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T. INTRODUCT1ON

During the first year, the chalcopyrite growth effort was directed
at a siﬂgle_gompbund,_CdGeAsb sThe potentialrapblications of thig
crystal in nonlinedr~optics-is.now fully evaluated, It promises to be
a very usefulﬁnénlinear material‘providing"that there is,sufficient’
improvement in crystal'qpality. Past crystal;growth hag been by the
Bridgman-Stockbarger techhique. Ve are npw'preparing.té grdw.crystals
by the Czochralski method.,

.Recenﬁlyiye;ﬁavé started igrowth of a new chalcopyrite compound
CdGePé , another potentially very useful noniingar crystal. The
2,chalpopyrites;

estimating the optical properties from the measured properties of the

choice of CdGeP2 was made affter a study of all the II-IV-V

III-V analogs. The results of this study are included in Appendix I.



II. CRYSTAT, GROWIH

A, deGéAge

(1)..Bridgman-Stockbqgggr

‘The-last senieé of Bqules have been gran from stoichiometric
melt,  The 0,5 - i.O“Weight percent excess As used previously does not
improve the optical transmlssion. We alsc use slover growth rates
(~ ho/hr) and larger gradients (~ 34%/cm). The gfowth‘givcs;fairly
éonsisteﬁt results from boule to boule and we are‘llanning'impurity
doping to investigate the effects on crystal properties such as
resistivity, optical transmission, and index homogeneity. ‘The
orientation of large single crystal reglons in a boule is usually with
the}chalcoPYEite unit.cell [1il]'directi0n'wiﬁhin 10° of the ‘boule axis.
This agrees with the 1it¢rature which reports the [111] direction as
the fastest growth direction for the chalcopyriteg.

There is a correlation between. grain boundaries and crystalscracking.
Large single crystal regions have usually few cracks, We therefore
hope that the cracling problem may be solved with the growth of large
homogeneous single Crystals. The cracking might also he related to the
constraints imposed by the walls of the quartz crucible, -ﬁe are now
measuring the thermal expansion coefficient and -its anisotropy to gain
some further insight.

For.the last boule B6 s, the synthesis and the growth were done in
one step, Previously the synthesizing was done as a separate step, This
nad the disadvantage that there was‘some Vapoy'in,the crucible which

deposited on the walls when -the synthesized material was quenched, It



was impossible to retrieve this deposit, 'The one step process assures

V.o,

that nb-materialrys lost.. However, we arg_faced with the‘problem of
obtaining uniform mixlng and achieving fully reacted material in the
crucible as well as in the capillary.befoge the growth sfarts. The

first run showed incomplete mixing., An ultrasonic vibrator'has been

constructed to aid the mixing process in succeadlng runs,

(i1) Czochralski
At present, initial experiments are being catried out *to determine

the correct growth'éonditions. In addition, a furnace 1s being assembled,
B, CdGeP

To date two boules have been grown. The CdP, is synthesized first
and then reactéd with Ge to form-CdGePg . The fully reacted material is
then used to grow single crystals by the Bridgman-Stockbarger technique

similar to the growth. of CdGeAs, . Due to observed S1 vitrification, a

2
carbon crucible is used tc synthesize the CdGeP2 . The first boules have

5

single crystal regions of approximately 1 mm” and they show the same

cracking pattern as observed. for CdGeAs, .

is 10% Br, solution in.ethyl alecohol. This

A good etch for CdGeP?

reveals grain boundaries and twin lines after etching for about 15 sec.



ITI.  IMPURITY ANALYSIS o CGGGASE

Table IAsthgvthe results of ar impurity analysis of three slices
from boule #33. The slices were from different sections of the boule
and they had‘different-resistivity and optical transmission. The
impurity analysis was pérformed by the Bell and Howell Electronic
Matefials Division in Pasadena using spark ﬁourcévméss Spectromefry.
There appears to be very little norrelaﬁion-between.the impurity
analysis and the optical.transmiﬁsion, A possihle,explanétion-is
that only a,smali fraction of the boule cross-gection;Was probed and
.homogeneity problems may have obsruréd‘ﬁhe.résults; The probed area
was less than onekmme and only a few tenths of a.milligram vas. analyzed,
Tﬁe unusually large oxygen~anquarb0n‘concéntratiqns are most pfobably

due to hydrocarbons and possibly an oxide layer on the surface,

e th o



TABLE I
IMPURLTY CONCENTRATIONS IN STANFORD CADMLUM GERMANIUM ARSENIDE

(IN PARTS PER MILLION A’I‘OMIC)

