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Reduction of Threading Dislocation Densities in Heavily Lattice Mismatched PbSe
on Si(111) by Glide
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Epitaxial PbSe layers on Si(111) relax nearly completely owing to the easy dislocation glide in the
main {100} (110) glide system. Threading dislocations introduced by the thermal mismatch strains are
able to move distances of several cm and to escape at the edges of the samples. Etch-pit densities as
low as 10° cm~2 were obtained in layers with a thicknessdf= 4 um. The etch-pit density scales
with 1/4%, which may be understood as a consequence of the annealing step and of the high mobility
of dislocations. By applying several anneal cycles, threading dislocation densities of essentially zero
should result. [S0031-9007(97)02926-8]

PACS numbers: 68.55.Jk, 68.60.Bs

The reduction of threading dislocation (TD) densities It is the purpose of this Letter to show that such large
in lattice-mismatched epitaxial layers has received conmovements are indeed observed. This is different from
siderable attention in recent years, especially for IlI-VIII-V or IV-IV semiconductors, where only slight move-
and IV-IV semiconductors [1]. IV-VI layers like-narrow ments of TDs occur, and interactions of the glissil€¢ 60
gap PbSe and Rb,Sn,Se on Si substrates are of interestdislocations soon lead to blocking even if the mismatch is
for infrared sensor device applications owing to the easgmall [1]. In addition, the scaling law for reduction of TD
growth procedure and the potential to obtain high qualitysegments with thicknessin PbSe layers on Si(111) does
results despite the large lattice mismatch [2]. Crack-freanot show the usual/d behavior characteristic for binary
layers are obtained by molecular beam epitaxy (MBE)ecombination [6,7], but the densify of threading ends
on Si(111). Highest quality is obtained by using a thindecreases faster. This must be due to the extremely easy
(2 nm) intermediate Cafbuffer layer for compatibility = movement of the dislocations over large distances, which
reasons [3], but direct growth on Si is possible, too [4].might even lead to virtually zero TD density after several
The lattice and, more important in this context, thermalannealing cycles.
expansion mismatch strain is relaxed by glide of dislo- For the experimental studies, Si(111) substrates with a
cations in the main{100}(110) glide system for these miscut<0.5° were used. A thin Cafbuffer layer with
layers which have the NaCl structure. Figure 1 shows thickness below the critical thickness for MD creation
a schematic drawing of the glide and crystallographio2 nm at the growth temperature of 780) was grown,
geometry. Nearly complete strain relaxation is obtained
in layers with a thickness of severa, and on each tem-
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change, and it was estimated that the layers had unde
gone a cumulative plastic deformation exceeding 400%
[3]. The structural quality (width of x-ray rocking curves
or etch-pit densities) has changed only slightly after thest
procedures. Even higher quality is obtainable if the
samples are annealed at 200—400n vacuum or Se va-
por, as indicated, e.g., by low temperature (below 10 K)
mobilities as high a250000 cn?/V s which are limited

by defects. An estimate based on geometrical argumentdG. 1. Schematic drawing of the arrangement of the
and the above experimental findings was performed whichl00}¢110) glide system for the NaCl type PbSe(111) layers on

. . . .. . Si(111). (a) Perspective drawing; (b) arrangement of possible
predicted movements of the threading ends of misfit d|S?z/2<110>-type Burgers vectors; dashed lines: Burgers vectors

locations (MD) in the cm range in layers with dislocation which are inclined to the interface and therefore belong to
densities ofl 08 cm~2 [5]. glissile dislocations.

