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The epitaxial layers of Pb1_XSnXTe1_ySey quaternary solid solution (thickness of 2 to
11 pm, N, <10% em™2, n(p) = (0.9 to 8.7)-10'7 cm™ and py = (0.1 to 24)-10% em2V-ls7!
at T ~ 80 K), lattice-matched with KCI, BaF,, Pb, 5,Sn; 5oTe, and PbTe, o,5€; 35 substrates,
were grown in a wide composition range by the liquid phase epitaxy technique at a
programmed overcooling of supersaturated melt-solution.

Meromgom KuAKo(DASHON SMUTAKCUM TPU TPOTPAMMHOM EPEOXJIaKIeHUN TePeChIIeHHO-
ro pacTeopa-pacimiasa Ha nognoxkax KCl, BaF,, Pbyg,Sn, ,0Te u PbTej ,5€; og B muporom
IUarnas3oHe COCTABOB BHIPAIEHB M30MEPUO/HBIE SMUTAKCUANBHBIE CIOU UeTHIPEXKOMITOHEHT-

HBIX TBEPABIX PACTBOPOB Pb1_XSnXTe1_ySe

Toamuuo 2+11 MKM c NdSlO5 emM 2

n(p) = (0,9+8,7)-10'7 cm™3 u py = (0,1+24)-103cm? B l.c™! mpu T ~ 80 K.

Relatively low melting temperatures,
rather small saturation vapor pressure of
the constituent components, small distance
between liquidus and solidus lines do the
Pb;_Sn,Te,_,Se, quaternary solid solutions
more technological in comparison with
widespread materials for the device struc-
tures on the basis of Hg,;_,Cd,Te solid solu-
tions [1, 2]. The liquid phase epitaxy is
among prospective manufacturing methods
of Pb, ,Sn,Te, Se, epilayers with low car-
rier concentration and effective radiative
recombination without additional heat
treatment and doping [1, 3].

At the liquid phase epitaxy on the Pb,_Sn,Te
and PbTe,_,Se, semiconductor substrates,
the crystallization of Pb1_XSnXTe1_ySey
solid solutions is defined by heterogeneous
equilibrium character at the saturated
(Pb,_,Sn),_, (Te,_,Se,), melt-solution/sub-
strate interface and diffusion-limited trans-
fer of components [1, 4]. Differences in the
crystal lattice parameters and thermal ex-
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pansion coefficients play a most important
part in the defect formation at the het-
eroepitaxy of the Pb, Sn,Te, Se, solid so-
lutions on KCI| and BaF, dielectric sub-
strates. These factors result in considerable
mechanical stresses that arise in the epilay-
ers immediately in the growth process or
during their cooling to room temperature.
Moreover, the existence of considerable con-
centration gradients over the layer thick-
ness or area may be an additional source of
such stresses at the growing of
Pb,_Sn,Te,_,Se, epitaxial layers [5]. In
this connection, the polycrystal epilayers
are obtained rather often at the "classical”
liquid phase epitaxy on BaF, substrates
[5, 6]. That is why the preliminary growing
of thin (300 to 600 A) buffer layer from the
supersaturated growth solutions in isother-
mal conditions was proposed [7, 8] for the
formation of mesadiodes on the basis of
p—Pby_Sn,Te, ,Se,/ n-Pb; ,Sn,Te, Se,/ BaF,
heterostructures. The main goal of this
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work was to investigate the properties of
Pb;_Sn,Te,_,Se, solid solutions grown
from supersaturated melt-solution by liquid
phase epitaxy technique on KCI, BaF,,
Pbo_sosno_one, and PbTeo_928e0_08 sub-
strates.

The Pb,_Sn,Te,_ Sey quaternary solid so-
lutions were grown from a bounded volume of
(Pbi_ySny)_y (Tey_,Sey), supersaturated
melt-solution by the liquid phase epitaxy
technique in a vertical reactor in the flow of
purified hydrogen. As substrates, we used
(111)BaF,, (100)KCI, (100)Pbq goSngogTe and
(100)PbTeq goS€( gg single crystals with surface
dislocation densities Nj = (0.4+9)-10% cm™2.
These substrates were shaped as washers of
20 to 28 mm in diameter and 0.8 to 2 mm
in thickness. The liquidus temperature was
773 to 873 K at the programmed cooling
rate of 0.1 to 0.2 K/min. The range of the
temperature decrease was 5 to 15 K at the
initial overcooling of 1 to 6 K.

