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The quaternary chalcopyrite AgGa(Se,_,Te,), alloy system is studied using the full-potential linearized
muffin-tin orbital method and density functional theory in the local density approximation. Special quasiran-
dom structures of 64-atom cells are used to model the disorder. Full structural relaxations were done in order
to calculate the band gap for each concentration. The lattice parameters are found to vary almost linearly with
concentration. The band gap bowing coefficient b was obtained to be 0.43 eV. The refractive indices and
second harmonic generation coefficients are calculated as a function of Te concentration x, including a band
gap correction. A small downward bowing is found for the indices of refraction and the birefringence, predict-
ing a switch from negative to positive birefringence at about 67% Te. The second-order coefficients show a
more pronounced and upward bowing, illustrating their stronger sensitivity to the band gap.
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I. INTRODUCTION

The AgGa(S,Se,Te), chalcopyrite crystals are of great
practical interest in nonlinear optics.!> Since the chalcopyrite
crystal structure is noncentrosymmetric, they possess a non-
zero value of x® which can be quite large. The experimental
values’ of x® for AgGaS, and AgGaSe, are 23 and
64 pm/V, respectively, while the experimental value for
AgGaTe, is still to be determined. Moreover, the tetragonal
crystal structure allows for birefringence, which can be used
to achieve phase matching. These materials also have excel-
lent transparency in the midinfrared range and are, thus, at-
tractive for a variety of frequency conversion applications
with target wavelengths in the midinfrared. The nonlinear
optical coefficients were calculated by Rashkeev and
Lambrecht,* and these authors, in particular, emphasized
the potential benefits of AgGaTe,, which was predicted to
have a twice larger y'® than AgGaSe,. Experimentally,
AgGaTe, has received far less study than AgGaS, and
AgGaSe,, but recently progress has been made in its crystal
growth.%7 Ohmer et al.? studied the birefringence in this ma-
terial and found it to be positive in contrast to AgGaSe,.
Thus, alloying between the two materials was proposed as an
effective means to adjust the absolute value of the negative
birefringence in AgGaSe,, in particular, so as to achieve the
desired noncritical phase matching for specific frequency
conversion purposes using popularly used lasers. It is, thus,
important to be able predict how the index of refraction var-
ies as a function of concentration. Previous work? simply
assumed a linear dependence.

Therefore, the goal of this study is to calculate the band-
gap bowing and its effect on the index of refraction and y®
in the AgGa(Se,_Te,), alloy system. Also since y? in-
creases rapidly with decreasing band gap, the variation of
X in the alloy system will be studied. In a broader context,
the question of the origin of band-gap bowing remains of
fundamental interest in semiconductor physics. Zunger and
Jaffe® have shown that most of the optical bowing in semi-
conductor alloys of the type A.B,_,C is due to structural
distortion, in particular, the local bond length adjustments.
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Recently, we studied the band-gap bowing in Ag,Cu,_,GaS,
alloys and found that the c¢/a ratio plays an important role.
Mixed cation alloys have generally received more study than
mixed anion systems. Thus, the present system
AgGa(Se,_,Te,), is also of interest because it is a mixed
anion system. Among other mixed anion alloys studied be-
fore, Matsushita et al.” have reported a concave decrease in
the optical band gap with concentration in the
AgGa(S,_,Se,), system. On the other hand, Lee et al.'® have
reported a linear variation of band gap in the same system.
The band-gap bowing in the Cu,Ag;_,GaSSe,_, mixed cat-
ion and mixed anion systems was recently investigated com-
putationally by Chen et al.!' Therefore, here we focus exclu-
sively on the AgGa(Se,_,Te,), system.

II. COMPUTATIONAL APPROACH

The underlying computational approach is the density
functional theory in the local density approximation.!> The
full-potential linear muffin-tin orbital (LMTO) method"? is
used for structural relaxation and calculation of the band
structures. The latter uses a basis set of smoothed Hankel
functions.'* The Hankel function energies and smoothing ra-
dii, determining their overall decay and shape near the
muffin-tin radius, respectively, were optimized so that a
single set of functions per angular momentum /=s,p,d can
be used. The Ga 3d orbitals are treated as local orbitals,!®
while the 4d orbitals are considered as valence orbitals. The
Brillouin zone integrations are done using a shifted regular
4 X4 X4 k-point mesh, symmetrized according to the crys-
tal’s point group.'®

The average behavior of a random alloy is simulated by
using the special quasirandom structures (SQS) approach.!”
SQS are ordered structures whose correlation functions are
close to the ensemble average of a random system. Thus, the
average of quantities, which can be expanded in a truncated
cluster expansion, can be reliably obtained. Specifically, we
used 64-atom cells. The anions in this system form approxi-
mately a fcc lattice. Thus, our SQS consists of a 32-atom fcc
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TABLE 1. Short-range order Warren-Cowley parameters «; for
the 32-atom fcc SQS.
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TABLE II. Calculated properties of the end compounds
AgGaSe, and AgGaTe,.

