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1.

Introduction

The ternary lead tin telluride (Pbx Sn1-x Te) alloy, as a part of the Group IV-VI materials system, is a material that has use in a variety of applications such as longwavelength (8–15 µm) IR photonic devices,1 topological insulators,2 and thermoelectrics.3 The ability to control the synthesis of this material through molecular
beam epitaxy (MBE) opens up several possibilities for innovations in these application areas by growing on heterogeneous substrates and designing structures with
quantum wells and superlattices. While most historical work on crystal growth of
this materials system has been on similar substrates, which have a rocksalt cubic
crystal structure such as lead telluride (PbTe), this work investigates the growth of
Pbx Sn1-x Te on gallium arsenide (GaAs), which is a zincblende cubic crystal that is
a part of the III-V materials system.
GaAs substrates are more readily available as compared to Group IV-VI substrates
due to their proliferation within the semiconductor photonics and electronics industry, and the heterogeneous integration of epitaxial Pbx Sn1-x Te on GaAs can enable
the demonstration of the novel physics in this materials system within a III-V processing line that can scale up the technology readiness level (TRL) similar to the
line of research that aims to integrate IR detector material onto silicon as a prevalent and widespread semiconductor substrate. GaAs has a zincblende cubic structure with a lattice constant of 5.653 Å. In contrast, the lattice constants of SnTe
and PbTe, which have a rocksalt cubic structure, are nominally 6.30 and 6.46 Å,
respectively.
This work aims to achieve two goals: 1) MBE growth of Pbx Sn1-x Te on GaAs, and
2) X-ray diffraction (XRD) analysis of the heterogeneous materials system with
the aim of gaining a full understanding of the nature of the epitaxy, alloying, crystallinity, and strain within the grown material. With this knowledge, further growth
experiments can be carried out in order to better control the physical properties
of Pbx Sn1-x Te for enabling future technologies in photonics, topological insulators,
and thermoelectrics.
Although XRD can be used as a technique to identify the phase, orientation, and
alloying based on the “fingerprint” of a 2θ angle indexed to a powder diffraction
pattern, in this work, more careful analysis is required. The Pbx Sn1-x Te system exhibits a relatively high coefficient of thermal expansion that can distort the lattice.4,5
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Moreover, thin Pbx Sn1-x Te layers are grown, so there exists a possibility of strain
coherency through pseudomorphic growth on a GaAs substrate.
2.
2.1

Experimental Methods
MBE Growth

Growth of the Pbx Sn1-x Te materials is performed on (100) GaAs substrates with a
4◦ miscut. The substrates are loaded into the MBE system and their surfaces were
thermally cleaned at high temperatures under a fluence of tellurium dimers, and
then cooled to the growth temperature of 275 ◦ C. Prepared in this way, the surface
before epitaxial growth possesses a tellurium-passivated, or Ga2 Te3 -rich chemistry.
The pure compounds, PbTe and SnTe, are grown using flux values from the individual constituents (tin metal, lead metal, and dimeric tellurium) and the composition
of the Pbx Sn1-x Te alloys is controlled by individually adjusting the relative fluence
values of Pb and Sn. The flux ratio of the group VI element (tellurium) to the group
IV elements (Pb, Sn) is typically maintained at a VI/IV ratio of 40. This is a unique
MBE process in that alloys in this system are usually grown by congruent sublimation of the parent compounds (PbTe and SnTe), whereas in this specific MBE
chamber, the constituent elements each have their own crucible.6
During growth, reflection-high-energy-electron-diffraction (RHEED) is used to show
consistently (1X1) unreconstructed surfaces for all materials.
Within the scope of this study, three samples are analyzed to view the crystal behavior of the alloy: binary PbTe, binary SnTe, and ternary Pbx Sn1-x Te.
2.2

