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Single-crystalline PbTe film growth through reorientation
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Heteroepitaxy enables the engineering of novel properties, which do not exist in a single material. Two
principal growth modes are identified for material combinations with a large lattice mismatch, Volmer-Weber,
and Stranski-Krastanov. Both lead to the formation of three-dimensional islands, hampering the growth of
flat defect-free thin films. This limits the number of viable material combinations. Here, we report a distinct
growth mode found in molecular beam epitaxy of PbTe on InP initiated by pregrowth surface treatments. Early
nucleation forms islands analogous to the Volmer-Weber growth mode, but film closure exhibits a flat surface
with atomic terracing. Remarkably, despite multiple distinct crystal orientations found in the initial islands, the
final film is single crystalline. This is possible due to a reorientation process occurring during island coalescence,
facilitating high quality heteroepitaxy despite the large lattice mismatch, difference in crystal structures, and
diverging thermal expansion coefficients of PbTe and InP. This growth mode offers a new strategy for the
heteroepitaxy of dissimilar materials and expands the realm of possible material combinations.

DOI: 10.1103/PhysRevMaterials.7.023401

I. INTRODUCTION

Heteroepitaxy has been a staple of modern material science
enabling a wide variety of techniques, such as band alignment
tuning and surface passivation [1], crystal structure trans-
fer [2], superlattices [3], strain engineering [4], and virtual
substrates [5]. Strictly two-dimensional layer-by-layer growth
ensues if adatoms are more strongly bound to the substrate
than to each other [6]. For the heteroepitaxy of dissimilar
materials, this is generally not possible [7]. Instead, if the
adatoms are more strongly bound to each other than to the
substrate, they follow the Volmer-Weber growth mode with
the formation of three-dimensional islands [8]. Alternatively,
in the intermediate Stranski-Krastanov case, initial layer-by-
layer growth occurs until a critical thickness is reached where
island growth ensues [9]. The two latter options lead to a
three-dimensional surface topography with a high defect den-
sity [10—12]. This can be detrimental to the desired material
characteristics or geometry, limiting the viable material com-
binations.

A prime example for a research field dependent on
artificially structured materials with stringent quality require-
ments is topological quantum computation. Here, inherently
fault-tolerant qubits have been proposed, based on the non-
Abelian braiding statistics exhibited by Majorana bound
states [13—16]. Suitable solid-state systems rely heavily on de-
liberate material design with proposals suggesting the use of
semiconductor nanowire networks on an electrically isolating
substrate, partially coupled to epitaxially grown supercon-
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ducting islands [17-20]. Despite significant advances in the
fabrication of the heterostructures [21-25], a definite proof of
the existence of Majorana bound states is lacking. A major
challenge is posed by material limitations causing disor-
der, e.g., surface roughness, charge impurities, point defects,
atomic vacancies, patterning imperfections, or geometric re-
strictions [26—29]. The ability to reduce this disorder is critical
for the development of Majorana qubits and solid-state based
quantum technologies more broadly, making high quality het-
eroepitaxy imperative.

In this paper, we explore the molecular beam epitaxy
of PbTe on InP (111)A substrates. The lead salt is an
attractive material choice for topological quantum compu-
tation [30—42], suppressing disorder due to the screening
of charged impurity scattering, resulting from the large di-
electric constant [43,44]. InP is a suitable substrate due
to the insulating properties, availability, and well-developed
processing schemes. The growth initially mirrors the Volmer-
Weber model, forming islands that, subsequently, coalesce,
percolate, and finally, in response to a pregrowth surface
treatment, form a closed film exhibiting a terrace-stepped
surface. An involved crystal reorientation process facilitates
the growth of large single-crystalline PbTe films regard-
less of the significant lattice mismatch, different crystal
structure, and diverging thermal expansion coefficient be-
tween growth and substrate. Reorientation processes have
previously only been shown in metals compensating small-
angle mismatches between islands of about 1° [45]. High
quality growth on a comparable material combination has
been reported, however, no reorientation process was ob-
served as initial islands exhibited only one epitaxial ori-
entation upon surface treatments [46]. Understanding and
exploiting the described growth mechanism can open paths

©2023 American Physical Society


https://orcid.org/0000-0001-9865-9732
https://orcid.org/0000-0002-7093-3362
https://orcid.org/0000-0001-7749-4211
https://orcid.org/0000-0003-2836-4220
https://orcid.org/0000-0002-8749-7755
https://orcid.org/0000-0002-8264-6862
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.7.023401&domain=pdf&date_stamp=2023-02-13
https://doi.org/10.1103/PhysRevMaterials.7.023401

JASON JUNG et al.

