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Abstract

Techniques for growing p-PbSey 75Te€q o/ N-Pb; _,Sn, Se; _ T

e,/n-PbSe; ,5Te, 5, double heterostructures (x up to 0.2 in the liquid

growth solution) on (100) BaF, substrates by liquid phase epitaxy (LPE) are described. Inclusion-free epilayers and good wipeoffs have
been consistently achieved using these techniques. Surface morphology of the epilayers is investigated using Nomarski microscopy and
atomic force microscopy (AFM). Fourier transform infrared (FTIR) transmission measurements show optical absorption edge energies
vary monotonically with tin content and with temperature at an average rate of 0.41 meV per degree in the temperature range of 300 K to
130 K. Tunable diode lasers (TDLs) fabricated from these structures are expected to span a spectral range of 5-7 um for x = 5% and
6-9 um for x = 12% in this temperature range. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The IV-VI semiconductor materials system, due to its
direct and temperature sensitive bandgap, is suitable for
fabricating infrared (IR) lasers that can be fine tuned by
temperature or current. The bandgap energy of IV-VI
compounds can be tailored to cover regions of the IR
spectrum from 3 uwm to over 30 um by adjusting alloy
compositions. For example, PbSe/Pb,_,Sn,-
Se,_,Te,/PbSe double heterostructure lasers with various
tin contents span a spectrum of 7.4-20.2 uwm at 20 K [1].
Tuned by temperature, Pb,g;,SN, g€, T€, Shows an
emission range from 19.3 um at 20 K to 10.4 um at 130
K. Fig. 1 shows the composition-dependent bandgap en-
ergy vs. lattice parameter plot at 77 K for this materials
system. Since many molecules have strong absorption
bands in the mid- to far-IR, 1V-VI semiconductor lasers
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are useful as light sources in high-resolution IR spec-
troscopy applications such as air pollution monitoring [2]
and medical diagnostics [3].

Commercially available IV-VI semiconductor lasers
are grown on PbTe or PbSe substrates and require liquid
nitrogen cooling for continuous wave (CW) operation due
to the poor thermal conductivity of the substrate materials.
PbSe-based tunable diode lasers (TDLs) using liquid phase
epitaxy (LPE)-grown PbSnSeTe as the active layer have a
maximum CW operation temperature of 130 K [1]. PbTe-
based TDLs using molecular beam epitaxy (MBE)-grown
PbTe as the active layer in the Pb,_,Eu,Se,_,Te /PbTe
separate confinement buried heterostructures have reached
a CW operation temperature of 223 K [4]. Presently, thisis
the highest CW operation temperature for any semiconduc-
tor mid-IR laser including quantum cascade lasers [5].

An dternate substrate material, single crystalline BaF,,
has been used for growing IV-VI semiconductors by LPE
[6-10]. Based on Hall effect characterization, these native
n-type alloys become p-type when doped with thallium
acceptor impurities at concentrations greater than 1.4 at.%
in the liquid growth solution [9]. Fourier transform infrared
(FTIR) transmission studies of the LPE-grown
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Fig. 1. Lattice matching plot showing bandgap energies at 77 K vs. lattice
parameters for different 1V—V| semiconductors. Natice that alloying with
tin decreases the bandgap while alloying with europium increases the
bandgap.

