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High power gain for stimulated Raman amplification in CuAIS >
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A. F. loffe Physico-Technic Institute, Russian Academy of Sciences, 194021 Russia

(Received 22 February 1996; accepted for publication 11 July)1996

The spontaneous Raman spectra of the chalcopyrite structure crystal . Cwhligh is promising

for nonlinear optical applications, has been investigated at 8 and 300 K. The main aim of this study
is to compare the absolute spontaneous Raman scattering efficiency in,Cuydls with that of

their isomorphous analog, zinc-blende structure GaP crystals, known as one of the most efficient
materials for Raman amplification. Observation of a high value of absolute scattering efficiency
S/L dQ (whereSis the fraction of incident power that scatters into the solid addleandL is the

optical path length witts/L d=9.5x10"° cm 1 sr }), together with relatively narrow linewidth
(I'=5.1 cm %, full width at half maximum at room temperature ahie-1.5 cmi ! at 8 K for the
strongest’; phonon mode of CuAlgat 314 cm'Y) indicate that CuAlShas the highest value of the
stimulated Raman gain coefficiegi/| wherel is the incident laser power density. The calculated
value of this gain igy/1 =2.1x10"° cm %W at 300 K and 5.&10°® cm/W, at 8 K for 514.5 nm

laser excitation, and is larger than those for the appropriate vibrational modes of various materials
(including GaP, LiNbQ, BaNbO;0;5, CS,, and H) investigated so far. The calculations show that

cw Raman oscillator operation in CuAl$s feasible with low power threshold of pump laser.

© 1996 American Institute of Physid$50021-89786)03020-4

I. INTRODUCTION which is in the energy range for optimum solar energy con-

) version with the absorption coefficient of abouxk 50 °
Recently, a great deal of interest has been focused on thgn~1 (near the band gap for polycrystalline thin filvghich

growth of the ternary 1-1ll-V} and II-IV-V, semiconduc-  ig the highest value reported for any semiconductor up to
tor compounds which crystallize in the chalcopyrite e, 7-9
(CuFe$9)-type structure. Within this family there are many In addition, device applications of chalcopyrite-type

ternary compounds which have a band gap of in the range Qfemiconductor compounds through the formation of efficient

3.5-1.0 eV covering the wide spectral region from ultravio-pear |attice matched heterojunctions with the semiconductor
let to near infrared and having different attractive linear and_y/ and I1-VI compounds is also under consideration.

nonlinear optical properties. The usefulness of these com- Ag mentioned previously, the chalcopyrite-structure

pounds as nonlinear optical components owing to their high.,mnounds are close isoelectronic analogs of zinc-blende
nonlinear susceptibilitiegwhich are comparable to or even q,ctyre binary semiconductors where replacement of cat-
greater than those of their many binary zinc-blende structurgic sublattice by different atomic species induces a change
analogs and especially to the uniaxial birefringen@ehich  ¢om T2(F43m), characteristic of zinc-blende structure to
makes it possible for phase matching well known. the tetragonal space groupi3(142d) characteristic for

For example, zinc germanium diphosphid&nGeR)  chajcopyrite structure with so-called weak tetrahedral distor-
and cadmium germanium diarsenidedGeAs) crystals are tjon and tetragonal compression of anions with respect to the

promising candidates for efficient second harmoniCijes| zinc-blende structure. Therefore, the vibrational and
generators as well as mid-infrared optical parametric

} 3 o ) . o electrical properties of chalcopyrite-type compounds have
oscillator$™ exhibiting very high energy conversion efficien-

; ) 7y striking analogues with their [I-VI and IlI-V homologies.
cies(up to 46%), at moderate average power levelsnother One of the promising chalcopyrite-type semiconductors

famous member of this family is silver gallium disulfide fo nonjinear optical applications is copper aluminum disul-
(AgGas) with E;=2.7 eV (at room temperatujevhich is {4 (CyAls,), which has a direct gap of 3.49 eV at room
an important rnatgnal due to its large nonlinear optical Coef‘[emperature, the widest value among other chalcopyrite com-
ficients and birefringence. pounds. Recent progress in the growth of undoped and doped

