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X-ray diffraction analysis of PbTe/SnTe superlattices
grown on Si(111) substrates
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The 50 period PbTe/SnTe superlattices (SLs) were grown on Si (111) substrates by hot-wall beam epitaxy (HWBE) using
an intermediate fluoride buffer. The SL period varied from 6.6 to 24.0 nm with PbTe:SnTe thickness ratios of 2:1 and 1:1.
The structural analysis was performed by X-ray diffraction and reflection measurement techniques. The resolution up to 8
orders of SL satellite diffraction peaks indicates well-formed SLs with sharp interfaces and long range ordering. The
processing of X-ray spectra on the basis of dynamical theory of diffraction was used for estimation of individual layer
thicknesses and residual strains. The differences in lattice parameters both between SL components and relative to the
substrate, as well as the thermal expansion coefficient mismatch of A‘B® compounds with regard to the substrate, are the
reasons for the strains appearing in this SL structure. Fitted parameters of the normal lattice mismatch revealed that the
SnTe layers are equally strained independent of thickness, whereas the stress of PbTe layers is progressively decreasing
with thickness. In spite of residual lattice mismatch strain, the SL structures exhibited ability to full relax of the thermal
mismatch strains as in the case of earlier investigated single layers of A*B® grown on Si (111) coated with fluoride buffer.
Our results indicate the possibility to fabricate high efficient thermoelectric coolers based on PbTe/SnTe SLs directly

integrated with Si chips.
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1. Introduction

The crystalline parameters of the A*B® narrow gap
semiconductor SLs were studied in a number of works [1-
3]. Main attention was paid to their optoelectronic
applications as IR lasers and detectors. The systems based
on solid solutions were in greater demand due to low
lattice parameter mismatch and, therefore, to higher
crystalline perfection of SLs. The investigations were
focused mainly on the growth of the SLs on a bulk BaF,
(111) crystal substrate that is the best matched compound
to A*B® semiconductors by lattice parameter and thermal
expansion coefficient.

The renewal of interest to A'B® based SLs was
invoked by their considerable potential for the
thermoelectricity applications. The enhancement in the
figures-of-merit ZT (ZT: =$’o/k, S —Seebeck coefficient, &
and « electrical and thermal conductivities, respectively)
for SLs was obtained by reduction of the thermal
conductivity x across layers with simultaneous
preservation the high electrical conductivity o. For such
phonon-blocking/electron-transmitting  structures, the
highest value of Z7=2.4 was achieved in the short-period
Bi,Tey/Sb,Tes SLs [4]. The A*B® semiconductor SLs have
some advantages over Bi,Tes;-based ones in crystalline
quality of obtained SLs [5] and, therefore, they are
preferable for further fabrication of more efficient
thermoelectric devices. For this purpose, the PbTe/SnTe
SLs reveals an advantage compared to the -earlier
investigated PbTe/PbSe SL system due to more difference
in phonon spectra [6,7], which is important for suppression

of the lattice thermal conductivity in cross direction of SL.
Another important reason in favor to the A*B-based SLs
in comparison with Bi,Te;-based is connected with their
unique ability of a monolithic integration with Si chips.
The hybrid technology used now for integration of
thermoelectric coolers fabricated of Bi,Te;-based SLs does
not provide high efficient thermal conductivity interface
with Si chip [8]. On the other hand, the SLs based on A*B®
semiconductor can be epitaxially integrated with Si chips.
Despite the high difference of the thermal expansion
coefficient between A*B* semiconductors and Si substrate,
the epitaxial growth is possible by using the BaF,/CaF,
buffer layer [9].

To our knowledge, there was the only work concerned
with detailed investigation of PbTe/SnTe SLs grown on
BaF, (111) substrate [10] and there are no investigations
focused on SLs grown on more practically important Si
substrates. In this work, we present the results of the
structural investigations of the PbTe/SnTe SLs grown
epitaxially on Si (111) substrate coated with epitaxial
fluoride buffer. The high lattice mismatches between the
SL components and substrate may cause the crystalline
quality degradation. This problem can be partially solved
by introducing of the relatively thick PbTe buffer layer
with high structural quality used as fully strain free
substrate for the SLs. Another problem is related with a
very high difference of the thermal expansion coefficients
between A*B® semiconductors based SL and Si substrate.
A question of principle is to what extent the well known
mechanism of the thermal strain relaxation by dislocation
glide in the main glide system of the A*B® semiconductors
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[11] allows us to restore structural perfection of the
epitaxial SL on the Si substrate.