XRD Measurement and Analysis

XRD measurements are done on a PANAlytical X’Pert Pro system, with a 1/2◦ incident beam slit, a mirror system to focus the incident X-ray beam, a 4-bounce germanium (Ge) [220] monochromator to filter the incident X-ray radiation such that
only the Cu Kα1 wavelength (1.5402 Å) is incident on the material. A PIXCel detector is used to enable electronic and software adjustment of the effective “receiving
slit” during alignment and measurements, and to enable an integrated collection
measurement in reciprocal space for relatively fast and high-quality scans.
Two types of measurements are performed on the material: a symmetric 2θ-ω scan
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and a reciprocal space map (RSM). In a symmetric scan, both 2θ and ω are varied
over a range such that θ is equal to ω and the scattering vector q is perpendicular to
the sample surface. For the epitaxially grown films in this work, the 2θ-ω scan range
is set to a value such that the (00l) peaks of the substrate and the corresponding film
peaks are viewable. The 2θ value corresponding to the peak is extracted, and the
out-of-plane lattice constant a⊥ is calculated through Bragg’s Law

λ = 2d sin θ.

(1)

h2 + k 2 + l2
1
=
,
a⊥ 2
d⊥ 2

(2)

and the equation

which is specific to crystals with cubic phases. h, k, and l are the indices corresponding to the specific crystal plane being analyzed, and d⊥ is the out-of-plane
crystal plane spacing calculated from the θ diffraction angle through Bragg’s Law:
λ = 2d⊥ sin θ.

(3)

The RSM is a two-dimensional XRD scan that aligns q to a crystal plane that is offaxis to the surface normal. It validates and further characterizes the epitaxial nature
of a film grown on a single-crystal substrate. The RSM has the 2θ-ω direction as
one axis, and the ω direction as the other axis. These data can be re-visualized as the
out-of-plane scattering vector qoop on one axis, and the in-plane scattering vector qip
on the other axis.
These data are interpreted through the relations
qoop =

λ
λ
, qip =
,
2d⊥
2dk

with dk as the in-plane crystal lattice spacing.

3

(4)

3.
3.1

Results and Discussion
Qualitative Analysis

Figure 1 shows the symmetric XRD scans of the three samples under study, showing
the relevant diffraction peaks. Under a wide-angle scan with the 2θ values varying
from 20◦ to 80◦ (not shown), the only viewable peaks are the {001} family of planes
for the zincblende cubic GaAs substrate that were allowed by its structure factor,
and the {111} family of planes for the rocksalt cubic Pbx Sn1-x Te system that were
allowed by its structure factor. Therefore, from these results, it can be inferred that
the growth is epitaxial in nature, with (111)-oriented Pbx Sn1-x Te on (100)-oriented
GaAs.

Fig. 1 Symmetric 2θ-ω scan of the three samples under study

The symmetric scan, however, is not a complete analysis to determine that the
Pbx Sn1-x Te alloy is epitaxial on GaAs, especially since this is a relatively unconventional example of a (111)-oriented cubic film on a (100)-oriented cubic substrate. The reason this description is incomplete is because the scattering vector q
4

only measures the out-of-plane crystallinity, with no indicator of the in-plane crystallinity. Hence, an RSM is required to elucidate the exact nature of the film.
Figure 2 shows the RSM of the (002) off-axis reflection of the ternary PbSnTe sample in this study. Due to the alignment specifications within the PANAlytical X’Pert
Pro system, Qy is not shown as the out-of-plane scattering vector perpendicular to
the surface normal, but instead is the scattering vector parallel to the [002] crystallographic direction. Similarly, Qx is not shown as the in-plane scattering vector
parallel to the surface normal, but instead is shown as the scattering vector perpendicular to the [002] crystallographic direction.

