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I. INTRODUCTTON7 ) /

[ %

-~ With recert results for the optical properties of CdGeAsg w;ﬁnow

know that it meets the expectations of high nonlinearity, phasematcha-

bility and transparency in the infrared from 2(w to 18\5} When growth

7

problems 2re solved and larger crack free crystals are obtained, CddeAsé
should allow the construction of tunable coherent sources over the
entire range from 3 u to 18 ui. In addition, it should allow optimum

second harmounic generation of a Coéilaser to extend its usefulness to

3.3 1.

This report discusses progress in crystal growth of CdGeAs jm
seetionrII. -Imrsection-III the index of refraction data and tuning
ranges of the crystal are pr;;entedvcﬁie élso pré;;;tethe preliminary

nonlinear coefficient measurement results. / ) <—

These results for CdGeAs, are now being prepared for a publication

2
s o~ . .
which describes the material and its infrared nonlinear applicatiocns.
Simultaneously, a post deadline paper is being submitted to the CLEA

~ conference in Washington, D.C., in June, 1971,

7




II. CRYSTAL GROWTH

The equilibrium phase diagram work is nearing completion. Figure

1 shows the Ge-CdAs, cut through the ternary disgram. The data shows

2
that the range of homogeniety of CdGeAs

o is small which is helpful in
obtaining uniform composition single crystal growth. At this time the
region near Ge is being completed. The phases shown as Ge + CdGeAs I,
IT and III have not been identified as yet with crystal structures.
X ray work is proceeding toward the understanding of this region of
the diagram.

Recently additional growth attempts have been initiated using

both the Stockbarger-Bridgeman technique and solution growth at 20%

germanium. The solution growth results were not cénclusive and
indicated that more work is needed. The Bridgeman growth results
were encoureging. A recent boule grown according to the prescription
given in the last reiort, gave a single crystal sample over a length
of 1 cm which was almost entirely crack free. This substantial |
improvement in the reduction of cracks seemed.to be due to very slow
cooling rates. Some cracking in this boule did occur neaf a twin
boundary. The sam@le was X rayed to determine crystal growth |
directions on each side of the twin plane. The smaller section

of the boule grev nearly parallel to the ¢ axis as has been the

case for most previous boules. The larger section grew nearly along
a 112 direction. The intérest in this particular boule is due to the
large disparity in optical transmission fof the two sections. The

" smaller plece was transparent while the large section was cpaque.
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At this time we expect that a growth direction dependent impurity
segregation coefficient may be responsible for the difference in
qrystal properties, To verify this éssumption, mass spgctroscopy
of each section of the boule is being done. The results should lead
to an understanding of the impurity problem for CdGeAs2 and enable
work to progress toward the growth of very high quality material.

At this time effort is directed toward the growth of quality
eingle crystals for further optical work. Thé grown samples are
being analyzed for growth direction, optical constants and bulk
semiconductor properties. In an effort to obtain highly trans-

parent crystals, work on impurities is being initiated.

?



ITII. OPTICAL FROPERTIES OF CdGeAs2

In the last report we described an index of refraction apparatus
for use in the infrared. The system has been completed and is in use.
It performs as expected making index measurements possible with
increased accuracy.

At this time, a few remaining detalls are being completed. These
include laser sources for the visible and infrared and a gas temperature
controller for maintaining the crystal at a uniform temperature during
measurements., |

Using the new high accuracy table, the preliminary index of
refraction values given in Table II of the last report have been
modified. The new results are shown in Table I.

The index table can read angles to one second. In practice
the accuracy of the measured angles is limited by the diffraction
effects caused by the finite prism size. With a prism of lengtﬁ ﬂ

the angular width of the focused beam at the detector is given by
1% -
M‘aﬁ ’ (1)

vhere A 1is the wavelength, R 1is the distancé from the center of

the table to the detector, and f is the focal length of the fbcusing.
optice. For our system we have R =23 cm and f = i5 cm . Assuming
the detector.caﬁ be set to.the maximum within five percent of the full ‘
angular width,'we have for a 1 cm prism and a wavelength of 5'um that

the diffraction limits the accuracy of the measured angles to

e P =T



MEASURED TNDICES OF REFRACTION FOR CdGeAs

TABLE I

2

2 [pm] n, n n, -0,
2.88 3.7525 3.6358 0.1167
3.39 3.7285 3.6208' 0.1077
4,0 3.7134 3.6124 0.1010
b.43 7 3.7053 3.6062 ©.0991
5.06 3.6953 3.5992 0.0961
10.6 3.6578 3.5688 0.0890




approximately seven seconds.