Elemen_t_(ar) Detection Limit.(p) Op'a’qué Max T = 20% Max T = "1%'
Li Q.QQ? 0., Ol? 0,083 0,017
cl 0.03 b, 6-25 3,200 (75-10,000) 19
N 0.03 oR 8 oGl 0,28
0 0.03 76 9oo 3,600
F 0,07 Q.27 0.48 ' n,22
Na 0.01 0.135 EX3; DR
Mg 0.3 N.D. 0.49 N, 1.
Al 0:1 O3, 339] 0.80
si 1 o, N.D, N.D.
s 0003 1'15 lol ,'“o';
K 0,01 0.052 0.51 (6.6%) 0,19
Ca 16}, 05) 0.065 0.25 (3.3%) 0,07h

(a) No analysis was made for hydrogen, Analyses for gold are not given since

the'éamp]es were sparked against high purity gold counterelectrodes.
Background lines of the matrix interfere with the analyses for Cl, Mn,
and Fe, Other impurities not listed were not detected and have coneen-
trations less than 0.3 ppma.

(b) Determined for 3 X 1077 coulomb exposure.

*  Been on.one exposure only.
N.‘D.

Not . detected,



IV. ELECTRON PROEE MICROANALYSIS.

We have completed an extensive microprobe.analysis of several
boules to investigate possible deviations from stoichiometric:compqsition.
‘The absolute accuracy of micfoprobe measurements are between 2 and 5
weight pe?cent. For absolgte calibration we use Cd , CdS, Ge , and;GaAs
as standards and determine the welght fraction Wu‘ of the elements

in the unknown (CdGéAsE),using the expression

éFé'Is ;
LIS b LA e T (1)
_u =1

'whére ws ig the welght fraction of the element in the standard, 25
andj;Iuv ére the X ray intensities from the*sﬁéndgrd and the unknown,
and F and Eu corrects for Fhe.matrix absbrption‘in the standard
and thé unknown, - We. have determined FS/Fu from’tableswin‘Birksl
for an accelerating vbltage or 25 kV , électnons incidgnt.atv62.5o-,
and a takeoff angle ¥ of 38.5° . Table II gives the ﬁfoduct WSES/Fu .
The relative accuracy of ‘the microprobe analysis can be as gdqd
as a few tenths of one percgnt. Table_III,lists some experimental results
for CdGeA82 « Within the experimental error excess As does notvpertufb
the stoichiometric composition. The results confirm what we would expect,
from our pfevioué phase diaggam studies) that CdGeAs2 exists dnly_in
a narrow homogeneity reglon.
We have also studied:carefully an etched boule cross section containing
several grains, some optical transparent and'some opaque. No variation
in stonﬂﬁémetry or ir:egulariﬁies_ét the grain’boﬁndaries could be observed

within the experimental resolution.

ey



TABLE IT

MAGNITUDE OF W_ F_/F _ FOR MICROPROBE ANALYSIS OF CdGeAs,

.' Standard | Cdm ; GeKa, i 'ASKOI
g i A
ca 115.26 I :
t  cas 82,23 | f |
i ce | | 101.99 :
Gahs | | b9.37
L L e !




TABLE IT1

M[CRO_PRORE ALATNGIS OF CdGeAs,

!_ - ¥
! Boule number ‘ ¥oa i LT LY Growth condition | optical trangmleoion
L 31,37 22,21 Wh 6 0.5 WL ¢ axcess Am opaque
‘ :
26A (top of boule) 31.23, 22,12 M55 toichiometric Max Lot
i !
26c J.3h 72,29 U6, Stolchlometric Hax 17
1 ' 1,64 22,03 6,34 0.5 s § excess Ao Hax 209
33 31,38 20,36 lb,2H 0.0 W % oxcens As Max 25%
i ?
| cdceds, . 33,57 21,68 WhiD e , T
I\




