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Fourier transform infrared~FTIR! absorption spectra and photoluminescence~PL! spectra for
PbSe0.78Te0.22 and Pb0.95Sn0.05Se0.80Te0.20 layers grown by liquid phase epitaxy on (100) BaF2

substrates are reported. FTIR absorption edges varied from 213 to 275 meV~between 4 and 300 K!
for the ternary alloy and from 118 to 200 meV~between 10 and 300 K! for the quaternary alloy. PL
energies were 174 meV at 5 keV for the ternary alloy and 100 meV at 7.1 K for the quaternary alloy.
The differences between the low temperature FTIR absorption edge energies and the PL energies are
attributed to the Burstein–Moss effect. ©1995 American Institute of Physics.
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The band gap energies of IV–VI semiconductors, whi
have direct gaps at theL point in the Brillouin zone, range
from 0 to 0.4 eV. Because the band gaps depend strongly
temperature, lasers made from these materials exhibit la
tuning ranges,1 making them uniquely suited for high reso
lution molecular spectroscopy applications.2 Efforts to im-
prove IV–VI semiconductor laser performance~i.e., mode
stability and maximum operating temperatures!, however,
have been hindered by the high cost and limited availabil
of IV–VI semiconductor substrates. Recent developme
though, of a new liquid phase epitaxy~LPE! process for
growth of narrow band gap IV–VI semiconductor alloys o
low cost BaF2 substrates3 offers new opportunities to ad-
vance IV–VI semiconductor materials and device techno
gies. In this letter, we present infrared absorption a
photoluminescence ~PL! spectroscopic data for two
IV–VI semiconductor alloys, PbSe0.78Te0.22 and
Pb0.95Sn0.05Se0.80Te0.20, grown by LPE on~100! BaF2 sub-
strates. These materials can comprise the cladding and ac
layers, respectively, of a double heterostructure laser.
show that such a laser will have a tuning range from 10.3mm
at 77 K to 6.4mm at 275 K.

Ternary and quaternary IV–VI semiconductor epitaxi
layers were grown on polished 4 mm34 mm3380mm thick
~100! BaF2 substrates cut from ingots purchased from B
cron, Inc., Solon, OH. The growth solution composition
were Pb0.97~Se0.40Te0.60!0.03 and ~Pb0.95Sn0.05!0.965
~Se0.46Te0.54!0.035 with liquidus temperatures of 618 and
642 °C, respectively. Growth within the 610–660 °C tem
perature range is necessary in order to obtain continuous
itaxial layers owing to a temperature dependent substrate
face reaction,4 which catalyzes nucleation and thus promot
two-dimensional layer growth on BaF2.

5 The compositions

a!Electronic mail: mccann@mailhost.ecn.uoknor.edu
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of the grown layers, obtained from x-ray diffraction lattice
parameters and Vegard’s Law, were PbSe0.78Te0.22 for the ter-
nary layer and Pb0.95Sn0.05Se0.80Te0.20 for the quaternary
layer. Uniform liquid-to-solid segregation between the grou
IV components was assumed for the quaternary layer. T
assumption is valid based upon Auger electron spectrosco
~AES! compositional analysis of IV–VI semiconductor qua
ternary alloys.6 The ternary layer is lattice matched with the
BaF2 substrate (a056.200 Å! while the quanternary layer
(a056.185 Å! has a lattice parameter mismatch of 0.25%.

Infrared absorption measurements were performed w
a BioRad model FTS-60A Fourier transform infrared~FTIR!
spectrometer using a variable temperature sample cham
equipped with KRS-5 windows. A Hg12xCdxTe detector with
a cutoff wavelength of 14.3mm ~87 meV! was used for all
measurements. A sample placement geometry involvi
transmission through the substrate was allowed since
BaF2 substrate is transparent to infrared radiation up to abo
13 mm ~95 meV!. PL measurements were performed with
specially designed long-wavelength spectrometer. T
samples, mounted in a liquid-helium-cooled cryostat, we
illuminated with the 514 nm line of an argon laser. Samp
placement geometry involved transmission of epilayer ge
erated photoluminescence through the BaF2 substrate. This
light, collected with a ZnSe lens, was passed through a se
circular variable filters~Optical Coating Laboratories, Inc.!
spanning the 2.5–14.1mm spectral range and then focuse
with a second ZnSe lens on an arsenic-doped silicon-block
impurity-band infrared detector with a 1–28mm spectral
range.7

