View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Tamkang University Institutional Repository

JOURNAL OF CHEMICAL PHYSICS VOLUME 120, NUMBER 18 8 MAY 2004

Mechanism of linear and nonlinear optical effects of chalcopyrite AgGaX 5
(X=S, Se, and Te) crystals

Lei Bai, Zheshuai Lin, Zhizhong Wang, and Chuangtian Chen
Beijing Center For Crystal Research & Development, Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, P.O. Box 2711, Beijing, 100080, China

Ming-Hsien Lee
Department of Physics, Tamkang University, Tamsui, Taipei 251, Taiwan

(Received 6 November 2003; accepted 27 January)2004

The electronic band structures for AgGaX =S, Se, Te chalcopyrites have been calculated using

a pseudopotential total energy method. First-principles calculations of the linear and nonlinear
optical properties are presented for these crystals, with the electronic band structures obtained from
pseudopotential method as input. The theoretical refractive indices and nonlinear optical coefficients
are in good agreement with available experimental values. The origin of the nonlinear optical effects
is explained through real-space atom-cutting analysis. The contribution of the gadp (X=S,

Se, Te for second harmonic generatigBHG) effect is dominant while that of the cation Ag is
negligible. In addition, the percentage contribution to the SHG coefficients from the different bonds
increase with increase of the bond order. 2004 American Institute of Physics.

[DOI: 10.1063/1.1687338

I. INTRODUCTION P) that crystallize in the chalcopyrite structure, and have dis-
) ) o cussed the intraband and interband contributions. Recently,

Nonlinear optical(NLO) crystals can significantly en- e electronic band structures for a number of chalcopyrie
hance laser performance by enabling wavelength shifting angrystals in both II—IV—\4 (II=Cd, zn, IV=Si, Ge, and
tuning over a broad spectral range. Among these, infrare) Zp aq and I-Il1—V1, (I=Ag, Ill ~Ga In and VES. Se
(IR) and even far-IR crystals can extend the near-IR lasetq famjlies using the linear muffin-tin orbital method have
wavelength(for example 1.064um) into the mid-IR spec-  hoen calculatéthowever, only the trends ip(® coefficients
tral range through frequency-down conversion such as Optihave been discussed.
cal parametric oscillation and amplification, and can also |4 ecent years, we have reviewed the calculation of the
convert far-IR wavelengthsfor example, 10.6um of the  gacond-harmonic generatiofSHG) coefficients based on
CO, lase) to the mid-IR spectral rangérom 5 um to néar ot principles and suggested an improved calculation
2.0 um) through frequency conversion. Most of the IR NLO 4,257 The method requires an input describing the elec-
crystals that have been used in the frequency conversion pr@-nic band structure. which we obtained from CASTEEP
cesses belo_ng to the chalcopyrite structure, for exampléyjane wave pseudopotential total energy package. We have
AgGax, (M=S, Se, and Teand ZnGeX (X=P and A3 ;54 our method to successfully calculate the linear and non-
families, because they have very laxgjg coefficients(about  |jnear optical responses of a series of important NLO crystals
50-100 pm/V, a wide transparancy range.5-17um), as g ,ch as BBG the LBO family? BIBO,® KBBF1
well as moderate birefringenc®.05-0.09. A recent review  gypaqy 12 Kpp and ured? In addition. the ;)rigins of the
of the emergence of chalcopyrites as nogllnear optical mates; effects of these crystals were clearly explained by using
rials was published by Ohmer and Pandeyho listed the  ; yo51space atom-cutting method. This analysis method iso-
properties of various infrared nonlinear se)njlconductorsmes the contribution of individual or groups of atoms by
Some of these are cited here in Table |. RS INCréases  removing spatial localized wave functions from the evalua-
rapidly with decreasing band gap, the coefficient for,,

" > .

