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The article is devoted to the study of various solvents influence on the quality of epitaxial layers A4B6é
type semiconductor compounds growing during liquid-phase epitaxy. The choice of such compounds was
primarily due to the instrumental characteristics of the obtained structures based on lead-tin chalcogeni-
des, which are competitive in comparison with A2B¢, among which there are significant sensitivity, re-
sponse speed, thermal and radiation resistance, spectral homogeneity, and low noise level. The use of mul-
ticomponent heterolayers of the Pb:-.Sn.Te1-,Se, type makes it possible, by changing the composition, to
control the band gap and, within certain limits, to match the parameters of the substrate and the epitaxial
layer crystal lattices. In addition, such advantages of liquid-phase epitaxy as low growth temperatures,
relatively simple equipment, short duration and cost of the processes, make it possible to continue research
in the above direction.

The analysis of the possibility of using In, Ga, Cd, Te, Bi and other solvent metals as alternatives to
lead for growing by liquid epitaxy of solid solutions in the Pb-Sn-Te-Se system has been carried out. The
use of only solvents based on Te, T1, Bi in experimental studies is substantiated. In particular, the epitaxi-
al growing with a tellurium solvent demonstrated that use of Bi (for concentrations of 50 atomic %) signifi-
cantly affected not only the removal of the growth melt, but also the morphology of the grown layers: the
surface was free from the wavy relief inherent in epitaxial layers grown from pure tellurium solutions-
melts. The results show the promise of Bi-Te melt solutions using, which make it possible to obtain struc-
turally perfect epitaxial layers of n-type conductivity with a dislocation density of ~10 5cm -2, a carrier con-

centration of ~10 ¥cm -3 and a mobility of (103-104) cm?/V-s at 77 K.
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1. INTRODUCTION

Narrow-gap semiconductors based on solid solutions
of A‘B® compounds continue to be of interest to re-
searchers as one of the instrumental materials in spec-
trometers for environmental monitoring of the atmos-
phere, in scientific work on the creation of highly effi-
cient thermal and photoconverters, etc. [1-3]. Photode-
tectors based on them have high sensitivity, significant
speed compared to detectors with impurity conduction,
significant radiation and thermal resistance, spectral
homogeneity and low noise level, which makes them
competitive with similar ones based on A2B6 com-
pounds. Among lead-tin chalcogenides, a special place
is occupied by multicomponent solid solutions in the
Pb-Sn-Te-Se system, in which changing the composi-
tion allows you to control the band gap and the crystal
lattice parameter, and therefore control the properties
of the resulting materials. Important here is also the
possibility, within certain limits, to maximally match
parameters of the substrate and the layer being grown
crystal lattices.

The liquid-phase epitaxy (LPE) method still re-
mains one of the inexpensive methods for obtaining
device structures in the IR range, including those based
on semiconductor compounds of the A*B® type [1, 2].
The LPE method is primarily characterized by lower
growth temperatures of epitaxial layers in comparison
with the production of bulk single crystals, which helps
to reduce the number of point defects, the concentration
of which depends on the entire complex of growth as-
pects (thermodynamic, kinetic, hardware-methodical),
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as well as on the mechanism inclusions of impurities
into the melt [3].

Number of point defects decreases due to a decrease
in their solubility at low growth temperatures. In turn,
the choice of the solvent material influences the
achievement of the lowest possible crystallization tem-
peratures. Liquid-phase epitaxy of A‘Bé compounds is
traditionally carried out using a lead-tin solvent. This
choice is determined primarily by the low melting point
of Pb and Sn, which minimizes the amount of foreign
impurities. The use of other solvents in LPE in the
Pb-Sn-Te-Se system has received insufficient attention
in the literature. Thus, the study of the possibility of
epitaxial growth of solid solutions of A*B® compounds
from alternative solvents is the subject of this work.

2. JUSTIFICATION OF THE SOLVENTS CHOICE

Bi, Ga, In, Tl, Cd were chosen as objects of study.
The main properties of these potential solvents are
shown in Table 1, compiled from known reference data.
An analysis of these data shows that not all of the
above elements can be used in melt solutions as alter-
natives to lead. It is not advisable to use cadmium [4]
and gallium [5] as solvents because of the high temper-
atures of formation of compounds with tellurium, as
well as high volatility and a negative effect on the mor-
phology of epitaxial layers. Indium could be used as an
alternative, but the data [6] indicate that it was doped
with PbTe to a considerable depth. The use of tin as a
solvent metal in the LPE of lead-tin tellurides is unde-
sirable: a continuous series of solid solutions is formed
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in the Pb-Sn-Te system.