Due to the observation of the direct band gap for thesg, 10 45 ell as the heteroepitaxial growth of CuAlSyers
compound&with chalcopyrite-type structure, one can expecty, (100 GaP and(100 GaAs substrates by metalorganic

their potential applications for optoelectronic devices such @§apor phase epitaty and molecular beam epita¥ymakes
light emitting diodes and laser diodes operating in the blug,am even more technologically promising.

and ultraviolet wavelength region. As a matter of fact, the nature and origin of the high

The chalcopyrite-type semiconductor copper indium dis+,gnjinear optical susceptibility and Raman scattering effi-
elenide (CulnSg) has E4=1.0 eV (at room temperatuje

ciency are closely interrelated. It should be pointed out that
the nonlinear optical properties of the insulating crystals are
dElectronic mail: bairamov@bahish.coffe.rssi.ru derived from both: first, the perturbation of the optical polar-
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TABLE |. Comparison of frequencies(in cm™?) of the Raman and infrared active zone center optical phonons
in CUAIS, with their symmetry assignment and zinc-blend origin. The splitting of polar modes with nonzero
dipole moments into transverse and longitudinal modes is also shown.

Infrared Raman scat.
Chalcopyrite Zinc-blende Raman reflectivity*” present work
mode mode scat®? labsorptioft®
symmetry symmetry T=300 K T=300 K T=300 K T=8K
T(L,T) (X9)ac 76176 75.5/74.0 77.4
Iy (Wo)ac 98 96
L,(L,T) (W) 112/112 108
Is(L,T) (W)ne 137/137 135
I's(L,T) (Wy) 217/216 217/216 217.5/217.5 219.5
T, (X9 268 263 266.5
Is(L,T) (Xo)opt 266/263 266/263 263/261 275/265
T,L,T) (Woopt 284/271 284/271 —1272 —1274
I, (Wy) 315 314 317
I(L,T) (W) opt —1432 —1432
T, (W) opt 443 442 448
I's(L,T) I'is 497/444 497/444 496/444 498/449
T,(L,T) Ty 498/446 498/446 498/446 503/448
Second-order 123
features 372
553

aReference 21.
PReference 22.