The compositions of Pb,_,Sn,Te,  Se,
quaternary solid solutions, lattice-matched
with Ban, KCl, Pbososnoone, and
PbTeq goS€q gg,» Were selected along the isop-
eriodic lines @epilayer = Fsubstrate of the
PbTe-SnTe-SnSe—-PbhSe concentration
square, the lines being described by the fol-
lowing interpolation correlations:

a) y=(0.031-0.134-x)/ (0.3345-0.0175-x)
[at. fract.], 0.09<x<0.18 (at. fract.),
0.02 <y <0.06 (at. fract.) for PbggySnggTe
and PbTey g,S€q g With a(300 K) = 6.43 A;
b) y=(0.091-0.134-x)/ (0.3345-0.0175-x) [at.
fract.], 0.17 < x < 0.26 (at. fract.), 0.17 <y < 0.21
(at. fract.) for KCl with a(578 K) = 6.37 A;

¢) y=1(0.261-0.134-x)/ (0.3345-0.0175-x)
[at. fract.], 0.00<x <0.70 (at. fract.),
0.52 <y <0.78 (at. fract.) for BaF, with
a(300 K) = 6.20 A.

The composition of (Pby_,Sn,);_, (Te;_,Se,)y
equilibrium liquid phase was selected in ac-
cordance with phase and coherent state dia-
grams [1]:

a) 0.163 <v <0.371 (at. fract.),

0.011 <u <0.086 (at. fract.),

0.01 <w <0.05 (at. fract.) for Pbososnoone
and PbTej g,Se( gg substrates;

b) 0.8326 <v <0.534 (at. fract.),

0.116 <u <0.148 (at. fract.),

0.01 < w < 0.04 (at. fract.) for KCI substrates;
¢) 0.000 < v< 0.854 (at. fract.),

0.338 < u <0.408 (at. fract.),
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Fig. 1. Surface morphology of Pb,_Sn,Te,
epitaxial layers.

—yS8y

0.01 <w <0.05 (at. fract.) for BaF, sub-
strates.

The morphologic perfection of the semi-
conductor structures and the layer thick-
ness were examined using a JSM-35 CF
electron microscope and the compositions,
by PCMA (Camebax-microbeam). For gal-
vanomagnetic measurements, the Van-der-
Pau method was used at a constant mag-
netic field and constant current through the
sample.

The Pb1_XSnXTe1_ySe epitaxial layers
grown at the initial overcooling of 1 to 3 K
were mirror-smooth or had slightly terrace
structure (Fig. 1), that may be explained by
insignificant (0.1 to 0.3°) misorientation of
the substrates in relation to the growth
plane. At the thickness of 2 to 11 um, their
surface dislocation density did not exceed
10% cm2. The yield of such layers was
about 70 to 90 %. Dislocation density distri-
bution in thickness for the Pb,_,Sn,Te,  Se /
Pbososnoone and Pb1_XSnXTe1_ySey/
PbTeg goS€q gg isoperiodic heterostructures
was approximated fairly well by exponential
dependence (Fig. 2,a). The substrate/layer
interface was highly planar; the roughness
did not exceed 100 A. However, increasing
of melt supersaturation to 4-6 K resulted
in a rather fast crystallization of an inter-
layer having imperfect crystal structure,
thus causing formation of cracks, low-angle
boundaries and other structure defects in
the main epilayer. Moreover, at the initial
overcooling exceeding 5 K, the inclusions of
metal character were found out in the
grown layers.

Investigation of the dislocation density distri-
bution in thickness of the Pb1_XSnXTe1_ySey/ KCI
and Pb,_,Sn,Te,  Se /BaF, isoperiodic het-
erostructures (Fig. 2,b) evidences absence of
sharp increasing of the dislocation number
at the substrate/layer interface. At the
same time, the considerable overcooling of
liquid phase (>4 K) resulted in an essential
increasing of dislocation density or in for-
mation of unhomogenous layers at all. In
our opinion, at the liquid phase epitaxy on
the dielectric substrates without melt-solu-
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Fig. 2. Typical dislocation density distribu-
tion in thickness of the Pb,_XSnXTe1_ySey
epitaxial layers grown on the substrates:

a — Pbyg,Sny ,oTe (1) and PbTej 4,5¢€ o5 (2);
b — KCI and BaF, (2).

tion overcooling, the crystallization on the
heteroboundary takes place in the regions of
accelerated growth (surface defects of sub-
strate), thus resulting in the islet growth.
The uniform sewing of surface by germs
takes place at a low supersaturating (1 to
3 K), that permit to obtain the continuous
single-crystal layers. However, further in-
creasing of the melt- solution overcooling
(>4 K) results in an intense growth of den-
drites caused by release of the considerable
quantity of the crystallization heat (actu-
ally, concentration overcooling takes place).

