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We report first-principles calculations of the second-order optical response coefficients in the J-IlI-VI
(I=Ag,Cu; IlI=Ga,In; VI=S,Se, Te) chalcopyrite semiconductors. The computational approach uses the
length-gauge formulation of perturbation theory which explicitly separates pure interband from mixed
intraband-interband contributions. The expressions for static and frequency dependent second-harmonic gen-
eration coefficients are evaluated from band structures based on the local density approximation but including
semiempirical gap corrections. The linear muffin-tin orbital method is used to calculate the required band
structures and matrix elements. The results are in good agreement with experiment for the compounds for
which data are available and provide predictions in the other cases. The trends show that the dominating factor
determiningx(? is the anion rather than the group | or group Ill cation. TH#& values clearly fall into
separated groups with increasing value going from S to Se to Te. While this correlates approximately inversely
with the band gap, several exceptions are notgi)eCu compounds have smaller gaps than corresponding Ag
compounds and nevertheless have slightly low&; (2) AgGaTe has a higher gap than Aginséut
nevertheless has a much highg). An analysis of the various contributions to the frequency dependent
imaginary part of the response functions{jff)(— 2w, w, )}, is presented in an attempt to correlate &
values with band structure features. The main findings of this analysis ar@iiag¢re is a large compensation
between intra/inter- and interband contributions frequency by frequency as well as in the static (2lties;
static y® value is strongly affected by the sign of the low frequency parts of these separate contriki@ions;
these low frequency parts correspond to only a few valence and conduction bands and only to soacalled 2
resonances(4) the general shape of the {?(— 2w, ,w)} response functions is determined by the band
structures alone while the intensity, which ultimately explains the difference between tellurides and selenides,
arises from the magnitude of the matrix elements. Starting from Ag&aSesmaller effect on thg® due to
In subsitution for Ga than to Te substitution for Se can be explained by the fact that the Ga to In substitution
changes the gap only in a small region near the center of the Brillouin zone, while the Se to Te substitution
changes the gap throughout the Brillouin zone. This shows that contributions from other parts of the Brillouin
zone than the center dominate the behavior. The difference between Cu and Ag based compounds can be
explained on the basis of a different degree of compensation of inter- and intra/interband contributions.
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[. INTRODUCTION ing, i.e., by simply rotating the crystal orientation with re-
spect to the optical beams. While some of the II-Iy-V
Ternary chalcopyrites are promising for optical frequencycompounds have highgt?”s than the I-11-VI, compounds,
conversion applications in all solid state based tunable lasénotably CdGeAsg), they have typically smaller band gaps,
systems. These have potentially significant advantages ovéeing derived from less ionic 1ll-V instead of II-VI com-
dye lasers because of their easier operation and the potentigbunds. This affects the high frequency limit of transparency
for more compact devices. Tunable frequency conversion imnd/or the types of laser that can be used to pump OPO'’s.
the midinfrared(IR) is based on optic parametric oscillators Typically, one wants to stay significantly below the band gap
(OPO's using pump lasers in the near tROn the other for the pump laser to avoid two-photon and band tail absorp-
hand frequency doubling devices also allow one to expantdion. Other differences result from the degree to which these
the range of powerful lasers in the far infrared such as thenaterials can presently be purified and the degree of crystal-
CO, lasers to the midinfraret?? lographic perfection that can be achieved. Among the I-lI-
The ternary chalcopyrite semiconductors come in twoVl, chalcopyrites AgGaSand AgGaSe are the only ones
types: the II-IV-\, and I-IlI-VI, compounds, which are re- that have so far been developed for use in frequency convert-
spectively derived from I1l-V and II-VI semiconductor com- ing devices. While they do not offer the highest possible
pounds. While the binary semiconductors already allow fory(?”’s among chalcopyrites, their wide range and superb de-
nonzero second-order response because of their lack of imgree of transparency and the range over which phase match-
version symmetry, they are, with some exceptions, cubic anthg is possible are probably their greatest advantages. An
therefore optically isotropic. The distinct advantage of theoverview of these materials’ properties, crystal growth,
chalcopyrites is their anisotropy, which leads to birefrin-unique advantages over oth@ay II-IV-V,) chalcopyrites,
gence and hence allows for phase matching by angular turand specific applications can be found in Ref. 2. The copper-
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based compounds in the I-lll-YKamily, on the other hand, butions occurs. This confirms our earlier observations on II-
have been largely studied in view of their photovoltaic V-V ;'s.® On the other hand, the overall dominating chemi-
applications’™® cal trend, namely, an increasejf?) from S to Se to Te, will

In spite of the success some of the members of this familjpe shown ultimately to be due to a difference in momentum
of compounds already enjoy, the properties of the entire fammatrix elements.
ily and the chemical trends are not yet well understood. The The rest of the paper is organized as follows. In Sec. Il we
purpose of the present paper is to develop a better undegélescribe some details of our computational approach. In Sec.
standing of this interesting family of compounds. It comple-IIl we discuss the crystal structures and symmetry aspects of
ments our recent similar study of the Il-IV,\family.? This  the x(?) tensors. In Sec. IV we show how we include gap
is important to guide further developments of new quatercorrections in the band structure in a semiempirical manner.
nary alloys with improved combinations of properties. As anln Sec. V we first present our calculated results for the static
example, it is of interest to develop compounds with so-second-harmonic generation coefficients and discuss their
called noncritical phase matchi®CPM) to optimize the trends. Next, we address the various questions raised in this
frequency conversion for a specific frequency, for example|ntroduction by analyzing the results in terms of the decom-
frequency doubling of CQlaser lines in the 9—1&m range. ~ position of the frequency dependent{g¥?)(—2w,w, )}
Both AgGaln;_,Se (Ref. 7) and AgGaSgTe,;1—x) (Ref. function into intra- and interband terms as defined in Sec. II.
8) alloys have been suggested for this purpose. These pos#iso, we compare different contributions using a band-to-
bilities are based on tuning the index of refraction to a deband transition analysis. A summary of the main conclusions
sired value, making use of the fact that AgGa®enegative  of this work is given in Sec. VI.
birefringent while the telluride and the In compound are

positive birefringent. Note that NCPM for second-harmonic Il. COMPUTATIONAL METHOD
generation(SHG) is possible only in negative birefringent _ _ . _
crystals and this is another possible advantage of the I-Ill- The computational approach used in the present investi-

