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INTRODUCTION

The reports which follow describe work performed prior
to September 1, 1975, and the titles of projects which ter-
minated on that date are followed by an asterisk. The re-

ports for such projects are final. Other projects are still

in progress, and this is reflected in the reports. The

reader wishing to obtain an overview of the work described here
will find the summary and discussion (pagel25)helpful. Ad-

ditional material on each project may be found in the semi-
annual technical report AFCRL-TR-75-0236 (15 March 1975) and
in prior reports published in connection with the USC Infrared
Window Program. The final report for the previous contract
period appeared as AFCRL-TR-74-0557 (15 Sept. 1974).
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Scarining Blsctrm Besm Studies of Laser Window Materials
D.}. Wittry

This research is concerned with three methods of characterizing poten-

tial materials for laser windows, namely: Scamming Electron Microscopy (SEM),
Scanning Cathodoluminescence Microscopy (SQM), and modulation of cathodolumi-
nescence or specimen currents by illumination with photons of less than band
gap energy. By these techniques, we can obtain information concerning sur-
face topography, grain size in polycrystalline materials, and energy levels
in the forbidden energy gap.

During the past 6 months, the following was done:

(1) Study of grain structure of Raytheon ZnSe by Cathodoluminescence
SCaming MICTOSCOPY

In order to obtain suitable damage-free surfaces for these investi-
gations, four different etchants were evaluated. These include the following:
»)  0.5% Br, in CH ;OH (ref. 1)
b) 3 parts HN03 + 1 part HC1 (ref. 1)

c)  900ml H,0 + 270gm KFe(CH) + 5.5g KOH (ref. 2)

2

d) 40 parts HC1 + 4 parts HZO (30%) + 1 part HZO (ref. 3)
For the present work, an etchant is desired that removes surface damage while
producing a minimum of preferential attack or surface staining. Of the etchants
investigated we found:that étchant (d) worked best. uvathodoluminescence and back-
s iered electron images of a typical specimen treated with this etchant for
90 seconds are shown in Fig. la and 1b.

The significance of these results for evaluation of practical laser

window materials may be summarized as follows:

i. Grain boundaries are clearly revealed in the cathodoluminescence

images because of non-radiative recombination of excess carriers at these




boundaries. A comparison of Figs. 1a and 1b show that the cathodoluminescence
image does not show any contrast due to twinning, i.e. there is no change in
cathodoluminescence efficiency oa either side of a twin boundary or at the
boundary itself. The backscattered electron image however, shows different
contrast on either side of a twin boundary (this contrast may be due to pre-
ferential etching, or to electron "channeling" effects). Optical metallography
of etched surfaces also tends to reveal twin bomdaries as well as grain
boundaries. Therefore, for purposes of characterizing polycrystalline laser
window materials consisting of direct gap semiconductors, cathodoluminescence
scanning images are superior to images obtained by the optical metallograph,
or by the scanning electron microscope using secondary or backscattered elec-
trons. The cathodoluminescence images of a scratch free surface could be
used directly in image analyzing computers for determining grain structure
srameters such as average size, size distribution, and shape parameters.

ii. Inclusions also produce contrast in cathodoluminescence images.
These appear as dark regions, similar to érain boundaries and often may be
seen as a widening of the grain boundaries. or as dark areas at the point of
intersection three grain goundaries. Statistics concerning the number and
size of these inclusions could also be obtained by use of image analyzing
computers.

iii. Because of non-radiative recombination in damaged regions,
residual damage due to mechanical polishing will be dbservable in cathodo-
]uminescence images even though this damage may be invisible by ordinary metal-
lography or SEM. Thus, cathodoluminescence images should be an important
tool in the study of laser induced damage. For example one could confirm that

the statistics in laser damage experiments4 are related to the probability

that the laser beam strikes a grain boundary, an inclusion, or a region of




sub-surface damage.

(2) Study of deep levels in ZnSe by light modulated
specimen current

In these experiments, we have used small single crys-
tals of ZnSe and the technique previously reporteds-7 in which
the specimen is irradiated simultaneously by photons of
varying energy and by a focussed electron beam using a modi-
fied electron probe x-ray microanalyzer. This previous work
has shown that for semi-insulating specimens the changes in
specimen current may be correlated with the changes in speci-
men resistivity due to the optical illuminatiorn. Because of
the generation of excess carriers by x-rays absorbed in the
bulk of the specimen during electron bombardmentg, both "en-
hancement" and '"quenching" effects may be observed in a manner
similar to photoconductivity experiments using simultaneous
irradiation with photons of two different energiesg’lo.

A light-modulated specimen current spectrum for "un-

doped" ZnSe11 is shown in Fig. 2. This spectrum appears to

exhibit thresholds for enhanced specimen currert at photon
energies of 2.127 eV, 2.231 eV, ~2.40 eV, and ~2.54 eV and a
threshold for decrease of specimen current at ~2.59 eV. For
comparison, the cathodoluminescence spectrum of another speci-
m=: of ZnSe is shown. This exhibits a single peak at a value
cloce to the band gap energy (the precise relationship of the
photon energy and the peak in the cathodoluminescence spec-
trum will depend on the dominant radiative recombination
mechanism (i.e. band to band, radiative decay of excitons,

band to shallow impurity level, etc.).




