News of Technology

Functional Materials 13, No.3 (2006)

Crystallization mechanism control during
epitaxy from solution-melt

Ye.O. Baganov, S.V.Shutov

Kherson National Technical University,
24 Berislavske Road, Kherson, 73008, Ukraine

Received November 11, 2005

Main problems appearing during heteroepitaxy from solution-melts and requirements to
time-temperature profiles at the crystallization front have been considered. The substrate
cooling possibility by gas feeding to the reactor from outside to provide the crystallization
conditions that consecutively combine properties both pulse and quasi-equilibrium condi-
tions growth methods are shown. A model of heat and mass transfer for a priori determi-
nation of the cooling gas consumption has been examined experimentally.

Paccmorpenbl ocHOBHBIE ITPOOJeMbl, BOBHMKAIOIIME IIPU I'€TEPOIMUTAKCUUA U3 PACTBOPOB-
paciiaBoB, 1 TpeOOBaHUA K TeMIIePATyPHO-BPEMEHHBIM IPOPUIAM HA (PPOHTE KPUCTAIIU3A-
nuu. IJokasaHa BOBMOYKHOCTh NPUMEHEHHUS OXJAMKIEHUS IIOIJOKKU IIPU IOMOIIHM I'asa, II0-
TaOIIerocs M3BHE PeakTopa, [Jisd IHOJYyYEeHHUS YCJIOBUI KPUCTAJIUBAIUU, KOTOPHIE IIOCIEL0-
BaTeJbHO O0BEJUHSAIOT B cebe CBOIICTBA KaK MMIIYJBbCHBIX METOLOB BBLIPDAIUBAHUA, TAK U
MEeTOZ0B KPUCTAJNJIMU3AIUKA B KBa3UPABHOBECHBIX YCJIOBHUAX. OKCIEPHUMEHTAJIbHO IIPOBEpeHa
MOJeJIb TeIlJIOMacCoIlepeHoca AJI AIPUOPHOrO OIPEeNeeHUs PAcXoLa OXJAMKIAIoIero rasa.
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Liquid phase heteroepitaxy difficulties
appeared due to difference in chemical po-
tentials of solution-melt and substrate and
mismatched lattice constants of epitaxial
layer and substrate result in distortion of
the crystallization front stability. As a re-
sult, deviation of epitaxial layer thickness
and composition from those necessary to re-
alize planar device structures based on het-
erojunctions. To prevent the substrate dis-
solution, the heteroepitaxy from liquid
phase that is initially overcooled with re-
spect to equilibrium state is usually used
[1]. Strains that usually appear at het-
eroepitaxy and produce both increasing of
the solid phase chemical potential [2] and
crystallization front perturbation [3], de-
mand an additional supercooling at the
crystallization front and high crystal-
lization rate during initial stages of growth
[4]. But taking into account that the con-
trolled growth can be realized only under
limited supercooling when the solution melt
is not fall to labile region [5], it is not
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always possible to avoid the problems at the
initial heteroepitaxy stages. This decreases
the reproducibility of structural parameters
and, hence, deteriorates the electrophysical
properties of heterojunctions. In this con-
nection, we consider in this work the possi-
bility to provide special conditions at the
crystallization front which enable both
avoiding traditional heteroepitaxial prob-
lems and, at the same time, structural per-
fection that is typical for liquid phase epi-
taxy (LPE).

The providing of material structure per-
fection in LPE conditions under simultane-
ous blocking of negative phenomena con-
nected with differences in crystal-chemical
parameters of substrate and heteroepitaxial
layer materials is possible under controlled
variation of the layer crystallization mecha-
nism. After a short period of initial growth
under high supersaturation and crystal-
lization rate values, which provides forma-
tion of planar protective layer by the
Frank-van-der-Merve mechanism, a period
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of equilibrium crystallization must follow.
To provide such conditions at the crystal-
lization front, the pulse cooling with suit-
able temperature-time profile at the crystal-
lization front (TTPCF) is necessary. Tradi-
tional methods of forced cooling cannot
provide sharp temperature pulses due to
high thermal inertia of the system. The
well-known LPE methods providing high
crystallization rates (the high-rate and
very-high-rate cooling of saturated solution-
melt, substrate shooting through the solu-
tion-melt, pulse cooling of saturated solu-
tion-melt, etc.) do not provide the arbitrary
TTPCF control. Besides, at pulse cooling of
the substrate-solution-melt system causes
the problems mentioned below.

First, the pulse includes not only the
temperature dropping front (pulse edge), but
also the temperature rising one. This situ-
ation is non-trivial for conventional epitaxial
layer growth methods. As a result, negative
crystallization rates become possible, thus
causing the epitaxial layer dissolution and
influencing unfavorably the planarity of
current layer and next layers. The problem
of positive crystallization rates maintaining
during the whole epitaxial growth process is
very important for providing of epitaxial
layer planarity. The problem appears be-
cause the temperature at the crystallization
front rises after passage of the maximum of
supercooling, thus stimulating an increase
of the equilibrium solute concentration of in
the solution-melt at a rate

0Co(x,t) _ oT(,1) (1)
ot ot ’

where m is the liquidus slope. The concen-
tration change in any point due to diffusion
is described by the second Fick law

% — DAC(x,1), (2)

where D is the diffusion coefficient of sur-
plus solute atoms in the solution-melt.

