ¢\, ding theory for various values of the full Brillouin zone sampling
pling grid, the present experiment, and the previous experiments (ﬁrid at £=0.4725, determined by LDA total-energy minimization,
Refs. 47(SC72 and 48(FW80). and various values of the sampling grid, the present experiment, and
. . ) the previous experiments of Refs. 43C729 and 48(FW80).
dure are in excellent agreement with experiment for the case
of Cak,, but not for Sri; and Bak. Hence we also regal  fidence in this fitting procedure. The best that can be said is
as a fitting parameter. As shown in Figs. 14 and 15, a googhat both the low-frequency data and the sign of the disper-
account of the data may be obtained with a changé @i sjon are accounted for semiquantitativelyZiis taken as a
0.2-0.3. Given the paucity of experience in fittiido ex- fitting parameter.
periment(Si being the only case known to)ust is difficult Itis very difficult to achieve numerical convergence of the
to estimate the uncertainty in the theoretical estimatgéfof photoelastic tensor close to the band edge. The low-
the fluorides, so it is possible to ascribe the difference in thgrequency results are more reliable than their higher-
theoretical prediction and experiment to a lack of knowledg&requency counterparts. Nevertheless, the predictions near
of . On the other hand, the theoretical overestimat&gf  the band edge—in particular the prediction of a single dra-
—K, (which is independent of) leads us to lack full con-

0-5IIIIIIIIIIIIIIIIIII
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FIG. 14. Photoelastic constaHt,, ([111] strain for SrF,, in-
FIG. 12. Photoelastic constalft;— K, ([001] strain for BaF,, cluding theory for various values of the full Brillouin zone sampling
including theory for various values of the full Brillouin zone sam- grid at{=0.623 and various values of the internal strain parameter
pling grid, present measuremeifts), and the previous experiments ¢ for the 8x8Xx 8 sampling grid, the present experiment, and the
of Refs. 47(SC72 and 48(FW80). previous experiments of Refs. 43C72 and 48(FW80).
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FIG. 15. Photoelastic constaHt,, ((111] strain) for BaR,, in- FIG. 17. Photoelastic constar;;—K;, ([001] strain for

cluding theory for various values of the internal strain paramgter CaSn xF, with parameters as in Fig. 16.

present measurements ), and the previous experiments of Refs.

47 (SC72 and 48(FW80). tion in addition to the pure materials. The results are shown
in Figs. 16, 17, and 18. For uniaxigdl11] strain,{ is linearly

matic turnover in many cases—correctly describe the trenditerpolated between the best-fit values obtained for the pure

in the data. Similar agreement for the sign and qualitativenaterials. The photoelastic tensor components are predicted

dispersion of Caf, SrF,, and Bak for the intrinsic birefrin-  to have a richer structure than merely interpolating linearly

gence was observed previoudlfhe case of the hydrostatic between the end points of the two pure materials.

strain in silicon(see Fig. lis troubling, however, and should

perhaps be rechecked experimentally with a single set of

measurements across the indirect band gap.

Given the potential technological importance of mixed The elastic moduli and photoelastic tensors have been cal-
crystals CaSr, _,F, for 157 nm lithography, we have calcu- culated for Si, LiF, Caf, SrF, BaF,, and CaSr,_,F, and
lated the three photoelastic tensor components for these meempared to experimental results from the literature as well
terials for three values of in the virtual-crystal approxima- as to new measurements of the photoelastic tensors for

VII. CONCLUSIONS
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FIG. 16. Hydrostatic photoelastic constanK,(+2K;,)/3 FIG. 18. Photoelastic constanK,, ([111] strain for

=V de/dV for CaSr,_,F,, x=0, 0.25, 0.50, 0.75, 1, for the full CasSr,_,F,, with parameters as in Fig. 16. The internal strain pa-
Brillouin zone sampling grid of & 8 X8 with the lattice constant rameter{ is interpolated between 0.473 and 0.404, the best-fit val-
interpolated between the experimental values of Catd Srk. ues for Cak and Srk, respectively.
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CaF,, SrF, and Bak. The calculations have been per- Wide-gap insulators. This is not as clear for semiconductors,
formed including excitonic effects via the Bethe-Salpeterhowever, in part because of difficulties with the existence of
equation for the photoelastic properties; for the elastidhe indirect band gap in silicon and with difficulties of
moduli, the local-density approximation is used. The elastid-point convergence previously demonstrated in the case of
moduli have been found not only for their own sake, but toGaAs>®

determine the internal strain parametewhich is required We believe that the apparent inability of the local-density
to predict the photoelastic property undgrll] uniaxial — approximation to account for the internal strain paraméter
strain. of silicon was merely because of the existence of two con-

Typically, a factor-of-2 agreement with experiment is ob- tradictory definitions for’ which were unwittingly confused.
tained for the photoelastic properties, with the dispersion reafhat is, given consistent definitions, our calculation and ear-
sonably given. However, some of the experiments in the litlier calculations are in agreement with x-ray diffraction ex-
erature are in contradiction with each other. In particular, theoeriments to better than 0.1 faf (whose full physical
present measurements and theory support the value of RéANgE® is 1).

48 over that of Ref. 47 for the photoelastic tensor of SrF  The results given here may be of importance to the semi-
associated witfio01] strain. conductor lithography community because of the potential

Each example of strain-induced birefringence has a statigpplication of calcium fluoride and related materials to li-
value and varies rapidly in some fashion as a band edge dhography based on ultraviolet light of 193 and 157 nm.
exciton peak is approached. Such rapid variation is greatly
enhanced in wide-gap insulators by the presence of excitonic
peaks, as may be deduced from Kramers-Kronig arguments.
Local-field effects of theK,, of density-functional calcula- The authors acknowledge useful discussions with Douglas
tions are known not to produce excitonic peaks. We mayC. Allan and support for the computation from Eite Tiesinga.
therefore credit the inclusion of excitonic effects with the Funding for the experimental program was provided in part
functional form of the birefringence at higher energies in theby SEMATECH.
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