The interpretation of these experiments must take account
of the difference in mobility of holes and electrons, and also
the different lifetime of these carriers. For similar experi-
ments on GaAs, it was proposed7 that enhancement effects (AIS/Is
increasing with increasing photon energy) were due to excitation
of electrons from a deep acceptor level to the conduction band.
For Cr doped GaAs, the lifetime of holes is small because of
strong hole trapping at the occupied Cr levels and the mobility
of holes is also small. Thus, illumination by light of energy
hvl, as shown in Fig. 3 will increase the average electron
carrier density and decrease specimen resistivity. When the
specimen resistivity decreases, the IR drop across the speci-
men is reduced and the beam landing energy is increased. Thus,

the secondary electron yield will be reduced and IS will increase.

\,

For a photon energy hv2 > the energy to excite an elec-
tron from the valence band to a donor level, excess holes w:1l
be generated; these excess holes will cause the occupation of
the Cr levels to decrease, resulting in a larger number of
electrons being trapped at the Cr levels/second and a decrease
of electron lifetime. Since Mo >>uh, the net result will be a
decrease in photoconductivity for hv1 > hvz. We believe that a
similar explanation may account for the present results since
in ZnSe Mg = 10uh12.
On this basis assuming Eg = 1.667 eV we would interpret

the present results as indicating acceptor levels at EV + EA

where EA = 0.54, and (with possible additional levels at 0.44

~0.27 and ~0.13 eV. The level at EA = 0.54 may be that due to

.




a In vacancy as previously reportedls, A donor level at EC

0.075 eV also would be indicated by our present results.

The nature of the levels and also their location in the
energy band gap would be modified if other possible levels are
considered (for example levels due to double acceptors or
double donors). Nevertheless the present work indicates the

possibilities of this technique for study of deep energy levels

in ZnSe.
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Figure 1.

Cathodoluminescence image (a) and backscattered
electron image (b) of Raytheon ZnSe. By comparison
of the two images it is possible to identify grain
boundaries (network of black lines in a), twin
boundaries (arrews in b), surface scratches (V in b),
sub-surface damage (A in a), inclusions (& in a),

and surface particles (o in a and b).
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An Electron Microscope Investigation of the Structural
Imperfections 1n II-VI compounds (Cdle and ZnSe)

G.,H, Narayanan and S.H. Rustomji

It is the goal of this part of the research program to investigate
the effects of both donor (Al,Ga,In,B etc.) acceptor (P,As,Sb etc.) im-
purities on the defect structures of CdTe and ZnSe and to determine how
they are influenced by post-growth amnealing treatments. The identifi-
cation and characterization of the lattice defects are being carried out
by using thin foil transmission electron microscopy. In continuation of
the program as described in the previous report, the work in this period
was concentrated on (i) CdTe doped with different concentrations of P and
on (ii) undoped InSe which has been subjected to various annealing treat-

ments under both excess Zn and excess Se atmospheres.

CdTe:P
CdTe ingots with phosphorus concentrations of 5 x 1019, 5 x 1018,
17 3

2 x 1017 and 5 x 1003 were grown by horizontal Bridgman method and

provided to us by Dr. B.V., Dutt of our laboratory. Specimens from all the
crystals were thinned to electron transparency by a chemical jet polishing
technique using a solution containing 10ml HNOS, 20ml HZO and 4gr chrZOT
This solution was found to yield better results than the one reported by

us previously (1)sAll CdTe:P crystals were virtually free of defects such
as stacking faults, twins and precipitates. The average dislocation density
in these crystals was estimated to be the order of ~1O4/cm2.. In the case
of the crystal containing 5 x 1019/0113 of P, some decoration of the dislo-
cations by precipitates was observed; however no precipitates were present

in the matrix. An example is shown in Fig. 1. These observations indicate

that P can form solid solutions with CdTe at least up to a concentrscion of

5x 1019/cm3. In addition to the P-doped CdTe, we have also examined the
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microstructure of CdTe doubly doped with P and In., The diffusion of In
into P-doped (dTe has been found to procduce a dispersion of fine precipi-
tates throughout the matrix as shcen in Fig. 2. Since no dif{fraction ef-
fects attributable to these precipitates appeared in the selected area
electron diffraction patterns, positive identification of the crystal
structure and composition of these precipitates could not be made.

A series of other ingots with double dowing such as P + Ga, P + Ag
and P ~ Cu will be examined shortly. It is alss proposed to examine the
micros:ructure CdTe:P crystal when annealed at ditferent temperatures
under several different partial pressures of Cd. As reported in sectiun
C.1 of previous report (2) these annealing treatments are known to have
significant effects on the electrical properties of CdTe:P.

ZnSe

In the previous report (1) it was shown that the microstru::ture of
as-received polycrystalline ZnSe grown by chemical vapour deposition con-
tained a host of lattice defects such as massive inclusions, fine preci-
pitates, stacking faults, twins and a high density of dislocations. In
order to examine how these defects are affected by post-growth heat
treatments, as-grown crystals were annealed at 880°C under excess Zn and
excess Se atmospheres for ~5 hrs. A partial pressure of 0.5 atm was
used in both cases. Annealing under both Zn and Se atmospheres caused
appreciable grain growth to occur and the elimination of most of the
massive inclusions and precipitates originally present. Virtually no
stacking faults were observed in either of these crystals. There was
also a significant reduction in the density of dislocations  and twins,
During annealing under Zn partial pressure, residual dislocations appeared
to form three dimensional networks [Fig. 3(a)] and subboundary walls

through fine poligonization [Fig. 3(b)]. The isolated dislocations were

10
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often found to be decorated with precipitates as shown in Fig. 4. An
extremely small volume fraction of precipitates was also found distributed
in the matrix. Owing to their small size and volume fraction, no positive
identification of these precipitates could be made. In comparison to the
crystals annealed under In atmospheres, those annealed under Se atmospheres
exhibited lower dislocation densities. Furthermore, no precipitates were
observed in these crystals.