izability by an electromagnetic field acting through a latticements for CuAl$ have not been reported so far.
displacement—so-called lattice or deformation potential in-  In the present study, an attempt has been made to find
teraction and second, the perturbation of the optical polarizeut the relationship between the spontaneous scattering in-
ability produced by the direct action of the field on the elec-tensity of CuAlS and GaP crystals with the main aim of
tronic levels—so-called nonlattice or electro-optic determining the nonlinear Raman power gain amplification
interaction. The same interactions manifest themselves in thier the strongest phonon modes of CuAlfer stimulated
process of spontaneous Raman scattering by lattice vibr&Raman scattering process. It is found that this gain exceeds
tions. those reported for any other promising materials widely used
For piezoelectric crystal structures, which lack a centerfor stimulated Raman scattering operation.
of inversion, Loudolf has showed that both deformation
potential anq eIecFrp—optlc interactions contnpute_to the _Ran_ EXPERIMENTAL PROCEDURES
man scattering efficiency for zone center longitudinal optical
[LO(I')] modes, but that only the lattice interaction contrib- The single crystal samples used in this experiment were
utes to the scattering efficiency for transverse opticagrown by the chemical vapor transport method in an evacu-
[TO(I')] modes. Therefore, the measurements of absolutated quartz tube using iodine as a transport agent followed
scattering efficiency and linewidth of the phonon modes carby directional freezing. The starting polycrystalline CuAIS
permit a determination of available power gain coefficientcompounds were prepared by direct melting of the constitu-
for stimulated Raman scattering amplification. ent elements of high quality in stoichiometric amounts. The
Previously, the high value of absolute scattering effi-CuAlS, crystals were light green in color. Typical morphol-
ciency for the LQI") phonon from spontaneous Raman scat-ogy of platelike crystals showed a well developed surface
tering intensity measurements of binary undoped ‘¢&aBs  along[111] axis, with[101] and[112] facets, which are par-
been observed. This, together with the observed anomalousbflel to the axis. The typical dimensions of the grown crystals
narrow spectral linewidth, indicates a large gain coefficienwere about %3x0.4 mn¥.
for stimulated Raman scattering. The measured value of this The crystallographic parameters obtained on our samples
gain was quite large by comparison with other materials, andby using x-ray diffraction techniques carried out at room
a low threshold of pump laser power had been preditted. temperature with Debye—Scherrer powder method confirmed
Recently, the low threshold pump power Raman lasethat a single phase growth with chalcopyrite structure is
based on GaP and suitable for applications in optical comachieved witha=5.3336 A andc=10.440 A. These values
munication systems in terahertz frequency region has beesre in good agreement with the parameters previously re-
demonstrated®’ In this connection, the knowledge of the ported by Brandet alX®
absolute spontaneous Raman scattering efficiency and gain The measurements of spontaneous Raman scattering
coefficient for stimulated Raman scattering of CuAt8ys-  spectra were performed in the backscattering configuration
tals and their direct comparison with those of GaP crystals ifor crossed and parallel polarization of incident and scattered
of considerable interest. To our knowledge those measurdight from the naturally grown{112] plane, which corre-
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FIG. 1. The overall Raman spectrum of CuAl&btained at room tempera-

ture in the backscattering configuration frafl2) plane for parallel polar-  FIG. 3. Raman spectrum of CuAl®btained at room temperature in the
izations of incident and scattered light. The excitation wavelength is 514.%ackscattering configuration frorfi12) plane in the expanded scale for
nm and spectral resolution 0.9 ¢t Notice the large intensity df; phonon parallel polarizations of incident and scattered light. The excitation wave-
mode at 314 cm®. Small peak at 329 cnt is from Ne reference lamp. length is 514.5 nm and spectral resolution is 0.9 &m

sponds to thé€111) plane of zinc-blende structure material.

EOth 514.5 and 47.3;: nr? é':nij of an *Araserd Wh';:‘ are f_et“ n=1 among all chalcopyrite-type compounds. The mean tet-
rom resonance witle, of CUAIS, were used as the excita- rahedral distortion of anions with respect to ideal zinc-blende

tion sources. The scattered light was analyzed using a JObInp_osition changes the first-nearest-neighbor interatomic dis-

Yvon U 1000 double grating monochromator with a spectral, o dd hich be ch terized b i
resolution of 0.9—1.1 cit and detected with a cooled GaAs uag(i:\/eenAgyan ag WHICN can be characterized by parameter

photomultiplier operating in the photon counting mode. All
measurements were performed at room temperature and at 8 n— t=(d3.—d3c)a’. (1)

KusFlngta;]closed-cycle cr}{/osftatb lut tteri ici For CUAlS,, d,c=2.351 A anddg.=2.239 A and
or theé measurement of absolute scattering €lclency, _q o547 A For comparison, analogous parameters for

we used a zinc-blende structure semi-insulatisg GaP : _
other chalcopyrite-type compounds ape=1.004,u=0.224
crystal oriented alond111) direction. Backscattering mea- A for CulnSQegand 37/20 896 E=O 27 forAgGaSg?OWhich

surement from thél1]) face performed under the same ex- indicate much larger structure modifications than CyAIS