VI, family over the II-IV-V,’s. In a recent papetwe have gation was described in detail in our previous papene
already pointed out the distinct advantage of the Te substiuse the so-called length-gauge formalism proposed by Sipe
tution versus the In subsitution approach because it has tt&nd co-workers?~**This approach describes the interaction
beneficial side effect of much more strongly increasyty.  between the long-wavelength electromagnetic field and the
As a second example, QAg;_,Ga$S alloys have been solid in the former-E, in whichr is the position operator
shown to exhibit a significant band gap bowifgyith some  and E the electric field, instead of adding eA/c to the
intermediate compositions giving lower band gaps than thénomentunp operator withA the vector potential. In spite of
end compounds. Singg? is roughly inversely correlated to the fact that the two Hamiltonians are equivalent through a
the band gap, one might think that this would lead to a posunitary transformation there are several advantages in using
sible route to further enhancement ). However, as we the length-gauge formulation, namely) the manifest ab-
shall see below, Cu compounds generally have low/ét sence of unphysical singularities in the zero-frequency limit
than corresponding Ag compounds. without the need for invoking sum rule§i) the simple and
The important question related to the above observationgatural account of the effects of the intraband motion of elec-
of chemical trends is why? In other words, how are thesdrons which gives an essential contribution to the nonlinear
trends reflected in the trends in the underlying electronig@ptical (NLO) responsesfiii) explicit satisfaction of the
band structure? While we do not yet have complete answeféleinman relation®’ in the zero-frequency limit. Moreover,
to these questions, it is important first of all to establish thethis formalism allows one to extract the real singularities of
chemical trends clearly by studying not just isolated casethe NLO responses that correspond to physical processes in
but the entire family of materials. In the present paper wethe system(e.g., the current injection in a semiconductor
systematically study the electronic structure and opticairradiated by a circularly polarized light beant
properties of a class of I-1ll-\jl ternary compounds with ~ The price one pays is that the matrix elements of the
formula ABC, (A=Ag, Cu; B=Ga,In; C=S, Se, Te) operator between Bloch functions require care in their defi-
which all exhibit the chalcopyrite crystal structure. Synthesighition. Essentially, one has to use the crystal quasimomen-
and crystal growth of new members of the family or mixedtum ork representation in which threoperator, acting on the
compounds to the point where reliable optical data can b&oefficients of the expansion of an arbitrary wave function in
obtained is time consuming. Therefore, a predictive computhe Bloch eigenfunctions of a given is defined by’
tational approach as presented here should be of great value.
Recently, we have shown that such a method is now r=iv.+ 0 (1)
. . . . k ’
available!'® In the present paper, we will confirm again that

good agreement is obtained between calculated and EXPELiith the O operator defined in terms of its matrix elements

mer_1ta| values in the_ few cases where the_ experiments ardetween the periodic parts of the Bloch functions,
available. Second, since our methodology is based on ban

structures, we attempt to provide an explicit link to the band ) 3
structures and ask which band structure features are reSpO”'{ik|§2|jk)=§--(k)= 1(2m) J U* (K,1)V U (k,r) d3r
sible for the trends obtained from the calculations. As we b Q¢ Jo, TR ’
shall see, a rather complex interplay between various contri- 2
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in which Q. is the volume of the unit cell. The main point, contribution. To the best of our knowledge, a geneahl
emphasized by Blourl, is that the diagonal elements ( initio formulation of second-harmonic generation including
=j) of QO are not well defined but their combination with the continuum and bound excitonic effects for a bulk material of
first term in Eq.(1), iV, is well defined. “Well defined” in  arbitrary symmetry has not yet been given.

the present context means independent of the arbitrary The general framework of our approach is thus second-
choice of the phase of the one-electron Bloch wave funcerder perturbation theory using the perturbation by the opti-
tions, which can be considered to be a gauge transformatiocal electric field written in the length gauge as mentioned
Thus, one arrives at a separation of the generahatrix  above. There are two main approximations. First, we work
elements between Bloch functions of differdntand band  within an effective independent particle modspecified by

index into an intraband and interband part: the local-density functional theory® This means that exci-
tonic effects and explicit exchange-correlation effects on the
(iK|r| ik Y= (K|l interd iK"Y+ (iK|Fintral iK"Y, optical response functions are neglected but the exchange-
correlation effects are included in the band structure taken as
=[1-g]o(k—k")&;(k) input in an averaged sense by the local-density approxima-

tion (LDA). The second main approximation is the long-
wavelength limit, meaning that local-field effects are ig-
) ) ) ] nored. Our particular implementation of the method using
While the occurrence of & gradient with a5 function may  the jinear muffin-tin orbital band structure approach for band
seem forbidding, it was shown by Aversa and Sinbat the _ structures and matrix elements was presented previdusly
commutators one needs to calculate in practice are all fairlgnq was shown to give good agreement with a linear aug-
straightforward to evaluate. The use of this representatiop,anteq plane wavé_APW) implementation by Hughes and
leads naturally to a decomposition of the nonlinear résponsgine24 Our method has been successfully used for calcula-
into various terms related to intraband and interband matrixjons of optical properties of SiC pontypé%,GaN—AlN
elements of the operator. For example, the current Operatorsuperlattice§? LiGa0,,2” ZnGeN,,?® and, most relevant to
also will have intra- and interband parts. An important point,o present paper, II-IV-Ychalcopyrite€