Fig. 2 RSM scan of the ternary PbSnTe sample under study

From the RSM plot, three conclusions can be obtained. First, the PbSnTe (002) reflection is an isolated peak in reciprocal space, indicating that the scattering vector
shows single-crystallinity in both its in-plane and out-of-plane components, thus
confirming that the MBE growths achieved epitaxial single-crystal (111)-oriented
PbSnTe on (100)-oriented GaAs. Second, while the PbSnTe (002) reflection is proof
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of single-crystal material, the nonzero values of Qx across the diffraction peak indicate some nonzero amount of tilt or distortion from the cubic lattice. Third, the
spatial divergence in both the Qx and Qy directions show that there is some amount
of mosaicity within the film. In diffraction theory, an ideal crystal would be a single
point (or delta function) in reciprocal space, with broadening related primarily to
finite crystal size and texturing/mosaicity. Furthermore, the amount of broadening
in this crystal makes it impossible to extract a single point in reciprocal space to
determine the lattice constant from the (002) reflection.
Another feature of this scan is that atypical of most RSM diffraction peaks, the
intensity profile is not a Gaussian or Lorentzian type function, but instead a constant
value in a parallelogram-type shape, similar to a mesa. One could imagine that this
profile is limited by the optics and measurement parameters of the diffractometer,
but other materials have been analyzed in the same configuration that did not show
this profile. It should be noted that the off-axis alignment was complicated by the 4◦
miscut on the GaAs substrate and low absolute intensity of the (002) reflection, both
of which could contribute to the non-ideal measurement. Nevertheless, it remains
that the XRD measurements confirmed epitaxial growth of (111)-oriented PbSnTe
on (100)-oriented GaAs.
3.2

Quantitative Analysis

Figure 3 shows a zoomed-in plot of the (222) reflections of the three film samples
(PbTe, SnTe, and PbSnTe) from Fig. 1. As an indicator of the broadening of the
RSM in Fig. 2, all three peaks show a broadening within the symmetric direction.
The PbTe film has a full width at half maximum (FWHM) value of 880.02 arcsec,
the SnTe film has a FWHM value of 549.756 arcsec, and the PbSnTe film has a
FWHM value of 1189.8 arcsec. Although broadening in this direction is related
primarily to finite crystal size rather than mosaicity, it could help explain similar
broadening within the RSM.
To quantify the crystal parameters within the grown materials, the lattice constants
of all three compounds were extracted by using Bragg’s Law and the relation
h2 + k 2 + l2
1
=
,
d2
a2
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(5)

Fig. 3 Symmetric 2θ-ω scan of the three samples under study, zoomed in to view the (222)
PbSnTe diffraction peaks

which holds for all cubic lattices. Since the (222) reflections are used for analysis,
the values of h, k, and l are set to be 2. Since, for all scans, there is a slight deviation
from the nominal 2θ value for the GaAs (004) reflection corresponding to its lattice
constant of 5.653 Å, a correction was made for the 2θ values for the film diffraction
peaks by incorporating a ∆2θ offset. The results are shown in Table 1.
Table 1 Calculation of the lattice constants from the (222) PbSnTe peaks in the symmetric
scan
Material

2θ (◦ )

θ (◦ )

d (Å)

a (Å)

PbTe
SnTe
PbSnTe

48.847
49.986
49.377

24.4235
24.993
24.6885

1.863
1.823
1.8442

6.4536
6.3150
6.3885

The alloy fraction for the PbSnTe sample is determined by applying Vegard’s Law,
which has been historically shown to accurately describe this materials system7 :
7

aPbx Sn1−x Te = xaPbTe + (1 − x)aSnTe .

(6)

From this analysis and the lattice constants from Table 1, the ternary alloy has
53% Pb and 47% Sn. This assumes that there is no residual strain on the material,
either from pseudomorphic growth or thermal expansion. Pseudomorphic growth is
unlikely due to the difference in lattice constants and crystal orientation between the
film and substrate, and thermal effects are minimal as the diffraction was performed
at room temperature.
To quantitatively show how the RSM broadening in Fig. 2 makes it difficult to
analyze the lattice and crystal in the (002) reflection, five points within the peak
(center and four corners) were taken and analyzed by extracting the d-spacing from
the scattering vector Qy

