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A Model for the Growth of CdTe by Metal Organic Chemical
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A kinetic model for the metalorganic chemical vapor deposition (MOCVD) growth of
CdTe over a wide temperature range is presented. The model yields the growth rate as
a function of the gas-phase concentrations of the constituents. The model is corroborated
with experimental results obtained by the MOCVD growth of CdTe at 380° C. The major
features of the model are the observed two-step surface-controlled pyrolysis and surface
saturation, leading initially to a growth rate that increases with the square root of the
concentrations of the reacting species and subsequently to a decrease of the growth rate
as the concentrations increase. At even higher concentrations, an additional increase

of growth rate is observed and modeled.
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This letter presents a kinetic model for the metal-
organic chemical vapor deposition (MOCVD) growth
of binary compounds such as CdTe, over a wide
temperature range, that takes into consideration the
pyrolysis process. The binary compounds are de-
noted by AB.

The present model is an extension of the model
for high temperature growth where the pyrolysis
process can be neglected.®* In the case of CdTe and
diethyltellurium (DETe), the pyrolysis becomes
limiting below approximately 410° C.*’

To model the growth of CdTe below 410° C, the
following assumptions are included:

(a) The reaction is surface controlled. This assump-
tion is based on the experimental results re-
ported in Fig. 1, Ref. 2.

(b) The metalorganic molecules are adsorbed to the
surface of the substrate via several surface sites.
In the case of relatively simple molecules such
as DMCd and DETe, two surface sites are
involved* (see Fig. 1).

(¢) The surface-controlled pyrolysis occurs only af-
ter the adsorption of the metalorganic mole-
cules at the surface of the substrate.

(d) The metalorganic molecules and the decom-
posed Cd and Te compete for the same surface
sites. Thus, accumulation of the metalorganic
molecules at the surface of the substrate may
lead to “surface saturation.”

Assumption (a), i.e. surface control, is described
by

Cfm = Cf{A (1)
Ciz = Cis (2)

where C$4, C9s and Cia, Cas are the concentra-
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tions (molecules per unit volume) of the metalor-
ganic sources of A and B in the gas-phase in the
bulk of the gas and adjacent to the surface, respec-
tively.

The rate equations of the adsorption process de-
scribed by assumption (b), are

dM
d;‘“ = QuC5s (M — My — Myp)® — RAM2y,  (3)
dM.
dt“B = QuCys(M — My — My — ReMiys  (4)

where My, and My (molecules per unit area) are
the surface concentrations of the adsorbed metalor-
ganic molecules MA and MB (DMCd and DETe in
this case), respectively. M is defined as the total
number of adsorbed MA and MB molecules that fully
cover a monolayer over a unit area of the surface.

The rate Egs. (3—4) are obtained by two opposing
fluxes: The adsorption rate which is proportional to
the surface concentration and the number of avail-
able empty sites in the power of 2 {Q.Cya (M —
Mys — Myp)?, QsCiis (M — Mys — Myp)®} and the
desorption rate which is proportional to the number
of adsorbed molecules in the power of 2 {R M,
RgM%z}. The origin of the power 2 stems from the
assumption that each metalorganic molecule is ad-
sorbed to the surface via two sites.* (In the case of
more complex metalorganic molecules, higher pow-
ers may be required®). Each surface atom provides
one site that may adsorb either a methyl or ethyl
radical (see Fig. 1). Hence, for the case of metalor-
ganic molecules adsorbed on two surface sites, M =
N/2, where N is the number of lattice atoms per
unit area, at the surface. At steady state, dMj./dt
= 0 and dM,;/dt = 0. Hence, Egs. (3)—(4) can be
solved to yield My, and M, expressed using the
gas-phase concentrations.

In contrast to the high temperature growth de-
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dimethyl cadmiun (DMCd) dimethyl telluride (DETe)

Fig. 1. — A schematic illustration of metalorganic molecules that
are adsorbed at two surface sites. Each surface atom provides
one site that may adsorb either a methyl (CH;) or an ethyl (C.H;)
radical. Note: the B atoms of B (111) CdTe face are displaced by
one atomic plane, since for (111) orientation each monolayer con-
sists of either A atoms or B atoms.

scribed elsewhere,"*® growth in a lower tempera-

ture range is characterized by a complex pyrolysis
process that is a limiting factor in the growth pro-
cess.

The concentrations of the decomposed free atoms
C5 (Cd) and C3 (Te) in the gas-phase at the surface
of the substrate, are given by:

CS = Py (M — Mys — My) Myga + Prya Cara (5)

C3 = Py (M — My — Myp) My + PysCiis  (6)

The terms PA (M - MMA - MMB) MMA and PB (M
— Mys — Myg) My describe the second step of the
pyrolysis that occurs on the surface of the crystal.
The free sites react and decompose the adsorbed
metalorgamc molecules. The terms Py Cia,
PMBCMB correspond to the component of the pyrol-
ysis that occurs directly in the gas-phase.' The py-
rolysis constants Py, and Pyp are temperature de-
pendent and are in the range of 0 to 1. The pyrolysis
constants P, and P (units of length) depend on
temperature as well as crystal orientation and cor-
respond to the pyrolysis that occurs on the surface.