PbSe, 75T€g22 aNd Py g5 SN 05S€0.60T€0.20 (SN~ 5%) sin-
gle layers show that optical absorption edge energies in-
crease with temperature at a rate of 0.46 meV K ! above
100 K, and strong photoluminescence from these epilayers
using low argon laser pump power indicates that these
materials are suitable for laser fabrication [11]. Using
ternary PbSe, ,5Te, ,, as the cladding layer and quaternary
Pbg 959N 0556050 T€0 20 S the active layer, diode lasers
fabricated from these materials are expected to have a
tuning range from 10.3 um (970 cm™?!) to 6.4 wm (1560
cm™1) when heated from 77 to 275 K. The technology of
growing IV-VI semiconductors on BaF, enables the de-
velopment of a new laser fabrication method that should
increase CW operating temperatures to greater than 260 K
[12-14]. By improving active region heat dissipation 1V —
VI TDL fabricated by this new method can thus be cooled
thermoelectrically, eliminating the use of liquid nitrogen.
In this paper we report the growth and characterization of
IV—=VI semiconductor laser structures that can enable such
device fabrication. Techniques for growing heterostruc-
tures such as p-PbSe,,5T€;,,/N-Pb,_,Sn,Se,_,Te, /p-
PbSe, ,5T€y,, (X up to 0.2 in the liquid growth solution)
double heterostructures on (100) BaF, substrates, shown in
Fig. 2, are discussed. Growth morphology characterization
using optical Nomarski microscopy and atomic force mi-

\
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Fig. 2. Lattice-matched 1V-VI semiconductor double heterostructures
grown by LPE on (100) BaF, substrates.

croscopy (AFM), and optical transmission studies using
FTIR are presented.

2. Liquid phase epitaxy

In LPE a supersaturated liquid growth solution is cooled
slowly from a temperature well below the melting point of
the desired semiconductor so that the semiconductor re-
crystallizes from the solution onto the substrate. The
amount of supersaturation is the driving force for nucle-
ation and a concentration gradient in the liquid/solid
interface at phase equilibria enables continuity of growth
as governed by the laws of thermodynamics. Using known
phase equilibria data [15] lattice-matched PbSe, ,gT€; 5,
and Pb,_,Sn,Se,_,Te, epilayers have preyiously been
grown on (100)-oriented BaF, (a, = 6.200 A) substrates
[7-9]. Lattice matching is accomplished by controlling
tellurium concentration in the liquid growth solution. The
keys to successful 1V-VI epitaxy directly on BaF, by LPE
are the correct growth initiation temperature in the range
of 610°C to 660°C and chalcogen partial pressure over
BaF, growth surface. There exists a strong correlation
between the growth initiation temperature and the substrate
surface reaction in which selenium vapor reacts with BaF,
to form a barium selenium binary compound which serves
as a catalyst for nucleation [16]. Sufficient chalcogen
partial pressure is accomplished by trapping chalcogen
vapor from the growth solution in a properly designed
graphite boat [17].

3. Experimental apparatus

The recently designed graphite boat discussed in Ref.
[17] was used for al 44 growth experiments. The boat is
housed inside a L PE furnace [15] which is normally flushed
with 99.9999% pure hydrogen gas during growth to pre-
vent unwanted oxidation of the growth materials. Fig. 3
shows a schematic of the boat which contains four top-
loading growth wells in the upper portion of the boat.
Sandwiched between the upper portion and the lower
portion of the boat is a horizontal-moving graphite slider.
The 1-cm? BaF, substrate is housed in a dlightly larger

Boat Top Wells BaF, Substrate
Quartz Pull Rod
1 b
| P I“’:——‘

Boat Bottom  Graphite Slider Ther/mocouple

Fig. 3. Schematic of the LPE boat used in this study. The BaF, substrate
is placed in a recess (substrate pocket). The boat was designed [18] so
that al three portions, the boat top, the slider, and the boat bottom, fit
intimately. The boat is sedled in a furnace, and the temperature is
monitored by a type K thermocouple.
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substrate pocket on the slider. The top surface of the dider
comes in intimate contact with the bottom of the upper
portion of the boat and serves as the floor for the growth
wells. The substrate pocket can be positioned under a
designated growth well by hand pulling using an attached
quartz rod. Substrate pockets of 20, 36, and 62 mils in
depth have been milled on various locations on the dider
and used for different growth experiments. Completely
overlapping multiple layers can be grown by positioning
the substrate in alignment with the wells. Partially overlap-
ping layers can be grown by progressively misaligning the
substrate with a subsequent well. A structure thus grown
allows investigation of the growth results of each layer.