PHYSICAL REVIEW MATERIALS 7, 023401 (2023)

00:15

()

00:30 01:00

200 nm

N
Xy U\ P4 |
& - e e—
A Ras

211]

(d)

60

Sy B
< 2 <
g
Type B 40 /))\ q,/\\ |2~
3226 islands B2 <
34% [211]
Sem s m S gonal Ffee
" N 3 %,
S o 20 5
S @
S
e
0

(5 - =
( ) 100 E +— #1250 _ 12 00:30 pr
<y & €
S, - I § & Type A
o 80 ; : i TP E 2 |eer7istands!
| 0,
§ 6oL | —150 & g 8 6%
> 0 =
Q | g c
S 40 § I 100 S S
3 . : 2 S 4
T 20 ! 50 S °
@ 1 ] 2 §
of* L] =—' =10 il
pu—— G
00:00 02:00 04:00 10:00 0 20

Growth time [m:s]

Nucleation diameter [nm]

40 60 cnt

180°
Side facet area [um?]

FIG. 1. PbTe layer formation. (a) AFM scans depict the growth stages from initial island formation, to their coalescence, and the
development of a closed layer. The in-plane crystal directions of the InP substrate are indicated in the first panel and kept consistent throughout.
(b) SEM micrographs of the same samples. (c) Island density (cyan) and surface coverage (purple) plotted over growth time both extracted
from AFM data. The number of islands reaches a maximum at 30 s after which the probability to form new nuclei decreases and islands begin
to coalesce. At 3 min the film has percolated and is almost fully connected. The error bars show the standard deviation across 36 adjacent
1 x 1 um areas. (d) A two-dimensional histogram compares diameter and height of islands taken from the AFM data at 30 s growth time. Two
distinct types are discernible. (e) A polar histogram of the side facet area in dependence of the azimuthal angle ¢ taken from nuclei in the
30 s AFM data. A cutoff threshold is set for surfaces at polar angles 8 < 20° relative to the substrate normal. The data indicate a preferential
orientation of type A nuclei. This is not observed in type B nuclei, pointing towards a weak adhesive force between substrate and island. A
Waulff construction of the two types suggests the involved facet directions, corresponding to peaks in the histogram.

to new high quality heterostructures involving dissimilar
materials.

II. PbTe LAYER FORMATION

A time series, depicted in Figs. 1(a) and 1(b), explores the
growth behavior of PbTe on (111)A InP substrates. Initially,
discrete islands are formed, visible already at 15 s growth
time. The islands, subsequently, expand both vertically and
laterally until they begin to coalesce. The film has almost
fully percolated at 3 min after which it forms a closed layer
exhibiting atomic terracing which only forms in consequence
of a pre-growth surface treatment (see Supplemental Material
Fig. S1 [47]). This film formation behavior is summarized
in Fig. 1(c) where island density and surface coverage are
plotted over time. Initially, the observed increase of surface
coverage is driven both by creation of new and expansion
of existing islands. However, around 30 s, new nuclei stop
forming and islands begin to coalesce, resulting in a decrease
in the island density. The distributions of island height and
diameter support the cessation of new island formation. This
is shown for 30 s growth time as a two-dimensional histogram
in Fig. 1(d). The lack of a tail into the small island heights
and diameters imply a homogeneity in the age of the nuclei
where the presence of a certain density of islands blocks
the formation of new islands. This indicates a reasonable
diffusion length of growth species over the InP substrate, as
atoms impinging on the substrate are prevented from forming

a new island by diffusing to an existing one. Consequently,
these islands compete for material. Figure 1(d) reveals not
only a narrow spread for both displayed quantities, but also
a bimodal distribution. This is a result of two distinct types
of islands with different aspect ratios, hereafter referred to as
type A (66%) and type B (34%). Analysis across different
growth times confirms that islands of both types form be-
fore 15 s growth time and grow in both vertical and lateral
directions with type-dependent rates (see Supplemental Ma-
terial Fig. S2 [47]). Using surface normals extracted from
the atomic force microscopy (AFM) data, the polar plot in
Fig. 1(e) reveals the distribution of side facet orientations of
the 30 s grown islands, separated by type. The presence of
maxima indicates a preferential epitaxial orientation of type
A islands with the corresponding facets indicated in the in-
set Wulff construction [51,52]. The absence of any preferred
orientation in type B islands suggests by contrast an in-plane
rotational freedom.