The chemical reactions taking place at the sur-
face of the growing film are given by:

Fy = K,C5 (M — My — Myp)/M1Ng (D

Fp= KBCg (M— Mys — Myp)/MIN,4 8
where the surface-reaction fluxes F 4, Fiy are related
to the concentratlons in the gas-phase adjacent to
the surface C5, C§ (molecules per unit volume) and
the available sites for adsorption. As in the high
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temperature growth model, the model assumes that
N, sites on atoms of type A may adsorb atoms of
type B, while Ny sites on the atoms of type B may
adsorb atoms of type A (see Fig. 2). However, since
a fraction of surface sites is involved in the pyrol-
ysis process, the number of sites that participates
in the growth process is modified by the ratio (M —
Mys — Myp)/M. The same ratio modifies N, and
N since each surface site may adsorb either a methyi
or an ethyl radical.

The total number of sites N is constant and is given
by

Ni+Ny=N )
surface sites of type N, and type N
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Fig. 2. — A schematic illustration of: (a) Surface sites for atoms
A and B that form the crystal. Each surface atom A provides a
surface site of type N, that adsorbs an atom of type B and each
surface atom B provides a surface site of type Np that adsorbs
an atom of type A. Note: The B atoms of B (111) CdTe face are
displaced by one atomic plane, since for (111) orientation each
monolayer consists of either A atoms or B atoms. In that case,
the N, sites and the N; sites are provided by two atomic planes.
(b) C5 and C§ (molecules per unit volume) are the gas-phase
concentrations of atoms A and B adjacent to the surface.

(¢c) Atoms A and B, adsorbed on atoms B and A, respectively,
incorporated in the growing layer.
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The value of N (sites per unit area) depends on
the substrate orientation and is equal to the num-
ber of atoms per unit area at a given orientation.
For the B face of (111) CdTe N = 5-10"cm™2.

At steady state equal fluxes of A and B are sup-
plied to form layers of the binary compound AB.
Hence,

F, =Fg (10)

The above set of 10 equations enables us to solve
the 10 unknowns F,, Fg, Cya, Cas, C5, C5, Mya,
My, N4, N, in terms of Cs4, Cop and the param-
eters of the growth and pyrolysis processes N, M,
QA, Q31 RA: RBv KA’ KB’ PA7 PBa PMA, PMB-

The growth rate of the epitaxial film is given by

V= FA/mAB (11)

where myp is the number of molecules of the com-
pound AB incorporated into a unit volume of the
film.

Under steady state conditions, Eqs. (3—4) yield the
surface concentration of the adsorbed metalorganic
molecules:

MMA=M

[ VQ.Rz VC i :|
VRARs + VQaRz VCiia + VQsRAs VC i

(12)
MMB = M
|: V@sRs VCiin :|
VR4Rp + VQaRs VCiis + VQpRAs VC i
(13)

Equations (7-8) yield that the fluxes of atoms tak-
ing part in the chemical reactions at the surface of
the growing film, can be expressed by

F, = aNg (14)
Fg = BN, (15)
where a and B are given by
a = Ko\PAM* (Q4)"’R AR5
| (Cia)'” ]

LIVRARp + VQ4R3 VCiia+ VQsR4 VC§5I°

Ciia ]
L VRARp + VQaRs VCiia + VQsR4s VCip

(16)

B = KgP sM? (Qp)'°RpR,**

[ (Cip)"” ]
LIVR4B5 + V@aRs VCis + VQsRa Vil
+ KsPyp VR4Rz
[ Ciis :I

LV/RuRg + VQaRs VCiis + VQsRs VCiip

(17)

It is readily seen from Egs. (9), (10) and (14)—(15)
that

!
N, = <a " B) N (18)
(B
Ng = <a n B) N 19)

The growth rate is given by

V= — (20)
a+ B Map

The growth rate is expressed using gas(-;phase con-
centrations of the metalorganic sources Cg4, C55 and
the growth parameters.

