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The thermal mismatch strain in stacks containing PbSe, BaF,, and/or CaF, on Si(111) substrates is re-
lieved by the glide of dislocations in the principal {110) {100} glide system. The strain in the BaF,(111)
and CaF,(111) buffer layers is relaxed at room temperature regardless of whether they form the top layer
in the stack or are overgrown by other layers. PbSe (as well as Pb,_,Sn,Se and PbTe) top layers are
capable of relieving the strain induced by the thermal-expansion mismatch even at 77 K, and after many
temperature cycles between room temperature and 77 K. Even after 1400 such cycles, plastic relaxation
still occurs on each cycle. The x-ray rocking curves, typically 150—190 arc sec wide, do not broaden on
cycling. The total cumulative plastic deformation of the layer corresponds to as much as 400%. After
the first few thermal cycles, no new thermal-strain-relieving dislocations are created, but the existing
ones move back and forth on the same atomic glide planes with each cycle.

I. INTRODUCTION

Much work has been devoted to the problem of under-
standing the mechanisms of stress relaxation of epitaxial
layers on lattice-mismatched substrates. Misfit disloca-
tions form during or after growth if the layer has exceed-
ed the critical coherency thickness. In most cases, a large
number of these dislocation lines extends through a
threading end up to the surface. Very high densities of
these threading ends are frequently observed for typical
layer thicknesses.! Significant improvements were made
in recent years in decreasing these densities by using
strained-layer superlattices or graded buffer layers.>?
However, in principle, there is no need for threading
parts to form: lattice mismatch strain can be relaxed by a
network of dislocations lying completely in the interface
or in the interior of the layer without any threading ends
reaching the surface. Such lattice-mismatched epitaxial
layers free of dislocations at the surface would of course
be ideal for electronic applications.

The situation changes if there is also a mismatch in the
thermal expansion coefficients between substrate and lay-
er. Stresses build up on cooling from growth temperature
to room temperature (RT). If these stresses cannot relax
by some mechanism, they can lead to delamination of the
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film for “weak” interfaces, while strong interfacial bonds
may lead to cracks.

If the stresses induced by the thermal mismatch can re-
lax through glide of dislocations, these dislocations have
to glide along inclined glide planes across the whole layer.
If the glide planes are parallel to the interface only, strain
relaxation through movement of dislocations is not possi-
ble since the resolved shear stress is zero.* Dislocations
with inclined glide planes may nucleate at the surface, be-
come misfit dislocations after glide to the interface, and
leave a surface step behind. In the ideal case, no addi-
tional defects are formed by these moving dislocations.
This mechanism, or more precisely the resulting surface
steps, has been observed for CaF, layers on Si(111) using
atomic force microscopy (AFM),>¢ and in lead chal-
cogenide (PbSe) layers on Si(111) with scanning tunneling
microscopy (STM).”® Similar results have been obtained
by Mathet et al.>!° and by Nguyen-Van-Dau et al.'!
who also performed detailed transmission electron mi-
croscopy (TEM) studies. The primary system is
(110) {100} for PbSe as well as for CaF, and BaF,. Ow-
ing to the (111) symmetry, a terraced surface structure
with surface steps along the three symmetric (110)
directions forms (see Fig. 1). Knowing the difference in
thermal expansions between the layers and the substrate
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and analyzing the step heights and distances, the amount
of relaxation can be calculated.’~®

These epitaxial narrow-gap compound semiconductor
layers on Si substrates are of interest for the fabrication
of infrared focal plane arrays for thermal imaging appli-
cations. We chose narrow-gap lead chalcogenides like
PbSe and Pb,_,Sn,Se rather than the well-known
Hg,_,Cd,Te for this purpose because of easier epi-
taxy.'>~!* The sensors are fabricated in the narrow-gap
layer. The Si substrate serves as a support for bump
bonding to a two-dimensional Si readout signal process-
ing chip without any constraint in size due to a thermal
expansion mismatch. Alternately, the Si substrate may
contain this electronics itself.

An epitaxial group-IIA fluoride buffer layer is needed
for compatibility reasons in order to obtain the desired
high-quality epitaxy of the sensor narrow-gap material.
This buffer typically consists of a thin CaF, layer whose
thickness is between 30 and 200 A, followed by a
~2000-A-thick BaF, layer. Some of the relevant proper-
ties of these materials are listed in Table I.