perimental co_ndltlpns as from CuAJgrystal. For absolute Due to the fact that there are two different types of cations in
frequency calibration, we used a Ne spectral lamp. chalcopyrite structure compounds and because their unit cell
volume is four times smaller than in a typical zinc-blende
lll. RESULTS AND DISCUSSION material, there is a four-to-one correspondence between the
As already said, the '8"'C"', chalcopyrite structure has Brillouin zones of the chalcopyrite and zinc-blende structure
the symmetryD32(142d) and the body centered tetragonal compounds. Therefore, the chalcopyrite structure semicon-
unit cell. For ideal chalcopyrite crystals the long dimengion ductors may be regarded as a superlattice of the zinc-blende-
must be twice the cubic length In our case, the structural

parameter isyp=(c/2a)=0.980 This value is very close to

—
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1 - =
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FIG. 4. The overall Raman spectrum of CuAl8btained &8 K in the
FIG. 2. Raman spectrum of CuAl®btained at room temperature in the backscattering configuration frof12) plane for parallel polarization of the
backscattering configuration froid12) plane for parallel polarizations of incident and scattered light. The excitation wavelength is 514.5 nm and
incident and scattered light in expanded scale in the range 150—-40b cm spectral resolution 0.9 cri. Notice again the large intensity of tig pho-
The excitation wavelength is 457.9 nm and spectral resolution 1.t.cm non mode at 317 cit.
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FIG. 5. Raman spectrum of CuAl®btained &8 K in backscattering con-
figuration from(112) plane for parallel polarizations of incident and scat-
tered light. The excitation wavelength is 514.5 nm and spectral resolution
0.9 cml

FIG. 7. Raman spectrum of CuAl®btained &8 K in backscattering con-
ifiguration from (112 plane for parallel polarizations of incident and scat-
Yered light. The excitation wavelength is 514.5 nm and spectral resolution is
0.9 cmt

type semiconductors with folding of all Brillouin zone edge
points labeledX(0,0,2r/a), W(0,2n/a,w/a) and W(27/ 4, ang reflectivity measurements by Koshetlal??2 In

a,0,m/a) k_)ack o the center of th_e Brillouin zone W'_th ZON€ 4ddition to the already known phonon modes of CuAds
center(I'-like) representations. Since the chalcopyrite struc-

o T=300 K, we describe here corrections of previous measure-
ture compounds have two formula units with eight atoms Pelents and assignments of newly observed lines

unit C?”’ gi.ving. rise to 21 optical anq three acoustic branches Figure 1 shows the overall Raman scattering spectrum of
of Iatt|c_:e V|brat_|0ns., the representatidnat the center of the CUAIS, obtained at room temperature in the frequency range
zone, is reducible into of 0—-600 cm*. The most interesting feature of this spectrum
F=1r,+2I',+3;+3l'y,+6I's and 1I'y+1I's, is the large intensity of thé’; phonon mode at 314 cm.
Other Raman lines are also revealed, but their intensities are
several times smaller. Figures 2 and 3 show the Raman scat-
cfering spectra of those lines in expanded scales for frequency
ranges of 150—400 and 50-150 Chnrespectively. One can
easily see the appearance of new structures at 123, 272, and
372cmt
1T+ 313+ 304 (LO) + 3T, (TO)+6I'5(LO) +6I'5(TO). In order to resolve the observed broad structures and to

Idistinguish between first and second order scattering struc-

The symmetry types of the Raman-active modes fo -
chalcopyrite-type structure crystals with corresponding zinc-tures at 263, 442.5, and 553 chwe have performed Ra-

blende structure modes are listed in Table | man measurements at 8 K. The overall spectra obtained in

Previously, the vibrational spectra of CuAl®y zone
center optical phonons have been investigated at room tem-

perature by Raman scattering as well as by infrared absorp-

respectively. With the splitting of infrared active modes by
the macroscopic long range electrostatic interaction int
transverse and longitudinal components as well ad'jrend