AgGaTe should be significantly larger than thé ) of the The goal of this work is to calculate the electronic struc-
IR NLO crystal AgGaSg. Up to now no experimental valué ,re and linear and nonlinear optical parameters of AgGax

2 2
for _X( ) of AgGaTeg has been rep(_)rf[ed. Jacksenal” have X =S, Se, and Tefrom first principles quantum mechanics
estimated it by two methods obtaining the values of 170 and,,4 o give an explanation of the origin of the optical re-

220 pm/V, respectively. The traditional Miller’s rdlpredicts sponses.
a value of 344 pm/V for AgGaTe

prever, although these crystals have bgen widely useﬂ' METHOD AND COMPUTATIONAL DETAILS
for mid- and far-IR laser frequency conversion only a few
have been examined theoretically. For example, Rashkeev The plane-wave pseudopotential total energy software
and colleaguéshave systematically studied the electronic package CASTEP is used for solving the electronic and band
structure and optical properties of a class of ternary comstructures. The results are then applied to the calculation of
pounds with formula ABg (A=Zn, Cd; B=Si, Ge; G=As, the optical responses. The theoretical basis of CASTEP is the
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TABLE I. A partial list of infrared nonlinear semiconductors and their propeiess. 1).

Second NLO Transparency Absorption Thermal

coefficients range coefficient conductivity Band gap
Compound pm/V microns cmt W/m K eV
GaAs 90 1.1-17 0.005 52 1.42
AgGas 11 0.48-11.4 0.04 1.5 2.73
AgGaSe 33 0.76-17 0.002 1.1 1.833
AgGaTe 512 0.91-23 b 0.8 1.36
ZnGeR 75 0.74-12 0.4 36 2.0
CdGeAs 217 2.7-18 0.46 6.7 0.57

aConservative estimate.
bTo be determined.

density functional theoryDFT) with the local-density ap- Ill. RESULTS AND DISCUSSION
proximation(LDA ).** Within such a framework the precon-
ditioned conjugated gradiefCG) band-by-band methdd
used in CASTEP ensures a robust and efficient search of the The energy bands of AgGaSAgGaSeg, and AgGaTe
energy minimum of the electronic structure ground state. Th&rystals were calculated. The calculated bands of three crys-
optimized pseudopotentidfs®®in the Kleinman—Bylander tals along the lines of high symmetry points in the Brilloiun
form for Ag, Ga, S, Se, and Te allow us to use a smallzone are shown in Figs(@, 2(b), and Zc), respectively. Itis
plane-wave basis set without compromising the accuracy reabvious that the shapes of the bands in Figa), 2(b), and
quired by our Study_ For the p|ane wave basis set the energaC) are very similar due to the similarity of the structures of
cutoffs of 300, 500, and 800 eV were used for AggaS the three crystals. Both the top of the valence bari) and
AgGaSe, and AgGaTe, respectively. the bottom of the conduction bar(@B) are at the gamma

It is well known that the band gap calculated by the localPoint (G). The direct band gaps of 2.23, 1.42, and 0.75 eV
density approach is usua"y smaller than the experiment&-‘lre obtained and listed in Table I, all being smaller than the
data due to the discontinuity of exchange—correlation energygorresponding experimental values of 2.63, 1.743, and 1.316
A scissors operatbt?°is hence used to shift upward all the €V, respectively. It is well known that the calculated band
conduction bands in order to agree with measured values &aps from the density functional theory are usually smaller
the band gap. than the corresponding experimental values. A semiempirical

The static limit of the SHG coefficients plays the most
important role in the application of SHG crystals. Our group
and collaborators have reviewed various methods for calcu-
lating the SHG coefficient$!® and finally adopted the for-
mula of Rashkeeet al?! after some modification,

A. Energy bands

X*P7= x“BY(VE)+ x*FY(VH) + x*#(two bands.

Here x*#*(VE) and y“#*(VH) are the contributions tg(?
from the virtual-electron and virtual-hole processes, respec-
tively; x*#”(two bands) is the contribution tg{?) from the
two-band processes. The formulas for calculagi§”(VE),
x*PY(VH), and y*#?(two bands) are given in Ref. 6.

To investigate the influence of the ions on the crystal
optical response, a real-space atom-cutting method has been
used. With this method the contribution of idnto the nth-
order susceptibility denoted a$™(A) is obtained by cutting
out all ions excep® from the original wave functiong(™
X (A)=x™ (all ions exceptA are cul.