IV-VI materials, especially PbS, Pb,_ Sn, Se, or
Pb, _,Sn,Te, are soft. Misfit dislocations in such epitaxi-
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FIG. 1. Schematic drawing of nucleation (a)
and glide of thermal-misfit-strain-relieving
dislocations (b), glide planes and Burgers vec-
tors of the {110) {100} glide system for (111)
oriented layers (c), and the resulting surface
terrace morphology (d).

al layers on Si, which relieve the large thermal mismatch
strain easily, glide across the layers along the main glide
planes, which are included by 54.5° with respect to the
surface. The dislocations in the fluoride buffer layers can
glide, too, but glide is not as easy as in the IV-VI layers.
Dislocation climb is not expected to have any significance
under the conditions encountered in this work. ">

In the following, an attempt is made to get a better un-
derstanding of the relevant thermal-mismatch-strain re-
laxation mechanisms in the stacks by using already
known data for single layers as well as new measure-
ments. In infrared sensor applications, the sensors are
operated at cryogenic temperatures while they are stored
at RT. They have to withstand a large number of
thermal cycles. We therefore investigated the change of
the properties of the stacks, especially for the PbSe lay-
ers, as a function of the number of temperature cycles be-
tween RT and liquid-nitrogen temperature. Up to 1400
such cycles were performed.

II. EXPERIMENTAL

The layers were grown in a two-chamber molecular-
beam epitaxy (MBE) apparatus onto 3-in. Si(111) wafers

TABLE I. Relevant material constants of various semiconductors and IIA insulators.

Lattice constant Thermal-expansion Band-gap Elastic constants (300 K)
at 300 K coefficient (300 K) energy (77 K) cy 2 Cyq

Material (&) (10~¢/K) (eV) (GPa) (GPa) (GPa) 4°

Si 5.431 2.6 1.1 166 64 79 0.45

CaF, 5.464 19.1 165 45 34 0.96

BaF, 6.200 19.8 90 42 26 0.89

PbSe 6.124 19.4 0.18 124 19 17 1.16
Pb,_.Sn,Se 6.124-6.06 0.18-0

(x =0-0.2)
PbTe 6.462 19.8 0.22 10.8 0.77 1.34 1.09

tA=—¢/€=2(cy +2c1;—2c4) /(¢ +2c1; +4cy,) for (111) orientation.
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using resistively heated crucibles. The Si wafers were
cleaned using either the Shiraki technique, or a final RT
cleaning with HF in methanol in a dry N, box attached
to the load-lock chamber. Details are described else-
where.%®

The grown layers were analyzed with different tech-
niques. Strains were measured at different temperatures
with x-ray diffraction (XRD) and RBS (Rutherford back-
scattering spectrometry) channeling. While RBS allows
one to determine to some extent the strain at different
depths of a layer, XRD as used in the present work yield-
ed a mean value averaged over the layer thickness.

With XRD, the Bond technique!® was used to deter-
mine the rhombohedral distortion €, by measuring the
exact lattice plane distances for the symmetrical (333)
and asymmetrical (531) or (422) reflections. If the lattice
constants for unstrained samples were already known ex-
actly, 6-20 measurements were used, too, since they yield
more accurate strain values relative to a known lattice
constant, and can be done much faster.

For RBS channeling angular-yield spectra, a high-
precision rotational stage was employed in order to mea-
sure the strain-induced angular deviations of low-indexed
off-axis crystal directions. Relative angular differences
(e.g., between the [110] directions of the undistorted sub-
strate with respect to the corresponding direction of the
overlayers) as well as absolute angle measurements (exact
determination of the angle between two differently in-
clined lattice directions of the same layer) were per-
formed.!”

ITIA fluorides are extremely sensitive to charged-
particle irradiation. Strains induced by the He ions (spot
size =1 mm?) during the RBS measurements are already
detectable at doses as low as 1 uC. In addition, contin-
ued irradiation with doses of a few tens of uC causes dis-
tortions €, up to 0.2%.'® The location of the impinging
focused He beam has to be changed frequently. At first
glance, PbSe seems to be less sensitive to He ™ irradiation.
When performing angular scans, the X_;, (minimum
backscattering yield in the channeled direction) remains
stable, suggesting no radiation damage effects. However,
the strain determined on the same irradiated areas
behaves differently on temperature change compared to
areas irradiated for the first time: pronounced irradiation
hardening occurs. A new unirradiated area was therefore
chosen for each spectrum. For the XRD measurements,
we did not observe such effects, and reproducibility was
obtained without any problems.