With the new setup we have remeasured the index of refraction
for CdGeAs, . The prism vas 4 by 3 mm and had an apex angle of about
13 degrees. The CdGeAs2 has a positive birefringence of about 0.1,
For the 3.39 um and the 10.6 pm points we used laser sources. The
other points were taken with a globar light source. Because of the
small prism size, the amount of refracted light froﬁ the globar was
too small for the thermocouple detector at wavelengths larger than
five microns. In addition to the low light intensity, the use of
a globar light source also requires careful wavelength‘calibration;
We have therefore decided to replace the globar with a laser source.
A sealed off He-Xe laser is now under construction which will pfovide

several lines in the infrared. Some of the strongest lines are:1

2.02Tu  3.97Tu

7 2.652 4 5.35T u
3.508p 5.5754
3.680 p T.317Tp .

The discharge length is 85 cm and the‘internal tube diameter is 7 mm.
The tube is presently under processing on the vacuum station. As an
output coupler we will use a btrewster window or a semitranspafent gold
f£ilm on a NaCl sﬁbstrate. Preiiminary testing shows that.a filu |
approximately 180 R thick gives abput K 4 output coupling at 3 um
decreﬁsing slowly at longer wavelengths. .

The indices of refraction in Table I follow from the equation

a + 6)

o sin . : '
n = ( g . o (2)
sin 5 '

o4 o




vhere § 1is the minimum deviation angle and @ 1s the apex angle.

“ By differentiating Eq. 2 we obtain
|
An a+é elo 2
-r—l-=§cotan( 5 )A5-é ) a_+5m' (3)
sin 5 si;: 5

With a = 13° and &= 35° , substitution into Eq. 3 ylelds
%x 1.1 A6 - 3.3A0 . (&)

‘The deviation angle was mea.suredl ten times and then averaged. We
estimate the uncertainty is the devia.tioln angle and the apex angle to
be respectively A6 =t 1' and A =% 1' . This leads to an estimated
uncertainty in our measured indices of An = % 0.004 .

The index of refraction data in Table I has been used to computer
fit a Sellmeier equation for the ordinp.ry and the ext;‘aordinary index.

The re sﬁlts are

8.8910 1.8862

nﬁ = k.0000 + 1. (0.5).521;)2 + N (%é)z (5)
and |
- 0000 9.5209 1.9087 (6)

-

with N in microns. Under the computer fit the long wavelength

resonance was fixed at 36 um which corresponds to the fundemental

phonon absorption band in the material. Figure 2 shows a plot of

-8 -
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the indices. By taking the limit A - o , we can estimate the low

frequency dielectric constant. We obtain

€, = 14.8

e, = 15.4 .
I

The CdGeAs2 has a 12 m symmetry. The components of the polar-

ization along the principal axis are given by

Px = 2d1hEyEz
P o= 24)EE
P =

-l

For this crystal symmetry phasematching can be achieved in two different

ways. The phasematching conditions can be written as

[

o e e
If nw = ns(e)cns + ni(e)coi | (7 .
and
o e 0
II: no, = ns(e)cns + oo - (8)

The poiarizﬁtibns and the direction of propagation in the two.cases

- are 1llustrated in Figs. 3a and 3b. The effective nonlinear coeffi-

cients are respectively 'alhsin 20 and dlusin 6 . Parametric tuning
' is achigved by crystal rotation. A single crysta;'can scan approxi-

mately 20 deérees. Figures.h and 5 show tuning curves for several

- 10 -
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pump wavelengths. Tuning is possible from about 3.5 um out to the
absorption edge at 18 pym. Figures 6 and T illustirate the‘tuning
range which can be thained for a fixed crystal orientation by
changing the pump wavelength. The walk-off angle for the extra-
ordinary wave is typically about one degree. A doubled CO2 laser
at 5.3 um is a potential pump source for infrared parametric oscil-
lators. Figures 8 and 9 show the tuning curves fér this particular

pump source together with the bandwidths assuming a 1 cm crystal and
a narrow pump bandwidth. |

Phasematched second harmonic generation (SHG) is possible between

5 and 18 pm for type I phasematching and between 5.4 and 13 um for
type II. Figure 10 shows a plot of the phasematching angle versus

wavelength. For doubling of CO. the phasematching angles @ and

2
valk-off angles ¢ are respectively

L 4

0 (deg) | @ (deg)
1| 35°3 | 10!
I | 54%1' | 1%19!