Growing from the tellurium angle of the phase dia-
gram is quite feasible, but here problems are possible
due to the high adhesive properties of tellurium, which
complicates the removal of the melt solution at the end
of the LPE process. Tl can also be used as a solvent,
although it has high diffusion properties [6]. The use of
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Bi [7] in the composition of melt solutions can be quite
interesting, since its surface tension coefficient is
0.39 J/m2, and the formation of compounds with tellu-
rium begins at temperatures below 858 K. In general,
the above analysis allows us to focus on Te, T1 and Bi at
choosing alternative to Pb solvents.

Table 1 — Main properties of solvent metals used in the crystallization of semiconductor materials.

Meta.l lic Melting Surface tension Compounds Melting Grating type~ of
chemical - with compound with
temperature, K coefficient, J/m? . temperature, K .
element tellurium tellurium
Ga 302,93 0,707 GaTe 1108 zinc blende (sphalerite)
GasTes 1065
GaTes
Gd 594,18 0,588 GdTe 1365 cubic (B3 type)
InTe 923
IngTes 923
In 429,76 0,559 IngTe 923 sphalerite (B 37 type)
In2Tes 700
InsTeq 898
Sn 505,05 0,554 SnTe 1063 cubic (NaCl type)
Te 722,65 0,170 - - -
T12Tes 511 Monoclinic
TITe 565 base-centered
tetragonal
Tl 576,65 0,490 TlsTes - Volume-centered
TlsTe2 - tetragonal
TlsTes 719
Pb 600,45 0,48-0,42 Pb Te 1197 cubic (NaCl type)
. BizTes 858 hexagonal
Bi 544,45 0,390 BiTe - cubic (NaCl type)

3. EXPERIMENTAL TECHNIQUE

The LPE processes were carried out on an Epos ver-
tical type installation in an atmosphere of hydrogen,
purified to a dew point of at least 200 K. The preference
for using vertical reactors is associated with the elimi-
nation of the surface tension influence of the growth
solution by centrifugation, which is essential for A*B¢
compounds, in contrast to A3B5. Single crystals of PbTe
and PbTe:-,Sey orientation <100> were used as sub-
strates, which were preliminarily degreased in toluene
and subjected to chemical-dynamic polishing in an
etchant for 5% Br2+ 95 % HBr. After that, the sub-
strates were repeatedly washed in deionized water and
dried in ethanol vapor.

PbTe epilayers were grown on PbTe substrates, and
Pb1-xSn.Tei—ySey  heterolayers  were grown on
PbTei -,Sey substrates. Elemental Pb, Sn, Te, Se, as well
as Bi and Tl of the highest degree of purification were
used to prepare growth solutions. The growth tempera-
ture varied within 673-873 K, the program cooling rate
was 0.05-0.10 K/min, the cooling interval was 5-10 K. Af-
ter the completion of the LPE processes, the remaining
melt solutions were removed by centrifugation.

The structural perfection and elemental composition
of the grown epitaxial layers were studied using a JSM-
35CF electron microscope-microanalyzer with a Link-860
detector (the error did not exceed 2 %). During the probe
electron microanalysis, the sample was placed in such a

way that the electron beam was incident at a normal
angle on the polished surface of the heterostructure. The
dislocations density on the surface of the grown struc-
tures was determined by single etching followed by
counting the formed etch pits in accordance with the
procedure [8]. The Hall effect was studied by the Van der
Pauw method in a constant magnetic field of 0.5 T at
currents through the sample of no more than 80 mA (the
maximum error did not exceed 15 %).

4. RESULTS AND DISCUSSION

The results of the experiments are presented in
Table 2. In the process of growing from tellurium melt
solutions, epitaxial layers of satisfactory quality were
obtained with a dislocation density of ~10%cm -2 on
the surface, and the structural perfection was compa-
rable (in some cases exceeded) with similar epitaxial
layers using a lead solvent.