Although the boat was designed to have a tight fit, it
was observed that rotation of the quartz pulling rod could
tilt the boat and raise the boat top during dider pulling.
This situation, in addition to allowing chalcogen vapor to
escape, resulted in spilling of growth solutions and poor
growth solution wipeoffs. A boat locking system was
therefore installed to further secure the closure between the
boat top and the dider during slider pulling.

4. Substrate preparation

BaF, dabs 1 cm? X ~ 1 mm thick were obtained by
cutting (100) oriented BaF, ingots with a diamond saw.
The saw damage was removed by hand polishing the BaF,
growth surface with 5 or 3 wm aumina grits on a quartz
polishing plate. A fina polishing step was performed using
0.5 um grits on a polishing cloth. Following polishing, the
BaF, growth surface was etched using two methods to
remove polishing damage and to provide step sites for
nuclestion. Since BaF, is water soluble, the first technique
involved submersion in magnetically stirred deionized (DI)
water for ~ 45 min and was used for the first 28 experi-
mental runs. The second technique was conducted using a
chemical—-mechanical polishing process and was used for
the remaining 14 runs. In this method, the BaF, growth
surface was hand polished less than 30 s on a flat polishing
cloth wetted first with DI water then with a 33% hydro-
chloric (HCI) acid solution. The etched surface was imme-
diately rinsed with methanol to remove the acid and then
blown dry with purified nitrogen. Just before commence-
ment of a growth experiment, the BaF, growth surface was
given afinal rinse with DI water for the first method or the
HCI acid solution for the second method.

It isimportant that all scratches on BaF, growth surface
be removed by polishing and etching. A properly prepared
BaF, growth surface shows shallow etch pits ~ 0.5 um
deep and (100) facets when observed under an optical
microscope. All scratches due to mechanica polishing
should also exhibit the (100) facets. Unetched scratches
usualy result in inclusion (metal precipitation) on the
epilayer along the lines of the scratches. Deeper scratches
presented a particular problem for the chemical —mechani-
cal etching procedure. These scratches could not be re-
moved by the fast acting acid solution without over etch-
ing thus damaging the growth surface.

Based on results of previous LPE growth experiments,
the thickness of BaF, dabs after polishing should be less
than, by within 1 mil (~ 25 um), the depth of the sub-
strate pocket. The clearance, the distance between the
growth surface and the surface of the dider, was measured
following etching at the four corners of BaF, growth
surface using a focusing method under a Nomarski optical
microscope. Graphite spacers with specific thickness, if
needed, were placed under the BaF, substrate to help
achieve the desired clearance. Excessive substrate clear-
ance usualy resulted in poor growth and poor growth
solution wipeoff. On the other hand, BaF, protruding
above the dider by aslittle as 2 uwm at one corner of BaF,
growth surface usually resulted in scratches on the epitax-
ial layer surface caused by the upper portion of the boat
during dlider pulling. Poorer growth or inclusions were
amost always present on a subsequently grown layer
where the damage occurred.

Not al growth experiments started with good BaF,
substrates. For example, among double layer growth exper-
iments (runs #29 to #37) only runs #33 and #36 used
good substrates. Runs #33 and #36 produced essentially
inclusion-free, smooth epilayers while others using poorer
substrates that were improperly polished, etched, or had
too much clearance (> 40 um) resulted in epilayers of
lesser quality and poor growth solution wipeoffs.

5. Growth solution and nucleation temperature

The liquid growth solution (Pb;_,Sn,);_,(Se;_,Te,),
with x ranging from 0.05 to 0.4 were obtained by dissolv-
ing small amounts of polycrystalline PbTe and PbSe (both
of which have high melting points) in large amounts of Pb
and Sn (both of which have low melting points). Thallium

Table 1

Growth parameters of growth solutions for a LPE-grown double heterostructure p-PbSeTe/n-PbSnSeTe/n-PbSeTe

Epilayer Te content y (%) Chalcogen content z (%) Nucleation temperature (°C) Growth temperature (°C)
1st 60.03 3.20 626 628