V. OPLICAI, MEASURE-ENTS
A. CdGeAs,

We have determined the type I phasematching angle for doubling
CO2 using a 1,95 mn erystal from boule #31. IWhenfthe‘crystal is
mounted nornal to the laser beam, bnck_reflections make the laser
ﬁndtnb}e. By motor scanning the erystal through the unstgbility'and
phasematching poéitions we:can,detenﬁlne_the'phésematching angle very
gccurntc]y with respect to the crystallfrpnt surface. Tlie measured
phasematehing angle is 21,77 * 0.5° , while the index of refraction
data from boule #16'givc§‘a.calculnted:angle of 35.6o « The measured
full width of the external angle at the.hglf-powcr point was 5.90 in

good agreement with an angle of 60 that we calculate using the expression

A

(2)

2,25 4 tan p

with £ = 1,95 mm ard p = 0.02313 rad .

Since the walk-of! angle limlts the maximum useful interaction
length, the most abt ractive parametric oscillator conbtruction would
be a 90o rhasematcehed ozceillator with a tunable pump. Figure 1 shows
the tuning cuwrve for suéh a deviee, The tunable pump may be a LINbO,

3

or,LiIO3 parametric onclllator,

B, CdGcPa

We have not yel obtained sufficiently large single crystals to

meusure the indices of refraction by the prism method. Boule {1 had

- -‘9-



WAVELENGTH (um)

WAVELENGTH A, (um)

Flgure l««Theoretlical tuning curves for CdGeAs. for 900 phasematching,
5 )
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a small transparent section which could be studied under an infrared
microscope. Tﬂe.measured traﬁsmisaion;range,is bgtween’75oo R and

13 pﬁ with the reststrahl frequenCy'lqcatéd at‘approxiﬁately 26 pm .
By probing with a-CQQ'laser beam we measured the transmissionlthrough
the most transparent sections to be at least 30% f6r § 0.5 mm thick |

sample.

Sk <



VI. BLECTRICAL MEASUREMENI'S

. -Cad
A, C GeAs2
We have experimented with ohmie contacts, Indium soldered contact

-0

works well down to at least 77 K . Some crystals.oanpproximaﬁely

1 % 2 X 7 mm have been cut for Hall effect measurements,

B. -CdGeP2

The first boule was n-type with a resistivity of approximately
10h - 105“Qcm o

REFERENCES

1. L. S. Birks, Blectron Probe Microaralysls (Intersrience Publications,

New York, 1963).
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ESTIMATION OF THE OPI'ICAL PROPERTIES

d *
'CHALCOPYRITE COMPOUNDS

OF THE II-IV-V?

by
H, Kildal and R. L. Byer
Mierowave Laboratory

Stanford University
Stanford, California

ABSTRACT

Several of the IIAIV-VQ.chalcopyrite compqunds are attractive for
nonlinear optical aﬁplications. In order to é?alﬁate-théir potential,
their optical paramcters are determined using the close resemblance to
. the III-V analogs and their relative anisotropic Sond polarizability

which has been measured for a few of the chalcopyrites.

®

This research was supported by the Advanced Research Projects
Agency of the Department of Defense and vas monitored by the Air Force
Materials Laboratory MAYE, under contract #¥33516-70-C-16%0.
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ESTIMATTON OF THE OPITCAL. PROPFRTIES.

OF THE I1-IV-V

o CHALCOPYRITE COMPOUNDS

by
H, Kildal and R. L. Byer

Microwave Laboratory

Stanford University

Stanford, California

The II-IV-V2 compounds with a chalcopyrite structure have recently
generated considerable interest as new infrared nonlinear crystals.l’e
The nonlinear coefficlernts are large and compare with thé IIi-V
compounds and the cﬁalcopyrites have the necessary birefringence for
phasematching; The chalcopyrite point group symmetry is %2m which.
allows both type‘I.and type IT phasematching.2 ‘Unfortunately, the
érowth of high opfical quali£y materiai preéents prob}ems and for
best progress it seems feasonablé to concentrate on a few:cqmpounds.
In choosing whiéh compounds to gro§, the important considerations are
. transmission range, birefringence, and magnitude of the nonlinear
coefficients., However, measured values.exist only for a few of the
chalcopyrites, and a method to estimate their properties would be very
useful.,  We outlii. a procedure using the close resemblaﬁce between the
II-IV-VQ compounds and their III;V analogs, The predicﬁed propefties
agree well with the few measured experimental values, By a different
method using Levine's bond charge model,B;h Chemla5 has also estimated
the indices of refraction and Miller's delta6 for the chalcopyrites.
Table I lists the properties of .the III-V compounds used to estimate