Transmission electron microscopy proved to be rather
difficult to apply because of the charge sensitivity of IIA
fluorides. STM or AFM were performed in air. High-
resolution x-ray diffraction (HRXRD) was employed for
rocking-curve measurements using a Bartels monochro-
mator!® which permits measurement of any lattice plane
of any material.

III. MICROSCOPIC PICTURE
OF GLIDING MISFIT DISLOCATIONS
TO RELIEVE THE THERMAL STRAIN

As already described, misfit dislocations glide along in-
clined {100} main glide planes and leave behind a surface

10 803

step along a (110) direction. However, it is not known if
these strain-relieving dislocations glide through the whole
stack, or stop at the first obstacle or interface they have
to cross. It seems reasonable that a dislocation loop orig-
inating at the top PbSe layer becomes a misfit dislocation
at the PbSe/BaF, interface since PbSe grows type B with
respect to BaF, [the lattice orientation is rotated 180°
about the (111) surface normal], and its growth mode is
by three-dimensional nucleation. For the BaF,/CaF, in-
terface where neither lattice type nor orientation change,
and BaF, grows two dimensionally on CaF2,2° the situa-
tion is different. The vast majority of the lattice-misfit-
relieving dislocations have their Burgers vectors in the in-
terface plane; they are therefore sessile.>!® Whether
thermal-strain-relieving dislocations can glide through
such a dense network of dislocations is not known. In
addition, TEM Moiré pattern analysis showed that
threading dislocations in BaF,/CaF, stacks on Si(111)
can also have Burgers vectors parallel to the inter-
face.%10:21

Figures 2(a) and 2(b) show a TEM and a STM image of
a PbSe layer, respectively. Both images have a compara-
ble magnification. Note that TEM images the threading
dislocations only, while the contrast of the STM picture
is mainly due to the surface steps created by the thermal
misfit dislocations.

When changing the temperature only slightly, the
threading ends of the thermal misfit dislocations will
move in order to relieve the thermally induced strain.
For larger temperature changes, new dislocations are
formed. In Fig. 2(c), the same surface as in Fig. 2(b) is
imaged, but after a cooldown to 77 K. Clearly, the densi-
ty of surface step lines is much higher. The same effect is
observed after a heating cycle.

IV. EXPERIMENTAL DETERMINATION
OF THE STRAIN RELAXATION

A. CaF, on Si(111)

The lattice constant of CaF, is 0.6% larger than that of
Si at RT and 2.4% larger at 750 °C, a typical growth tem-
perature. The critical thickness k. for generation of
misfit dislocations is about 2 nm according to Matthews’s
theory.22 Above h., the compressive strain relaxes fol-
lowing approximately a 1/d dependence. This strain vs
thickness behavior at growth temperature is indicated
with a solid line in Fig. 3.

On cooling down to RT, the lattice misfit shrinks to
0.6%. Assuming that the layer is strained elastically dur-
ing cooldown (without any plastic strain relaxation) the
solid curve shifts upwards by the amount [AadT
(dashed line in Fig. 3) where Aa is the difference in the
thermal expansion coefficient between CaF, and Si. The
predicted strain becomes tensile as soon as the layer
thickness exceeds about 30 nm. Such behavior, i.e., no
plastic strain relaxation after growth on cooldown, is
found, for example, for ZnSe layers on GaAs substrates.??
For CaF, on Si, plastic strain relaxation occurs even
much below the growth temperature. The thermal equi-
librium (tensile) strain value at RT is again given by
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FIG. 2. (a) TEM image of a 0.2-um-thick PbSe layer dissolved from the BaF,/CaF,/Si(111) substrate. The main contrast is from
threading dislocations. (b) STM image of a 2-um-thick PbSe layer on BaF,/CaF,/Si(111). The straight slip steps run along the three
(011) directions, the intercepts of the {100} glide planes with the surface. (c) Same sample as in (b), but after a temperature cycle

down to 77 K.

