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Growth rates of GaAs in the NI O(’V D process hase been stud ted as a unction of both lateral a id ax aI position iii hon ion ta
reactor cells with rectangular cross-sections. A model to describe grosxtlt rates in laminar ‘loss sxstems on the basis of concentration
profiles under diffusion controlled conditions has been developed. The derivation of the gro~thrate equations includes the definition
of an entrance length for the concentration profile to develop.In this region. growth rates appear to decrease ss ith the 1 ‘3 power of
the axial position. Beyond this regton. an exponential decrease is found. For low Rayleigh number conditions, the present
experimental results show a very satisfactory agreenient with the model without parameter fitting for both rectangular and tapered
cells, and with both H and N~as carrter gases. Theory also predicts that uniform deposition can he obtained over large areas ui the
flow direction l’ar tapered cells, which has indeed been achieved experimentally. The influence of top-cooling in the present MO(’V1)
sxsteni has been considered in more detail. From the experimental results, conclusions could he drawn concerning the floss
characteristics. For low Rayleigh numbers (present study ~ 70W it lolloss s that growth rate distributions correspond svith forced
laminar flow characteristics. For relatively’ high Rayleigh numbers (present work 17(1(1 -28(11)). free convective effects ss ith vortex
formation are important. These coticlusions are not specific for the present system. hut apply to horizontal cold—wall reactors in
general. On the basis of the present observations, recommendations for a cell design to obtain large area hotiiogeneous deposition
have been formulated. In addition, this ~ork supports the conclusion that the final decomposition of trimethvlgalliunt in the
MO(’VD processmainly takes place at the hot substrate and susceptor and not in the gas phase.

1. Introduction only he solved by numericalcalculationsfor well
defined conditions. Recently, such calculations

One of the most promising techniquesfor in- wereperformedfor laminarflow conditions[9—111.
dustrial processingof Ill--V compoundsis metal- Such treatments,however. are very elaborateand
organicchemicalvapordeposition(MOCVD). For do not provtde raptd insight into the physical
this reason,muchattention is paid to both funda- processeswhen interpretingexperimentalobserva-
mental and technical aspectsof this growth tech- tions. Therefore, simplified models to describe
nique at present. However, studies dealing with mass-transportand deposition rates in CVD are
flow dynamics,depletioneffectsandcell designin especially welcomed and used. frequentl~.These
MOCVD systemsarevery scarce. models often start from an analogy betweentern-

Presently,many cell designs are basedon the peratureand velocity profiles and the concentra-
horizontal reactor. For this system.a number of lion profile. of which the latter is establishedas

both theoretical and experimental studies have the resultof masstransportby diffusion and flow
beenperformedconcerningthe flow andtempera- and chemical reactions.In suchmodels,diffusion
ture profilesand their developmentin theso-called overa velocity boundarylayer playsan important
entrance regions (e.g. refs. 11 —81). The Navier--- role, hut in most casesthe concentrationprofile
Stokespartial differential equationswhich govern hasbeensimplifted to a large degree.A review of
the transport phenomena in these systems can variousmodels is given in ref. [121.On thebasisof

flow vtsualizationexperimentswtth TiO~parttclcs,

Eversteynet al. [131 proposeda model in which a
* Present address’. SemiconductorDevelopment Laboratory, stagnant layer with constant thtckness was as-