Type I phasematchihg is particularly attractive for internal doubling
of'CO2 since in that case the fundamental is polarized along one of
the optical axis. For type II this is not possible aid the crystal
birefringence may cause polarization rotation.
- Preliminary measureménts of the nonlinear coefficient relative
to Gaas ha#e been completed. The GaAs sample was Cr doped and had a
8

resistivity of 3 X 10" Qem. For the experiment ve used a Co, laser

-1k -



e n:wp = n:(e)ws +n?wi' '
15k -
o 520 '65°
T -~
= , ~65°
r ’
'- B
2 10
u ,/ 82°
l;l .
3
=
e
n NI T R
3'- 4 5 6. 7

 WAVELENGTH A, (um)

' Fig: 6--THEORETICAL TUNING CURVES FOR CdGeAs2
- WHEN THE PHASE MATCHING ANGLE IS FIXED

=15 -

-



BN
o
.
-
)
.
.".-'
Pt
o
o

o
|

'WAVELENGTH (zm) .

‘.--»5_

= ng(Blwg + nf(B)w;

0
npwp

o
|

N N ] 1 1

'3 4 5 6 7
_WAVELENGTH Ap (pm)

el

ms 7--THEORETICAL "'UNING CURVES FOR CdGeAsz
WHEN THE - PHASE MATCHING ANGLE IS FIXED

’16-.

-t

e rtmmed ¢ et L Se.s

oy on. =

e s ———— - e



- [rpwp = n3(6)w, + nfw;

1sp

3

2

: -

2

w 10 -

]

S

-3 3

.=

sk
BW

e L L L L
L T80 60 - 70 80

- PHASE MATCHING ANGLE (deg)

Fig. ‘8--THEORETICAL TUNING CURVE AND MINIMUM BANDWIDTH

FOR A ONE cm CdGeAs, CRYSTAL PUMPED BY A

- PUMP WAVELENGTH OF S53um.

o _17 _‘ .

100

80

60

40

120

) .

MINIMUM. BANDWIDTH (cri!



n:wp = ng (Awy+ n (O
I ] =
2
.. =
& 10}
.=
‘w
:>: SIGNAL Jdi20
; : -1100
G - 80
. .8k -1 60
' 140
| BW 120
. l 1 ] ' 1 4
~ 35 40

' PHASE MATCHING ANGLE (deg)

- Fig. 9-;THEORETICAL TUNING CURVE AND MINIMUM BANDWIDTH

MINIMUM BANDWIDTH (cm)

FOR A ONE cm CdGeAs, CRYSTAL PUMPED BY A PUMP .

WAVELENGTH OF 5.3p.m

.18 .



Y

T IS
=
-
-
O
4
4 10}
ge
<
e |
n;:'-% [n:(e) + n:]
o‘ 5- v o
. f.. 0 . ' . l 3 l .. l
L 40 50 €60 70
. : . SHG PHASE MATCHING ANGLE (deg)
. Fig.'10--PHASE MATCHING ANGLE FOR SHG IN CdGeAs,
.:‘.
.- 19 -




Q-switched by a rotating grading. The pulse length was about 300-400
nsec and the peak power about 200 Watts. The laser was focused by an
uncoated 4 cm Ge lens to a spot size of about 40 um at the crystal.
The Cd(}e.l\s_2 crystal was polished but uncoated. We did not observe
any damage and we estimate the damasge threshold to be larger than
2 MW/cm2 for a Q-switched 002 laser. The SHG signal was focused on
& 1iquid nitrogen cooled InSb deteqtor. The detector had a response
time of 8 pusec and it did therefore not resolve the pulse, but gave
the integrated SHG signal. A pyroelectric detector was used .to
monitor the 002 laser output. The wedged sample technique first
préposed by F. F. Wynne and N, Bloembergeha was used to measure the
nonlinear coefficient. The wedged sample was placed on a micrometer
stage and translated through the CO2 beax_n. A maximum in the SHG
cutput is observed when the sample thickness is equal to (2n + 1)f£c
'vhere n is an integer and %é 1s the coherence length.

