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The temperature-dependent behavior of the soiid composition x, of Al,Ga, _,Ashas
sysiematically been studied as a function of gas phase composition x, in an optimized
horizontal metalorganic vapor phase epitaxy reactor at atmospheric pressure, Up to 2
temperature of 660 °C the Al incorporation is constant but slightly exceeds the Ga
incorporation. Above this temperature the Al incorporation strongly increases with
temperature. This behavior is most probably related to a change in growth mechanism from
mass transport limited growth to a regime where the growth is controlled by thermodynamics,

especially for the gallium species.

L INTRODUCTION

Twenty years after the original demonstration of the
utility of the metalorganic vapor phase epitaxy (MOVPE)
process by Manasevit' MOVPE has evolved into a major
epitaxy technigue for III-V semiconductor materials. A
large number of devices based on two-dimensional electron
gas structures and multiple-quantum-well heterostructures
have been made employing MOVPE,; this alone demon-
strates its importance.”” The chemistry of the MOVPE pro-
cess is still 2 subject of discussion, however certainly where it
concerns the growth mechanism of ternary and quaternary
compounds. Also the mechanism that determines the
amount of aluminum that is incorporated in Al, Ga, _, Asis
not yet fully understood. Several authors®™ have shown that
the Al incorporation ceefficient (defined by these authors as
the ratio of the solid composition x, in Ai, Ga, _  Asand the
gas phase composition x, ) slightly exceeds unity and is not
dependent on growth temperature. Here x, is defined as the
ratio of the Al containing growth species {[trimethylalu-
minum {TMA )] over the total group IIl elements concen-
tration {TMA and trimethylgallium (TMG) ], where one
has to take into account the dimerization of TMA. Takaha-
shi® however reported a higher value, that does depend on
growth temperature, employing a horizontal atmospheric
pressure reactor. We will show that beyond a certain transi-
tion temperature the Al incorporation strongly increases
with temperature.

il EXPERIMENTAL GROWTH CONDITIONS AND
ANALYSIS TECHRIGUES

A horizontal atmospheric pressure reactor with a rec-
tangular cross section and a long horizontal susceptor was
used in our experiments.® The purpose of the long susceptor
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is to establish a fuily developed flow profile in the reactor,
such that the diffusion fux of the growth species can be cal-
cualated with reasonable confidence and accuracy. Thisis in
contrast with reactors, where the susceptor length is so short
that the flows are in their early stages of development, and
uncertainties in boundary layer width and temperature pro-
files are so large, that no reliable calculations are warranted.
The reactor was resistance heated at the bottom and water
cooled at the top to establish a known temperature gradient.®
Al Ga, _ Aslayers were grown on Cr-doped semi-insulat-
ing GaAs substrates with orientations {113}, (100) 2° off
towards (110}, and {1111Ga. TMA and TMG were used as
source gases for Al and Ga, respectively; pure arsine was
vsed for the arsenic and & molsieve was installed in the arsine
line. Hydrogen was used as a carrier gas. The bubbler con-
taining TMA was held at 17 °C while the TMG bubbler was
held at 0 °C. The flowrates of TMA and TMG were varied
between 0~3 and 1--3 scom, respectively. The AsH, and H,
flows were kept at 60 scom and 4 shm, respectively. The room
temperature mean flowrate was 7.5 cm/s. The growth tem-
perature was varied between 590 and 760 °C and was deter-
mined by measuring the substrate temperature using a py-
rometer. The growth rate was typically 0.1 gem/min and was
measured by taking scanning electron microscopy (SEM)
photographs of stained cross sections of epitaxial layers. The
amount of Al incorporated in Al,Ga,  , As was measured
by three techuiques, viz. photoluminescence (PL), elastic
recoil detection (ERD), and inductively coupled plasma
atomic emission spectroscopy (ICPAES).

From PL measurements performed at 4 K the Al sclid
composition x, could be obtained from x; = 0 to 0.4 using
the linear refation between PL peak position and composi-
tion.”® For higher values of x,, Al,Ga,_,As becomes an
indirect semiconductor.” Recent PL measurements'® show
that it is also possibie to measure the Al concentration in this
regime by observing the indirect transition and taking into
account the phonon coupled to it. ERD was performed at
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the Van der Graaff tandem accelerator facility at the Utrecht
State University. This technique can be applied to measure
light elements (such as Al) in a heavy atom matrix
{(GaAs).'' A 50 MeV Cu beam was used to irradiate the
grown layers. The recoiled and backscattered particles pass a
9-gemn absorber foil and the remaining particies are then ana-
iyzed. In order to determine the Al content by ICPAES the
complete samples were dissolved in boiling HNG, (25%).
Subsequently the solution was injected into the plasma
chamber and analyzed; from the knowledge of layer and sub-
strate thicknesses the amounts of Ga, As, and Al were ob-
tained. ERD and ICPAES are capable of measuring the Al
content in the whole range from x, = 0 to 1. The highest
accuracies are obtained by PL, followed by ICPAES, be-
cause of the uncertainties in layer thickness. Detailed ERD
measurements were published elsewhere.!!