During the remainder of this contract period, we propose to initiate
examination of ZnSe doped with various concentrations of Al and to study the

effects of various ammealing treatments on their defect structures.
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Figure 1 Brightfield electron micrograEh of _as-grown
CdTe crystal doped with 5 x 10 9cm™3 of P,
showing the pinning of dislocations by fine
precipitates.

Figure 2 Microstructure of CdTe doubly doped with P and

In, in the as-grown condition showing the presence
of fine precipitates.




! ] Figure 3(a) Three-dimensicnal hexagonal dislocation network
- in CVD grown undoped ZnSe following annealing
i | at 885°C for 5 hours under Zn partial pressure

of 0.5 atoms.

f Figure 3(b) Low angle boundary formed by polygonization of 1
] ] dislocations in the same material as in Fig. ’
3 (8.) . E

b]

13 3




Figure 4

A brightfield micrograph showing the decoration
of dislocations by precipitates in CVD-grown ZnSe
which has been annealed at 885°C for 5 hours

under a In-partial pressure of 0.5 atm. A small

density of precipitates can also be seen distri-
buted in the matrix.
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Absorption Studies of CdTe and ZnSe
W. G. Spitzer and B. V. Dutt

This part of the report deals with the studies of impurity
related absorption in CdTe and ZnSe. To avoid repeated reference
to the previous progress reports, a background and summary sec-
tion is provided to highlight the objectives of the investiga-
tion and to summarize some of the results given in the previous
reports. This is followed by the results of work during the six

month period ending August 31, 1975.

A. Background and Summary of Our Previous Work.

There are various factors which 1limit the transparency of
the II-VI compounds, in particular CdTe and ZnSe, preventing them
from attaining the theoretically predicted values. The emphasis
here is primarily on the study of the impurity-induced localized
vibrational modes (LVM) in CdTe and ZnSe and the influence of
these modes on the infrared transparency. Attention will be
paid to other factors such as multiphonon absovption, absorption h
due to precipitates or clusters of impurities or native defects, '
and free carrier absorption due to electrons and holes, as they
are encountered.

In view of the emphasis on impurity related absorption,
the studies are primarily on purposely heavily doped materials.
The dopants chosen are usually light compared to the host atoms, ?
since the lighter elements givc rise to spatially localized 3
vibrational modes (LVM) lying above the maximum phonon frequen-
cies of the host lattice. Cubic CdTe and ZnSe have the zinc
blende structure with all the lattice and primary interstitial
sites having tetrahedral coordination. A substitutional or
interstitial impurity at these T, sites which satisfies the
necessary conditions relating to mass and force constants is ex-
pected to cause a LVM which is triply degenerate. This would

15




L be the sitvation for light isoelectronic substitutional
) impurities, i.e. impurities of the second or sixth group of the
periodic table, such as Mg or S. ¢
For aliovalent impurities, the II-VI compounds are known

to exhibit self-compensation to varying degrees depending on
the thermodynamic history of the sample. Generally, for donor
doped (CdTe and ZnSe where the donor has a preference for the
group II site, the material would be more compensated if the
conditions during crystal growth or post growth annealing corres-
pond to a low vapor pressure of the metal component (or equiv-
alently a higher vapor pressure of the nonmetal compcnent). The
usual acceptors Cu, Ag, Au or P seem to exhibit amphoteric be-
havior, and no simple rules for the degree of compensation in
these cases can be given.
; i ' 1. In the case of lighter donor dopants such as Al on the

§ group II site, the self-compensation appears to be due to 3

native metal site vacancy acceptors Vﬁ

(1)

i; have Cs point group symmetry, and the triple degeneracy of the

and their complexes with
the AlM donors. The two species in a complex such as AlM-VM
4 AlM mode is totally lifted. As a result one observes four
localized vibrational modes in all, one from AlM and three from
the pair defect. Indeed, our infrared measurementscl) on the
system CdTe:Al support this model. The following assignments
..1. _
e ca> Tq» 299 cm 5 Al Vego Cs, 282, 287, and
326 cm ~. To help identify and make these assignments we have

have been made: Al

carried out some studies on double-doped systems such as CdTe:Al,
X, X being Sb, Cu, Ag or Au. A full account of the details
! is reported elsewhere.(l) A study of the annealing behavior of
; , CdTe:Al under Cd-rich conditions indicated free electron ab-

‘ sorption with o varying as v_3 and v—4. These results were inter- g

E mreted in terms of polar optical mode scattering and ionized im- _

3 i purity scattering,(l’z) with the former being the dominant - =
mechanism. .