0031-900797/78(15)/3007(4)$10.00  © 1997 The American Physical Society 3007



VOLUME 78, NUMBER 15 PHYSICAL REVIEW LETTERS 14 ArIL 1997

and the wafer moved in vacuum to a second growths correlated with the mechanical strain, which decreases
chamber where PbSe was deposited at abouft@G@bm  to zero at the edges. For most orientations, it becomes too
a single PbSe source. Growth starts by nucleation ansimall near the edge to move the threading segment of the
islanding because of the high lattice mismatch betweeiMD completely out of the island. Only for edges oriented
CaF, and PbSe (12%). Two-dimensional growth resultsalong[101 ] and with the (010)-glide planes inclined away
after an initial layer of an average thickness of about 10 nnas described above, the strain field is changing in a man-
has formed. Typical layers were grown with a thicknesser that the threading ends can escape completely. The
ranging from 2 t®@ wm. All these layers show slip steps exact nature of how this occurs is not yet analyzed, but is
running along the three equivalefiti0) directions of the of no importance for the following.
intersection of th¢100}-type glide planes with the surface,  To find out over which distances the threading ends of
caused by those dislocations that have moved across théDs are able to move subject to the thermal mismatch
whole thickness of the layer. These slip steps, which arstrain on annealing, islands or samples of different sizes
arranged with 3-fold symmetry, are revealed by Nomarskyhave to be examined. A micrograph from the largest is-
light microscopy, or with (near) atomic resolution with land studied, which had a size ®fcm X 3 cm, is shown
scanning tunneling microscopy. Typical high-resolutionin Fig. 3. The edges of the island, which comprises the
x-ray diffraction (HRXRD) linewidths were in the range whole sample, were obtained by cleaving along the same
of 100 arcsec for layerd um thick, and still lower for directions as for the islands in Fig. 2. The sample was
thicker layers [2,3]. annealed for 2 h at 40, cooled to RT, and etched for
Etch-pit densities of typical PbSe layers after growthetch-pit analysis. Along the edge visible in the micro-
with this thickness weré X 107 to 6 X 10’ cm 2. To  graph, a band with increased density is seen. Outside the
demonstrate the easy mobility of threading ends, rectangusand towards the edge, the PbSe layer is severely dam-
lar islands were etched into the layers. Figure 2(a) showaged owing to the cleaving of the substrate, and its sur-
the etch-pit density of an island just after growth. A ho-face morphology must be discarded. In the interior, as
mogeneous distribution of etch pits is observed; the dernbefore, an extremely reduced etch-pit density is obtained.
sity is about3 x 107 cm 2. Similar islands of the same From a micrograph taken in the middle of the sample, the
sample (but where no etch-pit treatment was appliedyounted etch-pit density is X 10 cm™2. The same den-
were then heated to 30C, and etched after cooldown to sity is maintained over most of the sample size except in
RT for etch-pit analysis. Figure 2(b) shows a micrographa band about0 wm wide along the edges.
of such an island. The most striking feature is the ex- The decrease of dislocation densities (etch-pit densities)
tremely reduced etch-pit density over most of its interior.with increasing layer thickness is plotted in Fig. 4. Here,
On all such rectangular islands investigated, similar pata similar sample was etched down to different thicknesses
terns were reproducibly observed. All showed the samand annealed, and the revealed etch pits in the interior
features, a very low dislocation density in the interior, andof the samples were counted. With increasing thickness,
an increased density alond.ashaped band located a few the TD density at the surface of the layer decreases with
micrometers away from the edges. This band runs alongpproximately thesquare of the thicknessd. This is
three of the four edges only, while no increased density iglifferent from 11I-V or IV-IV semiconductors, where a
observed along the fourth edge. This latter edge runs pai-/d scaling is observed, or even a leveling off of the
allel to the[101 ] direction formed by the intersection with density for thicker layers [7]. Theé/d dependence can
the surface of the (010)-glide planexlined awayfrom  be understood as the probability that two TDs meet during
the edge [i.e., the (010)-glide planes plotted in Fig. 1(agrowth in order to annihilate is proportional & [6,7],
with the island on the left]. On the other three edges with.e., a binary recombination law.
a different crystallographic orientation, a band with in- The nearl/d*> dependence found in the present study
creased etch-pit density is observed [8]. The asymmetrfor annealed PbSe must be explained as follows: For
a certain grown layer with thickness (and before per-
forming anneals or temperature changes), the TD den-
sity acquired during growth scales withi/d as described
above. When changing the temperature (after growth is
completed), one has to take into account that each thread
ing end of the MD is able to glide along the whole layer
dimension. If this TD does not encounter and react with
any other TD on its glide across the whole sample, no
change in thel /d dependence results. However, assum-
FIG. 2. Distribution of etch pits on rectangular PbSe(lll)Ing that this moving threadmg_ _end encounters a_mo'Fher
islands on Si(111) before (a) and after (b) a thermal cycle tc}hreadlng end and reacts (annihilates or fuses) with it, a

300°C. The crystallographic orientation is plotted pointing into further dislocation reduction takes place. Remembering
the same directions as in Fig. 1. that all TD behave in this manner, the result must be that
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FIG. 3. Distribution of etch pits in & X 3 cn? and4 um thick PbSe(111) layer on Si(111) after 2 h anneal at @00 Top:
etch-pit distribution near the edge; bottom: etch-pit distribution in the middle of the sample. The etch-pit dehsityli¥ cm™2

in the interior of the sample.

this reduction again scales with/d in order to finally

achieve the observely 4> dependence.
An explanation of this dependence has to take intanove across the layers, or new TBIDs form as soon as