il RESULTS

All three measurements give basically the same results.
In Fig. 1 the data points are given for the Al composition x,
as a function of inpui concentration ratio x, for a growth
temperature of 750 °C and for growth temperatures below
650 °C. The dotted line represents literature data taken from
the review article of Ludowise.” These data are mainly for
temperatures lower than 700 °C. At these lower growth tem-
peratures our data are in good agreement with the literature
data.

A. Al Ga,_, As growth model

Models that describe the growth process in horizontal
flow reactors vield the following general relation for the
growth rate r*'? (in the Appendix a more thorough treat-

ment is given):
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FIG. 1. Data points for the aluminurm solid fraction x, in AL, Ga,  Asasa
function of the input Al concentration ratic x, ([TMA]/
([TMA] + [TMG1)} in the gas phase at a growth temperature of 750 °C
and at growth temperatures below 650 °C. The dotted line is drawn accord-
ing to data taken from Ludowise.” The full line is 2 theoretical line for o == 3.
The dotted line can entirely be described by @ = 1.3. Growth conditions
were Porga v == 05 Pa, V/II = 25.
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F = CyF, (1

where C, is the input concentration of the group I compo-
nent and 7 is made independent of the concentration of the
group I1I component. Explicit expressions for 7 are not real-
1y needed here, but for the regimes where transport through
the gas phase is rate determining or where the chemical ki-
netics at the crystal surface dominate, it can be proven
that®**1? (see Appendix)

diffusion lmited:

§)) D, z
Dok, z,T) =4 "L ex <~ B—-(i—), {1a)
{(Dg,vp P p okt B

kinetically limited:

y £,
ko TY = kq exp( RT)’ {ib)
where
By the binary diffusion coefficient of the group I
component at room temperature,
g the mean horizontal gas flow velocity,
I3 the free height above the susceptor,
z the coordinate along the reactor (heating starts at
z =0},
AB temperature-dependent dimensioniess numbers,

which are a weak function of T and the thermal
diffusion factor a5 only (see Appendix},

ky pre-exponential factor of rate constant, which is a
weak function of Tand the thermal diffusion factor
a only (see Appendix),

E, activation energy for chemical reaction or reaction
enthalpy for equilibria,

T growth temperature,

R gas constant.

Egquation (la) shows that horizonta! flow reactors al-
ways exhibit depletion in the direction (z) of the flow for the
diffusion limited regime. In the case of Eq. (1b) the expres-
sion can become much more complicated, but it will always
contain at least one reaction-rate constant or equilibrium
constant. The essence is that in this case an exponential temn-
perature dependence comes into play.

For the growth of AL, Ga, _ As, Eq. (1) will be valid
for both Ga and Al''; it follows that for pure GaAs and
AlAs the growth rates are given by

rGa = [TMG}?sz (2)
rar = [TMAJF,,, (3)

where [ TMG1 and [ TMA] are the input concentrations of
TMG and TMA, rospectively. For the growth of
Al Ga,  Asitis assumed that the total growth rate ts given
by rg, + Fa and that rg, and r,; are independent of each
other. The amount of incorporated Al (x, ) can then be cal-
culated to be

¥ = Fay - [TMA]J7,, (4)
U oratre.  [TMALR, + [TMGlrg, |
By defining « as
@ =Fp/Fga (3

and using x, = [TMA]/([TMA] + [TMG]) we obtain
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x,=aoax /4 {a—1)x, ] (6)

a=(x/x, )/ [{} —x)/(1 —x,)}. (7>
¢« can be called the ratio of the incorporation coefficients of
Aland Gafor the growth of Al Ga, _  Asandisequal to the
Al incorporation coefficient itself >~ for x, and x, —0. The
incorporation of Alin Al Ga, _, Ascan thus be described by
one variable (o}, which is a function of temperture. This is
perfectly demonstrated for the two lines in Fig. 1. The com-
plete dotted line is represented by « = 1.3, whereas the com-
plete solid line is given by @ = 3.