? 2. In addition to CdTe:Al, another system chosen for study
CdTe:P. Initially, in heavily doped CdTe:P, i.e.
19/cc, we observed LVM due to phosphorus at 269, 308

T

was
[P]=5x10

1 16




and 322 em ! at 80°K. These three modes were of nearly equal
strength. As we lowered the [P] from 1019cm'3 to 101€’cm'3
‘ range we observed the following: In 1018/cc range we again ob-
served the three bands with nearly equal strengths. Although
the data is not sufficient to be convincing, it appears that-the
strengths are not directly related to the total phosphorus con-
centration. At lower [P] the three bands were seen to vary con-
siderably in strength relative to one another. Therefore, it
is clear that the phosphorus is present in more than one species,
although the identification of the various species is uncertain.
A sample from the tail end section of the most heavily doped
ingot, [P]1=5 ><1019/cc, showed an absorption coefficient of
4x10 3cm-) at 10.6um, suggesting that the various phosphorus
species are self compensating. These spocies may involve com-
plexes with native defects; however, we have not found any
clear evidence for such complexes. Our attempts to identify
’; [ the species with the aid of annealing treatments with controlled
Cd ané Te atmospheres have not provided information that would
| help identify the species.
3. A third system chosen for study was the ZnSe:Al
system. It is somewhat different from CdTe:Al in that the num-
ber of bands observed is six, and this is not compatible with
only AlZn and AlZn-VZn complexes while, as discussed, the four
bands observed in CdTe:Al are satisfactorily accounted for in
terms of these defects. Mitsuishi et al.3 originaily observed
six localized vibrational modes in 7nSe:Al at 339, 342, 346, 359,
288 and 393 cm L. They assigned the 350 cm™ L band to the
unassociated Al, (Tq) species. The origin of the other five

e

' bands is not totally clear. Our measurements confirm these

observations. We also carried out diffusion anneals of Cu,

Ag and Au into ZnSe:Al. The behavior of Cu and Au indicated

o
R

complexes AlZn-CuZn and AlZn-AuZn with CS symmetry, while for

Ag either Alzn-Agi or AlZn-AgSe complexes with a C3V symmetry

were indicated. In all these double doped systems, we also

17




observed the unassociated AlZn (Td) mode at 359cm'} which sup-

ported the assignment made by Mitsuishi et al.(s) A full account
of the local mode studies of the above mentioned systems may
be found in reference (4).

Annealing of ZnSe:Al in Zn vapor leads to free electron
absorption with avy3 behavior. Results of annealing of ZnSe:Al
with different Al doping levels will be described in a later

section.

B. Results Obtained During the Present Progress Report Period.
1. CdTe:Al
Since the studies on CdTe:Al were fairly conclusive, the

results were submitted in a paper which has been accepted for
(1)

publication in the Journal of Applied Physics.
2. CdTe:P
Fig. 1 gives the abscrption spectrum of CdTe:P

([P]&5 XIolgcm's) in the II harmonic region. The strongest

1 and 639.Scm'1, which are nearly

features are seen at 535cm’
twice the fundamental frequencies at 269 and 322 cm” L. This
is consistent with the assumption that the two sites are of
tetrahedral symmetry (Td). However, there is no indication of
any features related to the 308cm'1 in the second harmonic
region. Fig. 2 gives the absorption spectrum in the III harmonic
region. The number of peaks observed is not easily inter-
preted in terms of simple symmetry arguments. We have not
completed our analysis of these spectra and can not arrive at
plausible assignments at this time.

The absorption at the 10.6u region as seen from Fig. 2 is
about 0.1 cm'l. However, calorimetric measurements with a
CO2 laser on a sample from an adjacent section of the ingot

resulted in a® 4 XIO'Scm-l. This conflict is being investi-

gated.




It is often helpful to introduce another compensating
impurity in a material. Since P is an écceptor in CdTe, we
chose In, Ga and Al as counterdopants. Cu was also
chosen, as it is known to exhibit amphoteric behavior.

Figs. 3, 4, 5 and 6 show the spectra of CdTe:P+In, CdTe:P+Ga,
CdTe:P+Al and CdTe:P+Cu, respectively. The following is a
list of bands observed in each of these systems (see Figs. 3-6).

(1) CdTe:P,In: 269, 30., 308, 322, 331.5 cm-l;

(2) CdTe:P,Ga: 269, 301.5, 308, 322, 352.5, 357.5 cm-l;

(3) CdTe:P,Al: 269, 302, 308, 322 cm 1}

(4) CdTe:P,Cu: 275.5, 297.5, 322, 329 cm

These bands are schematically represented with their peak

1

positions in Fig. 7.

In these systems one would expect the following complexes:
InCd-PTe’ GaCd-PTe’ AlCd-PTe’ Fui-PTe’ all wich CSV symmetry.
If one assumes that the 322 cm is due to PTe’ then the CSV
pair splits the 3-fold degeneracy of PTe (Td) into a doubly
degenerate mode and a nondegenerate mode. The new bands seen
in CdTe:P+In at 305 and Z’>31.5cm-1 can be accounted for on
this basis: thus [ (2 x (331.5)%+305%)/31% =322.9cm™L, which
is close to the 322cm-1mode. However, no simple interpreta-
tion such as this can account for all the bands seen in the

other three systems mentioned above. It may be noted that in

CdTe:P+Cu the bands at 269 and L’>08cm_1 completely disappeared

while the Z’>22cm_1 band is present and is the weakest of all the
bands seen. In this case all the phosphorus arpears to be
present in complexes with the copper, while in ";dTe:P+Al there
do not appear to be any complexes between Al an. P. However,
the Al.4(T4) mode originally seen at 299 cm™t in cdTe: A1)
appears to move up to 302cm-1. This may be due to lattice
distortion with the henvy [P] doping levels.