If the equilibrium solute concentration at
the crystallization front changes faster than
it is compensated due to diffusion trans-
port, then a negative supersaturation is
formed at the epitaxial layer / solution-melt
interface. As a result, positive crystal-
lization rate changes to negative one, thus
causing a partial dissolution of the epitaxial
layer. Absence of dissolution after super-
cooling maximum passage can be provided
only when the change of equilibrium solute
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concentration at the crystallization front is
slower than the diffusion transport:

OCy(x,t (3)
aC(x,t)  9Co(x,1) _DAC(x.1) @b
ot ot ot

The condition (3) can be realized by pro-
viding a suitable TTPCF.

Moreover, during quasi-equilibrium
growth at a low crystallization rate requires
a prolonged cooling at the crystallization
front, that is, a time-unrestricted, continu-
ous heat removal.

From the foregoing facts, the main re-
quirement to heat flow through substrate is
that it should be easily controlled, low-iner-
tial and time-unrestricted. In practice, the
heat flow is provided by contact of sub-
strate backside with a body colder with re-
spect to it, that is, a heat absorber. The
heat absorber should have an unlimited heat
capacitance and provide easy time-control-
led heat transfer factor from the false sub-
strate backside. Taking into account the
typical crystallization process temperature
values, those requirements can be satisfied
only using a gaseous heat absorber that is
fed to the reactor from outside. The reactor
outside feeding provides unlimited heat ca-
pacitance and heat transfer factor can be
changed during the growth by time-control-
led gas consumption.

However, to use a gaseous heat absorber,
a heat exchanger between substrate and gas
in the growth cassette is necessary. For
most easy construction heat exchangers
open into reactor, the heat absorbing gas
should have the same composition as the
technological gas inside the reactor.

One of possible heat exchangers construc-
tions is shown in Fig. 1. Substrate 1, that is
in contact with saturated solution-melt 2, the
equilibrium thereof being provided by contact
with substrate support 3, is cooled by gas
flow 7, that is fed through a quartz pipe 6
into the heat exchanger, formed by means of
quartz plate 5. A graphite plummet 4 fix the
false substrate.

For growth realization, it is necessary to
know a priori the time dependence of heat
absorbing gas consumption to form the re-
quired TTPCF, which is also not known
completely. But very complicated unsteady
heat and mass transfer processes, taking
place at pulse epitaxy, make impossible to
solve inverse problem of heat and mass
transfer: to find TTPCF when the argument
is the layer thickness. That is why the re-
quired TTPCF is determined by the heat and
mass transfer simulation where the starting
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parameter is an initial approximation of
TTPCF, which is corrected with respect to
limitations for the crystallization rates val-

ues.
The heat transmission is described by

following deferential equation system:

A 2 4
OT(x,t) _ " 0 T(J;,t), xe(ep3ry). (4)
ot cyPy Ox
A 2
oT(x,t) _ _*rs 0 T(o;,t), xe(ryixs),
Aa o2
0T (x,t) __'G 0 T(J;,t), re(xginy).

with initial and boundary conditions:

T(x,00 =T, 5)
T(x,,t) =T,

T(x;,t) = T D),

T(x, - 0,t) = T(x, + 0,?),

L TG -0 T ¢ 0.1) - My —0.0)
M ox Fs ox ¢ ox ’
0Ty = 0,0 TGy + 0,1
FS ox e ox

oT(x, + 0,0)
qerp) + oy + I B

Were, Ay, Apg, Ag are the heat conduc-
tivity of solution-melt, substrate support,
and plummet, respectively; c¢,;, ¢pg, ¢g are
the heat capacitance of solution-melt, sub-
strate support, and plummet, respectively;
Py Prs» P are the densities of solution-
melt, substrate support, and plummet, re-
spectively; jo is the crystallization sub-
stance flow; E; is the crystallization en-
thalpy, T; is the furnace temperature;
Tcp(t) is the temperature at the crystal-
lization front. To determine the crystal-
lizing substance flow, it is necessary to
solve the mass transfer problem in solution
melt in combination with the heat transmis-
sion problem. Diffusion equation of surplus
atoms at concentration distribution N(x,t) is

ON(x,t) _ O2N(x,t) P OTCt) 6)
ot Ox2 ot
xe(xy3x5),

with initial and boundary conditions (erys-
tallization rate is assumed to be unlimited):
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Fig. 1. Schematic construction of heat ex-
changer for substrate cooling by gas is fed
into reactor from outside.

N(xq,t) =0, (N
ON(x1,t,)
—_— = 0>
ot
N(x,0) = 0.

The heat and mass transfer problem de-
scribed by equations (4)—(7) can be solved
by numerical methods, for example, finite
differences method. As a solution, we ob-
tain the expected epitaxial layer thickness
and heat flow g(xy,t). By correcting TTPCF,
we find such one which satisfies all the
above-considered growth conditions.

