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The indices of refraction as a function of wavelength are calculated from first-principles band structure
calculations for CdSiAsand CdSiR. Both are found to have negative birefringence in good agreement with
experimental data. Examining the birefringence data among various chalcopyrites suggests a linear dependence
of birefringence orc/a and thus on tetragonal strain. First-principles calculations confirm this expectation and
give dAn/dn=1.7 for CdSiAs and 2.3 for CdSiRPwith » the uniaxial tetragonal strain. Estimates are made of
the mid infrared dispersion based on the calculations combined with experimental data on midinfrared optical
absorption. Phase matching curves are calculated based on these results as function of strain je@d $iAs
mixed CdS{As;_,P,), alloys. Uniaxial strains of order 1% or mixing with CdSi&re required for CdSiAsto
provide noncritial phase matching in the midinfrared range. Combined with the relativelyy/figbf these
materials, they are concluded to be potentially competitive nonlinear optical materials.
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I. INTRODUCTION Cd-(Si,Ge-(As,P), compounds. This is illustrated in Fig. 1

Chalcopyrite semiconductors have not only high secondf’md is to be expected because both quantities are a measure

: o Lo~ of the anisotropy. The only presently known negative bire-
order optical susceptibilitiesy® but also birefringence . : . .
which allows for angular tuning of the phase matching. InfFr:Tr?ﬁg:mlcl;rl;/'\éévfgvﬂfo%gtﬁﬁegrre dgd(;l::ggecctgiﬁ%-
negative birefringent crystals a condition known as noncriti- o ' per 9
cal phase matchingNCPM) is highly desirable because it gests that birefringence should depend linearly on tetragonal

optimizes the effective conversion coefficient, given by Ef:::‘gng\g,\;hnlgz tn(; 'g?\; %f;e;rirggv\\;atl)tﬁ)é)ortunltles for tuning the

X2 =sin 9X<Z§<)y, (1) ~ In this paper we check this empirical prediction by using
) ) ) ) first-principles calculations of the birefringence in CdSiAs

for type-I (i.e., 0o€) second harmonic generatigBHG) in  and CdSiR. We also confirm and quantify the linear depen-
chalcopyrites. Indeed it correspondste90°, wherefis the  gence of birefringence on strain. The computational method
angle between the beam and the optical axis. Furthermorgged for these birefringence calculations is described in Sec.
since under these conditions the beams propagate alongj@ we present our results on the birefringence in CdSiAs
crystallographic axis, walk off is avoided and the phaseand CdSiR in Sec. il A. In order to evaluate the possibili-
matching is less sentitive to beam divergence, thus increagpes for phasematching, we also need to know the dispersion
ing the overall efficiency. In order to achieve NCPM for ain the mid infrared range. Our calculations are expected to
given target wavelength, the material’s birefringence must bgjive a reasonable description of the dispersion in the region

adjusted. This can be done by adjusting the composition ojyhere the dispersion effects due to the electronic transitions
an alloy between semiconductors with different birefrin-

gence. This concept has previously been proposed for —T
AgGaSe_,Te), alloys? 0.081-

The 1I-IV-V, chalcopyrites generally have larggf than 0.06}
the I-11I-VI, family.2® They also have a better thermal
conductivity>® which translates into a higher laser-damage- 0.04-
threshold and higher allowable maximum power. However, 0.02F
both CdGeAs and ZnGeP, the two 1I-IV-V, chalcopyrites
primarily under development, have positive birefringence, or CdsiAs,
excluding NCPM. The question arises whether a IlI-Iy-V L rs

. . . ) . s -0.02 AgGaSe, .-

chalcopyrite semiconductor exists with negative birefrin- 2g-
gence from which to design NCPM alloys with high effec- 004 A Gas
tive x@. This question is critically examined here using a & CasiP
combination of literature data on chalcopyrites supplemented 175 18

by first-principles calculations.