I's optical modes and since thé, modes are silent, one
expects 22 Raman-active optical modes

e

r, CuAlS,
T =300K
1 5 Ay =5145nm
77.4 CUAIS, s R =09 1fem
T =8K g
_ A; =5145nm 3
] =
9-/ R =09 1/ecm § i §i-Gap
> £ LO (1)
%= % c
a &
g §
< &
g
L TO (D)
SIl ° 0 . . )
« 275 300 325 350 375 400 425
0 . s . Frequency shift (1/em)
50 75 100 125 150
Frequency shift (1/cm) FIG. 8. Room temperature Raman spectrum of CyAtBtained in the

backscattering configuration frott12) plane for parallel polarization of the
FIG. 6. Raman spectrum of CuAl8btained at 300 ah8 K in backscatter-  incident and scattered light and of si—-GaP obtained also in the backscatter-
ing configuration from(112) plane for crossed polarizations of incident and ing configuration from(111) plane for identical experimental conditions
scattered light. Notice th&s(LO,TO) phonon mode at 442.5 crh and including the same incident power of 2 mW and detection intensity scale.
disappearance of second-order structure at 553'cffhe excitation wave-  Notice the large absolute scattering intensityIgf phonon mode at 314
length is 514.5 nm and spectral resolution is 0.9 &m cm ! in comparison with LQI") phonon mode at 402.3 c¢rh of Si—GaP.
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the range 0—600 ciit is given in Fig. 4, while the spectra ficiency of I'; phonon mode in CuAlgat 314 cm?! in
obtained in expanded scales are presented in Figs. 5 and &mparison with that ofLO(I")] phonon mode of si—-GaP at
With the same aim, we display in Fig. 7 the Raman spectra02.3 cm *. The calibrated ratio of the areas under these two
of CUAlS, obtained at room temperatureca® K in therange  spectral lines is a factor of 7. The value &L d( for si—
400-600 cm™. GaP was measured by using as a reference standard material

In Table | we summarize the results of our measurebenzene. For the 992 ¢rhmode of benzene, the absolute
ments compared to previous Raman as well as infrared alscattering efficiencyS/L dQ=1.0x10"' cm™! at 488 nm
sorption, and reflectivity, measurements. has been determined by other meat&

For the broad line observed at room temperature at 442 As already mentioned, the high absolute scattering effi-
cm ! with structures from both sides of this line, we have ciency of 1.9<107% cm™ ! sr ! at\, =632.8 nm for scattering
found & 8 K the appearance of two new lines centered aby LO(I') phonons at 402.3 cit observed in si-GaP to-
442.5 and 448.5 citt, respectively. For the other broad line gether with the anomalously narrow linewidth of 0.6 chat
at 494 cm* at T=300 K with asymmetric structure from the room temperature indicated a large stimulated gain
high frequency side we found a single sharp line at 50%oefficient’® namely gJ/1=1.0x10"® cm/W. This is the
cm™ ™. The other very broad structure at 568 T=300 K)  highest gain for stimulated Raman amplification value mea-
disappeared at 8 K. sured so far for various materialdable |) including the

It is interesting to note that thE, phonon mode always most efficient LINbO; (LiINbO; made with the rare Fiiso-
dominates the Raman spectra of all chalcopyrite structurgope rather than the abunddrt92.5% Li”) (with 256 cm *
semiconductor$?~*° It appears in the spectra for all scatter- mode22** and BaNaNhO,s (with 650 cri’* mode with
ing configurations used. the highest absolute scattering efficiency but rather large

The high scattering intensity and narrow linewidth of the |inewidth®* of 28 cm™3).

I'; mode in CuAl§ indicate a high value of gain for Raman  Sjnce the scattering efficiency of a given Raman-active
oscillator operation in the process of stimulated Raman scainodeS/L dQ~w{, itis clear from(1) that the power gain
tering. coefficientgd/| is inversely proportional to the frequency of

The power gain coefficieng /I, wherel is the laser the scattered lightss (in frequency regions far from elec-
pump power per unit area for the stimulated Raman scattekronic resonangeand, therefore, may be taken as a basis for
ing and for the Stokes wave, was given by Shen an@omparison of various promising materials.

