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Band Gap Energies and Refractive Indices of Epitaxial Pb;_,Sr,Te Thin Films *
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Pbi_4Sr, Te thin films with different strontium (Sr) compositions are grown on BaF5(111) substrates by molecular
beam epitaxy (MBE). Using high resolution x-ray diffraction (HRXRD), we obtain Pby_,Sr, Te lattice constants,
which vary in the range 6.462-6.492A. According to the Vegard law and HRXRD data, Sr compositions in
Pby_,Sr, Te thin films range from 0.0-8.0%. The Pb;_.Sr,Te refractive index dispersions are attained from
infrared transmission spectrum characterized by Fourier transform infrared (FTIR) transmission spectroscopy.

It is found that refractive index decreases while Sr content increases in Pby_,Sr, Te.

We also simulate the

Pbi_,Sr, Te transmission spectra theoretically to obtain the optical band gap energies which range between
0.320eV and 0.449eV. The simulated results are in good agreement with the FTIR data. Finally, we determine the
relation between Pbi _, Sr, Te band gap energies and Sr compositions (Ey = 0.3204-0.5102—0.9302>+184z3 (eV)).

PACS: 61.05.Cp, 78.20.—e, 78.30. Fs, 78. 20. Ci

IV-VI group lead-salt semiconductors, such as PbS,
PbSe, PbTe and ternary semiconductor Pby_,Sr,Te
and Pb;_,Sr,Se, have drawn considerable attention
in applications of opto-electronic devices, including
mid-infrared (3-30 ym) laser diodes and detectors,!!+?!
due to their unique characteristics such as the direct
narrow band gap at L-point of the Brillouin zone,
positive temperature coefficient (dE,/dT > 0), high
dielectric constant, low Auger combination, distin-
guished thermo-electrical performance and so on.3—?!
Nowadays, the basic electronic and optical properties
have been well investigated for Pb;_,Sr,Se.® These
properties have been used for the growth of quantum
wells and distributed Bragg reflectors (DBR) for ver-
tical cavity surface emitting laser diodes (VCSELs)
and detectors.l%7”) However, the electronic and opti-
cal properties of Pby_,Sr,Te materials that are as
important as Pb;_,Sr,Se have not been investigated
well yet. In this study, we try to determine the elec-
tronic and optical properties of ternary compound film
Pby_,Sr,Te with Sr compositions « ranging from 0.00
to 0.08. PbTe is known as a narrow band gap material
with the band gap energy about 0.32eV at room tem-
perature (RT). SrTe, on the contrary, is a wide band
gap material, which has the band gap energy above
4eV.1 Thus, the band gap energies of Pb;_,Sr,Te
are expected to increase rapidly with the addition of
Sr elements.

In this work, we grew Pb;_,Sr,Te thin films with
different strontium (Sr) compositions = on BaFq (111)
substrates by molecular beam epitaxy (MBE). Opti-
cal properties of the ternary thin films were studied by
Fourier transform infrared (FTIR) transmission spec-
troscopy and the relationship between Pb;_,Sr,Te
band gap energies and Sr compositions was obtained.

We also experimentally determined the relation be-
tween refractive index and wavelength, and have the-
oretically simulated transmission spectra.

Pb;_,Sr,Te thin films were grown by a IV-VI group
MBE system in our lab, with five different Sr com-
positions x ranging from 0.0% to 8.0%. PbTe com-
pound source and Sr elemental source were used to
grow Pb;_,Sr,Te epitaxial layers on freshly cleaved
BaFy(111) substrates in the growth chamber of the
MBE system. Details of the growth were described
elsewhere.[!% The epitaxial layers were grown to the
thicknesses in the range of 1.25-2.65 ym, which were
measured from a Tencor Alpha-step profiler. A Philips
X’pert high-resolution x-ray diffraction (HRXRD)
spectrometer was used to measure the crystallinity of
the epitaxial thin films.