Figure 1 is a set of FTIR spectra showing absorbed lig
as a function of photon energy for a PbSe0.78Te0.22 layer at
various temperatures. The absorption edge energies decr
at a rate of 0.46 meV/K as the temperature is lowered fro
300 to 100 K, though further decrease from 100 to 4 K is not
13551355/3/$6.00 © 1995 American Institute of Physics
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significant. The absorption peaks near 290 meV for the 3
and 200 K spectra are theP and R branches of the 2350
cm21 n3 vibrational mode of CO2, and the small absorption
peaks between 180 and 230 meV for the 300 K spectrum
associated with the 1450–1850 cm21 H2O absorption band.
These peaks, which can be used to calibrate the spectra
not evident at lower temperatures as the spectrometer
sufficiently purged during these measurements. Str
Fabry–Pe´rot interference fringes are also apparent at en
gies below the absorption edges. Epitaxial layer thickn
was calculated from this fringe spacing using the equat
t5l1l2(m12m2)/2(n1l22n2l1), where l1 and l2

are the wavelengths at the fringe maxima~or minima!, m1

and m2 are integers corresponding to the orders of t
fringes, andn1 and n2 are the refractive indices of the
PbSe0.78Te0.22 alloy at the two different wavelengths. Usin
linearly extrapolated refractive index values calculated fro
published PbSe and PbTe data,8 an epilayer thickness of 2.18
mm is obtained. Figure 2 shows absorption spectra at var
temperatures for the quaternary alloy. Compared to the
nary alloy, the absorption edges are shifted to lower energ
Fabry–Pe´rot interference fringes are also clearly apparent
the spectra and, using extrapolated refractive indices fr
published Pb0.95Sn0.05Se and Pb0.95Sn0.05Te data,8 their spac-
ing yields a calculated epilayer thickness of 2.24mm. These
thicknesses are in good agreement with physically measu
thicknesses of LPE-grown layers having similar grow
times of about 5 min.3

PL spectra for the ternary and quaternary layers
shown in Fig. 3. The sample temperatures during the m
surements were 5 and 7.1 K and the Argon laser pump p
ers were 12 and 9.3 mW, respectively. The ternary layer
hibited strong luminescence with a peak intensity at 1
meV along with a weaker, more broad luminescence betw
325 and 475 meV. The 174 meV peak energy in the tern
spectrum compares well with the 185 meV peak energy

FIG. 1. FTIR absorption spectra obtained at various temperatures f
PbSe0.78Te0.22 layer grown by LPE on a~100! BaF2 substrate. The broad
absorption peaks at low energies are Fabry–Pe´rot interference fringes. Ab-
sorption peaks near 290 meV for the 300 and 200 K spectra are du
residual CO2 in the spectrometer.
1356 Appl. Phys. Lett., Vol. 66, No. 11, 13 March 1995
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served from a PbSe0.80Te0.20 layer at 77 K grown by hot wall
epitaxy ~HWE! on ~111! BaF2.

9 These peaks are clearly as-
sociated with direct interband transitions, the 11 meV differ-
ence due primarily to the band gap dependence on tempera
ture. The higher energy peak in the ternary spectrum may be
due to transitions associated with group VI vacancy defects
levels in the conduction band. Our data suggest that these
levels are approximately 200 meV above the bottom of the
conduction band. The authors of Ref. 9 also observed weak
higher energy PL peaks in their HWE samples, though the
energy difference~at 77 K! was only 50 meV. The quaternary
layer exhibited strong luminescence with a peak intensity at
100 meV, and, unlike the ternary sample, exhibited no other
detectable luminescence.

Figure 4 summarizes the FTIR and PL data where the
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FIG. 2. FTIR absorption spectra obtained at various temperatures for a
Pb0.95Sn0.05Se0.80Te0.20 layer grown by LPE on a~100! BaF2 substrate.
Fabry–Pe´rot interference fringes are also apparent in this sample. Note the
shift to lower energies as compared to the ternary sample shown in Fig. 1.