is that the de_nsity matriy to _first_ order in the perturbation The computational approach starts from the band struc-
has only an interband contribution but to second order hag,ie calculated using the linear muffin-tin orbitAIMTO)
both intra- and interband contributions. Thus, in second ormeathod® in the atomic sphere approximation and with the
der in the electric field, several mixed terms occur: @ modiygiential determined as usual within the framework of den-
fication of the expectation value pd of the mterban_d CUr- ity functional theory in the local-density approximafion
rent operator_d_ue to the mtraband parts of the density matrixy ; with ana posterioriself-energy correction applied to the
and terms arising from the intraband part of the current opga, 10 be discussed in Sec. IV. The matrix elements required
erator. In the following we refer to all but the pure interbandq caicylate optical response are also calculated in a muffin-
term as “intraband” terms even though they are in factin orpital basis set, in particular, using the one-center partial
mixed intra/interband terms. The pure interband term has thg e expansion of the wave functions. Angular momentum
well-known form from molecular theories of second-order ¢ 1offs and other convergence issues were discussed in Ref.
response? if one considers the sum ovkras simply a SUm 11 The integrations over the Brillouin zorfBZ) are per-
of independent contributions. _ formed using the tetrahedron method with well-converged
It should be mentioned that this approach neglects thg_oint meshes, typically corresponding to 256 points in the
excitonic and local-field effects. Unfortunately, there presyyreqyciple part of the BZ. Symmetrization of the integrands
ently is no gengral formalism avanab!e to ascerta[n the eITOrgsing the point group is used effectively while carrying out
made by making these approximations. &Ig?gcal—ﬁeld effecCtshe integrations. For the ternary chalcopyrite semiconductors
have been studied by Levine and co-workefSbut only in  considered here, it was found that including the orbitals with
the nonadsorbing region. The effects were found to be of th‘éngular momentk,,.=3 in the basis set changes the results

order of 15% for the semiconductors under study and Wergy 5 factor of 5—10 % at most. In most of our calculations we
found to reducey'®. Excitonic effects on second-harmonic therefore include angular momenta uplfo,=2 only.

generation have been studied in the framework of the effec- |, rqer o facilitate the discussion of the band structure

tive mass model for asymmetric superlattices by Atanasoynaysis to be presented below, in which we discuss various
et al“* and for superlattices with an applied electric field by separate terms and contributions (2w, w,®), we re-

Tsang and Chuard. This work shows that SHG can be \ning the reader of the final equations used to calculate
strongly enhanced at excitonic resonances, but this is essegp g1

tially a result of the asymmetry in the envelope wave func-
tion and not related to the intrinsic bulk values that we are

+ 6L o(k=k")&ji(k) +i8(k—k)Vi]. (3

concerned with here. The methods used in those papers in- 3 [ {rb (< ot
clude only the specific quantum well derived SHG, not the Xabc (—20,0,0)= € vel cn’ nu ve
bulk contribution, and thus only consider transitions between ™" #2Q) conk (@n,—wcp) | @, — 20

the few quantum well subbands and excitons derived from
the bulk band edges. Tsang and Chuang found in their study Fnc fun
that band-to-band contributions dominate the exciton derived Wpe— ® Oy~

, 4
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in which {r2ré}=(1/2)(2rs+rrb) is a symmetrized combination of the dipole matrix elementy,
= SpmPa/iMw,m, Which are in turn obtained from the momentum matrix elem@fts. Superscripts 4,b,c) refer to the
Cartesian coordinates. For the “intraband” contribution, one has

3

e 2 1

abc a .b c a b a c

i -2 =5 foel =5 loc(Nyectrén)t ———————(Ieclep T Mocnl

Xlntra( wv")v“’) 2 ﬁZQ &k vc[ ch(wCU_Z‘U) uc( ve;C Cv,b) wc:u(wc:;_w)( vC;C' Cv vc;b CU)
1 1 4 1
+— - rd (r2 AS +r¢ APy ——— (P rS 4+rC 1P 5
a)gv(w(:v_w wcv_zw) vc( Ccv='cCcv Cuv Cv) chv(va_w)( vc,a’ Cuv vec,a CU) 1 ( )
|
with the generalized-space derivative make reliable predictions and an analysis of these contribu-

tions may provide insights into the origins f?) enhance-

b b . . .
rﬁmAmn“nmAﬁer i ment in terms of the electronic band structure.

b _ b
(rnm);a_ ZI (wlmrﬁlrlm

Wnm Wnm
P ra ) © lll. CRYSTAL STRUCTURES AND SYMMETRY
nitnitim/> CONSIDERATIONS

: : a _sa_ ca . .
in which A= (Pnn—Pmm)/m is the difference between two As already mentioned in the Introduction, the chalcopyrite

band velocities. We note that in the interband contributionStructure with compositio\BC, can be thought of as a
three different states occur; the conductiony, the valence, articular ordered structure of the and B cations on the

andn the intermediate band, which is either in the valence _O'Igation sublattice of a zinc-blende structure with an@nin

in the condl_Jctlon band. The sums are restricted to OCCUP'eﬂarticular, the 11-IV-\, and I-llI-VI, chalcopyrites can be
or unoc_cupled bands by the Fermi fa_ctors sucH_lg?fU ._obtained from the 1lI-V and II-VI compounds, respectively,
—fe wh|ch, at zero temperature, are 1if _the band IS occupie y replacing two group I1(11) atoms per cell by Il and I\

and 0 if the band is empty. In the mixed intra/interband termq 1)) atoms. The crystal structure is a body-centered te-
only v andg, i.e., one interband transition, occur, but gener-yagonal lattice with eight atoms per unit cell. It can be