The next problem is to find the necessary
heat flow through the substrate backside,
that is, the heat flow through the heat ex-
changer. To do this, it is necessary to solve
the inverse heat conduction problem. Ac-
cording to Burggraf approach [5], for one-
dimensional system with flat geometry,

o0

q(0,t) = q(xxy,t) + .

n=1

xgn-1 Ld”T(xl,t)+
@n-Diag  dm (g

.\ * x3" dng(xq,t)
n)  dim
n=1

b

where og is the substrate thermal diffusivity.
Necessary gas consumption can be found
from the heat balance

OL(C;) . (T(O,t) - TO) = q(O,t)’ (9)
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Fig. 2. Calculated dependence of hydrogen
consumption on crystallization time. Un-
steady region is shown only. Dotted line
shows line of equal consumption.

where G is the gas consumption; o(G), heat
transfer factor in the heat exchanger; T,
temperature of gas entering the heat ex-
changer.

For the proposed heat exchanger, the gas
heat transfer factor is determined by
Nusselt equation [6]

0.55 (10)
Nu=1.36 (%j Re?-83,

where Nu:;—g is the Nusselt number,

Re = is the Reynolds number; & is the,

G
2nuh
distance between substrate and quartz plate,
d is the effective heat exchanger diameter,

o is the average heat transfer factor.

The correctness of heat and mass trans-
fer model for the considered method was
checked in experiment with p-GaAs epi-
taxial growth on n—-GaAs (100) substrate
with carrier concentration 5-1017 em™3. The
solution-melt saturation temperature was
600°C. Hydrogen was used as the techno-
logical gas and heat absorbing gas. The fol-
lowing requirements to TTPCF were used.
To obtain a sharp concentration profile, the
initial growth rate had to be high (10—
15 nm/s), and following epitaxial layer
growth had to be carried out at a low
growth rate (1-2 nm/s). Such profile was a
model of TTPCF necessary at heteroepitaxy,
as has been considered above. The required
hydrogen consumption for the accepted
TTPCF was calculated. The time dependence
of hydrogen consumption adapted for tech-
nical realization (piecewise-linear approxi-
mated) is shown in Fig. 2 (unsteady region
only). The calculated time dependences of
the crystallized epitaxial layer thickness
and crystallization front temperature (un-
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Fig. 3. Calculated dependence of epitaxial
layer thickness on crystallization time. Un-
steady region is shown only.
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Fig. 4. Calculated dependence of crystal-
lization interface temperature on crystal-
lization time. Unsteady region is shown only.
Dotted line shows isotherm.
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Fig. 5. The cross-section of GaAs/n—GaAs
(100) epitaxial structure treated in selective
etchant. The arrow marks the position of sub-
strate-epitaxial layer interface.

steady region only) are shown in Fig. 3 and
Fig. 4, respectively.

The growth time was 8 minutes. Then the
solution-melt was decanted from the sub-
strate. The cross-section of the sample cleav-
age was etched in K,Cr,O;:H,0: H,S0, =
0.3 2:100 ml:1.6 ml mixture. Its photo ob-
tained using a Linnek microinterferometer
microscope MII-4 is shown in Fig. 5. The epi-
taxial layer thickness is estimated to be of
0.7 pm and is in a good agreement with
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calculated result (0.75 pum), that confirms
the correctness of the heat and mass trans-
fer model.

Thus, the method of substrate cooling by
outside gas feeding makes it possible to pro-
vide such crystallization conditions that
consecutively combine properties of both
pulse and quasi-equilibrium growing meth-
ods. The heat-mass transfer model devel-
oped for a priori determination of heat ab-
sorbing gas consumption has been shown to
agree well with experiment.
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KepyBanHa MexaHi3ZMOM KpucTaJjizaiii
MpPH emiTakKcii 3 PoO3YHHY-PO3IIIABY

€.0.Bazanos, C.B.lllymos

PosriassayTo ocHOBHI mpobJsiemu, 10 BHHHKAIOTh IPU reTepoerriTakcii 3 po3umHiB-pos-
miasiB i BumMoru mo reMmieparypHo-uacoBux mpodiniB Ha ¢ponTi Kpumcrasizarii. [Toxkasano
MOXKJIMBICTh BaCTOCYBAHHS OXOJIONJKEHHS IMMiAKJAIKK 34 JOIOMOIOI rasdy, IO MIOJAEThCS
330BHI peaxTopa, /s OTPUMAaHHS yMOB Kpucrasisaimii, siKi mocsizoBHO MOeZHYIOTH B €001
BJIACTUBOCTI fAK IMIOyJIbCHHX METO[IiB BHPOIIYBAaHHS TaK i MeTOAiB Kpucrajiisamili B KBasipi-
BHOBAKHUX yMOBax. EKCIIEpMMEHTAJIbHO II€PEeBiPEHO MOIe]b TEeIJIOMAaCOIIePEeHOCY [IJsS all-
pPiopHOrO BH3HAUEHHS BUTPAT Iasy-OXOJIOIKyBada.
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