Matthews’s theory, and is drawn as the dash-dotted line
in Fig. 3 for layers which are under tensile strain. Of
course, the strain in thermal equilibrium should follow
the dash-dotted line as soon as it is lower than the strain
predicted without plastic relaxation. This behavior is
indeed qualitatively observed: a near-zero or even
compressive strain at very small thicknesses, a maximum
in the range 200-500 A, and again decreasing tensile
strain for thicker layers. However, the layers have not
relaxed completely to the equilibrium value. For more
quantitative agreement, a frictional term may be taken
into account, as has been done for SrF, layers on Si(111),
and for CaF, layers on Si(111) with thicknesses larger
than 200 A by Schowalter and Li,>* using adjustable pa-
rameters. The experimental points of that work?’ are in-
cluded in the figure. They are in agreement with our
strain determinations.?®

B. BaF,/CaF, stacks on Si(111)
1. Strain state at room temperature

The residual strain as a function of the BaF, layer
thickness in BaF,/CaF, stacks with fixed thickness of the

CaF, part is plotted in Fig. 4. New as well as previously
published values®’ are included. The strain relaxes ap-
proximately proportionally to 1/d, but the absolute
values predicted by Matthews’s theory are much lower.
The layers are not in thermal equilibrium; pronounced
frictional forces seem to hinder further relaxation.

2. Depth profile

Typical stacks consisting of about 100 A CaF, and
2000 A BaF, were investigated. Using the RBS channel-
ing technique, it is possible to deduce a depth profile of
strains. The strain in the BaF, part is uniform within the
measurement accuracy (20%) across the whole BaF, lay-
er while the strain in the thin CaF, part is about six times
higher than in the BaF, part.?

These results are verified using XRD. From the mea-
sured widths of the BaF, lines (A6=0.1°), the maximum
strain variation across the layer thickness is deduced to
be below 0.1%. The tensile strain in the thin CaF, part
was determined from precision measurements of the (422)
line. The results are included in Fig. 3 (open circles):
The tensile strain of the buried CaF, layer is comparable
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FIG. 3. Parallel strains € vs layer thickness for CaF,(111)
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lated equilibrium strain at growth temperature; dashed curve:
calculated strain after cooldown to RT assuming elastic defor-
mation only; dash-dotted curve: calculated equilibrium strain at
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to the strain measured for the free CaF, layers. The BaF,
layer, therefore, does not affect, within the uncertainty of
the data, the strain relief in the CaF,. Dislocations re-
lieving thermal misfit strain are able to move in the
buried CaF, layer, too, and their creation and movement
is not appreciably hindered by the BaF, overlayer.
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FIG. 4. Perpendicular strains in BaF,(111) layers grown on
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CaF, buffer layer. Full symbols: BaF, top layers; open symbols:
strain in BaF, layers overgrown with PbSe.

10 805

3. Strain state above and below room temperature

Since the thermal mismatch strain relaxes through
dislocation movement after growth on cooldown to RT,
temperature cycling between RT and higher tempera-
tures must also lead to plastic deformation. If the layers
were completely pinned to the substrate and deformed
elastically only, the changes of the lattice spacing parallel
to the surface a should follow exactly that of Si and lead
to a strain parallel to the interface €(7)=— f AadT,
while the change in the lattice spacings perpendicular to
the interface Aa, =a,(T)—a,(20°C) is given by*’

Aa\(T)/a,(20° C)=(1+ A) [ AadT ,

where 4 =—¢, /¢ is determined by the elastic constants
(Table I).

XRD measurements in the symmetric orientations,
which measure a, therefore show a thermal increase of
Aa (T)/a,(20°C) between f AadT for a complete
thermal mismatch strain relaxation, and (1+ 4) f AadT
for a completely pinned interface.

Expressed as a rhombohedral distortion €,=¢,—¢,
€,=0 for a completely relaxed layer, while for a com-
pletely elastically strained layer €,=(1+ A4) f AadT.
Figure 5 shows a temperature dependence of the perpen-
dicular lattice constant Aa, for a particular stack with a
BaF, layer 2000 A thick. Above RT, part of the strain
relaxes.?” In addition, hysteresis effects occur when cy-
cling the temperature, as also reported for single SrF,
and CaF, layers on Si(111).? Below RT, the points fol-
low the pinned behavior within the measurement accura-
cy. No cracks or delaminations were observed after such
cycling.
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FIG. 5. Lattice spacings of a 2000-A-thick BaF,(111) layer
on CaF,/Si(111) vs temperature. The expected behavior for a
completely relaxed and completely elastically strained layer is
indicated, too.
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C. PbSe on BaF,/CaF,/Si(111)