The available literature dat@ suggest that birefringence  FiG. 1. Birefringence as a function of a for various chalcopy-
varies linearly withc/a ratio at least within a given closely rites. Experimental data taken from Refs. 5 and 6. Least squares
related family of materials, e.g., the various AgGa-¥bm-  approximations to the data within a chosen family give the straight
pounds or the various Z(8i,Gg-(As,P), compounds or lines.
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dominate over those from the phonon effects. The Sellmeyer T ]
equation provides a convenient way to parametrize the index 0.01F 4
of refraction as function of wavelength. It describes the op- . CdSiP, 1
tical absorption from electronic transitions and from phonon Un 7
excitation each by a single pole. We thus use our first- |
principles calculated dispersion to extract the Sellmeyer co- g
efficientsA, B, andC related to the electronic optical transi- 0.02
tions. These results are presented in Sec. Il B. However, the 1
phonon related dispersion is important in the midinfrared. By ~ -093° ]
careful examination of the available experimental data on 0.04 _—//// E i
chalcopyrites, we show that thE Sellmeyer parameter s G 1

H H ) | ! | ! | ! | ! ! !
which represents the phonon effects by a single pole can be  -0.05; 00 08 07 06 05 04 03

-0.01

estimated from the TO phonon frequency while Exparam- A (um)
eter is effectively independent of material. This allows us to
make estimates of thB and E parameters for CdSiAsand FIG. 2. Birefringence of CdSiP solid line theory, circles with

CdSiR,. Finally, we are then in a position to discuss the spline interpolation, experimental data from Itehal. (Ref. 12.
phasematching opportunities in CdSpfend CdSiR, as dis-
cussed in Sec. Il C. We show that strains of order 1% inknown LDA underestimate of the band gap can significantly
CdSiAs are necessary to provide phase matching and moreffect the calculated indices of refraction, a rigid shift of the
particularly NCPM in the useful ranges in the midinfrared. conduction band is introduced simply by shifting thgw)
On the other hand, CdSjfhas sufficient birefringence to by the band-gap correction before calculatingw) and
provide phasematching and furthermore it could be tuned byi(w). This is equivalent to a scissor’s shift accompanied by a
alloying with CdSiAs. The strains of 1% are substantial but renormalization of the momentum optical matrix eleméfts.
by Calculating the relevant elastic constant we show that it The absolute indices of refraction may still show a fa|r|y
corresponds to stresses<1 GPa, which are feasible based |arge systematic error from the experiments because of the
on literature datd. The second harmonic coefficients of |ack of local field effects in our calculations. This effect may
these materials which were calculated in previous Ware  |ead up to a typical 20% underestimate of the static index of
compared with those of other materials presently in use t@efraction. However, one may expect that this is a more or
evaluate the potential of these materials in Sec. Ill D. Weess constant error and hence the birefringence, i.e., the dif-
conclude that these materials are potentially competitivgerence between the indices of refraction between two polar-
NLO materials. ization directions should have a much smaller error of a few
percent at most. The same is true for the dispersion, that is,
II. COMPUTATIONAL METHOD the variation of the indices of refraction with frequency. The
overall reliability of the present method to calculate birefrin-
First—principles Ca|Cu|ati0nS Of the indiCES Of I’efraction gence has been demonstrated in earlier V@drkpartic[_”ar,
were performed based on density functional band structurg was found there that the calculated birefringence of
calculations. The linear muffin-tin orbital meth(jd\/lTO) is CdGeA§ and ZnGeE agree W|th the experimenta' Va'ues to
used in the atomic-sphere approximatiohSA)® and the petter than 10% for wavelengths sufficiently far above the
local-density approximatio(LDA) is used for exchange and phonon-absorption range and sufficiently below the band
correlation? After converging the potential to self- gap. Near the band gap defect absorption effects tend to in-
consistency using a well converged regulaf X 6 k-point  crease the birefringence faster than the calculations pre-
mesh, the imaginary part of the optical dielectric functiongicted. Also, while the calculated birefringence decreases to
£5(w) is obtained by summing over interband transitions ne4 nearly constant value for increasing wavelengths in the mid
glecting local field and excitonic effects as described in Refto far infrared, the experiments show an increase when the
10. We Calculatedz(w) up to about 27 eV. In faCTi-;z(w) is phonon absorption range is approached_
already negligibly small above 12 eV. Our calculation in-
cludes 14 conduction bands and the 22 uppermost valence

bands, i.e., the aniop-like bands, and Cd bands, although . RESULTS
the latter made little or no contribution. The tetrahedron o
method with a large 28 20x 20 regulark-point mesh was A. Birefringence

used to perform the Brillouin zone integrals. An energy mesh W first show our results for the birefringence in CdSiP