III. EPITAXTAL ORIENTATION OF ISLANDS

Transmission electron microscopy (TEM) analysis of the
30 s grown sample reveals three island types, each defined by
a distinct epitaxial relation to the substrate. A representative
high-resolution TEM image of the most frequent type A is
shown in Fig. 2(a). This type is characterized by a twinned
epitaxial relation between PbTe and InP as confirmed by the
micrograph’s (FFT. This results in a [211]p. 1 /[211]ppre. 1
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FIG. 2. Epitaxial orientation of islands. (a) and (c) Islands exhibit three types of epitaxial orientation to the substrate. For each type are
shown, a representative TEM micrograph, the two-dimensional fast Fourier transform (FFT) of an aforementioned micrograph, a high-angle
annular dark-field (HAADF) scanning TEM micrograph of an equivalent interface, and the corresponding structural model of the crystal lattice.
The TEM micrograph of (b) shows two superimposed islands, each with their distinct type indicated. (d) Bright-field TEM micrograph of a
cross section taken from the 30 s growth time sample shown in Fig. 1(a). A closeup displays islands and their type. (¢) Height and diameter
of the islands measured with TEM. Data are in line with the histogram from Fig. 1(d), which confirms the connection between epitaxial

orientation and the island types found from AFM.

and [022]ip,/[022]pvre, interface along the in-plane di-
rections transverse and parallel to the depicted zone axis.
A HAADF-scanning TEM image of an equivalent inter-
face reveals the atomic planes of both crystal phases and
establishes a structural model of the lattice. The large lat-
tice mismatch of 10.1% is overcome through the formation
of edge-type misfit dislocations at the InP-PbTe interface,
breaking bonds in exchange for a reduction of strain. For
type Ay, an 1115,;;/10p,17; lattice plane ratio is found in plane,
leading to 0.1% residual mismatch in the corresponding ideal
flat interface. The less-frequent type A, shown in Fig. 2(b)
exhibits no interfacial twinning. The [211]p. 1 /[211]ppre. L
and [022]1p,;/[022]pye, crystal directions are a direct con-
tinuation of the substrate with an identical lattice plain ratio
and residual mismatch as type A; due to the structural similar-
ity. In contrast to both types A;, type B changes out-of-plane
crystal direction at the interface from [111] to (200). Despite
this distinct out-of-plane direction, no preferential in-plane
orientation can be found, suggesting a weak adhesive force
between the substrate and this island type [53]. Due to this,
no recurring lattice plain ratio or residual mismatch can be
assigned to this island type. A bright-field TEM micrograph
of the complete cross section with 75 islands is shown in
Fig. 2(d). Several labeled islands can be seen in the closeup. In
Fig. 2(e) the diameter and height values of islands found in the
cross-sectional cut, measured via TEM, are compared to the
AFM data presented in Fig. 1(e). Tip convolution effects dur-
ing the AFM measurement likely lead to an overestimation of
the island diameter, in addition to the uncertainties introduced

by the TEM projection. Despite these inherent inaccuracies,
a close agreement between these measurement modalities is
found, connecting the TEM-based epitaxial relation of the
island types with the superior statistics of the AFM data.