1. Strain relaxation at low temperatures

In contrast to BaF,, PbSe relaxes the thermal
mismatch strain even at cryogenic temperatures. Figure
6 shows the rhombohedral distortion €, of PbSe layers of
different thicknesses as a function of temperature. The
measurements were performed within one single cool-
down cycle. The strain level remains nearly constant
down to the lowest temperature, i.e., nearly no additional
thermal mismatch strain can build up. The strain value
as a function of the layer thickness d shows the approxi-
mate 1/d dependence predicted by Matthews’s theory.
However, the absolute values calculated from the theory
with published elastic constants are about six times lower
than measured.

The strain state of the underlying BaF, is not affected
by the PbSe overgrowth. As determined with the Bond
method, the strain of the BaF, buffer is relaxed at RT;
the remaining strain €, is between 0.2% and 0.4% (Fig.
4), i.e., the same values as for BaF, layers which are not
overgrown.

2. Strain relaxation after many temperature cycles

Figure 7 shows schematically the strain expected in
PbSe layer after growth on cooldown to low tempera-
tures, and cycling the layer between RT and a still lower
temperature. The compressive strain remaining after
growth is almost completely relaxed before cooldown for
layers with about 2 um thickness as used for the experi-
ment. Decreasing the temperature, the strain first follows
the “‘elastic limit;” the layer deforms only elastically. As
soon as the critical resolved shear stress for dislocation
glide is exceeded, the strain remains nearly constant or
increases only slightly on further cooldown because the
work hardening is low. Increasing the temperature after
having reached the lowest temperature, the strain first
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FIG. 6. Rhombohedral distortion €, for PbSe(111) layers on
BaF,/CaF,/Si(111) vs thickness (right) and at different tempera-
tures (left). Without strain relaxation after growth, the experi-
mental points would follow the indicated slope of the elastic
limit.
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FIG. 7. Schematic behavior of the thermal mismatch strain
in PbSe on Si(111) layers vs temperature change.

follows the slope of the elastic limit since the tensile
strain of the layer decreases due to the higher thermal-
expansion coefficient of the overgrowth. On further tem-
perature increase, the strain becomes compressive. When
it exceeds the critical shear stress for glide under a
compressive stress, strain relaxes by dislocation glide.
The compressive strain remains nearly constant or in-
creases slightly until the highest temperature is reached.
When cooling down again, the layer deforms elastically
until the critical shear stress on the tensile side is reached
before it starts to relax again.

This behavior is observed experimentally as shown in
Fig. 8(a). The change in strain was obtained by deter-
mining the change in a, using XRD with symmetric
(444) reflections. Starting at the lowest temperature, the
change in strain was measured at different temperatures
on going up to RT, followed by a cooldown. The ob-
served change of the rhombohedral distortion €, between
the lowest and highest values for this cycle between RT
and —150 °C is about A€, ;.,;~0.2%, while for purely
elastic behavior, the change in €, would be as high as

A€, =(1+4) [ AadT~(1+1.16)X0.38 % =0.82%
for cycling between RT and 77 K. Most of the strain in-
duced by the thermal mismatch is therefore relaxed by
movement of dislocations even at cryogenic tempera-
tures. The measured maximal absolute value of €, is
below about 2X 103, which corresponds to a maximal
biaxial parallel strain €, of =1X 1073, The correspond-
ing biaxial stress is 0;=69 MPa from which a value of
So =32 MPa (S=0.47 is the Schmid factor) follows for
the resolved shear stress. This is a rather low value com-
pared to III-V or II-VI semiconductors, but still a factor
of 20 higher than the critical resolved shear stress report-
ed for PbS single crystals at RT, o =1.4 MPa,* oriented
for single glide and probably starting with a much lower
dislocation density (no values for PbSe single crystals are
presently available to our knowledge).
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Up to about 20 such temperature cycles, no significant
changes are observed in the hysteresis curves. Many
more cycles are needed to study a possible deformation
hardening. Figures 8(b)-8(e) show the hysteresis curves
obtained with the same PbSe sample after it had under-
gone 200, 400, 800, and 1400 cycles between room tem-
perature and 77 K. The hysteresis curve widens some-
what with increasing number of cycles, as larger tensile
and compressive strains occur owing to deformation har-
dening. After 200 cycles, A€, ., increased to about
0.4%, slightly increases further with continued cycling,
and reaches Ae¢, ,, =0.6% after 1400 cycles. Therefore,
even after 1400 cycles, the highest number we performed
up to now, (0.82—0.6)% =0.22% plasticity still occurs on
each cycle. The total cumulative plastic deformation the
layer has undergone after 1400 cycles is
€),tot = 2 (1€} e1— €}, meas| ) summed over all cycles with the
appropriate values Of € yeas =€, meas/(1+ 4) as a func-
tion of the number of cycles inserted. The numerical
value is about 4; the total cumulative plastic relaxation
the layer has undergone is as high as about 400%. The
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layer withstands this cyclic plastic deformation without
showing cracks or delamination.