alized derivativ_es given in terms of intrabqnd velocities Phought of as a possibly tetragonally distor@sB, (or 2 +
pear. These arise from thitk—k') Vc term In Eq..(3) <_’:1nd 2) face-centered cubi@cc) superlattice in th¢201} direction
represent the intraband part of the electronic motion mvolvebf the cationsA andB with an interpenetrating distorted fcc
ment.() is the normalization volume. We note that each termgsice of common anion€ displaced by(1/4,u,c/8a). The
contains 2» andw resonances, corresponding to matching of¢ation ordering already breaks the cubic symmetry even if no
either 2o or » to an interband transition. Each correspond-gistortion takes place but is then usually accompanied by
ing denominator is to be interpreted as having i, and  some structural distortion as allowed by the new lowered
thus in the 6—0 limit has an imaginary part that is &  symmetry. The structural parameters are the lattice constant
function joint density of statesJDOS type of formula 5 \which corresponds to the cubic lattice constant of the zinc-
weighted by matrix element factors and a real part that igende structure from which the chalcopyrite structure is de-
obtained from it by Kramers-Kronig transformation. We note rived, the ratiop=c/a, and the internal displacement param-
that in general the static limit calculated directly is numeri- giary. In the ideal structurey=2 andu= 1/4. The nonideal
cally consistent with the value obtained from the Kramersy,5jue of u is due to the distortion of the anion sublattice,
Kronig transformationthe sum rulg within 5-10% for all  nyolving a shift by each anion away from one neighboring
the cases studied here. The “matrix element factors” contain.ation in the direction of another catidof a different soft

products of the pure momentum matrix elements and ener 10 — . .
difference denominators, which influence the sign of eac?3¥_he spacegroup iB; or 142d; the point group isDq or

contribution. 42m. _

While a simplified expression exhibiting this symmetry I the present work we preferred to use the available ex-
explicitly was derived in Ref. 11, it is useful to consider also Pefimental values of the structural parametarsy, and u
the frequency dependegt?(— 2w, »,») even in the range instead of obtaining them by total energy minimization. The
above the band gap. The reason is that the imaginary part §0st complete set of parameters can be found in Refs. 30—
this response function, iy'?(—2w,w,)}, from which 32. A detailed discussion of the dependence of the band
the static value is obtained by a Kramers-Kronig transformastructure on the values of andu, which characterize the
tion, can be analyzed in a manner similar to the imaginar)mstortlon from the ideal chalcopyrite structure, can be found
part of the dielectric functiom,(w) in terms of the underly- 1N OUr previous publicatidhfor I-IV-V 5 mat)enals.
ing band structure. This should be clear from the above equa- Next, we discuss the tensorial aspecié? for chalcopy-
tions. A significant degree of cancellation among the inter+ites. Because the point group 2w there are only two
band and intra/interband contributions usually takes placandependent components of the SHG tensor, namely, the 123
Thus an accurate calculation of all the terms is necessary @nd 312 componentd, 2, and 3 refer to thg, y, andz axes,
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TABLE I. Calculated LDA E'®) and experimentalRef. 30 character of the conduction band minima under consider-
values of the energy ga}EEXp‘), measured and calculated values of ation. For zinc-blende semiconductors, the main transitions
the staticy(®, and its decomposition in inter- and intraband contri- between the valence and conduction bands aF'thé, andL

butions for different ternary semiconductors I-IlI-Mlin pm/V). points can be reasonably adjusted by shifting upstiebit-
als for the cation and for the adjacent empty spHerehe
S atomic sphere approximatinrThe states in chalcopyrite can
Compound Ef*  (eV) XS0t x2 x2.. x2.  be related to those in zinc blende by band structure folding

arguments, explained, for example, in Ref. 35. Thpoint

AgGas 102 264  2318°22° 259 -241 500  Gvine plende for example is folded 16 andZ of chalcopy-
Agins, 035 1.87 339 -39.0 729 yjte, whereas the. point of zinc blende is folded tX of
AgGaSe 0.17 1.80 64, 68° 66° 655 -7.6 73.1 chalcopyrite.
AgInSe,  0.10  1.24 72,63  83.3 -23.8 107.1 Some experimentation showed that shifting the Ag or Cu
AgGaTe 0.17 1.32 138.0 -108.8 246.8 sstates had little effect while shifting the Gar In sand the
AginTe, 0.21 0.95 152.5 -157.7 310.2 empty spheres states nearest to those atoms did have an
CuGaS 0.92 2.43 1 14° 227 -38.9 616 effect in opening the gap, while leaving the valence bands
culns, 001 153 14 11 31.7 -51.8 835 essentially unchanged. This indicates, as expected, the domi-
CuGaSe 0.20 1.68 57, 44° 55.5 -71.4 126.9 hant role of the Ill catiors states in the lowest conduction
CulnSe 001 1.04 725 -115.0 187.5 bandat’. Unfortunately, we do not have enough experimen-
CuGaTe 043 1.0°-1.24 1420 -186.8 328.8 tal information on the different br_:md.gaps in all chalcopyri_tes'
CulnTe, 0.18  1.06 126.0 -187.2 313.2 c_on5|dered here_. Inst_ead of adjusting each compoun_d indi-
vidually, we decided it was preferable to treat the shifts as
aReference 30. transferable parameters representative of the atom. We first
breference 37. adjusted the gaps at the thrkeepoints mentioned earlier for
‘Reference 36. the zinc-blende II-VI compounds CdS, CdSe, CdTe, ZnS,
“The value used in the calculations is 1.0 eV. ZnSe, and ZnTe to those obtained @GW quasiparticle

calculations®* These showed only slight differences between
respectively, which are chosen along the cubic p¥&®vith  the shifts for Cd and zn for the different compounds. We
the usual matrix rather than third-rank tensorial notationthus used the same shift for Gand Ins states, and nearly
these arey{2=2d,, and x2=2ds. In the static limit, constant values for the shifts throughout the series of com-
these two components are equal according to the Kleinmapounds, and adjusted the remaining discrepancies by means
“permutation” symmetry, which dictates additional rela- of a constant shift or scissor correction. The potential param-
tions between tensorial components beyond the purely crysster shift values were chosen to open the gap at least about

tallographic symmetry. halfway so as to avoid the wrong LDA band masses in cases
of nearly zero gap. We used only about half the values of the
IV. GAP CORRECTIONS shifts in 11-VI compounds to make sure no gaps were over-

corrected, keeping in mind that we would adjust the remain-
It is well known that the LDA underestimates band gapsder with an unbiased scissor correction.