NV. Philips. Nijniegen. The Netherlands sumed to be presentabove the susceptor.Over
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this layerall temperatureandconcentrationgradi- gas phase transport of the III component via
ents in the cell were fully accomodated.Oiling [6] diffusion andflow [14]. A two-dimensionalmodel
showed that such stagnant layer theories are describing the growth rate as a function of axial
fundamentallynot correct for laminar flow sys- position is presentedfor laminar flow systems,
tems with low Rayleigh (Ra) and Reynolds(Re) basedupon a considerationof concentrationpro-
numbers.For low values of the Ra number, a files in the cell. Growth rate results obtained in
linear temperatureprofile is establishedbetween MOCVD of GaAsare confrontedwith this model
top andbottomof thecell. KamotamiandOstrach for different experimentalconditions. These in-
[21also showedthat a stagnantlayer, in which the elude the use of H2 and N2 as carrier gases,
linear gasvelocity would be zero, is not presentin variouscell dimensions,waterandair topcooling,
a developedforcedlaminar flow profile. For high variousflow ratesandgasphaseconcentrationsof
Ra numbers,often obtainedwhenusingN2 or Ar the growth components.Growth rates were also
as a carrier gas, the presenceof a so-called“split- studied as a function of lateral position on the
off” layer was shown [61: a laminar boundary susceptor,to obtain information about possible
layer was found close to the susceptorwith a lateralflow components[15].Finally, somerecom-
stronglyconvectivepart above, It shouldbe noted mendationsare given for the optimization of cell
that such split-off layerscanbe the result of large design to obtain homogeneouslayer thicknesses
entranceprofiles, extendingover a large part of on large surface areas and minimize gas phase
the susceptor.In this entranceregion large flow depletioneffectsin MOCVD.
instabilities, such as return flows and vortex for-
mation, may severely influence mass transport
and, consequently,the positional distribution of 2. Model for diffusion controlled growth rates in a
growth rates.Forthesehigh Ra numbersystemsa laminar flow system
model involving an effective and constantdiffu-
sion boundarylayer might be expectedto explain In this section a model is presentedto account
the experimentalobservations, for growth rates in horizontal CVD reactors, in

In this study, only cells with rectangularducts which the depositionprocessis limited by mass-
were used. In thesereactors,under low Ra num- transportin the gas phase.The main idea of the
her conditionsisothermsare parallel to the upper model is that concentrationprofiles are calculated
and lower cell boundarieswhen a top cooler is in the reactor, taking into accountthe flow pro-
used [6]. Therefore, thesecells are strongly pre- files. The gas flow is consideredto be laminarand
ferred to cylindrical designsin which temperature dominatedby forcedconvection.This implies that
gradientsgenerallyexist in lateral directionsover mixing effects dueto free convectivemotions can
the susceptorwhich may induce lateral gas mo- be neglected.Returnflow of heatedgasmay occur
lions and therewith influence growth rates. Re- at the leading edgeof the hot susceptor[16]. This
cently, Houtman et al. [11] have shown by is dueto buoyancyforcescausedby the expansion
numerical computationsthat some vorticity may of the cold gaseshitting the hot parts.This effect.
still be presentin rectangularcells underlow Ra which introducesadditional mixing and memory
numberconditionsdue to the effect of the side effects, is neglectedin the presentmodel, too, but
walls. They also showed, however, that this did will be consideredin more detail below qualita-
not affect temperaturedistributions in the cell, in tively. The following treatment is two-dimen-
accordancewith experimentalobservations[61.In sional.Symbolsaredefinedin table1.
the presentwork it will be shownthat thesevortex
rolls have no effect on the mass transportphe- 2.]. Isothermalsystem
nomena,i.e. growth rates,either.

The presentwork mainly dealswith masstrans- First, we consider a system with a constant
port phenomenain horizontal MOCVD reactors, temperaturein which theactivecomponentrapidly
Growth rates in these systemsare controlled by decomposesat the susceptor. v = 0, for all axial
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h 8Table I
List of important symbols (a) ‘L._........~
h Total cell width i 0(decomposition
C’ Concentration rate limiting component z*O zone
(‘~ Concentration rate limiting component at inlet
(‘(:1 Average concentration rate limiting component at

pOsitiot’i . (b)

‘H~_1LXd
1~ Hydraulic diameter, 2 hh/1 b + /t)I) Diffusion coefficient

D11 Diffusion coefficient at 300 K —b/2 0 bl2
D, Diffusion coefficient at temperature T
C Growth rate Fig. 1. Schematic cross sections of a reactor cell: (a) longitudi-