The hysteresis after 1400 cycles has considerably nar-
rowed due to the deformation hardening. If cycling were
continued further, the hysteresis would get smaller and
smaller until the final strain vs temperature curve would
become completely elastic. However, the point of zero
strain would now lie symmetrically between the highest
and lowest temperatures of the cycling experiments; the
strain would be about 0.4% compressive at RT, zero at
about 190 K, and about 0.4% tensile at 77 K. Since no
cracks were observed in the cycled layers, which suffered,
according to Fig. 8(e), a maximal compressive or tensile
strain of 0.3%, it seems reasonable to conclude that the
layer would withstand a fully elastic deformation, too,
since the corresponding maximal strain would be only
25% higher than after 1400 cycles, and the point of zero
strain remains symmetrically between the extreme tem-
perature excursions.

3. HRXRD and dislocation density

HRXRD was performed after different numbers of cy-
cles to study the change of defect densities. The full
width at half maximum (FWHM) of the curves vs the
number of temperature cycles is shown in Fig. 9. A
slight increase in the FWHM with the number of cycles
is observed; the FWHM is about 140 arc sec before and
~200 arcsec after 1400 cycles. However, this change
lies within the scatter between different positions of typi-
cal samples with 3-in. diameter as obtained after growth.
Figure 10 shows a rocking curve of the sample after 1400
cycles.

The density of threading dislocations can be estimated
from the measured FWHM. Assuming a Gaussian distri-
bution, the analysis from Ayers allows one to estimate
the dislocation densities by two independent methods.’!
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FIG. 9. Linewidths (FWHM, 333 line excited with Cu Ka)
of HRXRD rocking curves of 3-um-thick PbSe(111) layers on
BaF,/CaF,/Si(111) vs the number of temperature cycles be-
tween RT and 77 K.
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FIG. 10. HRXRD rocking curve (333 line excited with Cu
Ka) of a 3.3-um-thick PbSe(111) layer on BaF,/CaF,/Si(111)
after 1400 cycles between RT and 77 K.

By plotting the measured FWHM for different reflections
vs tan’g where 0 is the Bragg angle, a straight line should
result. The dislocation density p (in cm ~?) is obtained ei-
ther from the intercept K, of the line with the ordinate
by

p=K,/4.36b*
or from the slope K, by
p=K./{0.09b%In(2X 10" 7p)|} ,

where b is the Burgers vector.

Figure 11 shows this plot for the sample after 1400 cy-
cles. The dislocation density obtained from the intercept
method is 8X 107 cm ™2, while the slope method yields
1.2X10® cm™2. For the calculations, screw dislocations

100000

[(arc sec)?]
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o

FWHM:

20000 |

e P T
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FIG. 11. Drawing according to Ayers (Ref. 31) of FWHM vs
Bragg angle for the PbSe layer on Si cycled 1400 times between
RT and 77 K. The dislocation densities estimated from the in-

tercept or slope of the fitted straight line are about 108 cm 2.

were assumed. Assuming edge dislocations would change
the values only slightly.

Both numbers are consistent within the accuracy to be
expected from the theory. Dislocation densities were an-
alyzed with the same type of samples (without tempera-
ture cycling) grown under similar conditions with TEM
by Mathet et al.,’ too. They observed densities at the
surface somewhat below 10’ cm 2. These values are
comparable to our values, since dislocation densities are
lowest at the surface, while the HRXRD linewidth yields
a weighted mean over the whole 3-um-thick layer.