in semiconductors because the LDA Kohn-Sham states do |n part, the smaller gaps in I-lll-\4l compounds than in

not take into account the quasiparticle self-energy correctlythe corresponding I1-VI compounds is due to the fact that the

In particular, some of the compounds treated here havag and Cud-bands are closer to the valence band than are

nearly vanishing gaps in the LDA, as can be seen from Tablghe Cdd or Zn d bands. While the Cdd bands lie at about

I. Under such circumstances, completely erroneous results 7 5 eV below the valence band maximum in the LDA, the

would be obtained fox*) because the latter is quite sensi- Ag 4d bands lie near4.0 eV and hybridize significantly

tive to the gap. o _ with the S, Se, or T@ bands. The Cu @ bands lie between
We have two semiempirical approaches at our disposal-2 and—4 eV while the Zn 3l bands lie at about 6.5 eV.

for correcting the gap: either simply adding a scissor shift;Thjs tends to push up the valence band and thus reduce the

accompanied by a renormalization of the momentum matrixygp.

elements>***or adjusting certain potential parameters of - To finish this section on band gaps, we note that all the

the LMTO method:* As we argued previousl¥, the latter  |jjj.vi , materials considered have a direct band gap with

appears to provide better matrix elements for the transitionghe minimum at thd” point. This is different from the case

because the eigenvectors are then changed consistently Wilfhere the band gap varies from direct to pseudodirect or
the eigenvalues. Since the near gap transitions dominate thegirect.

NLO response, as we will see below, the potential parameter

adjustment approach is preferable. V. RESULTS
In this approach, one adds semiempirical corrections to

the diagonal elements of the LMTO Hamiltontano mimic

the effect of state dependent akepoint dependent self- Table | provides our results for the statiero-frequency

energy corrections. The approach is simply based on a gewalues of the SHG as well as intra- and interband contribu-

eral understanding of the predominant muffin-tin orbitaltions along with the values of the gaps discussed before.

A. Trends in static values
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ABC, compounds with A=Ag ABC, compounds with A=Cu
400 T T T T T T 3.0 400 T T T T T T 2.5
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s S s S
E 10} 115 @ E 100r 9
s \5_,_49\ T o \ ,%\ T
a T = T
= N < — <
or ) 410 o+ 115>
-100 - 405 100 +
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FIG. 1. Staticy® values forABC, compounds A=Ag, B FIG. 2. Staticx®) values forABC, compounds A=Cu; B

=Ga, In; C=S, Se, Te). Positive bars, intraband contribution; =Ga, In; C=S, Se, Te). The symbols are the same as in Fig. 1.
negative bars, interband contribution; shaded area, total value. The

experimental values of the direct gap from Ref. 30 are shown b)five, while the intraband one is positive, and there is a sig-
circles with scale on the right. The error bars show the minimal and,ificant compensation between them. It is noteworthy though
maximal experimental values of SHG from Refs. 30 and 37. that in the silver selenides this compensation is the smallest,

.e., the interband term is very small. This situation re-

. i
_The tOtal SHG values are seen to be n gooo_l agreemet, yples that of CdGeAsn the 1I-IV-V,’s,® where the ab-
with experimental ones where the experiment is availabl

) . . f i he i [
with the exception of Culng*®®¥ Clear chemical trends %ence o compensation between the intraband and interband

t There i l tend i d highe contributions gives rise to its record SHG coeffici¢about
are apparent. 1here Is a general tendency towar ' 500 pm/V). In copper selenides, however, the compensation

from (t;att? Int an_d frlom |S ttr? Se to T(?ILhHo(\;vevter,l thehmOStis “normal,” and the interband contribution is comparable
impor anl ac ord|s ?Qary N in'%n‘ ¢ 13 3(;"0/0 r;”c ?r?g ith the intraband one. In spite of the very low compensation
gives only a modest increase of about 19-4, While te g, qjyar selenides, the absolute value of the intraband term in
to Se and Se to Te changes are by a factor of 2 or more. Th

fact is int tina f tcal licati | deular. th these materials is still lower than in the tellurides. This is
act1s interesting for practical applications. in particuiar, ey ,q g5 poth the compounds of silver and copper.

ml\L;e\j " t?]e Itelluru.jtes b?come corr:petlmve Wlttf;];:‘()z?e. of the Generally speaking, we also see an increase from Ga to In
“IV-V o chajcopyrites, lor example, arger N with the only exception that SHG in CuGaTés a little

ZnGeR. It is also noteworthy that at the same tm;e.the bandnigher than in CulnTg However, this effect is smaller than
gaps stay near or above 1 eV. Thus the increagé?his not the effect of the anion substitution

a]tc th? ex?ens_e of 6; rteduced Eeqfl;entq:jrabnge. _Alsof, the indeX ¢ treng iny(® is seen to be inversely correlated with
ot refraction 1S Not 100 much attected Dy going om Se-y, gaps in an overall sense. This is most clearly seen in Fig.

lenides to tellundgs. .The a(itzljazl f'%”“? of merit for frequency3 which shows a clear separation of all tellurides from se-
conversion applications[ y'“/]°/n°, is thus even more

strongly enhanced than j&?) itself.
If we compare these results to the known valueg@t in

[I-VI compounds we see that the enhancement of the SHC
when one substitutes Se by Te is less dramagid0) AginTe
=30, 80, and 90 pm/V for zinc-blende ZnS, ZnSe, and ZnTe 1500 | Q CUG%%aTe i
and 40, 50, and 60 pm/V for zinc-blende CdS, CdSe, and
CdTe, respectively. For CdS and CdSe the 123 componen O\
for the zinc-blende structure has been calculated from theZ
333 component of the wurtzite phase, the actual structure ir& 1000 1 Aglng\ ]

which these materials occtif,using simple geometric rela- S Q
tions among the tensor componefitsThus, the strong en- ulns Chcade 9635e
hancement of the SHG in the I-lll-YImaterials by a factor 00 L0

of 2 with each anion substitution is rather surprising. The
reason for this difference from the 1I-VI's will require further cuins AginS .
study of the I1-VI NLO response. Here we restrict the dis- CuGas’ %@
cussion to the I—III—.V§ materials. _ . 0-00_8 12 116 210 o3

The compensation between the interband and intrabant BAND GAP (V)
terms can be analyzed from Table | and Figs. 1 and 2. For all

the materials considered the interband contribution is nega- FIG. 3. Staticy® values versus gap for various compounds.