Neighbor shell j AgGaSe, AgGaTe,
X 1 2 3 4 5 6 Theory Expt.? Theory Expt.
1/4 0 0 -1/12 0 0 0 a (A) 5.985 5.98 6.297 6.29
1/2 0 0 -1/8 0 0 0 cla 1.816 1.82 1.862 1.87
u 0.2777 0.2679
binary alloy. Models were generated for five different values  E, (V) 0.16 1.83 0.13 1.36°

of x, namely, 0, 0.25, 0.5, 0.75, and 1, using a code provided
by Ruban et al.'® The quality of the SQS is given by the
deviations of the correlation functions from the random one,
or for the pair correlation functions by the Warren-Cowley
parameters,'® which should be as small as possible up to as
large as possible neighbor distances. These are given in Table
I. Our SQS are found to be equivalent to the ones in Chen
et al."! For each of the compositions, the structures are fully
relaxed before the band gaps are calculated. We also opti-
mized the c/a ratio of the structures. Although it is not
a priori obvious that band gaps can be well described by a
cluster expansion approach underlying the SQS idea, SQS of
fairly small size have been found to give good band gaps,'!!”
which demonstrates the prime importance of local bonding
configurations on band gaps in semiconductors. Thus, the
64-atom SQS cells are deemed large enough to describe
band-gap bowing behavior.

The optical calculations are done in the atomic sphere
approximation of the LMTO method. The band structures
using this approach are checked to be in good agreement
with the full-potential LMTO. Empty spheres are introduced
as usual to cover the space with a close-packed arrangement
of spheres. Since the optical parameters are sensitive to the
band gaps, the calculated band gaps need to be adjusted in
order to obtain the refractive index and the second harmonic
coefficient. Band-gap corrections are first done to the end
compounds AgGaSe, and AgGaTe,. Adding direct scissor
shifts did not provide sufficient accuracy, in particular, for
calculating the nonlinear optical coefficients. Better agree-
ment to experiment is obtained when corrections to the low
lying conduction bands are applied at the level of the Hamil-
tonian by adding shifts to the s-orbital center of the band
parameters, so that the eigenvectors are consistent with the
eigenvalues as shown by Rashkeev et al.?’ Shifting the Ag s
states had little effect on opening up the gap, while shifting
the Ga s states and the empty sphere s states nearest to the
gallium atoms did open up the band gap, in agreement with
Rashkeev and Lambrecht.*> This is consistent with the or-
bital character of the bands near the conduction band mini-
mum as was shown recently to be also the case in
Cu,Ag,_,GaS, alloys.?! After the end compounds are
matched with the experimental values, the same shifts are
added to the alloy potential parameters. This correction is
more or less constant across the Se-Te concentration range
because the contribution of Ga s is not changing appreciably.
Thus, it is not expected to contribute to the bowing. It does,
however, affect the calculation of optical properties.

One might expect there to be other changes in the band
structure beyond local density approximation (LDA). For ex-

“Experimental data from Ref. 26.
"From Ref. 27.

ample, Ga 3d states might be expected to be shifted down.
However, these shifts have only a small effect on the gap
region because the Ga3d bands are relatively deep. One
might also expect the Ag d states, which have an important
contribution to the valence band maximum (VBM), to shift
down. However, whether we shift the VBM down or the
conduction band minimum up should not affect how the gap
behaves as a function of Se-Te composition. For the optical
properties that concern us here, the important point is to
adjust the corrections so as to obtain the correct gap for the
end compounds.

In order to calculate the refractive index, first, the imagi-
nary part of the linear dielectric constant is calculated using
the expression (in Gaussian units)

2e

2
eh(w) = (-) > [(wk|- ihV | A E (k) - E,(k) - fiw].
mw

kve
(1)

This expression is obtained in the random phase approxima-
tion long-wavelength limit. It, thus, neglects local field and
excitonic effects. The real part of & is obtained using the
Kramers-Kronig relation, and finally, the refractive index is
calculated by taking the real part of \,%. In doing the
above calculations, the energy range is chosen from
0 to 27 eV, the k-point integration is done using the
tetrahedron method,?? and a well converged fine mesh of
10X 10X 10 k points is used for the supercells.