To obtain a physical insight into the factors con-
trolling the growth rate according to the current
model, several limiting cases are considered. As-
suming that the concentrations of the metalorganic
sources are equal and that the growth parameters
are the same, (i.e. a = B) the growth rate is given
by

_aN

2 Map

1 (21)

and is shown schematically in Fig. 3. Three regions
are observed: At very low concentrations the growth
rate is proportional to (C$4)"?, (C%p)""?, since Eq.
(16) can be approximated by

(CG )1/2
— | @2
(VR4Rp)
With increased concentrations, the terms in the

denominator increase and the growth rate passes
through a maximum and decreases with

a= KAPAM2 (QA)1/2 RAR83/2
(1/Ciza)
(V@Q4Rp + V@R,

At higher concentrations, the pyrolysis that pro-
ceeds directly in the gas-phase becomes more sig-
nificant and

o= I{AI)AAI2 (QA)1/2 RAR33/2 |:

(23)

K.Pys VR.R, [ (Cin)*” ] (24)
o=
AT A e VQsR5 + VQpR,4

is observed.
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Metalorganic sources that undergo pyrolysis
asymmetrically, exhibit a large difference in the py-
rolysis constants. In this case, since P, > Pg, Pya
> Puyg, then a > B (unless C54 < C%g) and the
growth rate is limited by V = B N/myg.

The predictions of the model are compared with
the experimental results obtained in a series of
growth runs of CdTe at the temperature of 380° C,
at less than atmospheric pressure, where the py-
rolysis of the metalorganic source DETe is limiting.
Figure 4 exhibits the measured data points that
correspond to the predictions of the model.

Figure 4a exhibits the growth rate as a function
of the concentration of the more easily decomposed
metalorganic source (with the larger pyrolysis coef-
ficient), while the concentration of the second source
is kept constant. Figure 4b exhibits the growth rate
as a function of the concentration of the less easily
thermally decomposed metalorganic source while the
concentration of the component with the large py-
rolysis coefficient is kept constant. The asymmetry
in the metalorganic sources is clearly exhibited by
the two figures and is easily derived from the equa-
tion for the growth rate in the last limiting case.

Epitaxial CdTe layers were grown on the B face
of (111) oriented, undoped CdTe substrates supplied
by II-VI incorporated. The substrates were me-
chanically polished with 0.3um alpha alumina pow-
der and subsequently chemically etched for 10 sec
by 10% Br, in methanol solution.

The MOCVD system, custom built by Thomas
Swan Co., England, has a horizontal quartz reactor.
The metalorganic sources, supplied by Alfa Product,
USA, are kept at 25° C. Growth runs were per-
formed with a reactor total pressure of 300 Torr, to-
tal H, flow of 0.65 L/min and a graphite suspector
temperature of 380° C.

The growth experiments are characterized by three
distinctive features as compared to previously re-
ported studies®’ and references therein: relatively
low reactor pressure (less than atmospheric pres-
sure); relatively low total flow of carrier gas (H,)
and relatively high partial pressure of the metalor-
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Fig. 3. — A schematic description of the growth rate of an epi-
taxial AB film as a function of the gas-phase concentrations of
the sources C$, = C§ assuming identical growth and pyrolysis
parameters for the two sources.

Nemirovsky, Goren, and Ruzin

ganic sources (up to 5 Torr). The growth tempera-
ture (380° C) is less than the homogeneous pyroly-
sis temperature of 410° C for DETe.’

At these experimental growth conditions, the py-
rolysis at the surface of the substrate becomes rate
limiting and significant. A similar behavior of the
growth rate in the low concentrations region (re-
gion I of Fig. 3) was previously observed and re-
ported. Figure 21 of Ref. 4 shows a square-root de-
pendence of CdTe growth rate upon equal and low
(less than 1 Torr) gas-phase concentrations
(CSuca = CSgre) at 350° C. To obtain a model for the
square root dependence, it was assumed in Ref. 4
that the adsorption of diethyl telluride requires two
surface sites. The current study has extended this
approach to higher concentrations.
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Fig. 4. — The dependence of the growth rate epitaxial CdTe on
the concentration of the metalorganic source a) The partial pres-
sure of DETe is kept constant at 0.67 Torr. b) The partial pres-
sure of DMCd is kept constant at 0.62 Torr. Growth temperature
is 380° C, pressure is 300 Torr. Total flow of carrier gas (H,) is
0.65 I/min. The experimental data is indicated by the points.
The solid lines are for visual aid.
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In conclusion, we have presented a simple kinetic
model that describes the growth of CdTe by MOCVD,
at a reduced temperature range, in which the re-
action is surface controlled. The model exhibits the
role of the surface sites in the pyrolysis process as
well as in the growth process. The competition be-
tween these two processes yields a maximum in the
growth rate.

At higher temperatures and concentrations, the
component of the pyrolysis that occurs directly in
the gas-phase (i.e. PyaCis, PusCiiz) becomes more
significant. At lower temperatures and concentra-
tions, this component becomes negligible. Hence, the
model can be further tailored to fit the high tem-
perature as well as the low temperature growth of
CdTe. For the high temperature case two additional
equations have to be added to describe the gas-phase
mass transport of the metalorganic sources to the
crystal surface (assumption (a) is no more valid). In
addition, the model can be expanded to describe ad-
ditional metalorganic sources and binary com-
pounds.
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