2nd 59.68 1.00 510 511

3rd 59.93 0.50 466 467

Sn=12.03%, Tl = 3.00% in the p-type third layer, sample #42.
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Fig. 4. Nucleation temperature vs. chalcogen concentration for low purity
PbSe source material. Note the wide scatter of Ty from 611°C to 650°C
at z= 3.20% for the ternary layers and from 502°C to 531°C at z=1.00%
for the quaternary layers.

was added to the growth solution for growing a p-type
aloy. Pb, Sn, PbTe, and PbSe were weighed according to
known lattice-matching conditions (primarily determined
by Te content, y) for BaF, and desired nucleation temper-
atures (primarily determined by chalcogen content, z) of
the growth solutions. A detailed procedure for cleaning
lead and weighing the solid ingredients is described else-
where [18]. The nucleation temperature (T, ) was measured
for each liquid growth solution to determine the correct
growth initiation temperature which was usually one or 2°
above Ty. For a multiple-layer growth z was chosen so
that the growth solution for growing each subsequent layer
nucleated at a progressively lower temperature than the
previous one. A heterostructure whose layers are grown at
a progressively lower temperature is expected to have
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Fig. 5. Nucleation temperature vs. chalcogen concentration for high purity
PbSe source material. Note the consistency of the T for a given z

reduced interdiffusion at the heterojunctions. Typica
growth parameters for a double heterostructure are listed in
Table 1.

Nucleation temperature is defined as the temperature at
which the onset of crystalization on the surface of the
cooled liquid is visualized under a magnifying lens. It
turned out that the nucleation temperature was highly
sensitive to the purity of lead selenide sources in the
growth solution. PbSe with 99.999% purity from CERAC,
Milwaukee, WI was used for the first 28 growth experi-
ments. PbSe synthesized from 99.9995% pure Pb and
99.9999% pure Se from Crystal, Berlin, Germany was
used for the remaining 16 growth experiments. All growth
experiments using the less pure (five 9's) PbSe source in
the growth solutions resulted in a wide scatter of T, for a
given z—aslarge as a 39° variation at z= 3.2%, shown in
Fig. 4. By contrast, growth solutions containing the purer
PbSe source exhibited a consistently monotonic increase of
Ty with z as expected [7], see Fig. 5.

6. Growth procedures and results

Each growth experiment began with loading a prepared
BaF, substrate followed by loading the solid constituents
of the source materials for each layer into the correspond-
ing growth well. The LPE furnace was then sealed and
vacuumed down to between 2 and 6 mTorr using a cryo-
genic sorption pump. The furnace was then back filled and
flushed with purified hydrogen prior to commencement of
the growth sequence as well as during growth.

During the course of the study the previously used LPE
growth procedure was modified several times leading to
the development of an optimized three-stage growth proce-
dure. In this procedure, growth solutions were loaded into
consecutive wells starting from the first well for a multi-
layer growth experiment. Trapping of chalcogen vapor
around BaF, was facilitated due to filled wells adjacent to
the first well. To further secure the vapor trapping all
unloaded wells can be filled with, for example, graphite
blocks in future experiments. In the first stage the furnace
was heated to a high temperature where solid sources
begin to rapidly dissolve in the lead-rich solution. In stage
two growth solutions were slowly cooled at a controlled
rate of 2° min~! until the nucleation temperature was
recorded for each growth solution. In stage three the
layer-by-layer growths took place over the same controlled
cooling ramp as used in stage two. In this stage the
substrate was pulled under the growth solution at the
growth initiation temperature. Growth was allowed to con-
tinue while the furnace cooled for a specific length of time
until it was terminated by pulling the substrate away from
the well containing the growth solution. The growth time
was counted from the time when the leading edge of the
substrate entered the growth well to when the trailing edge
left the well. All seven triple-layer double heterostructures
were grown using the optimized growth procedure with the
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Fig. 6. Schematic representation of the growth sequence used for growing
seven good IV-VI semiconductor triple-layer structures. In five (#39,
#40, #41, #42, and #44) growth experiments the furnace was cooled
normally (solid line) following dissolution of solid PbSe and PbTe in
stage |. In two (#38 and #43) growth experiments, the furnace was held
at a stable temperature ( ~ 25°C above the nucleation temperature of the
first growth solution) for a 30-min growth solution homogenization
(dashed line). The 2°C min~? cooling ramp (thick lines) is employed
during stages Il and Il for nucleation temperature measurements and
layer growths, respectively. Normal fast cooling was allowed between the
first and the second layer growths in order to bridge the 100° difference
in growth initiation temperatures of the two layers.