of 1200 energy points was used between 0 and 27 eV. Baserhe calculated birefringence as function of wavelength is
on earlier experience with calculation of optical properties.shown in Fig. 2 compared to the experimental data from Itoh
e.g., in Ref. 10, we know that these computational paramet g|12

eters are sufficient to obtain the real peytw) by Kramers- One may notice that the experimental birefringence in-
Kronig transformation. Finally the complex index of refrac- creases faster when approaching the band gap than the cal-
tion is obtained fromn(w) +ik(w)=&;(w) +iex(w). Here we  culated one. This may well be a result of defect or exciton
show results only fon(w) for Aw below the band gap al- absorption below the band gap, as was also found to be the
though we did calculate both up to 27 eV. Since the well-case for CdGeAs® Our calculated value for the static value
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FIG. 3. Birefringence as a function of photon energy for
CdSiAs for different uniaxial straing; along thec axis.

of the birefringence for CdSiPis An=-0.049+0.006. This

calculation uses experimental lattice constants and the eXstimated value afi=0.2893 to a FP-LMTO calculated value
perimental value for the internal structural parameter for theyf y=0.2866 had negligible effect. For a 1% strain te
chalcopyrite structure from Ref. 5. A gap correction of ygjye changed less than 0.0003. The experimental ¥&ue
1.28 eV was used assuming an experimental gap of 2.45 €Vjye pjrefringence is —0.017 in fair agreement with our calcu-

Values ranging from 2.08 to 2.45 eV have been repéried lati h little di ion in th idinf
the gap of CdSi We checked that the birefringence is not :)’([:;)enr;ta:]r;c:irsthc;wsarl]t;eg;j;)s.persmn in the midinfrared range

very sensitive to the choice of gap correction in this case
because the LDA gap is sufficiently large to start with. It
varies by less than 0.001 even when using the LDA gap. We B. Index of refraction and Sellmeyer parameters

checked that the birefringence is also insensitive to the inter- |n Fig. 5, we show the calculated indices of refraction for
nal structural parameter. Using a valueusf0.2923 obtained  CdsijAs, as function of wavelength and their fit by means of
from a full-potential(FP) LMTO (Ref. 13 energy minimi- 5 Sellmeyer expressién

zation instead of the experimental value 0.2967 changed

the result to —0.043. The experimental value used in Fig. 1 n*=A+B/(1-C/\? +D/(1-E/N\?). 2

from Ref. 5 is —0.051 and correspondsXe2.06 um and C P ; .-
- ) . The last term in this expression involving the coefficiebts
T=300 K. At the longest wavelength considered 08 in g E, is related to the downward curving part of the index

12 irefri
Itoh et al.”* the birefringence seems to flatten out at a value ¢ ot tion when approaching the long-wavelength region

of abk;?:utt—ot.r?45. In o_ther \;VCI’rdS’ ourgncertﬁlnti/ seems Cortr\hhere phonons produce absorption. Since this physics is not
parable to the expenmental one and excellent agreement §3.,,qeq in our first-principles calculation, we fit our data

obtained between both. : . L .
Lo . : . h D=0.Th I Il ff f A
The results for the birefringence in CdSiAare shown in \;V:d CdSOiB ar(ea gj?\fgrrl?ng.;ilénﬁygélg\?ve icients for CdSiAs
Fig. 3 for different values of the uniaxial straip. A gap However, the phonon contributions are important and are

correctior_1 of 1.07 e\_/ is included, br_inging the LD_A gap for discussed next. The Sellmeyer equations essentially describe
zero strain 0.48 eV in agreement with the experimental gap

of 1.55 eV. We see that at low frequency the birefringence is
indeed negative, approximately —0.01 for zero strain, i.e.,
somewhat less negative than the experimental value of
-0.017% One can also see that the variation of birefringence 3.15]

FIG. 4. Calculated long-wavelength value of the birefringence
as a function of strain for CdSiAs

32

with strain is linear, which is further confirmed by plotting § g ﬁ°

An(w=0) directly as a function of strain in Fig. 4. One finds § [ — without phonon

An=-0.01+1.77. £ - with phonon
In the calculations for nonzero strain, we have maintained X

the internal structural parameterof the chalcopyrite struc- =

ture equal to its experimental value for the unstrained situa- I =0

tion. We have separately checked with full-potential LMTO [ T T
calculations thati does not vary significantly witk/a, as is
to be expected because it corresponds only to a displacement
of the anion sublattice relative to the two types of cation
sublattices in planes perpendicular to thaxis. It is basi- FIG. 5. Calculated indices of refraction for CdSpAsircles for
cally determined by a balance between the Cdn,and squares fan,), a Sellmeyer fit to thenisolid lines, and the
As and Si-As bondlengths. As already mentioned, the biresame with an added “phonon’-related te(dashed linesrespon-
fringence is not very sensitive toand, in fact, changing the sible for the decrease at long wavelengths.