2. Experimental

In this work, Si (111) wafers were used as an initial
substrate. The substrate preparation for SL growth was
performed in two stages. At first step, a stacked epitaxial
buffer layer BaF,/CaF, was deposited on Si (111) wafer in
MBE system after standard substrate cleaning procedure
[12]. At second step, the structure of BaF,/CaF,/Si (111)
was transferred into HWBE deposition system equipped
with PbTe and SnTe cells and additional Te, sources at
each cell. After preheating of the substrate at 420°C, the
PbTe buffer layer growth was performed typically at
360°C. Then, the growth of the SL structures was carried
out at the same technological process just after deposition
of the ~4 pum thick PbTe buffer layer. For the SL
deposition, the substrate temperature was decreased down
to 270°C in order to eliminate interdiffusion process at
heterointerfaces between PbTe and SnTe layers and to
ensure abrupt interfaces. The growth rate was about 0.35-
0.42 nm/s (close to 1 ML/s) for both materials.

Two types of PbTe/SnTe SLs have been grown. The
first type has the individual layer thickness ratio between
PbTe and SnTe of 2:1; the second one, 1:1. Number of
repetition was 50 for all grown SLs and the period ranged
from 6.5 to 24.0 nm. For all SLs, the thickness of SnTe
layers was still well below the critical thickness of epitaxy
on PbTe that is around 10.0 nm [13]. The critical thickness
of the whole SL grown on the top of PbTe buffer can be
evaluated from the simple relation 7,.=1/f (in monolayers)
[14], where f is the misfit between average SL lattice
parameter and PbTe one. The calculated critical
thicknesses of the whole PbTe/SnTe SL relative to PbTe
are 53 and 36 nm for the value of the individual layer
ratios of 2:1 and 1:1, respectively. Therefore, the number
of repetitions was large enough and, as a whole, even the
thinnest SLs are expected to be relaxed relative to the
PbTe buffer.

The surfaces of the PbTe and BaF,/CaF, buffer layers
were investigated by STM and AFM, respectively. The X-
ray diffraction (XRD) and reflection (XRR) analysis was
performed by means of a double-crystal spectrometer
using Cu K, radiation. It was found that, with the
accuracy of measurement, the position of (111) peak from
thick PbTe-buffer is well matched to the one taken from
bulk PbTe. However, the peak (111) of the BaF, buffer
layer was slightly shifted from the bulk crystal position,
which indicates small residual tension of the BaF, lattice
in the surface plane. Therefore, the position of PbTe (111)
peak was used as a reference mark to determination of the
SL satellite positions. The (111) diffraction peaks from
SLs measured experimentally were compared with
simulated ones. The simulation of dynamical X-ray
diffraction from SL structures was carried out using the
Rocking Curve Simulation program, whereas the data of
the crystal susceptibilities X0, Xh for PbTe and SnTe were
calculated by the XOhWin program [15].

3. Results and discussion
3.1. Surface of buffer layers

Typical BaF,/CaF, buffer layer was 180/3 nm thick
and the root mean square (RMS) of surface roughness
tested by AFM was about 0.5-0.7 nm as shown in Fig.
1(a). Buffer PbTe layers grown at 360°C had good
crystalline quality and surface morphology. For 4 um thick
PbTe layer FWHM rocking curve of the diffraction (333)
line was 90-130 arcsec and RMS of the surface roughness
was about 10-15 A as shown in Fig. 1(b). The three sets of
straight lines in both surface images are directed parallel to
three (011) surface directions, the intercepts of the {100}
planes with the surface. These one- or two-monolayer
steps result from the thermal strain relaxation mechanism
by dislocation glide in the {100} planes during cool down
from growth to room temperature [11].

3.2. X-ray diffraction measurements

Figure 2 shows three 0-20 X-ray diffraction spectra
measured around the (111) Bragg peak for the set of the
PbTe/SnTe SLs with the periods related as 1:2:3. The
evidence for a SL formation is confirmed by well-formed
satellite peaks up to 8" order. The zero-order peak SLO of
the structure appears as the most intense peak among the
satellites and locates on the higher angle side near the
PbTe buffer peak. Therefore, the average out-of-plane
lattice parameter of the SL is smaller than that of the PbTe
buffer. The satellite peaks are well scaled in accordance to
relation between periods of presented SLs. Since on our
samples the PbTe/SnTe SL and PbTe buffer did not cover
all surface of the BaF,/CaF,/Si(111) substrate, the (111)
BaF, diffraction peaks originated from free surface of the
BaF, buffer layer.