8. Temperaiure dependence of growih rate and
combined incorporation coefficient o

Comparing Bqgs. (5) and (la), and (1b) we see that &
depends on temperature through the numbers A and Borvia
the activation energy E,. In order io study this behavior in
more detail we have varied the growth temperature and de-
termined the growth rate as well as «. Figure 2 shows the
growth rate of GaAs and Al _Ga, __As as a function of tem-
perature. The curve drawn belongs to substrates that where
placed at position z = 12 cm, where the temperature, con-
centration, and velocity fields are fully developed. Two re-
gions can be distinguished: region 1, where no temperature
dependence is found and region 2, where a temperature de-
pendence does exist. In region 1, gas phase diffusion of
growth species is rate limiting.>*> The drop in growth rate in
region 2 is still under debate; explanations for the lower
growth rate at higher teraperatures run from homogeneous
gas phase reactions’® and arsenic evaporation'” to desorp-
tion of growth species from the crystal surface. '™

In Fig. 3 the temperature dependence of ¢ is shown. The
curve drawn is for experimental points taken from subsirates
lving at positions z= G, 12, and 15 cm. Data points faken
from substrates positioned at z < 2 cm give a similar behav-
ior; but here the curves are shifted towards higher tempera-
ture. This basically means that the temperature profile in the
gas above the subsirates has not yet been fully developed and
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FIG. 2. Growth rate » of Al,Ga,_,As and GaAs as a function of growth
temperature at a position z= 12 cm. Note that above 660 °C the growth
becomes  temperature  dependent. Growth  conditions  were
Prys v tvc = 63 Pa, V/EII =25, x, = (.14, and substrate orientation
(110} and (100) 2° off towards (110}.
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FIG. 3. The ratio of the incorporation coefficients of Al and Ga @ as a func-
tion: of growth temperature for substrates at z>9 cm. Note the transition at
660 °C from temperature-independent (region 1) fo temperature-depen-
dent behavior (region 2). The full line is only drawn to connect the corre-
sponding data points. The insert shows an Arrhenius plot of the same data
points. From this an activation energy of 20 keal/mol is derived. Growth
conditions were Pry, e = 03 Pa, V/II = 25, x, = 0.14, and substrate
orientation (100) 2 ° off towards {110).

that the chemical reactions are not completed in the en-
trance region of the reactor for these experiments. A similar
result has been reported by Takahashi, who increased the
flow over the subsirates and observed a lower incorporation
coeflicient due to a iower effective growth temperature.” For
substrates at z>9 cm a transition at 660 °C is observed from
temperature-independent (region 1, @ = 1.3) to tempera-
ture-dependent behavior (region 2). This transition coin-
cides with the kink in growth rate as a function of tempera-
ture, as shown in Fig. 2. In our opinion the increase of o at
higher temperatures can be explained assuming that the Ga
growth species desorb faster than the Al growth species be-
cause of bond strength reasons: the Al-As bond is stronger
than the Ga—As bond. This follows from the difference in the
heats of formation of AlAs and GaAs, which are 150 and 128
keal/mol, respectively.'® Consequently there will be less Ga
available for incorporation in comparison with Al In the
insert of Fig. 3 an Arrhenius plot is drawn for . From this
plot we derive an activation energy of 20 kcal/mol, which is
a plausible figure for the desorption of Ga from the surface.
Thus we tentatively conchide that for these higher tempera-
tures the incorporation of Ga is thermodynamically con-
trolied. Theoretical arguments in support of this will be pre-
sented in a future publication.’” The results presented seem
to be contradictory to results obtained by other authors,>™
who have grown Al Ga, _, As at temperatures higher than
660 °C, but nevertheless obtain an o of 1-1.3. This is most
probably due to the fact that in their case the temperature,
concentration, and velocity profiles are not fully developed,
leading to a lower effective growth temperature.” The fact
that at temperatures lower than 660 °C o exceeds unity is not
fully understood.

V. CONCLUSION

In this paper, we have shown experimentally that the
incorporation of Al in Al Ga,; _, As is dependent on tem-
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perature beyond a certain transition temperature. Below this
temperature the growth rate is limited by gas phase diffu-
sion. Above this temperature, most probably, thermody-
namically controlled surface processes (e.g., enhanced de-
sorption of Ga with respect to Al) are rate miting. At lower
pressures {1-10 Torr) we expect that the temperature vari-
ation in & will be at least similar, but probably stronger than
at atmospheric pressure; experimental results,'** however
do seem to be contradictory at this point. In a future publica-
tion we will present a more elaborate growth model in which
surface processes are included'” and will give a more theo-
retical basis for our conclusions.
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APPENDIX

To obtain an analytical expression for the growth rate r
one has {o solve the diffusion equation,?® which can be writ-
ten in its general form as

HnCy,)
gt
=VDC  [Vu+am(l—-n)Vin T},

+ vV {nC,)

(Al)

Ciot total gas phase concentration { = P/RT),

n molfraction of growth species (C=nC,),

C concentration of growth species,

v flow velocity,

D the binary diffusion coefficient of the group III

component,
fo g thermal diffusion factor,
T growth temperature,
P total pressure,
R gas constarnt.