In summary, with the experimental data collected so far,

it is not yet clear what defects account for the bands 269,
308 and 322 cm ! in the CdTe:P system. The 322 cm” 1
pears to be different from the rest in behavior in that we

band ap-

observe it in all concentration levels and also in all double




doped systems. Of the other two bands, the 269 cm-1 appears to
be present as we lower the doping level, while the 308 band
almost disappears at 1016 cm-z. In the CdTe:P+Cu system, the
269 and 308 bands both disappear, while only the I’>22cm_1 band
is pre%fnt. From this information we tentatively assign the
322 cm

other bands, although phosphorus appears to be an amphoteric

to PTe’ and no possible assignments can be made for the

impurity in CdTe.

We are planning to extend these measurements with anneal-
ing treatments in Cd and Te rich atmospheres with a vi:w to
understanding the behavior of P in CdTe. This would also lead
to a study of p-type CdTe and a determination of the free carrier
absorption cross section for holes. We have completed growth
of two ingots with 1019/cc As and 1019/cc Sb to study the be-
havior of p-type CdTe. These impurities are suffic.ently
heavy that we do not anticipate any localized vibrational modes,
but annealing treatments with transport and optical measure-
ments, to be done in cooperation with Prof. KrBger, may throw
light on the nature of the defects involved and their influence
on the optical absorption.

3. InSe:Al

In continuaticn of our previous work, we carried out further
anneals of ZnSe:Al in varying zinc activities with the crystal
temperature fixed at 885°C. A series of ZnSe:Al ingots with
different Al doping levels are subjected to these anneals in a
two zone furnace. The annealing time was 6 hours, and the
crystals were then quenched to room temperature. Hall effect
measurements revealed that all these samples are n-type. Op-
tical absorption measurements indicated a behavior of a’bv_z as
shown in Fig. 8. These results are being analyzed within the
framework of the presently available theoretical models.(z)

Prima facie it appears that the free carrier absorption is

dominantly via a polar optical mode scattering mechanism rather
than by ionized impurity scattering as we inferred in the pre-
vious final report for the period 1 June 1972 - 31 August 1974
(report no. AFCRL-TR-74-0557).

20

e Eormm e




We are compa ng the theory and our experimental results,

and our findings will be reported in our next report.

References
i 1. B. V. Dutt, M. Al-Delaimi and W. G. Spitzer, accepted for
1 publication in Jour. Appl. Phys.

2. B. Jensen, J. Phys. and Chem. of Solids >4, 2235 (1973).

‘: z A. Mitsuishi, A. Manabe, H. Yoshinaga, S. Ibuki and H.
Komiya, Prog. Theor. Phys. 45 (Supplement), 21 (1970).

i 4. B. V. Dutt ard W. G. Spitzer, accepted for publication in
Jour. Appl. Phys.

21

b e ——
.~
s b
i
T
X
¥
i
e,




i E el et A

N PR T g
. i

*uo|ba: JlUOWIDY puoIaS By)

ul' d :31P) J0 wnidads uoydiosqy .08 - | ‘Ol

WO 0IXG = [d]

| W ‘1

089 ov9 00S 095 0es (9]31%

02L

a ( Abscrption coefficient) in Cm!

O¥brq

O
D
|

<---(?) (576)
-—(587)

22




3
l —
: 2.
L -
al
i o 3
- e
& ' g
- >
X o
; | -
i I o
4 Q
E =
3 !
A : | !
;. ;

191 pD JO wnupdads uondiosqy M.08 -2 OId

sup Ul d

lLu:_‘)‘n

Q (Absorption coefficient) in Cm'

e R g 2 B
| | I |
g
-— (825)
o)
O-m
o

000l
e S

= =100 oso)

QO
T

-—(I175)
-—(I1212)

QCIJZI

00€l|

bl

:_:_ = e =—(|375)
_N-_ L

T —x=—(1445)




:
i
(331.5)

! :
(269) ) \
(308 (z22)
1 1 rﬁ—momu_ 1 @_O.O i
290 310 330 350 1000 2000

v(Cmi)
FIG. 3- 80°K Transmission of CdTe: In+ P,
t=0.029cm

! 1
O 250 270




i
(352.5)

(301.5)

| \ 1 L
300 320 340
v(Cm)
FI1G. 4 -80°K Transmission of CdTe:
Ga+P, t=0.055cm

]
280




_ ﬁmm_g uomw‘ -(322)
280 320 340
v(cm™

FIG.5 -80°K Transmission of CdTe:
Al+P, t=0.055cm




LI Lm.wm.mu !_H.,,_w.w.mvl_l..rﬁlﬁ_llma
260 280 300 _umo 340
viZm')

FIG.6 -=80°K Transmission of CdTe:
Cu+P, t=0.055cm




Rt UL, e

il

|
%
|
.@
§

P, Cu | _ | |
P, Al | I _
P, Ga | | | [
P, In | | | I
P | | |
560 280 300 320 340 360 Cnmi'

FIG., 7 — SCHEMATIC REPRESENTATION OF P-RELATED
LVM IN CdTe at 80°K




I | |
1,000 10,000
vy (Cr")

100

F1G.8 —Absorptin of annealed ZnSe: Al with
different Al concentrations. The anneals

are described in the text.