Gr Grashof number. Ra/Pr nal. (h) transversal.
Ii Total cell height
M Molecular weight growing crystal
N Mass flux at susceptor
P0 Input parttal pressure rate limiting component
~ Input partial pressure of AsH~ equationfor massconservationfor thts casets:

~r’oc; Input partial pressure of TMG_ aC(v. z) =D~(,t~z) (I)
Pr Prandtl number, v/k — 0.7 for gases, with v kinematic t’ v

viscosity, k thermal diffusivity az rJ t’
2

Ra Rayleigh number, g~~Th~/vk,with g gravitational
acceleration, $ coefficient of volumetric expansion, tn which D is the diffusion coefficient of the

active component in the carrier gas and t’(t’)
Re Reynolds number. i’,d

1~/v expressesthe parabolicvelocity profile in the reac-
Sc Schmidt number, v/D

1~ Reference temperature (this work: 300 K) tor asgiven by:
T1~ Temperature at upper wall (t’ = 4)
7’~ Mean temperature t’ ( ~‘) = 6 v1~( ~ — ~ ~, (2)
7~ Temperature at susceptor ( r = o~ , h /72 /

Gas velocity
Average gas velocity at reactor inlet at 300 K Eq. (1) is difficult to solve for a parabolicvelocity

‘r Average gas velocity at temperature r profile. Therefore,we decidedto take the follow-
.x Lateral dimension ing route: first solve the problem for a constant
r Hetght above susceptor flow velocity and secondlyconsider the influence
z Axial dimension
z~ Concentration entrance length of a parabolic flow profile on the resultsobtained
Z~ Temperature/flow entrance length, 0.4 Pr Re h = 0 28 so far. For the caseof a constant flow velocity

Re h (t0) the problemcanbe solved analytically for the
C Tilting or tapering atigle, also used as index boundaryconditions:
p Density growing crystal

C(0, z)=0, forall z~0. (3a)

0. for all z~0. (3h)BC(v, z) =a V
flow positions z ~ 0 (fig. Ia). Therefore,its con- ‘ 5

centrationat y = 0 is zero for all valuesof in the C(t’, 0) = C11, for all 0 <t’~ h, (3c)
decompositionzone. Transport of material to-
wards the susceptorin the y-direction goes en- The secondcondition(eq. (3b)) expressesthat no
tirely via diffusion (laminar flow). Transport in mass-transportcan occur through the upperwall
the flow direction is consideredto be dominated of the reactor. Following the same lines as ref.
by forced flow, i.e. diffusion in the axial direction [17], theaboveproblemcan be solved,giving:

is neglectedin first instance.Later in the discus- 4c0 ~ [ 1 ‘2m+lstn( ~rt
sion of the experimental results, the effects of (‘(t’,z) = 2m + I 2h ‘

axial diffusion will be further considered.The a
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I — (2m + 1)2~2Dz]) term in the summationof eq. (4) hasto be consid-
Xexp~ . ered, as the series convergesvery rapidly. For

L 4h
2v

0 thesevaluesof z > z0:

In this equation,m is a summationinteger. 4C0 ~‘y / — rr
2Dz

In fig. 2, concentrationprofiles at different C(y,z) = sin(—~exp~ ~. (6)
IT ~2hJ 4h2v

0 )
positions z (in h

2v
0/D) are drawn as calculated

from eq. (4). For small valuesof z the solution in In this equation, the gas phasedepletion in the
eq. (4) is equivalentto an error function for diffu- flow direction is representedby the exponential
sion tn a semi-infinite medium. This holds until term. Eq. (6) also shows that the concentration
the concentrationat y = h falls significant below profiles asa functionof y have the sameform for
C0. For the following analysis the critical con- all values of z > z0, as determinedby the sine
centrationfor this to happenis definedas0.99C0. function. The distancez0 can, therefore,be con-
The axial distancez0 at which the concentration sideredas an entrancelength for the concentra-
at y = It reachesthis values can be calculated tion profile to develop in the reactor cell: for
from eq.(4): z~ z0 the concentrationprofile has to build up

= h
2v

11/16D. (5) and is the sameas in a semi-infinite medium; for
z > z0 theconcentrationprofile hasdevelopedand

It appearsthat for highervaluesof z, only the first remainsof the sameform for all z.