Investigations of the electric parameters
of Pb, ,Sn,Te, Se, solid solutions (Table)
have shown that, independent of the growth
temperature, epilayers with 0.00 < x <0.25
(at. fract.) and 0.69 <y <0.78 (at. fract.)
were always of the n-type conductivity, and
epilayers with 0.60 <x <0.70 (at. fract.)
and 0.52 <y <0.56 (at. fract.) were of the
p-type. However, the conduction type of the
epitaxial structures with 0.25 <x <0.40

(at. fract.) and 0.63 <y <0.69 (at. fract.)
changed from process to process, and car-
rier concentrations were rather small
(<1016 ¢m~3), since in the investigated com-
position region, there is no prevailing
mechanism formation of electrically active
native point defects of donor (Vig*, Vge',
Pbi+’ Sni+) or acceptor (VPb_’ VSI’]_’ Se,-_, Tei_)
type, and their concentrations (n—p=
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Fig. 3. Temperature dependences of the Hall
coefficient absolute values:

1 — n—Pbg ¢gSng o, Teg 235€) 77/ BaF,,

2 — p~Pbg 555N 45T€0 395€0 61/ BaF,.

a-NEH-p-N¢)) differ only little one from
another. At the same time, conductivity of
the epilayers with 0.40<x <0.60 and
0.56 <y <0.63 are depending on the growth
temperature: epilayers were always of
n-type if the initial growth temperature was
below about 790 K and were always of
p-type at temperatures above about 820 K.
Moreover, in the studied layers, the carrier
concentration increased and Hall mobility
decreased at the elevation of initial growth
temperature and increasing contents of tin
and tellurium (Table).

In Fig. 8, shown are the typical tempera-
ture dependences of the Hall coefficient
(Rg) for the Pb1_XSnXTe1_ySey quaternary
solid solutions lattice-matched with BaF,
substrates. Weak temperature dependences
of Ry are characteristic of the n-type
epilayers with 0.00 <x <0.25 (at.fract.)
and 0.69 <y <0.78 (at.fract.) in the tem-
perature interval of 77 to 300 K. In our
opinion, the insignificant Ry decrease with
temperature is caused by temperature de-
pendence of Hall-factor, which decreases
with the temperature increasing due to
changing of its components — anisotropy
factor and statistical factor. p—Pb,_.Sn,Te,_
ySey/ BaF, epilayers show a heavier tem-
perature dependence of Ry (Fig. 3), that
may be explained by trend to self-compensa-
tion at the growth process of solid solutions
with post-inverse disposition of Lg~ and Lg*
terms. The homogeneity region of the
grown Pb,_ Sn,Te, Se /KCl epilayers was
shifted towards the metal, that is why the
electrically active native defects of donor
type were predominant (Table). These layers
also show a weak temperature dependence of
carrier concentration, and their Ry decreased
at increasing initial growth temperature and
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Table. Elemental composition and electric parameters of Pb1_XSnXTe1_ySey epitaxial layers at T ~

80 K (N denotes the conduction type)

Heterostructure N n(p), x1017 ecm™3 s %108 em2.v-1l.g71

BaF,/Pbg 9gSNg 02T€0.225€0 78 n 1.5+2.1 9.3+9.8
BaF,/Pbyg 935N 077€0.245€0 76 n 2.3+2.6 8.6+8.9
BaF,/Pbg ggSng 117€0.265€0.74 n 2.6+2.9 7.8+8.2
BaF,/Pbg g1Sng 19T€0 285€0 72 n 3.9:4.4 6.5+7.1
BaF,/Pbg 565N 41T€( 375€ 63 p 3.1-3.4 2.8+-2.6
BaF,/Pbg 45N 50 T€0 415€0 59 p 5.2+5.4 1.0+1.2
BaF ,/Pby 455N, 55T€0.445€0 56 p 6.6:7.2 0.5:0.9
BaF,/Pbg 315N g9 T€0 485€0 52 p 8.1+8.7 0.1+0.8
KCI/PbO_83sn0.17Teo.798e0.21 n 09—13 9.7+10.1
KCl/Pbg goSng 20 T€0 815€0 19 n 1.8+2.2 9.1:9.4
KCI/Pby 778N 25T€0 525€0 15 n 2.5+2.7 8.5:8.8
KCI/Pby 74Sn0 26 T€0 835€0 17 n 3.5+3.8 6.1-6.6