200.0 T T T T

L% 72
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9,5 35
E E
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FIG. 4. Frequency dependent ¥ (-2w,w,0)] for FIG. 5. Frequency dependent{?(— 2w, w, »)] for AgInS,,

AgGa$S, AgGaSeg, and AgGaTe as function of energyi w. Solid AgInSe, and AgInTg as function of energyiw. Solid line, total;
line, total; dotted line, interband; dashed line, intraband contribu-dotted line, interband; dashed line, intraband contribution.
tion. The curves for AgGaSeand AgGaTe were shifted down by
an arbitrary amount. %
Re[X@)(o,o,O)]:(zm)Pf {(IM[x?(—20,0,0)]/o}do
lenides and sulfides. However, for compounds with nearly ° (7)
the same gap, the rule cannot be used to predict which ma-

terial will have the largesi(®). For example, going from of these separate contributions to derive the static low fre-
AgGaSg to AgGaTe decreases the gap slightly less than byquency limit. Clearly, this integral will emphasize the low

going to AginSeg, but the SHG coefficient increases far more frequency region. At energies higher than 5 eV the imagi-
for the Te substitution than for the In substitution. Also, we nary part of SHG drops to zero very fast.
find systematically that the Cu compounds have smaller gaps

than the corresponding Ag compounds, and yet have a 200 . . .
smallery(®). Thus, the inverse correlation with gaps that has CuGaS
been emphasized befdfeprovides only a rough guideline . 2
but not a precise predictive tool. 0 fngasl o
M CuGaSe,
B. Frequency dependent response “‘"\ L

In order to better understand the origin of the relative
magnitudes of the intra- and interband contributions, we now
consider the frequency dependeyff) functions, or, more
precisely, their imaginary part y?(—2w,0,0)] (we
also use the simplified notation [p®(®)]), from which
the real part and in particular its static value can be obtained
by a Kramers-Kronig transformation. Figures 4—7 show the
imaginary part of the frequency dependeit)(w) for the
123 components in all the I-1lI-\{l materials considered. In
these figures, the horizontal axis correspond# éa Also,
we show the frequency dependent interband and intraband
parts for all of them. One may note that the overall shape of
the SHG curves for all materials considered is rather similar.
Yet, some of the fine structure details will be shown to play
a role in understanding the trends in the static values. FIG. 6. Frequency dependent [y?(-2w,w,w)] for

First, we note the opposite signs of both contributionscuGas, CuGaSg, and CuGaTgas function of energyi w. Solid
throughout the frequency range. We now consider thdine, total; dotted line, interband; dashed line, intraband contribu-
Kramers-Kronig integral tion.

Im[x®(@)] (107 esu)

0 2 4 6 8
Energy (eV)
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200 T

T T while the intraband contribution is actually larger in

CulnS, CuGasSe the total value is nevertheless smaller than in the

0 N = Ag compound because of the much stronger negative inter-
i e band contribution. Thus, we can state that to some extent the

" CulnSe lower x(® values of Cu versus Ag compounds in spite of
\ 2

. having smaller gaps are related to the larger degree of com-
MY A e pensation of intraband by interband contributions.
N Next, we compare overall intensities of features. Here we

see a clear trend of increasing absolute value of all spectral
features from S to Se to Te. So, while the differences be-
tween Ga and In and Cu vs Ag are affected strongly by the
interplay of inter- and intraband contributions, the most ob-
vious trend ofy(® static values appears to result from over-
all intensities of both types of contribution.

Overall, we learn from this thatl) interband/intraband
differences play a role in the effects of Ga to In and Cu to Ag
substitution, but2) it is the overall increase in intensity of
all contributions in the case of tellurides that leads to it hav-

0o 2 4 6 8 ing the largesty(® rather than the subtleties of intra/
Energy (eV) interband cancellations; an@) it is the low energy region
below 2-3 eV that dominates the behavior in these materials.

FIG. 7. Frequency dependent[igt?)(— 2w,w,w)] for CulnS,, To gain further insights into the band structure origins of
CulnSeg, and CulnTe as function of energyi w. Solid line, total;  the X(Z) trends, we now turn to a more detailed analysis of
dotted line, interband; dashed line, intraband contribution. the low energy portions of the nonlinear response functions.

It is well known that the SHG spectra are more sensitive to

The interband contribution in the AgGa-Vkeries(Fig.  fine details of the crystal and the underlying band structure
4) starts off with a positive peak, then becomes negative, anthan the corresponding linear response functions. There are
then swings to positive again. In view of the Kramers-Kronigtwo main reasons for that sensitivity. For one thing, the
emphasis on the low energy region, this is significant. Thesecond-order response involves more “resonances” than the
curve giving the total contribution tg(® for these materials linear one. In addition to the usual resonances there appear
shows that, even though there is a significant negative corthe 2w resonant contributions; see Sec. Il. Secondly, the real
tribution between about 2 and 3 eV, the large first positiveand imaginary parts of the products of matrix elements,
peak dominates. Taking into account the energy denominatovhich control the strength of a given resonancei®, can
weight factor in the Kramers Kronig transformation, we canbe positive or negative. In contrast, for the linear responses
understand that the net interband contribution is stronglhe corresponding factors involve only the square of matrix
suppressed by this sign change. Comparing the areas undgements, which ensures, for example, hgiw) is positive.
the curve between firgpositive) and secondnegative peak  As a result, the structure iRn®(—2w,w,w) is more pro-
in the interband spectrum, we can see that the largest degreeunced than in the linear response. The question now is
of compensation is expected in the Se compound. This igvhich of these factors has the dominant effect.
consistent with what we noticed earlier, namely, that the in- Figure 8 shows an example of such arvs 2w analysis
terband contribution to the static value is smallest in the twof resonant contributions to y?(w)]. It can be shown
Ag based Se compounds, and in particular in AgGaShe that the low energy region is dominated by thew?2 reso-
same discussion applies to some extent to AginSe nances for all the materials considered. This is a quite gen-