growth sequence shown in Fig. 6. The new growth proce-
dure took less than 240 min (196 min being the shortest),
allowing the preparation and growth of a double het-
erostructure to be completed within an 8-h workday.

Table 2 shows the structures obtained from the 44
experiments in this study. Continuous epitaxial layers were
obtained at growth initiation temperatures of 610°C to
652°C for the first layer (PbSeTe and PbSnSeTe), 508 C to
553°C for the second layer (PbSnSeTe with up to 20% tin
in the liquid), and 453°C to 469°C for the third layer
(PbSeTe). The PhSnSeTe aloy with 40% tin in the three
n-PbSnSeTe/n-PbSeTe heterostructures grown at 504°C,
520°C, and 572°C showed epitaxial but discontinuous
growths. The lack of continuous growth in these epilayers
was attributed to the high tin content.

Not all growth experiments prior to the last seven
triple-layer growths resulted in continuous epitaxial layers
and/or fair wipeoffs. Factors contributing to poor growth
results include scratches on the BaF, growth surface,
over-etching of BaF,, excessive substrate clearance, pro-
trusion of substrate above the slider surface, separation of
boat halves during slider pulling, and high tin content.

Two additional factors came into consideration which
concerned the flatness of the BaF, growth surface and the

Table 2
V=V semiconductor heterostructures grown on (100) BaF, by LPE

Structure No. of growths Sn (%)
n-PbSeTe 7 -
n-PbSnSeTe 7 5
n-PbSnSeTe/ n-PbSeTe 19 5, 40
p-PbSnSeTe/ n-PbSnSeTe 1 5

p-PbSeTe/ n-PbSnSeTe/ n-PbSeTe 7 5, 6, 8, 10, 12, 20

The p-type layer is doped with thallium (Tl = 2.08—3.00%).

Table 3
Angles representing tilting of BaF, growth surface from the leading edge
to the trailing edge for triple layer growth experiments

Run no. 38 39 40 41 42 43 44
Angle(®) 023 023 010 020 011 014 016

homogeneity of the growth solution during wipeoff. Since
BaF, slabs were hand polished using mechanical tools the
thickness was usually uneven and the four clearance mea-
surements on a BaF, growth surface were different. For
the first 37 growth experiments, the substrates were placed
in the pocket in random fashion with respect to the mea-
sured clearances. Out of the 37 experiments, the 36th run
produced the best layers in addition to an excellent wipe-
off. All four clearance measurements at the BaF, growth
surface used in run #36 were zero (an exception). Al-
though the flat substrate growth surface played an impor-
tant role in producing the good results, it is impractical if
not impossible to obtain such flat surfaces using hand-
polishing procedures.

During growth the growth solution becomes inhomoge-
neous because its periphery solidifies sooner than its inte-
rior. The wiping-off of the inhomogeneous growth solution
from the growth surface involved disposing the residual
melt from the growth well as the substrate was being

Fig. 7. Four samples showing LPE-grown IV-VI semiconductor Pb-
SeTe/PbSnSeTe/PbSeTe double heterostructures on BaF, substrates.
Parts of the first and the second layers can be seen on samples #42 and
#43.
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Table 4

Range of growth parameters used for triple-layer growths (#38—#44)