For the chalcopyrite crystal, the only nonzero y coeffi-
cients are Xiz)), . and Xizx)y’ which are equal in the static limit
by the Kleinman symmetry.” The formalism followed for
the calculation of x? was developed by Sipe and
co-workers’*?> and implemented in LMTO by Rashkeev
et al.’® The same basic approximations as for the linear op-
tics calculation are used, i.e., local field and excitonic effects
are neglected. In this approach, the total ¥ is divided in a
pure interband and mixed intraband-interband contribution,
which we shall call intraband for short. For the end com-
pounds, in the standard unit cell, a mesh of 15X 15X 15 was
found necessary to converge the y.

III. RESULTS

We begin with the end compounds of the series. In Table
II, we show the calculated minimum energy lattice constants,
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FIG. 1. (Color online) Band structure of (a) AgGaSe, and (b)
AgGaTe, with (solid red line) and without (dashed green line) gap
correction, Z=(0,0,27/c), and X=(2m/a,0,0).

a, c/la=2n, and u for the end compounds as well as their
band gap. The internal structural parameter u is defined by
the bond lengths:

1\? e
dyc= —| +ut+—,
Ac=d (4> u 4

1 2 1 2 2
dBC=a\/<Z) +(E—u) % (2)

The maxima of the valence band and the minima of the
conduction band are found at the I' point, giving a direct
band gap in both cases. The experimental band gaps given in
the table are low temperature gaps at 77 K. The lattice con-
stants are in good agreement with experiment, and the gaps
are, as usual, underestimated severely by the LDA. Both the
selenide and telluride have a significant distortion of the c/a
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FIG. 2. Variation of the lattice parameter c/a with the Te con-
centration x in AgGa(Te,Se;_,),. Solid line, linear fit; dashed line,
quadratic fit.

and u from the ideal values 2 and 0.25. Also, both a and c/a
increase from the selenide to the telluride.

The effects of the Gas shift on the band structure of
AgGaSe, and AgGaTe, are shown in Fig. 1. We may note
that besides the gap increase, the bands are also affected in
the region of about —6 eV. This is because the states in this
energy range are Ga s—Se (or Te) p bonding states. Also, the
Se s—Ga s bonding states at about —13 eV are affected. The
lowest set of bands in the figure are the Ga 3d bands. These
shift down slightly, which is an indirect effect of the self-
consistency. The reduced Ga s charge in the spheres, result-
ing from their upward shift, leads to a reduced screening of
the nuclear potential, which, in turn, shifts the Ga 3d states
down. This is a shift in the right direction from what one
expects the quasiparticle eigenvalues to do, even without
adding an explicit 3d shift. If we further shift the Ga 3d
states down by about 3 eV, the gap region is only affected by
about 0.04 eV, so we decided not to include such shifts.

In Fig. 2, we show the behavior of ¢/a as a function of
concentration since it was found to play an important role in
the band-gap behavior in Cu;_,Ag,GaS, in Ref. 21. In the
present case, c/a is found to vary linearly: within the error
bars, there is no significant improvement in fit by adding a
quadratic term. Also, ¢ and a are found to vary linearly to
very good approximation. Thus, Vegard’s law is well obeyed
in this case.?®

The optical band gap is plotted as a function of x in Fig. 3.

In order to find the bowing parameter, the curve in Fig. 3 is
29

fitted to the following equation:

Band Gap (eV)

. . I . I . .
~0 0.2 0.4 0.6 0.8 1
Te Concentration

FIG. 3. Optical band gap as function of Te concentration x.
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FIG. 4. (Color online) The variation of refractive indices with
concentration (black solid line, E L ¢ or ordinary index; red dashed
line, Ellc or extraordinary index.

E,(x) = (1 =x)E,(0) + xE(1) = bx(1 = x), (3)

where b is the bowing parameter and E,(x) is the band gap as
a function of Te concentration x. The value of b obtained
here is 0.43 eV. A positive value of b implies a downward
bowing. This band-gap bowing is relatively small compared
to that found in the Cu,Ag,_.GaS, system,”! but not negli-
gible.