IV. REORIENTATION UPON COALESCENCE

In light of the various crystal orientations present during
the initial growth stages, it is of particular interest to study
the mechanics leading to a closed film with atomically flat
terraces. The stable lattice plane orientation throughout the
growth (see Supplemental Material Fig. S3 [47]) enables their
study through symmetric w-260 XRD scans. Figure 3(a) plots
sections of the scattered x-ray intensity for increasing growth
times. Fitting the XRD spectra with pseudo-Voigt func-
tions allows for the identification of the isolated InP (111),
PbTe (111), and PbTe (200) peaks and their higher-order
reflections. The two PbTe peaks correspond to type A; and
type B epitaxy, respectively. No indications of other orien-
tations can be found, confirming the absence of additional
types (see Supplemental Material Fig. S4 [47]). The area
under each peak is correlated with the probed volume of that
crystal orientation [50]. Figure 3(b) compares the peak area of
PbTe (222) and PbTe (200) with growth time as an indi-
cation of the crystal growth evolution. Each calculated area
is normalized with the InP peak area to eliminate any in-
fluence originating from varying sample size and alignment.
The first noticeable characteristic of the plot is the steady
increase in the PbTe (222) volume. As expected, the same
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FIG. 3. Reorientation upon island coalescence. (a) Symmetric w-26 x-ray diffraction (XRD) scans of PbTe grown on InP substrates. The
first- (top row) and second- (bottom row) order peaks are plotted for increasing growth times. (b) The peak area ratio between PbTe and InP is
indicative of the probed crystal volume. Opposed to the continuously increasing (111)-oriented PbTe crystal volume, the (200)-oriented volume
decreases by nearly an order of magnitude following 3 min growth time. This is suggestive of a crystal reorientation process of islands with
diverging epitaxial relation, triggered upon coalescence. The remaining (200) signal at 30 min growth time implies that nearly all undergo this
process, with (0.16 £ 0.06)% of the film volume estimated to remain (200)-oriented (see Supplemental Material Fig. S4 [47]). (c) A schematic
illustrating the suggested reorientation process. Upon coalescence, type B islands can adapt their crystallographic orientation.

behavior is found for PbTe (111) (see Supplemental Material
Fig. S4 [47]). In contrast to this, following an initial increase,
the probed (200) crystal volume decreases by nearly an order
of magnitude. No new orientations appear in the XRD spectra,
pointing towards a reorientation process of the initial type B
nuclei into type A;. Based on the growth time dependency,
the reorientation likely takes place upon island coalescence up
until the subsequent film percolation. A sketch of the proposed
process is shown in Fig. 3(c). However, not all islands undergo
this reorientation process as evident from the remaining PbTe
(200) signal at 30 min growth time. This is supported by the
continuously decreasing (200) peak width in Fig. 3(a), a sign
of ongoing vertical growth of those grains. Together with the
initial (200) area decrease, this excludes overgrowth of the
nuclei as a possible explanation of the observed phenomena,
and instead suggests the coexistence of a small volume frac-
tion of (0.16 & 0.06)% remaining (200) type B grains at the
PbTe growth front (see Supplemental Material Fig. S4 [47]).
We note that this can likely be further optimized. Reciprocal
space maps of asymmetric reflections distinguish twinned and
nontwinned (111) PbTe layers and are used to quantify the
ratio between type A; and type A, in the layer (see Supple-
mental Material Fig. S5 [47]). Already at 3 min growth time
all (111)-oriented PbTe is found to be twinned relative to the
InP substrate, i.e., only type A; remains. This is consistent
with respective TEM observations [42]. Island orientation and
morphology are governed by the interfacial and surface free
energies. Additionally, there can be a bulk contribution in
the form of strain energy, and contributions stemming from
defects or grain boundaries. For reorientation to occur, it must
both lead to a lower-energy state and not have too high of an
energy barrier. The relative influence of the substrate on the is-
lands is expected to decline over time as the surface-to-volume
ratio decreases. As such, it is unlikely that the reorientation of
islands occurs spontaneously as the islands grow. The intro-
duction of grain boundaries between different island types is,
therefore, identified as the most probable trigger for reorien-

tation. As the reorientation process occurs predominately to
exclusively from type A, and B towards type A, the substrate
interface plays a directing role in the reorientation, suggesting
a minimal interfacial energy for type A, islands. It is difficult
to overemphasize the importance of the reorientation process
as it facilitates the heteroepitaxy of high-quality thin films on
dissimilar substrates, in this case PbTe (111) on InP (111)A.
In fact, the seemingly unfit substrate with its large lattice
mismatch, different crystal structure, and diverging thermal
expansion coefficient, are believed to lead to a weak adhesive
force between substrate and growth, facilitating the reorienta-
tion process.