2d =

λ
Qy

(7)

and using the cubic lattice relation described earlier. The results are shown in Table 2.
Table 2 Variances in the extracted lattice constant from the (002) RSM scan for ternary
PbSnTe
Point

Qx (10000*rlu)

Qy (10000*rlu)

a (Å)

Center
Bottom Left
Bottom Right
Top Left
Top Right

134.567
100.349
150.341
120.098
171.065

2372.478
2339.945
2335.995
2407.289
2404.132

6.492
6.582
6.593
6.398
6.406

From these results, it is clear that a single lattice constant cannot be obtained,
although they are all roughly in the vicinity of the lattice constants within the
Pbx Sn1-x Te alloy system. Interestingly enough, three of these obtained lattice constants (from the center, bottom left, and bottom right) are beyond the range of the
Pbx Sn1-x Te alloy. Therefore, any extended analysis is not possible with the RSM.
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4.

Summary and Conclusions

In summary, this work gives a comprehensive XRD study of MBE-grown (111)oriented Pbx Sn1-x Te on (100)-oriented GaAs, both binary and ternary alloyed, in
order to determine the crystal structure and epitaxial relationship between the materials. This heterogeneous materials integration can enable innovations within the
application space of thermoelectrics, IR photonics, and topological insulators.
Although these studies provide important insights to the heteroepitaxy of the ternary
Pbx Sn1-x Te alloy on (100)-oriented GaAs, the 4◦ miscut combined with the orientation of a (111) cubic film on a (100) cubic substrate limits the XRD analysis.
Additionally, the wide range observed for both Qx and Qy in the RSM indicates
that the film might either be too thin or that the film might not exhibit enough crystallinity; this assessment is in agreement with the wide broadening of the symmetric
scan film peaks. A thicker film with higher crystallinity would, in principle, yield
a more highly resolvable peak in reciprocal space from which a single scattering
vector corresponding to the lattice constant can be obtained.
To further investigate the crystal structure of these films, three options exist: using
Raman spectroscopy to view the bonding state of the material, using synchotronbased X-ray scattering to view a two-dimensional map of all diffraction peaks in
reciprocal space, and using transmission electron microscopy selected area diffraction to also obtain a pattern in reciprocal space. XRD, in conjunction with a heating/cooling stage, can also prove to be a valuable tool to view the thermal expansion
behavior of the Pbx Sn1-x Te alloy system on GaAs as a future extension of analyzing
this materials system.
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List of Symbols, Abbreviations, and Acronyms
TERMS:
III-V – binary compound of a Group III element (e.g., gallium, indium) and a
Group V element (e.g., arsenic, phosphorus)
IV-VI – binary compound of a Group IV element (e.g., lead, tin) and a Group VI
element (e.g., selenium, tellurium)
Cu Kα1 – notation for a specific wavelength of X-ray emitted from a copper block,
corresponding to an atomic orbital transition
FWHM – full width at half maximum
GaAs – gallium arsenide
Ge – germanium
IR – infrared
MBE – molecular beam epitaxy
Pb – lead
PbSnTe – lead tin telluride
PbTe – lead telluride
RHEED – reflection-high-energy-electron diffraction
RSM – reciprocal space map
Sn – tin
SnTe – tin telluride
TRL – technology readiness level
XRD – X-ray diffraction
MATHEMATICAL SYMBOLS:
Å– angstrom
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arcsec – arcseconds (degrees multiplied by 3600)
∆ – offset difference
λ – wavelength (specifically, of the X-ray)
ω – diffracted angle of an X-ray on a flat surface
θ – incident angle of an X-ray on a flat surface
a – lattice constant
a⊥ – out-of-plane lattice constant
d – crystal plane spacing
d⊥ – out-of-plane crystal plane spacing
h,k,l – indices corresponding to a crystallographical direction in the Cartesian
coordinate system
q – scattering vector in reciprocal space
qip – in-plane scattering vector
qoop – out-of-plane scattering vector
Qx – scattering vector in the x-direction
Qy – scattering vector in the y-direction
x – alloy fraction
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