Optical transmittance of the Pby_,Sr,Te epitax-
ial layers on BaF9(111) substrates were measured at
room temperature (RT) by Nexus 670 Fourier trans-
form infrared transmission spectroscopy that was pro-
duced by Nicolet company. Its operating spectrum
ranges from 50cm~! to 7400cm~! and the resolu-
tion is higher than 0.1cm™!. In order to obtain epi-
taxial layer transmission spectra with higher accu-
racy, the transmission spectra of BaFs substrates have
been used to normalize the transmission spectra of
Pby_,Sr, Te/BaF,.

Figure 1 shows a typical HRXRD curve of
Pb;_,Sr,Te grown on BaFy (111) substrate. We can
only see the Pby_,Sr,Te and BaFy diffraction peaks
in this figure. To calculate the crystal lattice constant,
the angles of corresponding diffraction peaks are then
used in the equation

A-VhE4+E2 412
= 1
@ 2-sinf (1)
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where A is the wavelength of x-ray; h, k, and [ are the
Millen indices for the different planes of the ternary
Pby_,Sr,Te which is of lead-salt structure, and 6 is
the angles of diffraction peaks. The Sr compositions
are then determined by assuming the Vegard law that
the lattice constant of Pb;_,Sr,Te increases linearly
with the increase of Sr composition. We obtain the
relation between lattice constant (in units of A) of
Pb;_,Sr;Te and Sr composition,

a =6.462 4 0.38 - z. (2)
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Fig.1l. High-resolution x-ray diffraction curve of the

Pbo.933Sr0.067Te thin film grown on BaFgo (111) substrate.

Figure 2 shows FTIR transmission spectra of two
Pby_,Sr, Te samples with different Sr compositions.
The circles in Fig.2 represent the measured data,
which were then used to calculate the refractive in-
dices and the absorption coefficient.

The refractive index n for each composition of Sr
is determined by the interference peaks and troughs
in the long wavelength A regions with no absorption,

1
2nm+1/2d = (m + *))\m,+1/27 (3)

Mmd = MM,
n m 2

where m stands for interference peaks series, m + 1/2
stands for interference troughs series and d is the
thickness of epitaxial layer.

The refractive index values are used for fitting the
first-order Sellmeier equation!!!]

Ag)?

n(A) = 1—1—)\2_)\(2), (4)
where Ag and Ag represent the fitted coefficients. Tak-
ing the Pbg.g3951r0.051Te sample as an example, the
best curve representing the change in refractive index
with wavelength A can be described by the Sellmeier
equation

25.284)\2
A2 —1.277

Figure 3 shows the obtained refractive indices ver-
sus wavelength for Pby_,Sr,Te with different x. It
is clearly observed that the refractive index decreases
while either Sr content in Pby_,Sr,Te or wavelength
A increases. We also find that the fitted curves are all
matched well with the experimental data.
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Fig. 2. Transmission spectra for two Pbj_,SrzTe sam-
ples with both experimental (FTIR) data (circles) and
theoretical results (lines): (a) Pbg.g39Sro.061Te, (b)
Pbg.920Sr0.080 Te.
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Fig. 3. Refractive indices versus infrared wavelength at
room temperature for Pbi_,Sr;Te, the symbols are the
experimental data and lines are the fitted data.
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For testing whether the refractive indices we deter-
mined are correct or not and determining the energy
gaps of the Pby_,Sr, Te thin films, the refractive in-
dices obtained are then used to simulate the FTIR
transmission spectra. The transmission T is a com-
plex function given by![!?!

Az

T =
B — C'z + D'z?’ (6)

where

A’ =16s(n* + k?),

B' =[(n+1)* +K[(n + 1)(n + s*) + k7,

C'=[(n* —14+k*)(n* — s> + k%)
— 2k%(s% + 1)]2cos o — k[2(n* — 5% + k?)
+ (s +1)(n* — 1+ k%)]2sin ¢

D =[(n— 1) + K¥][(n — 1)(n — 5*) + k2],

e =4mnd/\, x = exp(—ad), o = 4nk/\,

where s stands for the refractive index of the substrate
BaF5, which obeys the third-order Sellmeier equation

sl 0.643)2 0.507\2
B A2 — (0.0578)2 A2 — (0.110)2
3.82602  1Y/? -
A2 — (146.386)% |

in which the wavelength ranges from 0.27 um to
10.3 pm.