the propsrties of the chalcopyrites in Table II. The optical bandgap

-1-
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TABLE I

OPT'ICAL PROPERTIES OF ITI-V COMPOUNDS

| Unit cell ! Reststrahl | Honlinear
volume frequency(a) Lol X G?a) coefficlent -
[23] [um] gelyaction rel. GaAs(b)
AlP 162:0 |  ~15.6 2,95
|caP | 162,0 25 ' 2.95 | .58
Inp 202,1 » 28.5 3.1
AlAs | 1815 3.2 _
GaAs| 180,7 | 34 33 1.00
1Inas | 2204 41.1 3.5 | 2,22

(a)R. K. Willardson and A, C. Beer, Semlconductors and Semimetals,
vol. 3: Optical Properties of III-V Compounds (Academic Press, New York,
1967} ve i e ‘

(b)

J. J. Wyme and N, Bloembersen, Phys. Rev. 188, 1211 (1969).

S

1b



TABLE I
ESTIMATED OPTICAL PROPERTIES OF THE CHALCOPYRITES

L 2n0cPy usnpy casiey Cdter,  CdSnP,  2nStAs zﬁama nSnAz,  CdSlAeg C-lcwa CdSnAsy
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| coreetsient 4 9 6 : .? ._6 o7 1.1 1.0 1.3 1.4 1.3 1.9
| tron itlests 8 RN

(8 )yandbosi-of Cheatatey srd Phyitcz, Slat edtslon,

“)D. 8, Gasson, Po J. Halmas, 3.0C, Jeanirgss 8. R, .\{:-a'hc. nd JoE,
Pascatt, J. Phys, Chen, Sollids _1. 1291 (1932}, i
(')3. A Mughal, ‘A, J.:Payne, 3. Ray, J,of Materlals Sc.ence k

e) aahiid Sargl
8 (1 ( G, K. Averklors, oA, z'url'movs. ¥. D, Prechurtan, and M. Surglaov,
D Sov, Pysi e "a'l-w' 15, 35 (1970)
(e)é.‘ Buehler, J. H. Weenlck, ard J.' L. Shay (private tommantietlon)
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- "

".)i. C. Salth (peivate comnunlcation),

f“’l.’. Kanlnow, €. Buehlar, ard J, N. Varnlck, Mys, Rev, B 2
)5 ¢ L .

9% (1910)

‘9’;. B, Blatkin, J. P, Markov, A, 3. Stekhanov, and M. S. Shur,
Pya, Srat. Sol. 12, 473 (2559). i W

‘,"l’.:n.;mmgn.vvw P, Mariov, ¥, N, Orlav, V. I. Sakolova, ard
N, 8. Shur, Sov, Mys. aenlconduct_ors' & g (19m), SnEl

“”l.. ’. ll!!kin. Yu. P, Markov, A. I, Stakharov, and N, 8. &ur._
& Bys, Crea, Sollds 21, %67 (1970). St

"’i. 8. Blatkin, B, K. Dvanov, and Q. P.:Startsev, .Phys, Stat,
Sol. (s):}, €61 (1970). : .

‘-"0. t;..snu.-l. Bushler, and J. H. VWernick, "Electroreflectases
Absorption Cosfficlent, ard Ene=gy Pand Structire of CiG2P3 near the

Birest Brorgy Gap,” to be piullshey,

A0, ¢, oy ans £, Bushler, Pys. Rev. Letters 26, <6 (19L).

