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The composition control possibility of the GaAs,_ P, solid solution on GaAs substrate
at liquid phase electroepitaxy from the Ga-As-P solution-melt is theoretically considered.
It has been established that under steady-state conditions specifying the process parame-
ters such as temperature and/or the thickness of the growth space, it is possible to obtain
graded bandgap layers of the GaAs,_ P, solid solution with P content increasing towards
the surface of the layer that possesses the composition gradient from 0.5-107% mole
fraction/nm to 2.0-1073 mole fraction/nm. It has been also shown that the composition
control of ternary solid solutions at liquid phase electroepitaxy can be realized by use of
unsteady electric field.

TeopeTnyecKW pacCcMOTpPeHa BO3MOMKHOCTHL YIIPABJIEHUS COCTABOM TBEPAOr'0 pacTBOpPa
GaAs,_,P, ma mognoxke GaAs npu KUIKO(DASHON BI€KTPOIIMUTAKCHY M3 PACTBOPA-PacILIaBa
Ga-As-P. YcTraHOBIEHO, YTO B CTAMOHAPHBIX YCJIOBHAX, 3a7aBas TaKUe MapaMeTPhl Kak
TeMIlepaTypa M/WJIX TOJIUHA POCTOBOIO 3a30pa, MOXKHO IIOJIYyYHUTh BAPMBOHHEBIE CJIOM TBEP-
moro pacrsopa GaAs, P, c yBemumuenuem cojepxaHus P K IIOBeDXHOCTH CJIOfI, KOTODLIH
nMeer rpagumeHt cocraBa or 0.5-107% moubH.zoMel/HM K0 2.0-10°3 MoJbH.qoneii/uam. IToka-
3aHO, YTO YIIPAaBJIE€HHE COCTABOM TPOMHOI'O TBEPAOTO PAaCTBOPAa B IIPoIecCe KUIKOMasHOI
SMUTAKCUHN MOMKET OBITh PEaJM30BAHO IPH MCIOJb30BAHUN HECTAILMOHAPHOIO 3JEKTPUYECKO-
ro IIOJA.

Solid solutions of A’B® type with a space-dependent bandgap and thus with built-in electrical
fields are used widely in optoelectronics. In particular, to provide effective photovoltaic converters,
the graded-bandgap GaAs, P, solid solutions are used with the bandgap width increasing towards
the emitter layer surface [1]. Preparation of such structures by epitaxy from the liquid phase al-
lows to improve considerably the operating characteristics due to higher crystal quality of epitaxial
layers [2]. The conventional methods of the liquid phase epitaxy (LPE) using forced cooling or
isothermal growth from the supersaturated solution-melt do not provide the formation of epitaxial
layers with the bandgap width increasing from the substrate/emitter interface towards the emitter
layer surface [3].

Usage of the liquid phase electroepitaxy (LPEE) to grow the graded bandgap epitaxial layers
provides the following advantages. First, LPEE makes it possible to use isothermal growth condi-
tions, which are more suitable for technological process. Second, the application of electric current
allows to decrease considerably the response time of the epitaxial process and to provide the ad-
ditional control at the epitaxy. In this work, the composition control possibility of a solid solution
is theoretically considered taking as an example the GaAs, P_solid solution at the LPEE from the
Ga-As-P solution-melt on the GaAs substrate.
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Initially, the saturated As solution in the Ga-melt is brought to a contact with the GaAs sub-
strate (referred to as the working substrate) and the GaP substrate (referred to as the source sub-
strate) that is the phosphorus source for the solution-melt. The substrates are situated in parallel
to each other at a certain distance.

At the modeling, the following assumptions have been used:
¢ The growth process is isothermal;
¢ Mechanical stresses in the system are not taken into account;
¢ The diffusion mass transfer processes only are present in the solution-melt;
¢ All the growth and dissolution processes are diffusion limited;

e The transfer processes of the components in the solution-melt are independent;
e Interfaces of solid phases — solution-melt are assumed to be unmovable, hence the Stefan problem
does not take place.

According to the assumption of the diffusion limitation of the erystallization process, the concen-
trations of the components in the solid and liquid phases at the interfaces have to be in equilibrium.
For the ternary system of the GaAs, P_solid solution, the equations that describe solidus and lig-
uidus lines at the regular solution approach are as follows [4]:
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where x = x¢,p is the mole fraction of GaP in the GaP As, _solid solution; x(l)Ga,x(l) As,x(l) p are the
mole fractions of Ga, As, and P, respectively, in the liquid phase that corresponds to the equilibrium

with the solid phase at z = 0; v5,, .4, +b . are the activity coefficients of Ga, As, and P, respective-
ly, in the liquid phase; wSGla ,wfis,ﬁ;l are the activity coefficients of Ga, As, and P, respectively, in the
liquid phase of stoichiometric composition; & 4, Yaqp » are the activity coefficients of GaAs and
GaP, respectively, in the solid phase; ASE 4., ASE 5, the specific molar melting entropies of GaAs

and GaP, respectively; Té; As>TC§;lP , are the melting temperatures of GaAs and GaP, respectively;
T, 1s the epitaxy temperature; R, is the gas constant.
The activity coefficients can be calculated as follows [4]:
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where alGa s alGa P, OLE48P are the atomic interaction parameters in the liquid phase for Ga-As, Ga-P,
and As-P, respectively; ag,4s_gqp 18 the atomic interaction parameter in the solid phase for GaAs-
GaP system.