)
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TABLE I. Phonon data, phonon frequeneyo, corresponding CdSiAs and CdSiR to be 660 and 420, respectively.
optical wavelengti\ro, and Sellmeyer parametér On the other hand, we note that the strength of the phonon
pole or theD parameter does not vary much between the
vro (€M) Ao (um)  (Ao)? (um?)  E (um?) various chalcopyrites and is about 1.5. The effect of adding
the terms withD andE can be seen in Fig. 5.

ZnGeR 399 251 628 660 We finally adjust the Sellmeyeh parameter slightly to

CdGeB 384 26.0 676 671 correct for our underestimate of the individual indices of
CdGeAs 272 36.8 1354 1370 refraction. This leads us finally to the estimated Sellmeyer
ZnSiAs, 405 247 610 700 parameters given in Table II, in which we also give the in-

dices of refraction that result from them for long wavelength

CdSB 489 20.4 418 and the calculated strain derivatives. Our calculations for dif-

CdSiAg 891 25.6 655 ferent strains for both CdSiAsand CdSiR indicate that not

3Estimated from Ref. 14 as explained in the text. only the birefringence but each of the indiggsand n, sepa-
rately vary linearly with strain.

the real part of the dielectric functian (w) assuming that its C. Phase matching angles

imaginary part simply consists of two poles, one at high aying a convenient analytic expression for the indices of
frequency, corresponding to band gap aborption and one @kfraction, it is then straightforward to obtain the phase
low frequency, representing phonon related absorption. Imatching angle for type-I SHG, i.e., the angle between the
the spirit of the Einstein model for phonons, it seems reasongptical beam and the optical axis for which theand 2
able to represent the optical phonon spectrum by a singlpeams are phase matched, given by

average phonon frequency, which we may identify with, e.g.,

the TO frequency at thE point in the Brillouin zone. There ot
is actually no particular reason to prefer the TO over the LO i? o= No(®)?  Ng(2w)? _ No(2w) — no(w) 3
mode here and to within the accuracy we claim here, either 1 1 Ne(2w) = Ny(2w) "’
one could serve. From this point of view we expect that the Ne(20)? n (2w)2
(5} 0

Sellmeyer coefficienE can be identified with\Z,. Table | o
illustrates to what extent this expectation works for somewheren is the principal value of the extraordinary index of
chalcopyrites for which the Sellmeyer parameters have beefgfraction, i.e., for polarization along theaxis. Another pro-
determined by measurement of the indices of refraction ang€ss of interest is difference frequency generation. In this
for which the phonon frequencies are known. We use result§ase, we are interested in a typeebo process in which a
from the data compilation of MacKinnoet al5 pumpp beam ofe _polarlzat|on qf frequer)cy)_gwes rise to a
The agreement between the last two columns is reasorsignals and idleri beam both ino polarization of two fre-
ably good and in particular shows the remarkable differencfluéncies which add up te. The phase matching equation
between CdGeAsfrom the other materials. Now, the pho- for this case can be found in Ref. 19 and is given by

non frequencies in CdSiAsare not well known but mid . (n8)?

infrared absorption data by Averkieeaal 1 indicate a fairly Sir? By = ™" o2

strong absorption peak at about 1Z8. By comparison [Np/AINS + (Np/M)NY]

with CdGeAs and ZnGeR midinfrared absorption data in (n2)? = [(AYAINI+ (N /NPT

Ref. 15 it becomes clear that this peak corresponds to a two- X (n9? = (n)2 N
p

phonon process and hence we estimatethefor CdSiAs
as 25.6um. We can thus estimate thE parameters of One can also consider the idler as a second pump beam and

TABLE II. Estimated Sellmeyer coefficients, index of refraction, and strain derivative for C¢%idd
CdSiR. The first column gives thA coefficient obtained by fitting to the first-principles calculations and the
second column gives the coefficient slightly adjusted to match the experimental indices and birefringence.
The indices correspond ta/A+B using the adjusted value 8f The resulting birefringenc&n and its strain
derivative is given separately.