The mean spacing of the part of the dislocations reliev-
ing thermal misfit before temperature cycling was s =160
nm as determined with STM.”® This corresponds to a
change in strain of 0.5% on cooling from growth to RT
due to the thermal mismatch. Assuming that each misfit
dislocation consists of a misfit part of length / and two
threading ends extending up to the surface, the number
of intersections p of these threading ends with the surface
is correlated with s and / by Isp=6 for threefold symme-
try.® With p=108 cm™? and s=160 nm, / is therefore
about 40 um. This is a lower estimate, since an apprecia-
ble number of threading dislocations are sessile and origi-
nate from other causes than from glissile dislocations re-
lieving thermal mismatch. If the more realistic value
p=10" cm~? is chosen,’ / amounts to 400 um as a lower
estimate.

4. Discussion of dislocation glide after many thermal cycles

If all strain relaxation for an additional temperature
cycle from RT to 77 K and back [change in thermal ex-
pansion difference of (2X0.38)%] occurs by formation of
new dislocations, the spacing between these new disloca-
tions is s ~110 nm.® The lengths I of these new disloca-
tions must be much larger than the 40-400 um deduced
above in order that the threading dislocation density does
not appreciably increase after each temperature cycle, in
order not to contradict the HRXRD results. On the oth-
er hand, according to the STM results of a cycled sample
(Fig. 2), new dislocations have formed and glided through
the crystal at least after the first cycle. A spacing of 110
nm corresponds to about 300 atomic layers. Thus, at
least after 300 cycles down to 77 K, new dislocations
have to glide on the same atomic glide planes as those
dislocations which already have moved through. If the
lengths / of the dislocations which already have moved
through is longer than the dimensions of the sample
(=~ 10 mm), new dislocations have to be formed. Howev-
er, it is rather to be expected that most of the dislocations
which have already moved through the layer have shorter
lengths, so that their threading ends are still available for
new movements. In this case, no new dislocations need
be created. Continued cycling therefore means that after
some cycles no new dislocations are formed, but the same
dislocations move back and forth across the layer thick-
ness to relieve the strain. Since the observed threading
dislocation density does not increase appreciably on cy-
cling, dominance of back and forth glide of the threading
ends of the same dislocations most probably already
occurs after the first few cycles. The mean distance they
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move is reduced after many cycles owing to strain har-
dening. If the production rate of obstacles which hinder
glide is low enough, no rapid deformation hardening
occurs, as observed.

5. Temperature cycling with other layer combinations

Temperature cycling of the following stacks was also
investigated:

(i) Pb,_,Sn,Se on BaF,/CaF,/Si,

(ii) PbTe on BaF,/CaF,/Si,

(iii) SiO, on PbSe on BaF, /CaF,/Si, and

(iv) PbSe on CaF,/Si.

For each of these stacks, the IV-VI layer was about 3
pm thick, the thickness of the BaF, was about 200 nm
and that of the CaF, about 10 nm, and all layers were
(111) oriented. These stacks were cycled up to 500 times
between RT and 77 K. Hysteresis curves of strain and
the FWHM of rocking curves were determined. Stack (i)
was chosen to investigate the effect of solid-solution har-
dening due to the substitution of Pb by Sn. For stack (ii),
the lattice mismatch with BaF, is larger, but it is known
that PbTe behaves similarly to PbSe, or is even softer.
Therefore not much change compared to PbSe layers is
expected. In stack (iii), the PbSe layer was overgrown
with about 200 nm amorphous SiO, at RT. SiO, has a
much smaller thermal-expansion coefficient than PbSe, its
thermal expansion being comparable to that of the Si sub-
strate. This sample served as a test to find out whether a
SiO, cap layer hinders the creation and/or movement of
strain-relieving dislocations in the PbSe main layer. Fi-
nally, stack (iv) was tested, where a very thin CaF, buffer
layer only serves for compatibility. This stack is most in-
teresting for infrared sensor fabrication, since the omis-
sion of the BaF,, which is soluble in water, greatly facili-
tates microlithography by wet etching.'3

For all stacks (i)—(iv), similar results as with the PbSe
sample described in detail above were obtained: no de-
lamination or crack formation, the hysteresis curves
show only slight deformation hardening, and no
significant increase of the FWHM of x-ray rocking
curves.?! The formation and movement of dislocations
relieving thermal misfit strain works, therefore, in the
same manner for PbTe and is not significantly hindered
in ternary Pb,_,Sn,Se by solid-solution hardening or by
an overgrowth like SiO,.