Diffusion processes of the As and P components dissolved in Ga melt are described as follows
[5-7]:
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where p 4. 1p, DAS,DfD are the electrical mobility and diffusivity of As and P ions in the Ga melt,
respectively; lea (z,t),xféls (z,t),xf; (2.t), the mole fractions of Ga, As, and P components, respec-
tively, that depend on time ¢ and coordinate z.

The electric field can be found using the formula

E. = ok, (10)

where plGa is the specific resistance of the solution-melt; -/, is the current density.
Due to the diffusion-limited approach of the growth and dissolution processes, the boundary
conditions are as follows:

¥ (0,8) = &b p; a4 (0,8) = &) 45 (1D
xf; (Lt)= xllp; xf43 (Lt)= xllAs

where xllGa,xll As,xllp are the mole fractions of Ga, As, and P, respectively, in the liquid phase, that
correspond to the equilibrium with the solid phase at z = L.
The initial conditions are:

xp (2.0) = xhp: &l (2.0) = x4 (12)

To solve the mass transfer equations (8, 9) with the initial and the boundary conditions (11, 12),
the finite difference method was used. The explicit scheme [8] was used to approximate equations
(8, 9). Let the discretization of boundary conditions (11) be considered. At the interface z =0 the
solid phase composition varies in time due to the crystallization, thus causing an implicit time de-

pendences of x(l)Ga,x(l)As, and x(l)p.
The composition of the layer being crystallized during a time step can be described as

Y="4 ll ’ (13)
X ::;s — x(l)As +1
X p—¥p
where x*ﬁs,x*é; are the As and P mole fractions in the liquid phase, respectively, that have been
appeared at the current time step due to the mass transfer in the liquid phase at z= 0 prior to

crystallization. Solving the system of three equations (1, 2, 13) and the normalization require-

ment xhq, = 1—(x(l) As +x(l)p), the equilibrium composition of the liquid and solid phases, i.e.
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x,x(l)Ga,x(l)As,x(l)p , can be obtained.
The thickness of layer being crystallized per one time step can be found as

%] ! %] !
(x As —X0A )+(x P_xOP)
h® = is MS : M Mp)| b
W[ G ! A ! P
X0Ga — T X04s T Xop
PGa PAs PP
where w° = 8 (15)
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is the mole density [7]; N4, is the Avogadro constant; ag,p.0g.4s - the lattice constants of GaP and
GaAs, respectively; Mg, M 4. Mp.pcq.p4s-Pp » are the molar masses and densities of Ga, As, and
P, respectively; h , is the spatial step in the finite differences scheme.

Let the digitization of the boundary conditions (11) at the interface GaP substrate /solution-melt
(z = 1) be considered. According to the mass conservation law,

(x**lGa + x**lAs + x**é;) +a GaP = xllGa + xllAs + xllP ) (16)

‘k‘kl

where x**lga, X As,x**é; are the mole fractions of Ga, As, and P, respectively, in the liquid phase, that
appeared at current time step due to mass transfer in the liquid phase at z = [ prior to dissolution.
The mole fractions of Ga can be found from the normalization requirement:

! ! !
XjGq =1— (xlAs + le) amn

x**lGa _ 1—(x**lAs —|—x**l ) . (18)

From equations (16)-(18), we get:
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Solving the system (19), we get:
‘k‘kl l ‘k‘kl l
; 05(23{2 P Xjas T X As—xlAs)
Xjp = P . (20)

X As
Solving the system including two phase equilibrium equations (1, 2), normalization requirement
(18) and equation (20) at every time step of the calculations gives the equilibrium compositions of

the liquid and solid phases at interface of GaP substrate/solution-melt, i.e. xllGa,xll As,xllp )