Comparing In to Ga compounds, we notice that the firsterally trué'® and happens because the direct transition
positive peak in the interband contribution becomes vengthreshold for the @ part occurs at an energy that is half that
narrow, i.e., less significant in weight. Also, in AgGaTthe  for the w part, i.e., near the threshold the Zontribution is
area under the first positive peak in the interband contributhe only one that exists.
tion is significantly smaller than the area of the subsequent In addition tow vs 2w analysis one can analyze different
negative peak, thus leading to a more negative overall corterms in SHG by a decomposition into separate band-to-band
tribution to the interband static value and a larger degree ofontributions, similar to the well-known way of analyzing
compensation of inter- and intraband contributions. linear optical response. Figure 9 shows that the dominating

Next, comparing Cu based to Ag based compounds, wéw energy peak in SHG, which plays a crucial role in the
note that the first positive peak is almost completely absenformation of the zero-frequency value af®), originates
except in CuGaSeand CuGaTg in which cases they are from the 2w term and is due to the transitions from the three
still very small. Thus, in all Cu compounds, the interbandupper valence to the two lower conduction bands.
contribution is strongly negative. In fact, comparing corre- This fact significantly simplifies the electronic structure
sponding Ag and Cu compounds, we note a stronger neganterpretation of the frequency dependent SHG because we
tive interband contribution in the Cu compounds. For ex-have to focus on only a few bands near the gap. For example,
ample, comparing AgGaSeavith CuGaSe, we can see that we now consider the following question: Starting from

Im[x®(®)] (107 esu)
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FIG. 10. Electronic bands of AgingeAgGaSe, and AgGaTse,

L ; . including semiempirical gap correction, along tAel’ and I"-X

0 2 6 8 lines in the Brillouin zone[Z=(2/7a)(0,0,1); T'=(0,0,0): X

=(2w/a)(1/2,1/2,0) for the experimental crystal structure. The
FIG. 8. Frequency dependent2(solid line) and » (dashed energy reference is at the top of the valence band.

line) contributions to the total Ify(®] for AgGaTe and AgGaSg

as function ofh w.

4
Energy (eV)

AgGaTe seem to be more “parallel,” i.e., the difference of
curvature between them is lower than in AgGaSehis
AgGaSe, why does Te subsitution for Se increase the susgives an additional amplifying factor when one takes the
ceptibility more than In substitution for Ga, in spite of the integrals over the Brillouin zone, making the oscillator
fact that the latter decreases the gap more? strength of all the peaks bigger. This clearly shows that
Let us inspect the electronic band structures fortrends iny(® cannot be based solely on the minimum band
AgGaTe, AgGaSe, and AginSe (Fig. 10. We note that, gap. In fact, it indicates that the “average” band gap plays a
whereas AgInSg has a reduction of the gap relative to more significant role.
AgGasSe only near thd” point, AgGaTe exhibits an overall This difference in the gap behavior between the two ma-
reduction of the gap over the entire Brillouin zone. This is atterials can be explained by the fact that the conduction band
least suggestive that the reason wH$ in AgIinSe, is notas  minimum atI" has strong catiors character whereas other
much increased as in AgGaJmight be due to the fact that States in the conduction band are more heavily mixed with
the region around” does not make a sizable contribution to other atomic orbitals such as aniprstates. The overall re-
x?). Also, the upper valence and lower conduction bands irfluction in gap by substitution of Se by Te is consistent with
an overall weakening of the bonds, and, therefore, with a
. . . smaller bonding-antibonding splitting. Fortunately, it does
not affect the short-wavelength cutoff significantly, so that
the usual laser pumps for OPQO’s can still be used. On the
other hand, the weakening of the bonds and the heavier Te
atom may be expected to push the multiphonon absorption
edge slightly further toward longer wavelengths. Weaker
bonds and a heavier atofffe instead of Sewill lead to
lower phonon frequencies. In particular, as is already the
case in AgGaSg it lies beyond the C@laser line€ which
is of practical significance for the intended applications of
these materials.
——— Up to this point, we have argued that the differences be-
tween various compounds in this family can be related to the
AgInSe, interplay of inter- and intraband contributions, and the latter
to the behavior of only a few bands near the gap. However,
N~y in order to understand the most obvious trend from S to Se to
Te, these considerations are not sufficient. Ultimately, this
trend appears to arise from the simple fact that both intra-
and interband parts of the spectra have higher overall inten-
sities in Te than in Se than in S compounds.

A lower average gap implies smaller factors such as
FIG. 9. Frequency dependent total[lg?)] (solid line) and the ~ (@c, —2w) " in Egs.(4) and(5). One might expect that this
contribution from the transitions between the three upper valenc&ould increase the intensity of the spectral features in both
and the two lower conduction bands to the 2erm (dashed ling  the inter- and intraband contributions. We have already ex-
for AgGaTe, AgGaSe, and AginSe as function offi w. plained that In substitution has only a minor effect because it

200

100

Im[x®(e)] (107 esu)

Energy (eV)
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FIG. 11. JDOS's for AgGaTe AgGaSeg, and AginSe (solid
line), and the partial contribution from the transitions between the FIG. 12. The 2 resonant contribution to SHG for AgGaSe
thre upper valence and two lower conduction bafettgted ling. and AgGaTe as function offiw, calculated in the approximation

that all the momentum matrix elements are equal to unity: interband
affects the gap only near the center of the BZ. But can thderm, solid line; intraband term, dashed line.
intensity difference of the spectral features be explained
completely in terms of the size of the average energy transi- At the same time, it is interesting to observe that the over-
tion denominators? We now show that in fact it cannot. Thisall shape of the spectral function that we discussed above,
suggests that ultimately matrix elements, which characterizgamely, a positive peak in interband contribution at low en-
the wave functions of the upper valence and the lower conergies, followed by a negative peak, and then again a posi-
duction band states, are responsible for this trend. tive peak, is maintained even if we set all matrix element