V. LAYER MOSAICITY

The crystal quality resulting from the reorientation process
is assessed via TEM. A cross section of a selective area
grown (SAG) 2 x 2 um structure shows subtle contrast vari-
ations throughout the film. These become pronounced when
imaged off zone axisas depicted in Fig. 4(a). Despite these
boundaries and despite the film originating from many is-
lands with various epitaxial orientations, the complete cross
section has a single twinned epitaxial relation to the sub-
strate, confirming the observations made in Fig. 3. This
finding is supported by equivalent electron diffraction pat-
terns taken across the complete segment (see Supplemental
Material Fig. S6 [47]). A representative example is shown in
Fig. 4(b). The contrast variations visible in Fig. 4(a) are iden-
tified as boundaries between slightly misoriented segments
where the misorientation is a rotation around the surface nor-
mal of the substrate. The rotations are distributed between
0° and 0.5° and have a positive mean, indicating that in
addition to individual variation, there is a common rotation
relative to the substrate. The average relative rotation be-
tween neighboring segments is 0.2°. This corresponds to a
shift of one lattice plane about every 287 columns (about
185 nm in the PbTe crystal), and, therefore, amounts to,
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FIG. 4. Layer mosaicity. (a) Cross section of a 2 x 2 um PbTe structure, captured via bright-field TEM. The image is taken off zone
axis to emphasize contrast variations throughout the film originating from strain between merged segments (separated by dashed lines). The
misalignment, i.e., the relative rotation around the substrate normal between each segment and the substrate is indicated. (b) Despite this, the
complete PbTe segment is single crystalline as demonstrated by a representative diffraction pattern taken from a full data set (see Supplemental
Material Fig. S6 [47]). (c) AFM scan of SAG structures grown from circular mask openings, showing well-defined {200} and {111} facets.
Facet radii and three-axis rotation are fitted to each structure with a typical structure, corresponding fit, and residual shown in the bottom
panels. (d) Distribution of rotations for each axis across 155 structures. Bad fits with a relative residual volume above 4% are plotted in gray.

The axis definitions are shown in the right panel.

at most, a few planes offset over the length of each seg-
ment. This confirms that the PbTe films are single crystalline,
accompanied by slight mosaicity. The segment boundaries
are not a result of incomplete reorientation between coa-
lescing pairs of islands of different types. Based on the
AFM data presented in Fig. 1, on average seven islands, of
which two type B, combine to form a single segment of
type A;. This suggests that multiple islands combine and
reorient to form a strain-free segment. To inspect the origin
of the strain features, nanostructures were selectively grown
from circular openings with a 200 nm diameter as shown in
Fig. 4(c). Based on the segment dimensions visible in TEM,
the structures are expected to consist on average of a single
segment. As such, measurements of their orientations can
be compared to segment orientations in films before their
merging. The facets formed in the nanostructures belong to
the {111} and {200} families and can be reproduced via Wulff
construction [42]. Based on the crystal symmetry, a fitting
function is defined and used to acquire both facet radii and
misorientation in three axes of rotation. A representative fit
is shown in the bottom panel of Fig. 4(c). A histogram over
155 fitted structures is depicted for each rotational axis in
Fig. 4(d). The found standard deviation of the out-of-plane
rotation Az is 0.36°. This includes noise from imperfect
facets, AFM measurement, and fitting and, therefore, gives
an upper bound to the variation in structure orientations. The
distribution suggests, that the origin of the strain features can
be found in slight misalignments between meeting grains that
have become too large in size to align completely.

VI. CONCLUSION

To summarize, we present a distinct growth mode facilitat-
ing high-quality heteroepitaxy of dissimilar materials by ex-

ample of PbTe on InP (111)A substrates. AFM measurements
reveal the three-dimensional islands present in early stages of
the growth, and the eventual formation of a closed film. Struc-
tural differences in the initial islands are attributed to three dis-
tinct epitaxial orientations. XRD scans following the, subse-
quent, growth stages expose a reorientation process, facilitat-
ing the formation of a predominantly single-crystalline film.
A fascinating outcome, considering the initial differences in
epitaxial orientation of the nuclei. Small-angle misalignment
is detected between segments of the film leading to strain
signatures exposed by off zone axis TEM. Nevertheless, our
recent quantum experiments on selective area grown struc-
tures employing the same growth mechanism yield electron
mobilities comparable to InSb and a coherence length exceed-
ing any previously reported values on selective area grown
networks, signifying the high crystal quality of the PbTe [42].
Future work will explore the heteroepitaxial growth of topo-
logical crystalline insulators, namely, SnTe and PbSnTe that
are expected to exhibit comparable growth behavior.

The data supporting the findings of this paper are openly
available in Ref. [54].
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