All the AgGaX, (X=S, Se, and Tecrystals are reported
to have the chalcopyrite structure with th2nd space group,
as shown in Fig. 1. In our calculations we took the lattice
parameters of AgGaS AgGaSeg, and AgGaTe to be a
=b=5.757 and c=10.304A* a=b=5.973 and c
=10.85A% and a=b=6.288 andc=11.949A%"% re-
spectively. FIG. 1. Unit cell of the AgGa$crystal.
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FIG. 2. Band structure of AgGaS AgGaSe, and AgGaTe: (a) AgGa$S, (b) AgGaSe, and(c) AgGaTs .

correction for this is necessary to obtain meaningful resultssions. For the calculations of AgGaS AgGaSe, and

To fit the measured absorption edge, the energy scissors opgGaTe a scissors energy of 0.40, 0.50, and 0.56 eV was
erator is commonly employed to shift all conduction ysed, respectively. Figure$a3, 3(b), and 3c) show the par-
band$**® upwards before calculating the response exprestial density of statgPDOS projected on the constitutional
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TABLE Il. Calculated and experimental values of linear and nonlinear optical coefficients for Ag&axS,

Se, and Tg?
AgGaS AgGaSe AgGaTe

Energy gapeV) 2.23 1.42 0.75
Energy scissors 0.40 0.50 0.56
No 2.58432.4486 2.97982.8932 3.26782.9859
Ne 2.553(2.3959 2.935§2.8452 3.27993.0047
An=ny—n, 0.031@0.0532 0.044@0.0480 —0.0115-0.0189
das (pmM/V) 14.1411.0,12.5 45.2033.0 99.5

&/alues in parentheses are experimental ones from V. G. Dimitteal, Handbook of Nonlinear Optical
Crystals 2nd revised ed(Springer, Berlin, 19717

atoms of AgGa$, AgGaSe, and AgGaTe crystals, respec- the silver atom only contribute to the absolute values of re-
tively. Obviously, for AgGa$ the orbitals of silver and sul- fractive indices but almost not to birefringence because of
fur atoms (or selenium or tellurium for AgGaSeand the spherical charge density around the Ag atom. On the
AgGaTe) contribute more in both valence and conductionother hand, the contribution of the Ga®r GaSe, GaTe)
bands than the gallium atom. For the three crystals consid@roup to both of the absolute values and birefringence are
ered the peaks of both silver and gallium are slightly shiftedstill dominant because the bonds of Gate® Ga-Se, Ga—
The widths of the valence bands of AgGa®\gGaSe, and  Te) have more covalent part than those of AgteBAg-Se,
AgGaTe decrease gradually from widd5 eV) to narrow  Ag—Te).

(12 eV). In fact, this is the origin of the decreasing band gaps

for the three crystals considered. C. Nonlinear optical response

It is well known that the second order susceptibilit?)
is twice of the SHG coefficierd;; . For the above-mentioned
chalcopyrite crystals with 2m space group symmetry the

It is known that the refractive indices can be obtainedonly independent SHG coefficient @ ,=d35. The theoret-
theoretically from the dielectric function. The imaginary partical nonlinear coefficients of AgGa$ AgGaSeg, and
of the dielectric function can be calculated with the matrixAgGaTe are 14.10, 45.20, and 99.50 pm/V, respectively, and
elements which describe the electronic transitions betweeare listed in Table Il. The theoretical SHG coefficiedtg or
the ground state and the excited states in the crystal cons;it;{ﬁ(xzy)Z are in good agreement with the available experimental
ered. In Table Il we list the theoretical refractive indices anddata for AgGa$ and AgGaSeg. Our calculations give a pre-
birefringence of three crystals. The calculated refractive indiction for AgGaTe which is quantitatively in accordance
dices are in reasonably good agreement with experimentalith empirical predictiong:®> These calculations clearly re-
values. The calculated birefringences are in accordance witheal the effects of chemical substitutions within the AggaS
the fact that both AgGaS AgGaSe crystals are negative family. In this case, we see a systematic increasg®fwith
uniaxial crystals. In addition, AgGajes positive birefrin-  decreasing gap and with the progression from S to Se to Te
gent. as anion. The extremely large value of the SHG coefficient in