Epilayer L attice matching condition y (%) Chalcogen content z (%) Growth initiation temperature (°C) Growth time (min)
1st 59.98-60.03 3.20-3.21 628 10

2nd 59.35-60.00 0.98-1.03 508-519 10

3rd 59.93-60.03 0.41-0.51 453-469 10-15

pulled away from the growth well. Depending on the
location of the substrate pocket on the dlider the residual
melt either fell off the slider end onto the lower half of the
boat or was swept off onto the dider. This presented two
different situations where the surface tension, viscosity,
and gravity determined the success of complete wipeoff. It
turned out that very often a thin strip of solidified growth
solution remained on the trailing edge of the grown layer
regardless of the pocket location. However, the size of the
melt adhesion could be large enough to resemble solidified
volcano lava for experiments using pockets at the end of
the dider (run #9 using the 20-mil pocket and run #21
using the 62-mil pocket).

Taking these two factors into consideration, a substrate
orientation method was devised and used for the last seven
growths. In this method BaF, was arranged so that the
clearances at the trailing edge were greater than those at
the leading edge. In other words, the largest slope (exclud-
ing the diagonal directions) of the BaF, growth surface is
directed from the leading edge to the trailing edge. Using
40 pum as the maximum allowed clearance (or vertical
drop) between the leading and the trailing edges, the
corresponding surface slope would form a 0.23° angle with
the dider surface. The actual angles for the last seven runs
are listed in Table 3. These angles are very small and vary
between 0.10° and 0.23°. If aflat growth surface is indeed

crucia to growth solution wipeoff, these values reflect a
window of flatness (0° < 6 < 0.23°) for obtaining good
results. It is on these sloping growth surfaces that the three
forces take place: the gravitational force acting on the
lead-rich growth solution, the surface tension, and the
viscosity of the partially and inhomogeneously solidified
melt. All seven double-heterostructure growth experiments
using the new substrate orienting method resulted in excel-
lent wipeoffs. The epilayers of four double heterostructures
are shown in Fig. 7.

Since consistent good layers and wipeoffs were ob-
tained for the seven triple layer growth experiments con-
ducted in like manner, a close examination of the tech-
niques used for these growths is warranted. Common to
these experiments are the following factors: (1) high purity
(> 99.999%) PhSe source for growth solution; (2) prop-
erly polished and etched BaF, growth surface; (3) tight
substrate clearance (within 40 um); (4) 36-mil deep sub-
strate pocket located away from dider end; (5) new sub-
strate orientation method; (6) consecutive loading of wells;
(7) locking device to secure boat closure during slider
movement; (8) optimized triple-layer growth procedure.
These factors which have been discussed previously are
necessary ingredients in the recipe for good growths. The
range of growth parameters used for the triple-layer growths
is listed in Table 4. Note that within one structure, the

Fig. 8. Nomarski photograph showing surface morphology for the three epilayers in a PoSeTe,/PbSnSeTe/PbSeTe double heterostructure (sample #42)
grown by LPE. From left to right: first layer, second (quaternary) layer, and third layer.
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largest span of growth initiation temperatures is 175°
(#39) and the largest deviation of lattice matching parame-
ter (y) is 0.68% (#40). These, together with Table 3
represents growth windows for a successful growth of a
double heterostructure.

7. Surface morphology

The epilayers of the last seven growths are essentialy
inclusion-free when observed under optical microscopes

1oum —| fe—

Fig. 9. Nomarski photograph of surface morphology of the p-PbSeTe layers of samples #40 (top) and #39 (bottom). These layers are the third layer of the
PbSeTe/PhSnSeTe,/PbSeTe double heterostructures grown by LPE.

with Nomarski interference. Fig. 8 shows a photograph of
a typica surface morphology for a PbSeTe/PbSnSeTe/
PbSeTe double heterostructure (sample #42) in which
each of the three layers can be seen. The (100)-oriented
terracing on each layer is typical of LPE-grown films on a
dightly misoriented, i.e., not true (100) substrates. The
smooth (100) facets are ten’s of microns in width and can
be as large as ~ 100 wm. Oriented cubic initial growth
crystallites (not shown) are usually seen on bare BaF,
around the edge of the epilayer.
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Fig. 10. AFM surface profile showing the depth of (100) growth facets on the p-PbSeTe top layer of a PbSeTe,/PbSnSeTe/PhSeTe double heterostructure
grown by LPE (sample #43). The step height of the facet indicated by the arrows are 1.5 um.