If further temperature anneals are applied to the same
sample, existing threading segments will again start to

account the inhomogeneous distribution of dislocationghe thermal mismatch strain exceeds a certain value. How-
across the layer thickness. The junctions where twever, all these threading ends remain extremely mobile and
threading ends have reacted in the interior of the layecan again cross the whole sample with cm size. By an-
(and with no or just one threading segment left whichnealing at high temperatures (say, e.g., 30Ppwe always
extends to the surface) may be able to move furtheobserved an increase in structural quality, i.e., an increase
towards the interface as long as the dislocation density ief the saturation Hall mobility at low temperatures with a
low. Near the interface, the dislocation density increasesorresponding decrease of TD densities [9]. By applying
and the junctions encounter more obstacles to move dowmumerous cycles from RT to cryogenic temperatures and
Thus, a higher decrease of the dislocation density ivice versa, however, a slight increasepimfter many tem-

possible closer to the surface.

perature cycles and some strain hardening was observed

It seems to be the first time that such a dependence h#3]. The properties are restored towards the original val-
been observed. Clearly,lad? dependence as compared ues by a high-temperature anneal.
to a 1/d dependence leads to a faster decrease of The 1/4? law is valid, however, only if it is assumed
dislocation density with increasing layer thickness, whichthat all or most the TDs are involved in reactions.
is of value for growth of layers with very low dislocation Otherwise, a weaker dependencedwould result. The
density. The exact nature of the dislocation interactiond /4> law might therefore become invalid for very low
for these NaCl-type semiconductors is not known andislocation densities or if the TDs do not move over large

deserved further studies.
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enough distances (e.qg., if the temperature changes are too
small to induce enough mismatch strain, or if too many
defects pin the MDY TDs).

In addition to the mobile dislocations, sessile disloca-
tions are present (“sessile” means in this context that the
Schmid Factor is zero). Sessile TDs (as well as glissile
ones) are expected to be formed during the first stages
of growth at least where the islands coalesce. We will
show in the following that mobile as well as sessile dis-
locations can be reduced further by temperature changes.
A threading end of a MD which glides and meets on the
same plane the threading end of another MD can join with
this latter threading end, i.e., a single, but longer MD is
formed. This happens if both MD have the same Burgers

FIG. 4. Etch-pit density in PbSe(111) on Si(111) vs thickness/€CtO- . Contrary, tWO_ TDs with opposite Burgers vec-
d of the layers (points). Al/d*> dependence is indicated by tors which meet annihilate. What happens to two thread-

the dashed line.

ing ends which meet if none of these conditions for the
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Burgers vectors is fulfilled is at first glance not of im- for glide [12]. However, NaCl-type materials with low
portance as long as such an encounter does not lead tdamicity as PbSe glide of100} planes. In this case, the
blocking of further movement or to a dislocation multipli- resulting jogs lie in{100} planes as well and can therefore
cation. However, additional dislocation reduction resultsglide with the dislocations.

in certain cases: Assume for the moment that a glissile In conclusion, we have shown that in PbSe(111)
TD sweeps in the thermal mismatch strain field and enfayers on Si(111) substrates TD densities as low as
counters a sessile TD which has its Burgers vector paralt0® cm™2 are obtained, and the threading ends of MDs are
lel to the interface plane [see Fig. 1(b) for the 12 possiblextremely mobile and can glide on their mdird0} glide
directions ofa/2(110) type Burgers vectors]. A probabil- planes across complete samples of a size of several cm.
ity exists that a reaction which leads to a fusion occursThis is due to an extremely low interaction probability
i.e., a single new dislocation witla/2(110) type Burgers for the blocking of further dislocation motion. This
vector forms. One possibility for this (which can occur high dislocation mobility has the effect that the TD

on a short line element parallel to [001]) is density decreases with the square of the layer thickness.
eci S — : . Multiple anneals lead to still further reduction of TD
Glissile TD(g): b1 0/2[1_01]’ glide plane(010); densities. Since sessile TDs can convert to glissile TDs
Sessile TD(s): b, = a/2[ 110]; by dislocation reactions upon temperature change, each
Fusion:b = by, + by = a/2[011], glide plane(100). anneal reduces the TD density further; it even seems

possible that epitaxial layers with high lattice mismatch
A glissile TD has therefore reacted (fused) with a sessilgan be obtained which are completely free of TDs.
TD to form a new glissile TDg + s — g. In a simi- Financial support by the Swiss National Science Foun-

lar way, one finds reactions fqf + ¢ — s. But since  dation and the Swiss Defence and Procurement agency is
g + s — g from above, three glissile TDs are reducedgratefully acknowledged.

to one glissile TD in the end. Since new glissile thread-

ing ends form upon each significant temperature change
ir} order to relieve_ the thermal mismatch_strain, a suffi- *Corresponding author; electronic address: zogg@afif.
cient number of glissile TDs is always available to reduce  gthz.ch
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