To investigate the respective contributions of differentAgGaTe is due to the fact that it has the smallest band gap
ionic groups, we employ the real-space atom-cuttingin the three crystals considered.
method!! With this method the contribution of ioA to the Results of the atom-cutting method applied to the calcu-
nth-order susceptibility, denoted ag"(A), is obtained by lation of SHG coefficients are also given in Table IIl. In the
cutting all ions excepiA from the original wave functions, calculations we used the same cutting radii as in the cutting
e, x(M(A)=xWions exceptaarecut IN @ Previous paper we analysis calculation of the linear response. Obviously, the
found that the charge density around the cation is sphé¥icalcontributions to the SHG coefficients of the Ga8r GaSe
The same situation is met by these crystals, Figa) and  or GaTeg) group are dominant, and the contribution of cation
4(b) show the charge density contour maps of the AgGaSAg is about 2% for the three crystals. On the other hand, we
crystal. Apparently, the charge density around Ag is alschave also discussed the contributions from different chemical
spherical. Thus we first choose the cutting radius of Ag advonds by the cutting analysis method. The results are listed
1.30 A. Following the rule of keeping the cutting spheres ofin Table IV. For AgGa$, AgGaSe, and AgGaTg, the per-
the cation and Sor Se, Te in contact and not overlapping, centages of the contribution to SHG coefficients from Gas,
we choose the cutting radii of Ga and @ Se, Tg¢ atoms to  GaSe, and GaTe bonds are 73, 70, and 60, respectively, and
be 0.90 and 1.45 Aor 1.57, 1.80 A, respectively. The cut- from AgS, AgSe, and AgTe bonds they are 20%, 22%, and
ting radii used in calculations are about average of atomi86%, respectively. Obviously, the percentage of contribu-
covalent and ionic radii. The atom-cutting analysis resultgions from the different bonds increase with increase of the
are listed in Table lll. It is obvious that even the orbitals of bond order. This is due to the fact that for a chemical bond
the silver atom contribute more in both valence and conducthe larger the bond order, the bigger the covalency. The con-
tion bands than that of the gallium atom but the orbitals oftribution from the AgGa bond is about 5%. This is due to the

B. Linear optical response
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FIG. 3. DOS and PDOS plots of AgGaSAgGaSeg, and AgGaTe.

small overlap of the electron clouds of the Ag and Ga atomslV. CONCLUSION

In the cutting analysis for chemical bonds, the sum of the

partial NLO coefficients from all the bonds in each crystalis ~ The electronic band structures of three Ag-—Ga-
larger than that of the complete crystal because some of théhalcogenides have been calculated by first-principles theory,
atoms have been repeatedly used. and the linear and nonlinear optical responses also computed
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FIG. 4. Charge density contour map of AgGa%a) in plane of two Ag—S

bonds,(b) on plane of the Ag, Ga, and S atoms.

TABLE lIl. Calculated vales of linear and nonlinear optical coefficients and

cutting analysis for AgGaxX(X=S, Se, and Te

Crystal Contribution
AgGas Ag GaS Sum Origin
No 1.4373 2.3503 2.5840
Ne 1.4341 2.3364 2.5530
An 0.0032 0.0139 0.0171 0.0310
dag (pm/V) 0.52 14.84 15.36 14.1
AgGaSe Ag GaSe Origin
Ng 1.4676 2.7355 2.9798
Ne 1.4630 2.7275 2.9358
An 0.0040 0.0080 0.0120 0.0440
dsg (PM/V) 1.18 46.25 47.43 45.20
AgGaTe Ag GaTe Origin
No 1.4442 3.0090 3.2684
Ne 1.4497 3.0541 3.2799
An —0.0055 -—0.0451 -0.0506 —0.0115
dss (PM/V) 2.22 90.0 92.2 99.5

Linear and nonlinear optical effects in chalcopyrite 8777

TABLE IV. Calculated bond orders and contributionsdg; from different
bonds.

Ga—X Ag—X Ag-Ga
Bond Bond Bond
ord. d(GaX) ord. d(AgX) ord. d(AgGa) Sum
AgGaS 0.55 14.84 0.25 4.17 1.34 20.31
73% 20% 6% 100%
AgGaSe 052 46.25 0.27 15.0 4.43 65.68
70% 23% 6.7%  100%
AgGaTe 0.34 90.0 0.40 52.5 7.6 150.1
60% 35% 5% 100%

based on their band wave functions and energies. The theo-
retical values of the refractive indices and SHG coefficients
dsg or x$%; are in good agreement with the available experi-
mental data for AgGasSand AgGaSe. The results clearly
reveal the trend of increasing{2; from S to Se to Te. The
smaller the energy gap, the larger the value/d?.

The results of real-space atom-cutting analysis present
an explanation of the origin of the linear and nonlinear opti-
cal responses. The dominant contributions to the linear and
nonlinear optical responses of three crystals considered are
from the Ga$ (or GaSe or GaTe) group. On the other
hand, the percentage of contribution to the SHG coefficients
from the different bonds increase with increase of the bond
order.
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