A (calculated A (adjusteql B C(um? D  E(um? n drn/dy

CdSiAs,
N, 4.523 6.823 4.742 0.164 15 660 3.40 -1.2
Ng 6.071 8.321 3.126 0.245 15 660 3.38 0.5
An -0.02 1.7
CdSiR
Ny 2.747 6.747 4.784 0.076 15 420 3.40 -0.8
Ne 3.162 7.107 4.107 0.086 15 420 3.35 15
An -0.05 2.3
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Cdsias,

d
(0 + wz)d_n 7= [win%(wy) + wn(w,)

— (01 w)n(w1 + @p)] =0, (6)

where the right-hand side can be evaluated straightforwardly

using the data from Table Il. For example, by pumping with

2 um light, one could generate a signal and idler of wave-

lengths 6 and 3um. In that casen®(w;)=3.4106, n"°(w,)

=3.3912,n%(w;+w,)=3.4120 and a the strain required for

7 NCPM is —0.0046.

1 The questions is now if strains of this magnitude are

40 R S . achievable. To this purpose, we calculated the elastic con-
A (um) stant for uniaxial deformation along tleeaxis, which can be

expressed in terms of the elastic constants for a tetragonal

crystal with point group_a m as follows:

FIG. 6. Phase matching angi,, as function of frequency
doubled wavelength for CdSiAdor different uniaxial strainsyn=
-0.0015,-0.002,-0.003, ...,-0.015 from innermost to outermost Croo = (2C33—- C11 - Cyp)/2, (7)

curve.
by evaluating the curvature of the enelggr unit volumeéu

. . . ._versus straing curve
the signal as the generated difference, although in an optical 7

parametric oscillatoOPO) only a single pump is used and U= EC 2 ®)

the desired signal is selected by a resonant cavity effect. We ~ o ~{oog7 -

note that if\;=\;, these equations reduce to the one for SHG_ = | ) ) )
of signal and idler combining to the pump. This is done using the FP-LMTO method mentioned earlier

In Fig. 6 we show the results for CdSifas function of ~and gives a value of 27 GPa, which seems reasonable in
strain. We see that a minimum compressive strainyof Ccomparison with elastic constants _of for example GaAs. In
=-0.0015 is required to have any phase matching at all, cothat case, the corresponding elastic constant woul@Che
responding to the innermost curve. In fact, for compressive C12)/2 which evaluates to 28 GPa using measured elastic
strains smaller than this, the birefringence is simply to smalFonstants reported in the Landolt-Bérnstein tabfeShis
to give any solutions of the E¢3) because the dispersion in means that a 1% compressive strain requires a stress of about
the midinfrared range is too strong. With increasing strain0-3 GPa. This is fairly large but not impossible to achieve.
the curves move outward. Of particular interest are the waveEOr example, in studies of uniaxial deformation potentials of
lengths for which the phasematching anglg,=90° since semiconductors, one uses stresses up to 1’GPa.
this corresponds to NCPM. In particular, we note that,CO ~ For OPO and SHG applications, one typically works with
lasers have a manifold of sharp laser lines in the wavelengtRulk crystals because one needs to perform angular tuning.
range 9-11.5um. This corresponds to 4.5—5.78n for the ~ However, under NCPM conditions, one might consider using
frequency doubled wave. Thus we can see that a strain ¢ thin film geometry since the beam would propagate in the
about —0.007 to —-0.015 is required to cover this range. Omlirection perpendicular to the axis and thus in the film
the other hand, if we would frequency double a O@ser ~ (conventionally grown normal to the axis). Fairly high
line twice, we would need to cover the range 2.25 tostrains can be obtained in thin films by growing a film on a
2.75 um. We see that we can indeed have NCPM again fofmismatched substrate and thus putting it under biaxial strain.
this purpose now on the left-hand side of the curves withFor @ 1% compressive uniaxial strain, roughly a 0.5% biaxial
smaller strains of about —0.0015 to —0.0035 tension is required. However, the achievable strains in this