Pbg g0SNg o9T€/Pby 918Ny 09 T€0 94 S€q 06 4 2.1+2.4 5.8+6.3

Pby.g0SNg.20T€/Pbg g75N0 13T€0 95 S€0.04 P 4.6+4.9 3.7+4.1

Pbg g0SNg.20T€/Pbg g25N0 18 T€0 95 S€0.02 p 7.1+7.6 0.9+1.5

PbTe; 95S€q gs/ Pbg ggSng 11T€0 055€0 05 n 3.7+4.5 18+24

PbTeg 9o5€0.08/PPo.855M0.15 €0.97 S€0.03 n 6.4+6.7 12+16

. . M, cm2/Vs

contents of tin and tellurium. The free car-

rier concentration in the Pb1_XSnXTe1_ySey 103k o1

solid solutions lattice-matched with semicon- F . . 2

ductor substrates is found to be dependent on r . .

the conductivity type and carrier concentration L .

in the substrates. So, the p-type layer growth 102k .

instead of the expected n-type was revealed for E . . A *3

the epilayers grown on the p-PbgyggSngoTe - . -

substrates (p ~ (5+8)-1018 em™3). That can be I . *

explained by diffusive distribution of the L : .t

electrically active native defects between 10°E ¢ .

the epilayer and substrate in the course of s,

growth. i -

Experimental investigations of the tem- "
perature dependence of Hall carrier mobil- Y34 5 6 7 8 9 10 11 1097 K

ity (Fig. 4) have shown that g in the ob-
tained epilayers decreased as the tempera-
ture increased in accordance with the law
ug ~ TV, where v increased from 0.9 to 2.0
at the temperature increasing from 77 to
300 K and decreasing contents of tin and
tellurium. Such temperature dependence of
v at the T < 100 K can be explained by pre-
dominance of carrier dispersion on the Cou-
lomb potential of ionized impurities. But at
T > 150 K, the prevailing mechanisms are
the following: dispersion on the straining
potential of low-frequency phonons; iso-
tropic dispersion on the polarization poten-
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Fig. 4. Temperature dependences of pg:

1 — n—Phbyg ¢gSng o, Teg »35€) 77/ BaF,,

2 — n=Pbg 74,Sng 55 T€( g35€q 17/KCl,

3 — p=Pbg g,Sng 15T€0 g55€0 9o/ Pbg gSNg o Te.

tial of long-wave longitudinal high-frequency pho-
nons; elastic dispersion on the alloyed potential
caused by the accidental disposition of Pb and Sn
atoms in the crystal lattice sites of solid solution.
The composition dependence of v can be explained
by essential changing of solid solution band struc-
ture at the increasing of tin and tellurium con-
tents.
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So, the complex investigation of electric-
physical parameters of the Pb, ,Sn,Te, Se
quaternary solid solutions lattice-matche
with (100)KCI, (111)BaF,, (100)Pbg ggSngogTe
and (100)PbTeq goSeq gg substrates, which
were grown by the liquid phase epitaxy
technique at a programmed cooling of
(Pby_,Sn )1y (Teq_,Se,), supersaturated
melt-solution without doping, has shown
that epitaxial layers of of 2 to 11 pm thick-
ness, surface dislocation density
N;<10% cm™2, carrier concentration
n(p) = (0.9:8.7)-1017 cm 3 and Hall carrier
mobility ug = (0.1+24)-103 cm2 .V 1glat T
~ 80 K are obtained at the liquidus tem-
perature of 773 to 873 K, cooling rate of
0.1 to 0.2 K/min, temperature decrease
range of 5 to 15 K and initial overcooling
of 1 to 8 K. Such electric-physical parame-
ters make it possible to predict the good

promise of these solid solutions as the ma-
terial for IR-devices.
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Baactusocti emiraxciiiaux mapis Pb,_Sn,Te,_ Se,
BHPOIIEHUX 3 NMEPECUUYEHOT0 PO3UYMHY-PO3IJIABYy HaA
OieJIeKTPUYHUX Ta HANIBIPOBITHMKOBMX IigKJIaJKaX

O.M.Ilapenko, C.I.Pabeysv, A.I.Trauyk

Meromom pimuuHOI emitakcii Ipu IIPOrpaMHOMY IIEPEOXOJIOIMKEHHI IIePeCHYEHOr0 PO3UHHY-
posmraBy Ha migkragkax KCI, BaF,, PbOYBOSnolone i PbTeo,gzseo,os y IIAPOKOMY AiarasoHi
CKJIaIiB BuUpoOIeHi izomepiogui emiTakcilimi mapu YOTHPUKOMIOHEHTHHX TBEPAUX POSUYUHIB
Pb,_XSnXTe1_ySe ToBmMuHEOI 2+11 MM 8 N, < 105 em™ 2 n(p) = (0,9+8,7)-1017 cm~3 1a

g = (0,1+24) -10% em?Blc! npu T ~ 80 K.
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