J.‘ I J ol

Study of Defects in II-VI Compounds

F.A. Xroger, F.A. Selim, and A. Ray

CdTe + P

As mentioned in our previous report, CdTe doped with phosphorus shows
p-type conductivity under all circumstances, but the number cf holes per
atom is largest at low P contents and for annealing under medium cadmium
pressures. The lowest hole concentrations (i.e. highest resistance values)

are found after annealing at high or low Peg- At the highest resistances,

the absorption at 10.6 um is still in the range 10-1-10(:m-1. The proper-

ties can be accounted for on the basis of a detailed defect model, in which

L Y

. ' X .
P appears as the species P, (PC dPi) and (PC dZPi)X. Fig. 2 shows for T =

T

700°C at which P concentration and Pcq the various speci: 5 are dominant
and which species dominate the neutrality condition. It i: possible that a

second acceptor species PTe occurs at high Pcgs but our data can be ac-

:
f
-*.
i
£ iy
t »
E %
£

counted for without this species (but not without Pi) .

Temperature dependence of the Hall effect gives for the position of

P!l acceptor level at [P] = [h] = 6. 1016cm_3, EP' - EV = 0.034 eV.
i

CdTe + Cr or Ge

In our previous report it was stated that crystals of CdTe heavily
doped with Cr or Ge had a high resistance but nevertheless showed a high
absorption for 10.6 ym. In the present period, B.V. Dutt grew crystals

70 em™ and 1 x 1017Ge cm™>. Both are p-

doped respectively with 4 x 10
type. Figures 3 and 4 show the hole concentrations and the absorption co-
efficients for 10.6 wn radiation for the two types of crystals after

annealing at 700°C under various cadmium pressures. For the Cr doped




\

crystal the absorption is proportional to the hole concentration; it is

lowest, with ay, ¢ = 2em! at G, = 2.5x 1023, This absorption is
much higher than found for indium doped CdTe, where a;y ¢ = 3 x 10 %cn™ ! at
g, = 10",

tion of which is proportional to the concentration of free holes.

The absorption is probably due to a species the concentra-

The Ge doped crystal (Fig. 4) the absorption coefficient at 10.6 um
is proportiocnal to the hole concentration only for samples annealed at
Peq > 10_2atm. For annealing at lower Pcg the absorption becomes indepen-
dent of p.y with a = 5 x 10" 3cn™ ! while the hole concentration keeps de-
creasing with decreasing Pcg- The reason for this leveling off of o
is still unknown. A survey of the absorption coefficients chserved with
thin samples of CdTe, dcped with the various dopants is given in Fig. 5.
It is seen that the lowest absorption obtained so far is for CdTe doped

17In c:m_3). It appears, however, that if the levelling

with In (=1.2 x 10
off in the Ge-doped crystal could be avoided, an absorption lower than
that found in the In-doped crystal could be reached.

inSe + Al

High-temperature Hall effect measurements of ZnSe single crystals

doped with 300 ppm have been started. At 900°C the electron concentration

1
Co & pZné with absolute concentrations that are »100 higher than those

observed by Smith for undoped ZnSe. This indicates that the native atomic
disorder at 900°C is z104x smaller than the Al content of the present

crystal.
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Optimiration of Alkali Halide Window Materials
P. J. Shlichta, J. F. Yee and ©. A. Miller

Objectivea and Status: Under the present program, we have

endeavored to resolve the discrepancy between the theoretically pre-
dicted (10-7 em-!) and experimentally observed (1073 cm™!) 10.6
micron absorptivity of potassium bromide. During previous report
periods, it was tentatively concluded that the excess absorptivity was
due to traces of an oxidized anlon impurity, such as bromatzs, which
was not entirely removed by HBr treatment. Treatments with organic
bromides, such as CBr4, C2H5Br, and CF3Br, were unsuccessful
since these reagents decomposed at temperatures well below the melt-
ing point of KBr. Treatments with strong reducing agents such as

C F4 or C2C1,4 were unsuccessful because of carbon formation and/or

2
reaction with the KBr to form KC4. Treatment with potassium vapor
caused excess absorptivity, dae to color centers, and tended to destroy
the crucibles used.

We therefore decided to rezasess the feasibility of purification by
reactive vapor treatment and to try other purification techniques such
as zone melting or crystallization from solution. However, due to
contract changes, this portion of the program was terminated in August
1975, i.e. six months ahezd of the originally scheduled date. There-
fore, our evaluation of thes purification techniques is incomplete as of
the present final report. It is hoped, however, that the samples pre-
pared during this contract period will be evaluated b, other investiga-

tors and that some of the most promising techniques, svch 25 zone

melting, will be given further study.

Preliminary Purification: The starting material for all of our

investigations was moist crystals of KBr purified by ion exchange and

fractional crystallization. The output-limiting step in this pre-purifi-

cation procedure was the evaporation of the ion-exchange-purified
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solution. Aspirators provided an inadequate vacuum and mechanical
pumps, aside from providing a potential source of contamination, were
incapable of withstandiug the passage of large quantities of water vapor.
This problem was solved by the purchase of a Kinney liquid-ring
vacuum pump (Model KLRC-25) which uses tap water as its pump fluid.
By using this pump in conjunction with a vacuum oven (on loan from the
Jet Propulsion Laboratory), we were able to process five gallons of
purified KBr solution per day. At present, we have over ten kg of
purified KBr on hand.