3.3. SL period determination

The SL period T can by accurately determined from
the equation [16]

(2sin@,-2sin6s )=xtnA/T (1)

where 4 is the X-ray wavelength, 7 is the order of satellite
peaks, 6, is the diffraction angle of the satellite peak, and
O, is the Bragg angle of the host lattice. For some
samples, the SL periods obtained from high angle XRD
were compared with data calculated from low angle XRR.
For the calculation of the SLs period from small angle
XRR, we used the method described in [17]. The SL
period can be calculated from the angular position of the
satellites peak 6,. Since the X-ray beam is applied to the
sample at small incident angle, the effect of X-ray
refraction at the surface and the interface must be
considered. The modified Bragg low is given by

d=[1-(1-ng)/sin’ 6,] )
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where d=nl/2sinf,, and ng is the average X-ray refractive
index of the SL. Fig. 3 shows the XRR spectrum and the
plot of d vs 1/sin’ 6,. As is expected from the equation (2),
the just straight line is obtained. The SL period T was
determined from the crossing point of the extrapolated
straight line with the d axes. Data of the PbTe/SnTe SL
samples obtained from the X-ray analysis by XRR and
XRD are well-matched and shown in Table.

5.00 pm

Fig.1. Surface morphology of buffer layers: (a) AFM
image of 180 nm thick BaF, buffer with RMS of
roughness of 0.59 nm and (b) STM image of 4 um thick

PbTe buffer with RMS of roughness of 1.2 nm.
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Fig.2. Experimental X-ray diffraction spectra of the
PbTe/SnTe SLs with periods 8.2, 15.9, and 24.1 nm
grown on PbTe/BaF,/CaFy/Si(111) substrates.
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Fig.3. The small angle X-ray reflection pattern and the
plot of d=n)/2sin 0, vs 1/sin’ 0, for PbTe/SnTe SL. The
intercept of the extrapolated line along the d axis shows

the SL period.

Table. Data of the PbTe/SnTe SL samples obtained from the X-ray analysis.

period T, nm simulation
PbTe SnTe
normal normal
sample sme;lRafl{lgle XRD (1.1 D period, nm | thickness, lattice thickness, lattice
reflection . .
nm mismatch nm mismatch
Aa/a Aa/a

06 24.1+0.14 24.1 16.4 1-10° 7.7 34107
07 15.93+0.07 15.82+0.09 15.9 10.9 1.5-10° 5.0 -3.3:107
08 8.13+0.09 8.2 5.6 3-10° 2.6 -3.3:107
12 6.53=0.02 6.62+0.37 6.7 3.6 6:10° 3.1 -3.4-107
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| 15 | 10.61x0.04 | 10.83x0.07 | 1038

5.9 | 35107 | 49 | 34107 |

3.4. X-ray diffraction simulation

The fitting parameters for the processing of the
diffraction curves were chosen from the following
considerations. The Poisson ratio for cubic lattice with
(111) orientation can be found [18] using the expression

1€y, +2Cy, —2C,
Y 5T T Fac, + G,

3)

where the elastic constants in GPa used for PbTe were
C11:108, C12:7.7, C44:13.4 and C]1:109, C12:2.1,
C4=9.7 for SnTe [19]. The data of surface roughness of
the PbTe buffer layer were established from STM
measurement, and for individual layers it was considered
of about 1 ML as assessed value. To obtain better
matching to experimental curve we varied the both
parameter: the individual layer thickness and the normal
lattice spacing mismatch Aa/a. The Ada/a value reflect the
strain of the lattice parameter in the (111) direction.
Reasonable values of the individual thicknesses were fitted
due to the set of the experimental diffraction patterns from
SL with periods related as 1:2:3 and the presence of the
missing peak +SL1 on one of the spectra (Fig. 4). As one
can see from Fig. 2, distance between zero peak position
of the SL and PbTe buffer layer increases with increasing
of the SL period. Adjustments of the normal lattice
mismatch parameter allow us to conclude that the PbTe
layers are strained. The degree of the strain relaxation in
the PbTe layers increases with the increment of their
thickness that results in a shift of the zero peak SL position
more and more farther from PbTe buffer peak. The strain
in the PbTe component of the SL structure decreased as
the PbTe thickness increased from 3.6 to 16.4 nm (Table).
At the same time, the SnTe layers suffer significant strain
and became deformed elastically for all used thicknesses.

buffer PoTe
7=8.20m ||' a0
PbTe=56nm aa/a=3-10"

SnTe=2,6nm aaia=-3,3107° 4 _-'T-,

2 -1 1] 1 2
T=15.8nm

intensity, a.u.