The surface of the structures during growing from the
tellurium angle of the phase diagram was wavy in some
cases and with the remains of a solution-melt — in others
(Fig. 1). This i1s due to the good wettability of the sub-
strate surface by tellurium, which complicates the re-
moval of the growth solution at the end of the process.
This fact allowed us to assume that the addition of thalli-
um (bismuth) to the tellurium solution-melt should great-
ly facilitate the removal of the growth solution and affect
the morphological perfection of the layers.
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Table 2 — Characteristics of PbTe epitaxial layers grown from alternative melt solutions

. Dislocation density and features of structural . ..
Concentration, . Inclusion composition,
Solvent atomic % perfection atomic parts
Nd, cm -2 Pb-melt Te- melt
Tellurium 100 ~10° - wavy melt
residues
10 ~10% without features mirror-smooth
surface
30 (4-8) -105 without features mirror-smooth
surface
Bismuth 50 (2-4) -105 honeycomb the second
surface phase appear-
ance
70 - separate areas of | inclusions Pbo,2Bio,sBiTe
etching identified Pbo,3Bio,7Bi2Tes
BioeTeou
10 ~105 — —
Thallium 20 ~105 — —
30 ~2-105 inclusions of a different nature TlsTes

Fig. 1 — View of the epitaxial layer PbTe surface, grown by the
LPE method from a tellurium solution-melt (x800)

The composition of Tl (Bi) varied from 10 to 70 wt %.
For comparison, epitaxial layers were also grown from
lead-tin solutions-melts with similar additives.

Introduction of thallium into the melt showed that in
a lead solvent with a content of T1 up to 10 wt %, no sig-
nificant improvement in morphology was observed, and
with an increase in the concentration of thallium, the
epitaxial layer was covered with inclusions of the compo-
sition TleTes and T1sTes. In tellurium solutions-melts,
layers with a smooth surface were obtained, the disloca-
tion density was ~ 105cm~2. X-ray diffraction microa-
nalysis showed the presence of T1s5Tes compounds in
individual epitaxial layers. The absence of the latter was
typical for program cooling rates of 0.1 K/min.

In general, a significant improvement in the struc-
tural perfection of the epitaxial layers with the addition
of thallium failed to be obtained. In addition, thallium
significantly diffused into the substrate — up to 10 pm.

At using of Bi in the process of epitaxy from lead-tin
solutions-melts, the quality of the epitaxial layers did
not improve. On the other hand, its use with a tellurium
solvent at a concentration of 50 at. % significantly affect-
ed not only the process of removal of the growth melt,
but also the morphology of the grown layers. The dislo-
cation density in such layers at T'= 855 K did not exceed
(2-6)-10°cm~2, and the surface was free from wavy
relief inherent in epitaxial layers grown from pure tellu-
rium melt solutions. As expected, when the content of
bismuth in the tellurium growth solution varied from
10 to 50 wt. %, EPMA revealed inclusions of phases of Te
with Bi compounds in various ratios. With the growth
temperature increasing to 860 — 873 K, almost no precip-
itation of such phases was observed.

5. CONCLUSIONS

Thus, for all the tested metal solvents, only the
use of a tellurium solution with the addition of bis-
muth (40 wt. %) leads to the production of mirror-
smooth epitaxial layers at growing temperatures of
863 — 873 K, AT =5 K, ucool = 0.1 K/min. The centrifu-
gation speed to remove the melt solution was
900 — 1000 rot/min. The same results were obtained
for epitaxial layers of Pbi_.SniTei1-,Se, four-
component solid solutions.

To eliminate the influence of the semiconductor
substrate in the study of electrical properties, the latter
were grown on fresh cleavages of the KCI {100} dielec-
tric. All epitaxial layers grown by the LPE method in
the Pb-Sn-Te-Se system from (Bi-Te) + (Pb-Sn-Se) melt
solutions had n-type conductivity, the best of which

were characterized by a dislocation density of
2-104cm -2, concentration main charge carriers
5-1017 cm ~ 2 and mobility 8-103 cm?2/V-sec.
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Boiiue pisaunx posunHHukiB y cucremi Pb-Sn-Te-Se Ha sikicTs emiTakcianpbHuX mapis

C.I. Pabeus, O.B. Bosruarcekuit

Llenmpanvroykpaincokull Oepocasruil yrigepcumem imerni Bonooumupa Bunrnuuenka,
eya. Illesuenka, 1, 25006 Kponusruupkuli, Yepaina