V. CONCLUSIONS

The strain induced by the thermal mismatch in stacks
of PbSe/BaF,/CaF, and BaF,/CaF, on Si(111) substrates
relaxes by movement of dislocations gliding in the main
(110) {100} glide system of the layers. After the misfit
part of such a dislocation has moved across the whole
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layer on its inclined glide plane, no defect is left, but only
a surface step is created. The strain relief is not affected
whether the corresponding layer is at the top of the stack
or is covered by another layer of the stack materials. The
formation of new dislocations or the glide of already ex-
isting ones is therefore not hindered by the overgrowth.
The thermal mismatch strain relaxes down to approxi-
mately RT for the BaF, and CaF, layers, while these lay-
ers strain completely elastically below RT. PbSe(111) lay-
ers are capable of relieving most of the thermal mismatch
strain even at 77 K, and plasticity occurs even after many
temperature cycles between RT and 77 K. After 1400
such cycles, still about 25% of the elastic strain induced
by the difference in thermal expansion between the PbSe
layer and the Si substrate relaxes by dislocation glide on
each cyclee. HRXRD rocking curves from the 3-um-
thick PbSe layers are 150—-200 arc sec wide. Only a slight
broadening is observed with increasing number of cycles,
although the cumulative plastic deformation of the layer
reaches a value as high as 400%. The layers maintain
their quality because after some initial thermal cycles
essentially no new dislocations are created, but the exist-
ing ones move back and forth on the same atomic glide
plane with each cycle. The temperature where zero
strain occurs lies midway between RT and 77 K after the
first cycles; the layers are under a compressive strain at
RT, while a tensile strain of approximately the same mag-
nitude prevails at 77 K. No cracks or delamination were
observed. If cycling were continued, a fully elastic
behavior would occur at the end owing to strain-
hardening effects. However, since the change in strain is
now symmetrized and would increase by not more than
25% for a pure elastic behavior, it is expected that even
in this case the layers would withstand the induced
strains without problems. The same behavior was ob-
served for Pb,_ Sn, Se layers on Si (suited for infrared
sensors with cutoff wavelengths above 7 um), and also for
layers which are overgrown with a dielectric cap with
thermal-expansion coefficient comparable to that of Si for
insulating purposes. Even if other IV-VI materials with
higher deformation hardening were chosen and if they
can be cooled down to cryogenic temperature without
cracking, further cooling cycles become less critical due
to the strain symmetrization effect on heating up to RT.
The PbSe and other IV-VI layers therefore maintain their
quality for infrared device fabrication regardless of the
number of temperature cycles.
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FIG. 1. Schematic drawing of nucleation (a)
and glide of thermal-misfit-strain-relieving
dislocations (b), glide planes and Burgers vec-
tors of the {110) {100} glide system for (111)

l =% —“‘\ oriented layers (c), and the resulting surface
‘ \,.!-_‘9“" terrace morphology (d).
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FIG. 10. HRXRD rocking curve (333 line excited with Cu
Ka) of a 3.3-um-thick PbSe(111) layer on BaF,/CaF,/Si(111)
after 1400 cycles between RT and 77 K.



FIG. 2. (a) TEM image of a 0.2-um-thick PbSe layer dissolved from the BaF,/CaF,/Si(111) substrate. The main contrast is from
threading dislocations. (b) STM image of a 2-um-thick PbSe layer on BaF,/CaF,/S8i(111). The straight slip steps run along the three
{011) directions, the intercepts of the {100} glide planes with the surface. (c) Same sample as in (b), but after a temperature cycle
down to 77 K.
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FIG. 5. Lattice spacings of a 2000-A-thick BaF,(111) layer
on CaF,/Si(111) vs temperature. The expected behavior for a
completely relaxed and completely elastically strained layer is
indicated, too.
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FIG. 9. Linewidths (FWHM, 333 line excited with Cu Ka)
of HRXRD rocking curves of 3-um-thick PbSe(111) layers on
BaF,/CaF,/Si(111) vs the number of temperature cycles be-
tween RT and 77 K.