Also observed is a new feature on all epilayers which
appears as rectangular structures with micron-sized edges
in the top layers of the double heterostructures (#39 and
#40) (see Fig. 9). The scae of these structures is compara
ble to the finer terracing within each (100) faceted surface.
The ‘rectangles’ are several to ten’s of microns apart but
can also be inter-connected as seen on sample #39. They
occur randomly with varying density on each layer but the
density is usually higher on the thallium-doped p-type top
(third) layer than the native n-type first and second layers.
They are oriented the same way as the initial growth
crystallites. Some fine terracing and wipeoff lines are seen
to run right on top of these structures. The formation
mechanism of these structures is not well understood.

Surface morphology of the epilayers was further inves-
tigated using AFM, see Figs. 10 and 11. The sharp-rising
ledge of the (100) facets ranges in height from 1,/2 um to
2 pum making the surface much rougher than IV-VI
semiconductor layers grown by MBE. The ‘rectangular
structures’ are actually shallow surface depressions with
very gentle dopes. They are about 400 A to 700 A in
depth at the lowest point relative to the top edge. They
differ from etch pits which are usually more rounded when

nM

observed under an optical microscope and two orders of
magnitude deeper.

8. Optical transmission measurements

The transmission of light through the samples was
measured by a Bruker IR/98 FTIR spectrometer. Inside
the optical bench radiation emitted by a graphite globar is
directed through a KBr beam splitter and partially ab-
sorbed by the sample before reaching a HgCdTe detector
having a peak detectivity at 16 wm. The radiation was
normally incident on the back side of the sample through
the BaF, substrate which is transparent up to 11 um (912
cm™1). Reference spectra were obtained from bare BaF,
substrates and were used to ratio out the substrate effect.
The bench is continuously vacuumed down to 15—20 mbar
during measurements.

Room temperature transmission spectra for three differ-
ent samplesillustrating the effects of adding PbSeTeternary
cladding layers to a PbSnSeTe quaternary active layer with
~ 5% tin are shown in Fig. 12. In Fig. 12, the spectrum of
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Fig. 11. AFM surface profile showing the submicron indention on the p-PbSeTe top layer of a PbSeTe/PhSnSeTe,/PbSeTe double heterostructure grown
by LPE (sample #40). Note that the length of the side indicated by the arrows is ~ 400 nm, forming a very shallow angle of ~ 6°.
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Fig. 12. FTIR transmission spectra for three different LPE-grown sam-
ples. The two-layer structure is ~7 um thick and the single-layer
structure is 2.2 um thick [11].

a PbSnSeTe epilayer (bottom) obtained using another FTIR
spectrometer [11] was compared to the spectra of a single
heterostructure PbSnSeTe/PbSeTe (sample #36) and a
double heterostructure PbSeTe,/PhSnSeTe,/PbSeTe (sam-
ple #38) grown in this study. The onset of absorption,
which corresponds to the bandgap of the quaternary layer,
shiftsfrom ~ 200 meV for the single layer to 220 meV for
the double- and triple-layer structures suggesting that less
tin is incorporated in the quaternary layer when the growth
temperature is reduced. (Preliminary photoluminescence
experiments also show that quaternary layers grown at
lower temperatures exhibit larger bandgaps, i.e., less tin.)
A higher liquid-to-solid segregation coefficient for tin at
higher growth temperatures is supported by the Pb—Sn—Se
phase diagram [15]. Adding cladding layers to the quater-
nary layer also increases the total thickness of the film,
resulting in increased free-carrier absorption. There ap-
pears to be an additional absorption edge at a lower energy
(~ 100 meV) for the double- and triple-layer structures, a
feature also seen on the spectra of other multilayer struc-
tures measured. IR absorption at energies below the
bandgap in IV-VI semiconductors grown by different
methods has been observed previously [19-22] but its
origin is not yet well understood.