CrarTsi HpuCBsTYeHA JOCIIIPKeHHIO BIIMBY PI3HUX PO3YNHHUKIB HA SIKICTH IITAKCIHUX IIapiB HAIIIBI-
POBITHUKOBHX croJyk Tuiry A4B¢ mpm pimmaHOdasHii emitakcii. Bubip Takux cmoyyk OyB 3yMOBJIEHHM Ha-
caMIiiepe]; KOHKYPEHTHUMU MOPiBHSAHO 3 A2B6 mpuiaguuMu XapakTepUCTURAME OJIEPIKYBAHUX CTPYKTYP HA
OCHOBI XaJIBKOTE€HIJIIB CBUHITIO-0JIOBA, CepeJl AKUX BUILISIOTH 3HAYHY UyTJIUBICTD, IIBUIKOII0, TEPMIUHY Ta
pamiamniifHy CTIMKICTD, CIIEKTPAJIBHY OJHOPIIHICT, HU3bKUN PiBEHD IIyMiB. 3aCTOCYBaHHS 6araTOKOMIIOHEH-
THUX rereporrapis tuiy Pbi_.Sn.Te:-,Se, m03BoJisie 3MIHIOIOUN CKJIAJI, PErYJIOBATH IIUPUHY 3a00pOHEHOL
30HU 1 B IIEBHUX MeKAX y3TOPKyBAaTU ITApaMeTPH KPHUCTAIIYHUX PEIITOK MIIKIATKN Ta eiTaKCIAHOTro Ina-
py. Kpim Toro, Taki mepesaru pinkodasHoi emiTakcil sk HEBUCOKI TeMIepaTypy POCTY, BITHOCHO HECKJIAHE
o0 THAHHS, HEBEJIMKA TPUBAJICTH Ta COOIBAPTICTD ITPOIIECIB JT03BOJISIIOTH IIPOJOBIKUTH JOCIIPKEHHS Y BU-
IIeBKa3aHOMy HAIPAMKY. [IpoBemeHo aHamia MoskauBocTi 3acrocyBauusa In, Ga, Cd, Te, Bi ta immux mera-
JIIB-PO3YMHHUKIB SIK aJIbTePHATUBHUX CBUHIIIO JIJIsI BUPOIIYBAHHS METOJI0M PIIUHHOI ermiTakcii TBepaux po-
3umHiB y cucremi Pb-Sn-Te-Se. B erxcnepuMeHTaNIbHUX TOCTIIMKEHHAX OOIPYHTOBAHO BUKOPUCTAHHS PO3-
gypnaHAKIB Ha ocHOBI Te, T1, Bi. Ilpu mromy, B mporieci emitTakcii 3 TIypOBUM PO3YMHHUKOM BUSBJIEHO, IO
BuUKopHcTaHHA Bi (my1s koHIeHTpaii 50 aToMHuX % ) 1CTOTHO BILIMBAJIO He TLIBKU HA BUTAJIEHHS POCTOBO-
T0 POS3ILIABY, aje 1 Ha MOP(OJIOTiio IIapiB, IMI0 BUPOIILYIOTHCA: IIOBEPXHs OyJia BLIbHA Bl XBUJISCTOIO PEJIbE-
dy, BIIACTHBOrO emiTaKCIiHUM mIapaM, BUPOIEHNM 3 YHCTUX TeJIyPOBUX PO3UMHIB-po3uiaBiB. Pesysbprarn
TOKa3yITh IIePCIeKTUBHICTH Buropucranus Bi-Te po3unHiB-po3mIaBiB, SKi JO3BOJISIOTH OTPUMYBATH CTPY-
KTYPHO-JOCKOHAJII eIMTAKCIAHI MIapy N-TUILY IPOBIAHOCTI 13 IILIBHICTIO TUCIOKAIii ~105 cM -2, KOHIIeHTpa-
1miero HocliB ~1018 ¢m -3 ta pyxausictio (103-104) cm?/B-cex mpu 77 K.

Knrouosi ciiosa: Cucremu Pb-Sn-Te-Se, Pinrkodasua emiraxcisa, Posunmasmkn, AkicTs emTakciiHuX mIapis.
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