FIG. 3. PL spectra for PbSe0.78Te0.22 and Pb0.95Sn0.05Se0.80Te0.20 layers
grown by LPE on~100! BaF2. The full width half-maximum are 21.8 and
16.0 meV, respectively. The broad peak between 325 and 475 meV may be
associated with recombination from native~chalcogen vacancy! defect
levels.
McCann et al.
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FTIR absorption edge energies were obtained from the in
section of the square of the absorption slope with the low
measured absorption between the interference fringes.
method, which assumes a parabolic band structure, has
viously been used to obtain the band gaps of IV–VI sem
conductor compounds.10 FTIR absorption edge energy de
pendence on temperature above 100 K for the ternary allo
similar to the band gap dependence on temperature
PbSe0.80Te0.20 alloys grown by HWE based upon
photovoltaic,11 PL,9 and optical absorption12 studies. At low
temperatures, however, the FTIR absorption edge ener
stop decreasing with temperature, whereas the PL peak
ergy at 5 K isnear the line extrapolated from the high tem
perature FTIR data and is in good agreement with
PbSe0.80Te0.20HWE data. A similar discrepancy exists for th
quaternary alloy except that the difference between the F
absorption edge energy and the PL energy at 7 K is about 18
meV instead of about 40 meV for the ternary alloy.

Because of the large electron concentration in th
LPE-grown semiconductors,13 differences between the P
and FTIR absorption edge energies at low temperatures
be assigned to the Burstein–Moss effect.14 If phonon-
assisted interband transitions are neglected~likely at low
temperatures! and symmetric valence and conduction ban
are assumed~known to be the case for IV–VI semiconduc
tors! the position of the Fermi energy in the conduction ba
can be estimated by dividing the amount of shift by a fac
of 2. This yields values of 20 meV for the ternary alloy an
9 meV for the quaternary alloy. The smaller energy shift
the quaternary layer may be due to a smaller electron c
centration in this material. Addition of tin in Pb12xSnxSe and
Pb12xSnxTe alloys is known to shift the solid solubility limit
of group VI vacancies toward the pseudobinary stoichio
etry composition and at high enough concentrations conv
the material top type.15 It is thus likely that the quaternary

FIG. 4. FTIR absorption edge and PL energies vs temperature for undo
PbSe0.78Te0.22 and Pb0.95Sn0.05Se0.80Te0.20 layers grown by LPE. Differences
between the PL and FTIR absorption energies at low temperature are
lieved to be due to the Burstein–Moss effect~Ref. 14!. Corresponding
wavelengths and wave numbers at 77 and 275 K are indicated.
Appl. Phys. Lett., Vol. 66, No. 11, 13 March 1995
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Pb0.95Sn0.05Se0.80Te0.20alloy has a somewhat smaller electron
concentration than the ternary alloy.

The data presented here can be used to design doub
heterostructure lasers in which the quaternary alloy is the
active region. Our data show that PbSe0.78Te0.22cladding lay-
ers provide conduction and valence band edge discontinui
ties, assuming equal offsets, of approximately 40 meV over a
wide range of temperatures. Such a laser is expected to hav
a tuning range from 10.3mm ~970 cm21! to 6.4mm ~1560
cm21! when heated from 77 to 275 K as indicated in Fig. 4.
Although the Pb0.95Sn0.05Se0.80Te0.20 quaternary alloy studied
here is not lattice matched with BaF2 or the PbSe0.78Te0.22
ternary alloy and is grown at a higher than usual temperature
its optical properties should be similar to the lattice-matched
Pb0.95Sn0.05Se0.76Te0.24 alloy, which has recently been grown
by LPE.16 The properties of quaternary active layers grown
on PbSe0.78Te0.22 should, in fact, be better since growth is
possible at much lower temperatures~there is no need for an
epitaxy-enabling substrate surface reaction5!. It is expected
that the Burstein–Moss shift in such layers will decrease
since lower growth temperatures will reduce the native elec-
tron concentration.

In summary, FTIR absorption spectra and PL spectra for
ternary PbSe0.78Te0.22 and quaternary Pb0.95Sn0.05Se0.80Te0.20
layers grown by LPE on~100! BaF2 substrates were pre-
sented. The FTIR data above 100 K show that the band gap
of these alloys increase with temperature at a rate of 0.46
meV/K, in good agreement with band gap measurements o
other IV–VI semiconductor alloys. Observed Fabry–Pe´rot
interference spacing also allowed accurate calculation of the
epilayer thicknesses. Strong PL with low argon laser pump
intensities were obtained from both layers indicating that
these materials are suitable for laser fabrication. Differences
between the low temperature FTIR absorption edge energie
and the PL peak energies are believed to be result of the
Burstein–Moss effect. This effect is less pronounced in the
quaternary alloy.
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