The ordinary and extraordinary refractive indices, in the
static limit, are plotted as a function of x in Fig. 4. Interest-
ingly, the indices of refraction show a small downward bow-
ing. While the index of refraction is expected to behave in-
versely proportional to the interband differences, one might
have expected an upward bowing if the gap bows downward.
However, the index of refraction is not necessarily domi-
nated by the lowest band gap. This illustrates that one cannot
simply assume a linear dependence for indices of refraction.
The switching of negative birefringence in AgGaSe, to posi-
tive birefringence of AgGaTe, is clearly reflected in the plot.
From the plot of the birefringence in Fig. 5, it can be esti-
mated to occur at about 67% concentration of Te.

The absolute values of our indices of refraction are under-
estimated for AgGaSe, and overestimated for AgGaTe, com-
pared to experiment. Our calculation does not include disper-
sion resulting from the phonon absorptions. Therefore, we

0.01- B

Birefringence

-0.02 i

R . I . I . I . .
0.035 02 04 0.6 08 i
Te Concentration

FIG. 5. The variation of birefringence with Te concentration.
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FIG. 6. The variation of x® and its inter- and intraband contri-
butions with Te concentration.

compare our results with the values obtained from the Sell-
meyer equation n>=A+B\?/(\>=C)+D\?/(\>=E), fitted to
the experimental data as function of wavelength \. Here, the
second term describes the dispersion resulting from elec-
tronic transitions, and the last term describes the dispersion
resulting from phonon absorption. Thus, our calculated val-
ues correspond to taking the limit A — % when neglecting the
last term. In other words, n=vA+B. This gives n,=2.617
and n,=2.586 for AgGaSe, using data from Ref. 26, while
our calculated values are n,=2.199 and n,=2.170. For
AgGaTe,, the data from Ohmer et al.’> give n,=2.97 and
n,=2.99, while we obtain n,=3.012 and n,=3.03. These dis-
crepancies most likely result from our neglect of local field
effects and the manner in which the gap is corrected. It is
somewhat puzzling why we underestimate the values by
20% for the selenide, but overestimate them by 1% in the
telluride. In spite of these discrepancies on the absolute val-
ues, we obtain good agreement for the birefringence n,—n,,
for which we find 0.018 and —0.029 in AgGaTe, and
AgGaSe,, respectively, while the experiments give 0.02 and
—0.031. Thus, changes in indices of refraction seem to be
much better than the absolute values.

The second harmonic generation coefficient and its sepa-
ration into inter- and intraband contributions are plotted as a
function of Te concentration in Fig. 6. Since the expressions
for the second-order nonlinear coefficients contain terms that
vary as the inverse square of the band gap,? it is more sen-
sitive to the band-gap variation. Hence, its nonlinear behav-
ior with concentration is more pronounced. As expected from
a downward bowing of the gap, the x® bows upward. The
intraband contribution appears to be nearly linear, but the
interband contribution shows an upward bowing. For the end
compounds, our values are in good agreement with previous
calculations by Rashkeev and Lambrecht*> even though we
used a slightly different way of adjusting the band gap here.
For AgGaSe,, our value is 63.7 pm/V compared to
65.5 pm/V in Ref. 5 and experimental values ranging from
64 to 68 pm/V.33031 For AgGaTe,, our value is 142 pm/V,
while the Rashkeev-Lambrecht value is 138 pm/V.

IV. CONCLUSIONS

In this paper, we investigated the structural parameters
and band-gap bowing and its effect on linear and nonlinear
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optical parameters for AgGa(Se,_,Te,), using first-principles
calculations. A relatively small bowing parameter of 0.46 eV
was found. Somewhat surprisingly, the indices of refraction
and the birefringence also show a slight downward rather
than upward bowing. Previous analysis® of the optimal con-
centrations for noncritical phase matching for CO, laser fre-
quency doubling was based on the assumption of linear
variation of the indices of refraction. The present results in-
dicate that this assumption is not strictly valid. Fortunately,
the bowing of the indices is relatively small so that the pre-
vious analysis still provides a reasonable estimate. To predict
quantitatively the indices of refraction as a function of con-
centration in the appropriate wavelength regime, our present
calculations are unfortunately not sufficiently accurate be-
cause one needs to also take into account the contributions
from the phonons to the dispersion of the indices of refrac-
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tion and correct for the local field effects. We found a slight
upward bowing of the x(2) with concentration. This implies
that even with a small concentration of Te, one will benefit
from a higher y'». Our results show that this common cation
system behaves very differently from the common anion
Cu,Ag,_,GaS, alloys, which showed significantly larger
bowing, mostly because of the deviations from Vegard’s law
for the c lattice constant.
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