The Fabry—Perot interference fringes for the two-layer
structure (sample #36) suggests a relatively uniform thick-
ness of the LPE-grown structure. A Tensor step profile
scan performed within 1 mm from the edge of the sample
showed a typical thickness of 7 wm with variation between
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Fig. 13. FTIR transmission spectra for four LPE-grown heterostructures
having different tin contents. Spectra, some of which are truncated for
clarity, are grouped for measurements at 300 K and ~ 130 K. Absorption
edges for the larger bandgap ternary cladding layers are marked with
arrows.

6 um and 8 um. From the fringe spacing of the spectrum
and the measured film thickness the average refractive
index is calculated to be 5.1 at 11.7 um. The much more
tightly spaced fringes are due to interference caused by the
BaF, substrate which is ~ 700 um thick.

FTIR transmission spectra measured at two tempera
tures for four multilayer structures grown from solutions
having different tin content (5%, 8%, 10%, and 12%) in
the liquid growth solution for the quaternary layer are
shown in Fig. 13. As expected, the absorption edge shifts
to alower energy as the tin content increases at both room
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Fig. 14. Absorption edge energy of Pb,_,Sn,Se,_,Te, dloys as a
function of tin content in the liquid growth solution at two temperatures.
Data points at 0% tin represent the absorption edge energy of the ternary
cladding layer (sample #44).
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temperature and ~ 130 K. The absorption edge corre-
sponding to the ternary cladding layers (marked by arrows)
seen on some of the spectra also exhibits a similar temper-
ature dependence. The effect of additional tin on the
absorption edge at these two temperatures is more clearly
seen in Fig. 14. This plot demonstrates that the bandgap
energy of the quaternary alloy can be engineered indepen-
dently by controlling the tin content and the sample heat
sink temperature. The nonlinear behavior of the shift in
absorption edge with tin content is also supported by the
Pb—Sn—Se phase diagram [15], i.e., smaller liquid-to-solid
segregation coefficient at higher tin content. Based on
these data, change in bandgap energy is expected at an
average rate of 0.41 meV per degree in the temperature
range of 130 K to 300 K. The uniform shift in absorption
edge with temperature suggests that the band discontinuity
at the heterojunctions is preserved for structures having
different tin content (5%—12%) in the quaternary layer. It
also predicts stable tunability of the active quaternary layer
in a given structure. These characteristics are important
considerations in designing TDL devices. These structures
show promise for fabricating TDL that span the spectra
range of 4.8-6.6 um (at 5% tin) and 6.0-8.7 um (at 12%
tin) in the temperature range measured.

9. Summary

IV-VI semiconductor single, double, and triple layer
structures were grown latticed matched to (100) BaF,
substrates from metal-rich PbSnSeTe growth solutions by
LPE. Factors contributing to both poor and good growth
results were discussed. PbSeTe/PbSnSeTe/PhSeTe dou-
ble heterostructures with excellent growth quality and
growth solution wipeoffs were consistently grown using a
new growth procedure. Successful epitaxy of the second
layer (active region for a double heterostructure laser) can
be achieved at a growth initiation temperature as low as
508°C for tin contents up to 20%. Epilayers were charac-
terized using Nomarski microscopy, AFM and FTIR spec-
troscopy. Surface morphology exhibits typical (100)-ori-
ented growth facets and (100) faceted sub-micron features.
Results of IR transmission measurements show that the
absorption edge energies vary monotonically with tin con-
tent and with temperature at average rate of 0.41 meV per
degree. TDL fabricated from these structures are expected
to span a spectral range of 5 um to 8 um from 300 K to
130 K.
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