(”’J. L. Snay, E. Buehler, and J. H. Wernlck, Phys, Mev. 92, 2004
Gtm). - - Lo

(9);, 1. gnay wna E. Buehler, Mys.Rev. B3, 2598.(1971),

.(',O. D. Boyd, E. Buehler, ard F. G. Storz, Appl. Phys. Letters 18,
1 Q19n). - . B

‘“’u. A. Goryunova, L. B, Zlatkin, ard B, K. Ivanov, J. Phys.  Crea:
Sollds 21, 2557 (1970). :

(r).. & Coryunova, B, N, Hm-.-io‘l." V. D. Prockuvhan; and M, Serginov,
Phys. Stat, Sol. (a) 2, !2%911970). ;

~"’I. L. Byee, B, Kildal, ard R, S, Felgelgon, "C4GaAsa .« A How
Bonllrear CrysinliPrasenatchuble 8¢ 10.6 un,” 0 be piblished in
lppl._!hyl_. Letters, : i

,“’I. K, Karjmshakov, Yu. I, Urhanov, ard Yu, V. Sreartsev, Sov. Puys,
Sealeordiztors b, 1702 (1971). ; x



frequency and two phonon absorption determine the transmission range

of the chalcopyrites, ‘In:Cng:Asz y L.e., the two phonon absorption at

: . 'I,‘he' three phonon absorption is

1

room temperature is about 20 cm’
much weaker and is approximately O.% cm = ., We take the twovphqnon
absorption frequency vfo be half the restsirahl frequency. ‘For the
reststrahl frequency ®, Wwe use the experimental value or an estimate

from the reststrahl frequencies w. and «

, Of the III-V analogs

using the relation
w, = i s, + °?§ s (1)
By assigning bond polarizabilities to the II-V and the III-V ‘bonds,
we derive expressions for the indices of refraction and for the bire-
fringence by sumning over the thirty-two bonds "within the chalcopyrite
unit cell, With a lincar polarizability tensor ¢ and a second order

polarizability tensor 5 » We write the induced polarization of & bond

gs
Bt) = c @E(t) + BE(LIEGL) . (2)

We assume uniaxial bond symmetry and write the transverse and the long!-

tudinal linear bond polarizabilities as o and q" « Defining an
average bond polarizab’il}ty'as o =%(20.1+ a") and the anis_dtropy as

y = (0" - @) , we follo# Chemla and obtaln for the susceptibility



tensor that

1 00

0 0.2

vhere AC and BC denote the two different bonds and V is the unit
cell v'olu‘me.‘ The parameters % and O churacterize the chalcopyrite
structure, Since the II and IV cations have different covalent radif,
the anion is not exactly in the center of the cagion'tehralicdra; It '
is positioned a distance a(x - %‘-) off the center closer to the cations
_vith the smallest radu.? With the lattice parameters a and ¢ we
have % -2 - ¢fa for the tetragonal compression and O = bx - 1
In Eq. (3) BC denotes the bond to the smallest cation. Acsuaing the
bond polarizability is approximatély the same as for the III.V 'ﬁhal ogs,
ve have for the average susccptibilit;( of the chalcopirites tha_.t

: v v,
X o= 2x40x (u)

vhere V. and Vb

X. and xb are the measured susceptibllities, The average cstimated

are the unit cell volume of the I1I-V analogs and

index in Table II agrces well with experimental values.

For the relative tirefringence we obtain frcm Fg. (3) that

n 201+ %) 6o+ )

an D "M LIRS . (% + 9) +7,(x - 0)
= .

ye (5)

since x.v is always much greater than one. For the II-IV-\!2 compounds,

T and O have about the came magnitude co we can approximate Bg. ( 5)

-6 -



by

Mt T g (6)

%t %

The maximum positive birefringence occurs when 01 >> G“ « This gives

{.‘\.ﬂ) =4 1 ¢ t o.._._ ( '
— 8 4P o—— - : 7)
( n Jnax T °1b/9;a

Trustworthy measurements of the birefringence.exist only for a few of
the chalcopyrites. Figure 1 shows a plot of the relative birefringence
versus T + 0 , According to REq. (6) the birefringenee depends mainly
on the anfsqtropic-pqlarizabglity of the AC bond. Consequently, since
A 1is the cation with the largest radius, the birefringence of-ZnSiPé
and ZnGePé should bq determined mainly by the anisotropic polarizability
of the ZnP bond. This is confirmed by a linear dependéncerin Flg. 1.
Figure 1 also indicates approximately the same relative anisotropic
bond polarizability for the Zn and Cd bonds tc the same anion. This
needs to be conflrimed, however, ty more experimental points for the
As compouni.. In Table II we estimate the birefringence using Am/n =
K(T + 0) with K equal to 0.1h for the p compourds and 0.10- for the
As.compounds.