One could also use difference frequency generation with #/ay are usually significantly smaller, except in films of only
pump near 2um (for example, with a Ho-YAG or Tm- @& few atomic layers, because of the generation of misfit dis-
YAG |ase|) and obtain a Signa] and idler beam both at abouj!ocations which relax the strain. Nevertheless, it mlght be
4 um in an OPO under NCPM conditions. This again wouldPossible to achieve the required strains simply by bending
require Compressive strains of order —1%. Note, howevert,he substrate on which the thin film is depOSited and making

that if we consider NCPM, i.e., sifiby, =1, Eq.(4) reduces Suré the beams follow the film by confining them within a
simply to waveguide. Small adjustments of théa might also be pos-

sible by temperature tuning, since Cdgéhd related chal-
copyrites have a strongly anisotropic linear thermal expan-
w1N%(w1) + 0N°(wp) = (1 + W)N*(w; + w,). (5 sion. ®
Alloying with CdSiR, to make the birefringence more
negative is an alternative solution to tune the birefringence.
Thus, for a chosen pump frequeney+w, and any desired Linear dependence of the indices of refraction on alloy com-
signal frequencyw, < w,ymp We just have to find the strain position is not obvious, but is a frequently made assumption
such that Eq(5) is satisfied. Since the birefringence variesin the field! A systematic verification of the linear depen-
linearly with strain, this simply means dence on alloy composition would require one to model ran-
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CdSi(As, P, TABLE Ill. Comparison of NLO properties for different chal-
%0 ' copyrites. The experimental values of the band Bgg, and bire-
80'_ i fringenceAn are taken from Refs. 5 ar!d 6 the calculagéd values
| are from Refs. 2 and 3 and the experimental values between paren-
70k | theses are_from various sources quoted in the same papers where
L the theoretical values are taken from.
°§60_ Egap(&Y)  x? (pm/V) An [x?12/n3
or i Cdsip, 2.45 73 ~0.051 135
a0l _ CdSiAs 1.55 139 -0.017 700
3 E CdGeAs 0.65 506351-472 0.110 5450
e I S— s ZnGeR 2.05 102111-150  0.039 330
A (um) AgGa$S 2.64 2618-23 -0.055 50
AgGaSe 1.80 6664-68 -0.033 250

FIG. 7. Phase matching ang), as a function of frequency
doubled wavelength for Cd@is,_,P,), for x=0.1-1, the inner- AdGaTe 1.32 138 0.016 730
most curve corresponding to=0.1.

dom sloys, which isbeyond he scope o s paper. How % TS0 LD Erbans sontiouten tomines, e
ever, it is easily verified that the assumption of linear o

o . . o of the two contributions which in most chalcopyrites cancel
dependence of the indices of refraction gives similar resultst:0 a large extent. CdSiAsshares this unusual property with
to the assumption of linear variation of the Sellmeyer coef- 9 ' property
. . : ; .~ CdGeAs. Although CdGeAs has a much smaller phase-
ficients, another plausible assumption. Assuming Imearmatchin angle of about 33.57° for GOfrequenc
variation of the indices of refraction with composition and oublin 920 it s%ould be kept into éccount that forg osi}[/ive
using the parameters of Table Il we obtain the results show refrin gém material the ezectiv @- @in 20 for anpeeo
in Fig. 7. 9 UVEert = Xzxy> .

We can see that with increasing concentrationPothe p(rgcess and hence CdG_W'” seems 1o have a superior
range of wavelengths for which phase matching is possibléer han CdSiAs even V\(/ghout NCPM. On the other hand,
increases. We also see that for pure CSIEPM for SHG the actual value of thg'? of CdGeAs is still somewhat
occurs for optical wavelengths of thexdeam at 4.6um, or uncertain and the theoretical value used here may be a bit
the fundamental ak=9.2 um, i.e., at the lower end of the OPtimistic. This is because the band gap in CdGeas/ery
CO, laser frequencies. To achieve NCPM SHG of longerSMall and '?Z)f"’_‘Ct negative in LDARef. 17 and hence the
wavelengths one would need to increase the birefringencé&@lculatedx'? is more sensitive to the way in which one
which again would be possible by compressive strain a|0ngorrects for the LDA band gap underestimate than in other

the ¢ axis. NCPM OPO applications with pumps at aboutnaterials. However, CdGeAshas the disadvantage that
1 um would also be possible for pure Cdsil.g., using the NCPM cannot be used and hence it is subject to the walk-off

popular Nd-YAG laser at 1.064m. problem. Compared with AgGageCdSiR has the advan-
tage of NCPM for desired wavelengths and has a competitive
x? and may have a higher thermal conductivity. However,