Neglecting absorption, but including reflections at the crystal

surface, we have that the SHG power P2 is related to the funda-

mental power P, at the crystal by

. ; 2
def't'l’l{'c x _'fa
2 e 0y 2 (2 % ) ’ ®

vhere 4 1s the crystal thickness and d,¢¢ 18 the effective non-

£t
linear coefficient. When the SHG is maximized, the sine i: equal
to unity. Table II gives :!';he measured coherence lengths and the
maximized SHG powers. The measured coherence length for GaAs agrees

well with the published values in. Refs. 2 and 3 of respectively -

- 20 -
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TAELE

I

SHG EXPERIMENT

Gas | CdGeds,
| crystqi orientation (11i) ~(110)
| 4’Wc‘-.cllge‘lan'gle ,)+°' 8! 101&6"
O, j)olarizgtionl 11 [110] ] 11 [130]
SHG Ipolar:lzation‘ | 11 [;12] 11 [o01] .
{dets JE7Ta,, | ay
n 1 3213 | 3.5688
n, 3.30° | 3.6933
Pl.[lrel., units] 1.25 1.3
1’2 [re1. units]\l 11 1.3
: a&c'Lum] 04 £ 3 - 22..1' 1

-2] -




104 £ 7 um and 107 * 5 ym. For CdGeAs, we can calculate the expected

2
coherence length using the measured indices of refraction at 10.6 and

5.3 um.  Applying the relation

A
b= ——— (10)
. (n2 - nl)
we obtain a coherence length of 21.20 um which is within the experi-
mental error of the measured value. '
The nonlinear coefficient relative to GaAs is determined by
substituting into Eq. 9. We obtain

a..(CdGeas,)
36 2 . 49 . (11)

 dlh(GaAs)

According to Miller's rule we would eipect
. L 4 . ‘
d,,.(CdGeas,,)

36 2 ~ 1.8 . (12)

dlh(GgAs)

The measured nonlinear coefficient for CdGeAs, therefore appears

2
somevhat large. We had some problems with mode contfol and laser
sfability under the measurements, and we plan to repeat the measure-
mengs to check our number. We have also tried un-Q-swifched SHG.
The signal to noise ratio was then about two. Quantitative mea-
suiemenfs, however, were g;fficult because of the 4,3 ym fluores-
cence ffom the Coa‘laser. The fluorescence was about four times

stronger than the SHG signal. A new 6.6 go 12 um passband filter

- 22 -



we have Jjust received will solve this problem, however.

In the reported SHG mqasurements the samples were from boule #16
which is the best boule obtalned so far. We have also tested samples
from boule #28. This boule has also good optical transmission, but
it was quenched from a high temperature to see how quenching affects
the crystal cracking. The samples were therefore probably strained
with large index inhomogeneities, and we did not obtain good SHG
fringes. |

We are now looking for two good transparent pieces to cut for
type I and type II phgsematching to demonstrate the capability of-
CdGeA52 as an efficient doubling crystal for 002. This will also
give us a check on our calculated phasematching angles.

We are also planning to measure the electro-optic coefficients
at the HeNe 3.39 pm line. We have tw§ samples from boulev#28_cut
 for the measurements-~of the T63 and Ty, coefficients.‘ The
semples are 4.4 X 4.0 X 3.7 mm> and 3.8 X 2.1 X 3 tm> and with a
measured D.C. resistivity 8t gy = 88 Qem for the first sample and
¢11 = 156 flem for the second. Because of the smail resistivities,
only small voltages can he applied. To compensate for natural
birefringence ﬁe have made a quarter-vawe plate of CaMoOh which has :
a small birefringence of .0054 at 3.39. More experimental details

together with the measured coefficients will be present in the next

-

quarterly report. -

«.23 -
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