Vacuum drying of the moist crystals was also an output-limiting
step since the crystals often contained numerous fluid inclusions. An
apparatus for removing these inclusions, by migration in a thermal
gradient, was designed but early termination of the program prevented

its construction or testing.

Vapor Treatment: Before discarding treatment with halide vapor

as ineffective, we decided to check against any possible shortcomings
in our experimental procedure. These are summarized in Table 1.
Our regular procedure was to (a) melt KBr in a carbon or silica
crucible contained in a silica crystal pulling chamber, (b) introduce a
silica tube into the melt and bubble reactive gas through it, and (c)
exchange the silica tube for a pull rod and pull a crystal in a static
helium atmosphere under reduced pressure. It was considered possi-
ble that step (b) might provide insufficient contact between the reactive
gas and the melt. Moveover, step (c) might permit recontamination of
the raelt, e.g. by leaks in the system. Accordingly, an entirely dif-
ferent procedure was tried. The KBr was placed in a vertical silica
tube containing a porous silica frit (Figure la) and heated to the melt-
ing point of KBr while reactive gas was passed upward through the tube.
When the KBr melted, the reactive gas was allowed to bubble through
the melt for an additional 24 to 72 hours, after which it could either be

crystallized in situ or passed through the frit (by reversing the gas
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pressure) into a lower receiving chamber (e.g. Figure 1b). This pro-
cedure has been used for many years by the Anderson Physical Labora-
tory for the successful removal of hydroxide from NaC{ and KC4.

Experiments using HBr, CF3Br, and CC!,4 gave the same results,
with regard to bromine and/or carbon formation, which had been
observed earlier in our-‘crystal pulling apparatus (Table 2). As a check
against possible contamination by our apparatus or reagents, a similar
experiment, using HBr for vapor treatment, was undertaken by the
Anderson Physical Laboratories, using our fractionally crystallized
KBr as starting material. This experiment provided us with four

sealed silica tubes each containing approximately 100 g of HBr-treated

KBr.

Crystal Growth: Attempts to grow crystals from our HBr- and

CF3Br- purified KBr by in situ unidirectional solidification resulted
in highly cracked or polycrystalline masses. A modified apparatus,
permitting sequential vapor treatment, zone melting, and Bridgeman
crystal growth without changing containers, was designed (Figures 1b,
c and d) but time did not permit construction or testing.

Because of its contamination by carbon deposition, no attempt was

made to grow a crystal from the CCL4-treated KBr, *

* This was a mistake. P. Klein of NRL recently treated KBr with
CCl4- saturated argon in a similar manner and also observed carbon
formation and bromine evolution at 600°C. He, however, continued
to heat the KBr, under flowing argon, up to the melting point and then
grew a crystal by the Bridgeman technique. Apparently, the carbon
particles either floated to the surface or were rejected by the growing
crystal interface. The resultant crystal had a 10,6 micron bulk
absorptivity of 6 x 1076 cm-! -- by far the lowest value reported to
date.

39




.
JRFPEIIUUSRESHRRSSRE SRS S Sn P O

One of the sealed tubes of HBr-treated KBr was used to grow a
crystal by the Bridgeman method. A faint brown discoloration was
observed in the upper part of the crystal (Figure 2a) and ymall brown
stains were found on the top of the crystal. Another tube, after being
subjected to four horizontal zone-melting passes, showed a strong
brown coloration at the terminal end (Figure 1b). Pending analysis,
this colored impurity is presumed to be free bromine or a bromine-
bromide complex analogous to the triodide ion. These results are
consistent with observations, during several recent attempts at crystal
pulling, of a slight darkening of KBr melts after prolonged HBr treat-
ment. If analyses confirm that this impurity is indeed free bromine,
then its presence can be interpreted in any of several ways, as indi-
cated in column 1 of Table 2. It could mean that, as per equation (1b),
the HBr is actually removing bromate ion. It could also mean, as
per equation (1d), that the HBr is reacting with atmospheric oxygen
trapped in or leaking into the system. Alternatively, as per equation
(le), the thermal decomposition of HBr into hydrogen and bromine,
although less than 0.1% at these temperatures, could be sufficient to
leave some bromine dissolved in the molten KBr, It is hoped that
absorption spectra and laser calorimetry will be undertaken in the
near future so as to determine whether this impurity is really a cause

of excess 10. 6 micron absorptivity.

Crystal Growth from Vapor: During the Bridgeman-method

crystallization, it was noted that transparent KBr mesas up to 4 mm
in diameter grew on the walls of the silica tube (Figure 3a). These
mesas appear under microscopic examination (Figure 3b) to be single
crystals with well defined growth steps and are therefore presumed to
have grown by sublimation. Westphal and Rosenberger (Ref. 1) have
recently reported the growth of large (1 cm) KCg and KBr crystals by
sublimation. The present observation confirms the hypothesis that

sublimation may be an excellent approach to the growth of ultrapure
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KBr crystals for research.

Crystal Growth from Solution: Attempts were also made to grow

KBr crystals from solution by the slow cooling of purified KBr solution
either in the presence of cleaved plated of melt-grown material or by
spontaneous nucleation. This method has in the past yielded NaCyg

and KC{ crystals of extremely high purity and perfection (Ref. 2).