D. Nonlinear optical coefficients the AgGaSe and telluride have probably advantages in
Having demonstrated the feasibility of phase matching foterms of transparency range.
CdSiAs, under strain and for CdSjPand CdSiPAs;_,), Indeed, another consideration for nonlinear optical appli-

alloys we now consider the® and the SHG figure of cations is the transparency range. On the short wavelengths
merif®1% (FOM) [x@]2/n3 in comparison with other chal- Side this is determined by the band gap. The band gaps of
copyrite semiconductors in Table Iil. The figure of merit is CdSiP» and CdSiAg are sufficiently large to allow for pump-
chosen based on the fact that for SHG, the efficiency N9 with about 1um lasers, which gives them an advantage

=p,,/P,, for perfect phase matching is given8y over CdGeAgfor those.applications._At the long qu_elength
side, the transparency is usually limited by the position of the

multiphonon lines. In particular, the optical absorption cor-
G £oN2N5,CN2 © responding to two phonon generation tend to be rather strong
@ and may limit applications for CdSjPbecause the latter has
in Sl units and Wherejeﬁ%xfﬁ), L is the path length the a fairly high phonon frequency because of the light P and Si
beam traverses through the crystg),is the intensity of the atoms. In fact, the optical wavelength corresponding to a two
input beam, and, is the wavelength of the input beam. The phonon process is about 14m which overlaps with the CO
NLO coefficients are taken from our previous calculatiohs frequency range. Even three phonon processes are found to
and the other properties from the Landolt-Bornstein tables. limit applications of ZnGepfor CO, doubling because they
In this table, CdSiAs has the second highegt?. This  occur at 8.3um. Interestingly, the mid infrared absorption
high value ofy?, is in fact, due to the very small negative data from Averkievaet all4 do not show a three-phonon
purely interband contribution tg'?, such that the large posi- absorption band for CdSiAsnd the two-phonon absorption

_ 8mPdL,

045204-6



NONCRITICALLY PHASE-MATCHED SECOND-.. PHYSICAL REVIEW B 70, 045204(2004)

band occurs at 12.@m, i.e., beyond the CPQlaser line While from the NLO coefficient point of view CdSiAss
manifold. Thus CdSiAsunder compressive strain of about much more desirable than Cd$iRabout a factor 2 larger
1% may be suitable for COfrequency doubling as well as x?) its negative birefringence is slightly too small to over-

for OPO applications with pumps nearun. come the fairly large dispersion in the midinfrared. We
showed that even in the absence of index of refraction mea-

surements, we can estimate the midinfrared dispersion of the
IV. CONCLUSION index of refraction from a knowledge of the optical phonon
frequencies combined with our calculated data. We suggest
In conclusion, our calculations indicate that both CdSiAs that the too low birefringence in CdSiAsould be overcome
and CdSiR are II-IV-V, chalcopyrite materials with signifi- by uniaxial compression. Our calculations show that the
cant potential for NLO frequency conversion applications.strain coefficient of the birefringence both in Cdgiénd
Their negative birefringence opens the way towards desig@dSiAs is of order 2, which is fairly large and allows for
of noncritically phase matched materials by str@nd tem-  tuning over the relevant range with uniaxial strains of the
peraturg tuning or by alloying between these two com- order of 1%. This is not trivial but should be feasible with
pounds for various processes leading to wavelengths in theurrently available stress apparatus since it requires stresses
midinfrared, such as optic parametric oscillators with pumpdess than 1 GPa and by exploiting the fact that under NCPM
ing by lasers at about 1-2m or CG, laser SHG. Our cal- conditions thin films could be utilized instead of bulk crys-
culations confirmed the negative birefringence of bothtals.
CdSiAs, and CdSik. The actual calculated values were to
within 0.01 of the experimental values but furthermore indi-
cate the strong sensitivity of the birefringence to uniaxial This work was supported by the Air Force Office of Sci-
strain. A strain coefficientlAn/d# of about 2 was obtained entific Research under Grant No. F49620-03-1-0010. It is a
for both materials, indicating that with a strain of order 0.01pleasure to thank Dr. G. Medvedkin for pointing us to the
a significant change in birefringence can be realized. experimental data on CdSiAs
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