Blomberger?® By taking into account corrections given by The available quantitative data quoted for=1.065um
Johnston and Kaminct excitation wavelength for appropriate vibrational modes of
9. 16m%c2  S/L dQ different materials of current and hi_storic in_tgrest are listed i_n
T ha? nn (o DT (2 T'able I. Due to the large power gain coefficient measured in
s st si—GaP, the low threshold of pump laser power as a prereg-
Here, w; is the frequency of the scattered light at the Stokedisite for operation of a cw Raman oscillator on GaP has
frequency,n; and n, are refractive indices at the incident been predicted® Such a semiconductor laser can be pumped
laser and scattered Stokes frequenaigss the Bose popu- With laser diode arrays.
lation factor,[exphw/kT) 1%, andT is the linewidth full Recently, the low threshold-power operation of a buried
width at half maximum(FWHM) of a mode. heterostructure Raman laser based on GaP active layer and

The power at the Stokes frequency increases with lengthlGa P cladding layers, grown by the temperature differ-

L as exp@il). Thus available power gain for stimulated ence method under controlled vapor pressure, has been
Raman scattering amplification can be obtained from thelemonstrated® The threshold pump power was as small as
measurement of the absolute scattering efficiency. Th800 mW. Furthermore, by developing a tapered waveguide
strength of a given Raman-active phonon mode in the prostructure of growth GaP core and,&a _,P cladding layers
cess of spontaneous scattering is given by the absolute scand thus increasing the internal pump power, it became
tering efficiencyS/L dQ) whereS is the fraction of the inci- possiblé’ to reduce the threshold of pump power down to
dent laser power that is scattered into a solid anglel@f 160 mW.

near a normal to the optical path After taking into account the scattering geometry and

The efficiency of an unknown spectral mode can be ob<orresponding parameters for reference si—-GaP and our
tained by comparison with integrated scattering intensitiesCUAIS, crystals forA;=514.5 nm excitation and by using
(areas under spectral lineof measured and reference measurement techniques described in Refs. 15 and 29, we
samples under identical experimental conditions. find for the most intens&,; phonon mode at 314 cn} of

To measure the absolute scattering efficiencl/oihode  CuAlS, the absolute scattering efficiency for spontaneous
in CUAIS,, we used as reference the scattering efficiency oRaman scattering/L d=9.5x10° cm 'sr ! and line-
the LOT) phonon line in semi-insulating GaP crystals width (FWHM) of I'=5.1 cmi! at room temperature. For
(where plasmon—phonon interaction play no ydfe comparison, the large value of absolute scattering efficiency

Figure 8 shows the room temperature Raman spectruraof 2.3x10°® cm tsr ! (\;=514.5 nm for LO(T') phonons
of CUAIS, obtained in the backscattering configuration fromin GaAs at room temperature for 1.068n excitation laser
(112 plane for parallel polarizations of incident and scat-wavelength using the same measurement procedure has been
tered light and for si-GaP obtained for identical experimen+eported?®
tal conditions. One can see the large absolute scattering ef- From Eq.(2) we calculate the corresponding power gain
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coefficient for stimulated Raman scattering process astJ. L. Shay and H. M. WernickTernary Chalcopyrite Semiconductors,

gJ/! =2.1%x10"% cm/W. It is interesting to note that the ab-  Growth, Electric Properties and Applicationedited by B. R. Pamplin

solute scattering efficiency normalized by the phonon popu-,(Pérgamon, New York, 1979

lation factor exhibits relatively small variation by reducing EHC' Giles, L. E. Halliburton, P. G. Schunemann, and T. M. Pollak, Appl.
. ) ys. Lett.66, 1758(1995.
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