The simulation was carried out in the temperature range of 600-900°C corresponding to the whole
range of GaAs, P_solid solutions [10], in the range of substrate spacing (thickness of the growth
space) of 0.5-1 mm, and in the range of current densities of 1-9 A/em? Values of parameters used in
calculations are correspond with data [3, 4, 7, 10-12, 13, 14]. From Figs. 1a-1c, it follows that:
¢ Under steady-state conditions, the current density influences the growth rate of the solid solution
layer only and practically does not affect its composition gradient (Fig. 1a);
¢ Under steady-state conditions, the solid solution composition gradient depends on the growth
temperature (Fig. 1b) and on the substrate spacing (Fig. 1¢). The growth temperature lowering or
the substrate spacing diminution results in increasing composition gradient.
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Fig. 1. Dependences of the thickness of the deposited GaAs, P_solid solution layer on its composition: (a) at
different current densities (curve I — 5, 2 -3, 3— 1 Alem? for the same time of 1 h. (the growth temperature
T'=900°C, the growth space thickness [ =1 mm); (b) at different growth space thickness values (the growth
temperature T = 900°C, the current density o/ =3 A/em?); (¢) at different growth temperatures (the growth
space thickness [ = 1 mm, the current density =3 A/em?).
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Fig. 2. Dependence of the composition gradient in GaAs, P, {
solid solution on the growth process parameters: the growth
temperature and the growth space thickness. The current 1ok
density o/ =3 Alem? Curves I —600°C, 2—700°C, 3-800°C,
4-900°C.
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Asisseen from Fig. 2, under steady-state conditions changing of such parameters as the temperature
of growth and/or the thickness of the growth space makes it possible to control the composition gradient
in GaAs, P_solid solution in a wide range from 0.5-10* mole fraction/nm to 2.0-10° mole fraction/nm.

Let the influence of the current density changes on processes in the system be considered. In Figs.
3a and 3b, the evolutions of P and As atomic concentrations in Ga melt at the current switching off
are presented. Prior to the current switching off, considerable difference in concentration profiles of
P and As is caused by different directions of electric and diffusion constituents of As and P atomic
flows. For P, both electric and diffusion constituents of the atomic flow have the same direction. But
for As, the diffusion constituent has the opposite direction. That is why the profile of As concentra-
tion distribution depends on the current density to a greater extent than that for P. Changes of the
current density result in a considerable redistribution of As concentration in the liquid phase and,
as a result, at the crystallization front. This provides shift of equilibrium conditions in the system
and moves the figurative work point in the phase diagram. After the current switching off, the As
concentration at the crystallization front decreases due to the diffusion. This results in increasing
P molar fraction in the solid phase. Thus, it is just changing of the current density value that can
be used to control the composition gradient in the solid solution during growth (see Fig. 4.).
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Fig. 3. The node distribution of the P (a) and As (b) mole fractions at different time (curves I — 60, 2 — 80,
3 —100, 4 — 120, 5 — 140, 6 — 160). The growth temperature 900°C, the growth space thickness 1 mm. The
current density: till 60 s, 1 A/em?, in the range of 80-140 s, 0 A/ecm? and from 140 on, 1 A/em?.
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Fig. 4. Dependence of the growing GaAs, P _ solid solution
layer thickness on its composition at current density inten-
tional changes during the growth and representing unsteady
electric field (the growth temperature 900°C, the growth
space thickness 1 mm).

To conclude,it has been shown that the use of electroepitaxy from the liquid phase in the isother-
mal conditions enables in principle to obtain graded bandgap GaAs, P_structures with phosphorus
content increasing towards the layer surface. The use of unsteady electric field makes it possible to
control effectively the composition of the ternary solid solution.
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Mopnemnosannsa nponecis pocry mapis GaAs P, npn
pinuaHO(a3Hili eleKTpoemiTaKkcii

B.IIubynenkxo, €.bazanos, B.Kpacnos, C.Illymos

TeopeTndyno PpOSIVIAHYTO MOMJIMBICTH YOPABIIHHA CKJIAOOM TBepfgoro posuumny GaAs
P, ma migrnapmi GaAs mpu pigmHHOMA3HIH eseKTpoemiTakcii 3 posumHy-posmiary Ga-
As-P. BceranoBseno, mo y cramoHapHHX yMOBAX, 3a[al0ud TaKl I[apaMeTpH Iporecy, K
TeMreparypa Ta/abo TOBIIHHA POCTOBOTO 3a30pYy, MOMHA OTPUMATH BAPHU3OHHI IIAPH TBEPIOTO
posumny GaAs, P i3 s0lapmenssam Bmicty P o moBepxHI mapy, Mo MaioTh IDATIEHT CHIALY
Big 0.5-10% wmoabH.yacrka/um go  2.0-103mosbH.yacrka/um. Ilokasamo, 1o KepyBaHHs
CKJIQJIOM TepPHApPHOIO TBEPJIOTO pO3UHMHY y Tpolecl pImMHHOMAZHOI eJIeKTpoeiTaKcli
Moyke OyTH  sjificHeHe TIPH  BUKOPHUCTAHHI  HECTAI[IOHAPHOTO  @JIGKTPHUYHOTO  IOJIS.
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