For the present experiments, temperature control was achieved by
irradiating the solution with two SCR-controlled thermistor -regulated
infrared heat lamps; no stirring was used. The spontaneously nucleated
crystals were in all cases quasi-dendritic and filled with fluid inclu-
sions (Figure 4a). In only one case, using extremely slow temperature
reduction so that the rate of crystallization was less than about 0.2 mm
per day, was a clear overgrowth (~1 mm) on a cleaved seed effected.
This approach does not appear to be competitive with growth from

melt or vapor.

Controlled Contour Solution Polishing™: It has been shown (Ref.

3) that the mechanical polishing of KC4 crystals increases the 10.6
micron surface absorptivity and that subsequent chemical polishing in
diluted hydrochloric acid or ethanol tends to remove this excess sur-
face absorption, albeit with some rounding of the edges and/or sur-
face. It therefore seemed desirable to develop a technique for chemi-
cally polishing KBr crystal surfaces while maintaining the flatness
(or curvature) of the cleaved or mechanically polished surface. This
might be done, for example, by slowly feeding the crystal onto a
moving film of solution, formed by dripping solution onto a rotating
wheel.

The apparatus, as ultimately developed, is shown in Figure 5.

The solution flows from a reservoir (A) onto a glass plate (B) mounted

* This portion of the program was undertaken by E. A. Miller.




on a rotating wheel (C). A metering valve (D) regulates the flow of
solution while a selector stopcock (E) permits change of solution with-
out interruption of flow. (This can be used either to change to an inert
liquid (F), so as to wipe off the polishing solution from a finished sur-
face, or, at the beginning of the process, to change to pure water, so
as to rapidly '"rough down' the crystal to the desired size and shape.)
In order to maintain a smooth and vibration-free crystal feed, a
hydraulic system was used. The crystal (G) is mounted onto the plung-
er of a 50 cc hypodermic syringe (H) which acts as a hydraulic piston,
whose motion is controlled by a 2 cc hypodermic syringe (I) acting as a
’_ drive piston. The motion of the drive piston is in turn controlled by a
: micrometer (J) driven by a variable speed motor. By means of a
selector stopcock (L), the feed piston can be connected either to the
| drive piston (1) or to a fluid reservoir (M). The latter is used either
for positioning the crystal or for operating the system with the crystal
| pressed against the wheel at constant pressure. An auxiliary motor
and pully (N) permit the crystal to be rotated during polishing.
All investigations were carried out on 20 x 20 x 7 mm cleaved
plates from Optovac Corp. Before polishing, the plates were mechani-
' cally polished with linde B abrasive in an isopropyl alcohol slurry and
then annealed for 16 hours at 600°C in argon. (The mechanical polish-
ing is not necessary for this process; it was used here to produce a
high density of scratches and dislocations on the surface of the samples.)
Potential polishing solutions were evaluated by immersing crystals in
them, with continuous agitation, for periods ranging irom 1 to 32
minutes. The results, as shown in Table 3, indicate that concentrated
] i hydrobromic acid is by far the best polishing agent with 85% ethanol a
¢ poor second. Because it was feared that the acid fumes might damage
H the polishing apparatus, 85% ethanol was used in all the experiments
reported herein. The advantages of annealing the speciriens before

polishing, as reported in reference 3 for KC4, was confirmed in the

42

L33




.
. e e e
e e AR TS P00, i b A et

case of KBr as shown in Figure 6.

The first series of polishing experiments was carried out with a
Politex poromeric velvet polishing pad on top of the glass plate. It
was believed that this would produce a smoother and more uniform
liquid layer. In these experiments, the crystal was placed in light con-
tact with the dry felt before the beginning of polishing. As shown in
Table 4, however, the rate of surface removal was considerably higher
than could be accounted for by the crystal feed rate. It was therefore
assumed that the solution between the velvet hairs is essentially stag-
nant and that solution flows on top of this layer.

Therefore, polishing was attempted using a bare glass plate. It
was first necessary to determine the ranges of wheel rotation and solu-
tion flow in which a continuous flat film of centrifugally flowing solution
could be maintained. As might be exp. ‘ed, it was found that, for a
given rotation rate, there existed a threshold solution flow below which
the film was discontinuous or rippled and above which it wvas smooth.

In the expectation that a thin film would provide the best control of
surface flatness, the solution flow rate was set just above the thresh-
old value. As shown in Table 4 and Figure 7, these conditions pro-
duced the smoothest and flattest surfaces thus far obtained. These
surfaces are more than adequate for our laser calorimet: ; and acous- '
tic surface absorption. With further optimization, as for example the

substitution of concentrated hydrobromic acid for 85% ethanol, surfaces

of window or lens quality might well be achieved.

Final . ecommendations: This project is now terminated, but in 3

the expectation that KBr will eventually merit further study by other
investigators the following tentative conclusions and recommendations ]
are made:
(1) It appears likely that 10.6 micron absorptivities of less than

10-% cm~! can be achieved with KBr.
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(2)

The best approach appears to be sequential reactive vapor treat-
ment, zone melting, and Bridgeman crystal growth in a sealed
tube withcut transfer between operations, as per Figure 1b, c,
and d.

The most promising reactive halides are HBr and C,Cly, perhaps
used sequentially.

Zone melting is particularly important, since it appears tc remove
dissolved bromine and would presumably remove carbon particles
and impurity anions such as bromate.

The controlled-contour chemiczl polis1ing technique, used first
with water to rough-shape as-grown .rystals and then with con-
centrated hydrobromic acid to produce flat surfaces, should pro-

duce samples having the lowest bulk and surface absorptivities.
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