Generally, the photon energy is smaller than band
gap energy of the films, the photon absorption is so
weak that k in Eq. (6) can be zero. When photon en-
ergy is nearly the same as or larger than the band gap
energy, the absorption coefficient values are estimated
to be a ~ 10*cm™! and the value of k is approxi-
mately equal to 10~!. However, the refractive index n
of PbTe is greater that 5.0. Consequentially, it satis-
fies k2 < n?. Totally, the definition of k = 0 is valid in
most of the transmission spectra regions. Therefore,
Eq. (6) becomes much simpler, which is expressed as

Ax (8)

T —
B — Cxcosy + Dz?’

where
A=16n%s, B=(n+1)>3(n+s?),
C=2n*-1)(n*-5s%), D=(n-1>n-s?),
¢ =4mnd/N, x = exp(—ad)

We divide the transmission spectra into three regions,
which are respectively transparent region, weak and
medium absorption region, and strong absorption re-
gion in which interference fringes disappear.

The absorption coefficients in the three regions of
transmission spectra read'?

a~0, for Ephoton K Hy,
I Vo e G ey i |
d (n—1)%(n —s?)
8n2s 2T T 9
F= T E = #7 for Ephoton < Ega ( )
1 n—1)3(n+ s>
o~ —J In [(1)67523)110 , for Ephoton > Ey.

Adopting the obtained refractive indices, we sim-
ulate the Pby_,Sr,Te transmission spectra with the
theoretical model described above. In Fig.2, the
transmission spectra with both FTIR data and the-
oretical fitted results for the two Pb;_,Sr,Te samples
are plotted. Clearly, the theoretical results are consis-
tent with the FTIR results. Therefore, we can draw
the conclusion that the refractive indices determined
above can well display the optical properties of the
epitaxial Pby_,Sr,Te thin films.

It is known that Pby_,Sr,Te material system with
a small content of Sr(x is approximately less than
20%) has direct band gaps.!8) For this material sys-
tem, the band gap energy can be extrapolated by the
equationt?]

A

Qdirect — W(hl/ - Eg)l/za (10)

where agirect 18 the absorption coefficient, A is con-
stant, hv is the photon energy and Fy is the band gap
energy of Pby_,Sr,Te. The above equation is valid
only when the photon energy is equal to or greater
than the band gap energy (hv > E;). Therefore, we
only use the strong absorption region for our band gap
energy calculations.

According to Eq. (10), the band gap energies of the
five samples are then extrapolated by fitting this ab-
sorption equation. The band gap energies obtained
are listed in Table 1.

Table 1. Parameters of five Pbj_,Sr;Te thin film samples.

Sample Pb1_4Sr,Te Lattice Sr Band gap energy (eV)
thickness (um) constant (A) compositions  at room temperature

1 2.65 6.462 0.0% 0.320

2 1.42 6.485 6.1% 0.388

3 1.30 6.488 6.7% 0.404

4 1.30 6.490 7.4% 0.432

5 1.25 6.492 8.0% 0.449
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Figure 4 shows the band gap energies of
Pby_,Sr,Te for different compositions at room tem-
perature. The best-fit curve for the calculated band
gap energies (in units of eV) of Pb;_, Sr, Te follows an
equation of the Sr composition x as

B, = 0.320 + 0.510z — 0.9302% + 1842°.  (11)
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Fig. 4. Band gap energies for different Sr compositions
in Pby_,Sr;Te at room temperature. Squares show the
experimental data, and the line is the fitted curve.

In summary, we have realized Pb;_,Sr,Te thin
films with different strontium compositions using
MBE and obtained the ternary material Pby_,Sr,Te
crystal lattice constants versus Sr composition. The
refractive indices n(\) of Pby_,Sr,Te with x rang-
ing from 0.00 to 0.08 are experimentally determined.
Based on the obtained refractive indices, we also sim-
ulate the Pby_,Sr,Te transmission spectra that are

in good agreement with the FTIR results. By the
simulation of the measured transmission spectra, the
band gap energies I, of Pb;_,Sr, Te are also obtained.
The data of lattice constants, refractive indices, ab-
sorption coefficients and band gap energies attained
in this work are essential for further development of
opto-electronic devices in this material system.
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