Figure 11 shows the joint density of states for the sameéqual. This shows that it is not the sign changes of the mo-
three materials shown in Fig. 9. In general, the JDOS has th@entum matrix elements products as such but rather the pref-
same features as the linear response function. Its peaks c@ctors containing energy band differences that lead to this
respond to the transitions with high oscillator strength. Thisoverall behavior. With reference to Edd) and(5), we note
transitions occur in the regions of the space where the that all terms have the general structure of @—(w;;) "
corresponding pair of bands has a small difference in curvadenominator, a momentum matrix element combination, and
ture, i.e., they are nearly parallel. However, the JDOS comadditional factors containing energy band differences such as
pletely ignores the optical transition matrix elements, whichoe, = w.— o, . It is clear that these last factors are respon-
are equal to zero if the transition is forbidden by, e.g., asible for the sign changes.
symmetry argument. Figure 11 shows that in spite of the fact At the present moment we do not have a good physical
that the bands are more “parallel” in AgGaJ¢han in the explanation of what determines the relative magnitudes of
two other materials this factor is actually not all that impor-the momentum matrix elements of sulfides, selenides, and
tant. For the transitions between the three upper valence ar@lllurides, but apparently their difference is what ultimately
two lower conduction bandsvhich accounts almost entirely underlies the main trend ig®® values.
for the zero-frequency SHGthe oscillator strength changes
by a factor of only 1.3 when one goes from AgGaTe
AgGaSe.

Even more instructive is the calculated value of the 2 In summary, we have presented a systematic and compre-
term of the SHG under the assumption that the momenturhensive investigation of the frequency dependent and static
matrix elements are equal to unitFig. 12. This quantity  second-harmonic generation response functions of the I-lI-
corresponds to SHG in the same way in which the JDOS/I, chalcopyriteqwith |=Ag or Cu, Il Ga or In, and V&S,
corresponds to the imaginary part of the dielectric function.Se, or Te based on first-principles calculations of the elec-
These curves clearly show that the amplitudes of this functronic band structure and optical matrix elements. The only
tion is even more independent of the material than is thgarameter that was adjusted to experiment in the band struc-
JDOS. This means that the analysis of densities of states tsres used as input in thg® calculations is the band gap.
not enough, and one should take into account the momentu@ood agreement was obtained with experiment for the few
matrix elements of the electronic transitions to understangdompounds for which data are available. For the other com-
the differences iny(?. pounds our results stand as predictions to be verified.

VI. CONCLUSIONS

165212-10



SECOND-HARMONIC GENERATION OF I-lI-V} . . . PHYSICAL REVIEW B 63 165212

The clearest trend obtained from our calculations is art was further found that this overall spectral shape of the
increase iny'?) from S to Se to Te compounds. This trend, asfunctions is to a large extent determined by the band struc-
expected, is correlated inversely with the band gap. Stillfure itself. It was maintained even if momentum matrix ele-
various aspects are somewhat unexpected. The increase Mnts were taken as constant showing that it does not occur
x? from S to Se to Te is much larger in I-lll-ylcom-  because of a change in momentum matrix element products.
pounds than in II-VI's. While the Cu compounds have sys- In part the differences between AgGaTand AginSe
tematically smaller gaps than the Ag compounds they haveould be related to the fact that in the latter 'ghe gap is re-
lower rather than highey?). Ga to In subsitution generally duced from that of AgGaSeonly near theg point, which
increasesy® but only slightly. Also, while AgInSg has a does not give a.dommant contribution %6, while in the
smaller gap than AgGalethe telluride has a significantly former the gap is reduced throughout the BZ. This feature
higher y® explains why the lower gap in Agingeloes not necessarily

. H 2

Our analysis identified the dominant contributions to the!®ad t0 & highen(®). , _
static y in terms of the Kramers-Kronig transformation of _ On the other hand, it was found that the overall change in
the contributions to the Ifiy®(— 2w, w,)} functions. In intensity of the spectral features from S to Se to Te, which

all cases, the low energy region of the latter gives the domitltimately is responsible for the trend of the static values,

nant contribution, in which so-callede2resonances are the depends crucially on including the proper matrix elements.
only or at least the most important contribution. Further'n other words, it is the size of these matrix elements that is

analysis showed that only a few valence and conductiofi€SPOnsible fﬁ_r the dominant trend in tlhesle materials. b
bands near the fundamental gap influence this energy region. Smce(gt this point no experimental values are available
Some of the discrepancies from the general rule of thumb of0" the x** tellurides and our calculations predict a signifi-

increasingy?) with decreasing gap can be traced back to thé@nt advantage for these materfalee hope our work will
behavior of the interband contribution in the low energy re_stlmulate further experimental efforts on these materials. On
the theory side, a morab initio treatment of the quasiparti-

gion. If this function has a sign change in the low energy | k . irabl ; .
region, a significant cancellation of the contributions belowC!€ 9ap corrections is desirable and considered to be a prior-

and above the node can lead to a very small negative pwl‘t:y for future work. More detailed experimental information

interband contribution. This circumstance is favorable for 20" the band structures of these compounds, for example,

high x® because then the mixed intra/interband contribu-from .UV. refleqtivity measurements or an_gglar resolved pho—
tion, which is positive in these compounds, dominates. Thigpemssmn, will be useful for further refining these predic-
occurs, for instance, most strongly in the Ag-lll,.Seom-  1ONS
pounds. It occurs to some degree in all Ag compounds but
more markedly in the Ga than in the In compounds. It does

not occur in the Cu-derived compounds, which thereby end This work was supported by the Air Force Office of Sci-
up with slightly lowery(? than their Ag based counterparts. entific Research under Grant No. F49620-00-1-0037.
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