A Cartesian coordinate system is used for our rectangu-
lar reactor (height /), in which z is parallel and y perpendic-
ular to the gas flow direction. Considering the reactor is of
infinite width the problem is reduced to a two-dimensional
{z-y) one. Flows under typical MOVPE conditions are lami-
nar and in a quasisieady state.’*?® Furthermore we assume
that the velocity vis only a function of the height y which can
be approximated by a mean velocity and that the tempera-
ture 7 is a linear function of y (this has been shown ear-
tier?”):

v =07 (T,/T5), (A2)

Ty =T, — (T, = Ty (y/h), (A3)

where 7, is the substrate temperature {y = 0), Ty is the tem-
perature at the top of the reactor (p = k), and v, is the mean
horizontal gas flow velocity, with
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5‘..(7})___%;}__ (A4)

7y (7, /Ty)

At z = 0, where heating of the substrates starts, the ve-
locity and temperature profiles are suddenly changed, as if
the new profiles resulting from the heat shock are immedi-
ately esiablished. This eliminates entrance effects, which is
allowed in our case, because of the fact that our samples are
always positioned beyond position z = 8 cm o be sure that
the velocity and temperature profiles are well established.
With these assumptions Eq. (A1) reduces to {rewriting Cas
a variable, using £ =1 atm, and n<€1:

220l

To/ 0z dy

C&T)
Bi—C+ N | Tkt B
dy (e )Tc?y

(A5)

Equation {AS5) is solved using the following set of
boundary conditions

Czr—:(} = (T(}/T)ng (Aé)
Jy!yr—h :0, (A7)
Ilyeo =kCl, o, (A8)

where C,, is the input concentration of the group HI compo-
nent. Boundary condition Eq. (A6) represents the sudden
change in the temperature profile at z = 0. The flux of spe-
cies out of the top of the reactor is zero [Eq. (A7)]. The
presence of surface kinetics (Ga and Al species adsorb at and
desorb from the substrate surface) results in boundary con-
dition Bqg. (A8): the flux of growth species through the gas
phase towards the substrate equals the flux of species that
actually are incorporated in the growing epitaxial layer.
Equation (AS8) can be rewritten to yield (introducing the
well-known CVD number™” N vy )

(i91+ (r + D éf;—) = NevpCloor (A9)
yi Ts ay yp=0
with

C'=C/C,

V' =y/h,

NCVD = kh /DT5°
The growth rate # is defined as
DC, ac’ C' ar )

= = il 1 i
Pip=0 ( PR, + {ar + )TS 3)},

Sclving Eq. (AS) with boundary conditions Egs. (A6),
(A7), and (A9) vields a solution for C'; substituting this
solution in Eq. (A10) then gives

r{z}) =

oo K;D;‘L_z;)’ (A1)

~00 3 A —
] i; [exp( ’ Uuﬁ h

where 4; and B, contain the CVYD number and combinations
of Bessel functions of first and second kind of fractional or-
der and are weak functions of the temperature T and the
thermal diffusion factor a .

It can be shown'” that for Noyp <0.1, the first term
(i = 1) contributes more than 99% to the total sclution. For
N cvp > 100 an error of =~ 18% is made when only the first

van Sark et al. 198




term is used. Therefore Eq. {A11) reduces in good approxi-
mation to

r=Coh, (A12)
with, in the diffusion limited regime (¥ yp > 1),
?:Ag‘lexp(-—=3—?—"-i). (A13)
] vgh A

For the kinetically limited regime (VW ovp < 1) a8 much
smaller error { =~1%) is made when only the first term in
Eq. (A1l) is used. Recalling that the dimensionless
numbers 4; and B, are functions of ¥ vy, it which the influ-
ence of k is expressed, it can be shown that for the kinetically
limited regime Eq. {A12) is valid too, with

F=kEexp| — F(k /v,3x], (Al4)

where E and F are weak functions of 7,, 7, and a, of the
order 1. For small k£ and assuming that the imiting reactions
exhibit Arrhenius type behavior Eq. (A14) reduces to

# ko T) = ko exp( — E, /RT). (A15)

Equations (A12), (Al3), and {A13) are the same as Egs.
(1), {(1a), and (ib), respectively, and form the basis on
which the model of the combined incorporation coefficient o
is built.
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