D:ggneiate parametric oseillators or second ﬁarmonic generation
(SHG) requirs the largest birefringence, The phasematching angle for

SHG 1is approximately given by

sin 0, = 41/B (8)
V @

-7-
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for -type I phasematching and

——ny

sin 0. = y2n/p (9)
' : 2w )
for type II, where B = g = N is the birefringence and D = Ny, = A,

is tﬁe dispersion. For type 11 phasematching the necessary birefringénge
is approximately 0.6 to.0.7 for"90° phasematching.  For propngation at
angles-less_than 90° to the c-axis the walkoff angle limits the

effective crystal lengih ehax for the nonlinear interaction. For

confocal focusing we have

A
‘{’max e '2'7 (10)
np

vith the walkoff engle p = - %— sin 20 ., A crystul with a large bire-
fringence, e.g{‘o.l.for CdGéAsal, isbphasematchablg for parametric
interactibn and second. harmonic generation over most of .its transparency
range. Maximizing the nonlinear interaction, however, requires a crystal
with a smaller birefringence to ensure phasamatcﬁing closer to 900 .

The chalcopyr;tes have only one independent nonlinear coefficient

since dlh = d36 acéording”to the Kleinman'symnetry condition.e' Assuming

the second order bond polarizability aiJP satisfles the .overall permu-

tation symmetry, we express the nonlinear coefficient for the chalcopyrites

885’9

8 |



where ﬁ" = 5333 and B = %(0113‘+ 6223) are the longltudinal and
the transverse second order bond‘polarizahilities. For the III.V
compounds, Flytzanis and Ducuingg state that the main contribution to
the nonlincar coefficlent is from 5" » even though the linear polariz-
ability tensor is almost isotropic with :a” slightly larg?r than a, .
Chemla's calculations for the chalcopyrites include only ﬁ“ . This
approxmation may not be valid since the transverse component of the
linear polarizability tensor is 1arger than the ionthudinhl;component.
However, we shall make thc same approximation so that we may use the

measured nonlinear coefficients for the III-V ,anal‘ogs to estimate the

nonlinear coefficients for the chulcopyrites using the expres’sion.

vn vb ;
G m o ot 2 lay)y (22)

Table II ealso lists the nonlinecar coefficients calculated £
6()(“)‘3 ,,‘_assumi‘ng the Miller's ) is the same for Fu th?\chalco-
pyrites. This assumption 1s probably true within akacto{t :of Qo;'
10 b P

most c}ialcopyri'tev \} "\\' i.’-.‘, L Y
$N A

_{ ! L
frlngnnc and crystal quality. The transrarc*\cy reg{on sets n pner

: T \
limit for the tuning range of a nau'nntric oscillator -ﬁ‘* a’fi

frequency the gain of a parametiic oscillator varies 1‘ eJ;' XXDOP-

tional to the pump frequency for walkofr limited interac qn~ lengthq. :

s8



by the bandgap and phqsnmatchjng condition., An uttraﬂtgve Pump soureo
for-infrared ﬁarnmétric oscillators_is,th¢ NdBT:YAS laser in cascs where
the bandgép cutoff:is shorter than one micron. The nnn]incaﬁvcrystal
then also has applications In infrared up-conversion schemes for low
nQise signal»procéssingl2 or image up-converrfion.13 Materials with
bandgaps shorter than a micron aré also attfactive from a crystal growth
point of view since this allows visual detection of crystal Imperfections,
In conclusion we have estimated thcquticul properties of the
II-IV;VQ compounds based on the analogous ITI-V compounds.  The estimated
birgfringence and tfanspaven¢y range agrees very wcll with the few valueé
thatrhavc been mzasurcd. Several of the chaleopyrites have potuntial
for nonlinear optics gpplications. The‘valges liszted in Table II should

assist in the selection of the crystal most suited for a particular

application.
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