PbTe=10,9nm sa/a=1,5+10"
SnTe=5,0nm safa=33-10"

w, degree
Fig.4. X-ray experimental data and simulations of the
(111) w-20 scan for two SL PbTe/SnTe. The SLs exhibit
different normal lattice strain Aa/a for PbTe individual
layers.

The best fit was achieved with the variation of period
around the mean value about 2% for SL with a period of
8.2 nm (Fig. 3). The pseudomorphic first repetition and the
fully oxidized last one were taken into account. We have
also assumed that there is no significant strain gradient
through structure. More complex character of the
individual layer perfection parameter for a thicker SL
allows us to determine the only combination of the
individual layer thickness and the Aa/a parameter, at
which the missing peak was observed.

We suppose that the growth PbTe/SnTe SL was
accompanied with the growth process described in [10,
20]. The PbTe and SnTe layers grow one upon the other in
a layer-by-layer mode with the formation of misfit
dislocations at the thicknesses more than d=2 nm. Each
successive  epitaxial layer inherits all threading
dislocations from the preceding epitaxial layer. The
reduction of structural perfection of the SL layers in our
simulations was taken into account by gradually modified
static Debye-Waller factor [21]. The relatively thin (<10
nm) SnTe layers remain elastically deformed under
significant stress. Grown SL structures occupy the
intermediate position relative to fully pseudomorphic and
fully relaxed structures. Grown structures belong to non-
pseudomorphic and non-coherent SL according to our
estimation. The in-plane lattice parameters of the SL
components are smaller than for PbTe buffer layer and
non-coincident with each other.

3.5. Thermal strain relaxation

The strain conditions for SLs grown on Si (111)
substrate differ considerably from those for SLs grown on
bulk BaF,(111) crystal. Additional strain arises in the
whole structure after growth, during the cooling process,
due to the difference of the thermal expansion coefficient
between Si substrate and A*B® semiconductors. To
withstand the thermal strain, the SL has to relax
simultaneously with the PbTe buffer despite multi-
interface structure of SL with lattice parameters alternated
both in-plane and out-of-plane directions.

To estimate the ability for thermal strain relaxation,
the thermal cycles between RT and 77 K were applied by
direct dipping of samples into liquid nitrogen and warming
them rapidly back to room temperature. X-ray diffraction
measurements were carried out before and after such
thermocycling. No appreciable reducing of the intensity
and broadening of the diffraction peaks was detected on
the tested structures even after several cycles. This
indicates to the absence of the significant degradation of
the crystalline quality of the SLs due to great thermal
coefficient mismatch with Si substrate. Despite of a
complex structure consisted of a great number of different
interfaces; the crystalline quality of layers and interfaces
provides the glide of dislocations across the whole of
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epitaxial system according to the well-known mechanism
of strain relaxation [11].

4. Conclusions

In summary, we have prepared a series of PbTe/SnTe
superlattices using the approach of complex epitaxially
stacked PbTe/BaF,/CaF, buffer on Si (111) substrates. The
growth conditions induced strains in the PbTe/SnTe SLs in
different mode for PbTe and SnTe components. The SnTe
layers with thicknesses 2.6-7.7 nm preserve strained state
closely to pseudomorphic one independent of thickness.
The degree of their strain relaxation is low relative to PbTe
buffer. Alternatively, the PbTe layers relax the stress
progressively with increasing of their thickness from 3.6 to
16.4 nm. At the same time, SL exhibits an excellent ability
of thermal mismatch strain relaxation. The epitaxial A*B°
structures consisting of PbTe/SnTe SLs and PbTe buffers
relax stress completely despite the great number of periods
and heavy thermal coefficient mismatch with Si substrate.
The technology of epitaxial growth of PbTe/SnTe SLs on
Si substrates can be further used for fabrication of
thermoelectrical coolers monolithically integrated with Si
chips.
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