0.50

y/h

z (in ~0-)

1/4
Y/h ~ 0.75 0 1.5

0.50 1/8

1/16

1/64
0.25

0 0.25 0.50 0.75 1

C/C0

Fig. 2. ( ) Concentration as a function of position above the susceptor in an isothermal cell with a capturing boundary at y = 0
and for a constant gas velocity. Parameter is the axial position, z (in h

2v

0/D). (——---) Concentration profile for: =h
2v

0/64D after
correction for a linear velocity profile as described in the text, Insert: ( ) Parabolic flow profile and (— — —) linear velocity

approximation for 0 ~ y ~ h/4.
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2.2. Solutionsfor the deoelopmenrregion : ~ :~,in a velocity profile is small ( 3%), becauseof the
linear f/ott’ profile I //3 power in t

0. The mass flux follows a 1/3

power in = and t. as a consequenceof the
Fig. 2 shows that in the development region linear velocity approxtrnatiOn.

the largestdrop in concentrationoccurs in Because the active component is only coti-

a relattvely thin layer above the susceptor.For sumedat i’ = 0. the averageconcentrationat = =

calculation of the mass flux at t’ = 0, therefore. 2/, C(=0), can now be calculated on the hastsof
this part of the reactor representsthe region of the total amountof matertalthat hasdisappeared:
main interest. In fig. 2, tt can he seenthat the
main concentrationdrop occurs between v = 0 f ~‘( ) d = ho, [c~ — C( : )1 . (lOa)

and v = li/4. In order to solve eq. (1) in a more
realistic way than the plug flow approachgiven Solution of this equationgives:
above, the parabolic flow profile can he sub- C( -) = 0.79C’,. (lOb)
stituted by a Itnear velocity distrihutton:

o(v) = ~ ( v/h ). (7) Using this andeqs. (9) and (5). we now obtain for
the mass flux at = :~( i’ = 0):

which is on theaveragecorrectto wtthin — 10% in ~(,) = 2.84D 0)/h. (Ila)

the relevant range 0 ~v ~ /i/4 (see insert ftg. 2).
Following ref. [18]. the solution for a diffusion
problemin a semi-infinite systemwtth a capturing 2.3. Solutionsfor thedepletionregion = >

boundaryat v = 0 and this linear velocity profile
is given by: Sincetheconcentrationprofiles for valuesof =

larger than the entrancelength are of the same

~ -) f exp( — a
3 ) da form (this will rematn true for any velocity func-

— = — . (8) lion which is constant in = ), eq. (1 la) can he
II ~ (4/3) generalizedbecauseof symmetryconsiderations:

where N() =2,84D C()/h. (llh)

~ =,v(o
0/2Dh=)~~. The mass flux balance between the supply by

Here, a is an integrationparameterand I” is the forced flow and depositionat ‘~‘= 0 for each = is
well known gamma function. The concentration now given by:
profiles given by eq. (8) do not differ strongly ac(.-) C( )
from thosegivenby eq. (4). but can be regardedas ~‘o a = 2.84D h ‘ (12)
a refinement of the model. This is illustrated in
fig. 2 for z = h

2v
0/64D and0 ~ ~ /i/4. Integrationof this equationwith respectto = from

Using Fick’s law, the mass ‘flux at v = o, as ..-~ to : and wtth respect to C(=) from O.79C~~to
given by C() gives:

N() = — D [aC( v. : )/av] v=0- 2 84D( - — - ) 1
C() =0.79C~~exp ‘ I. (13)

now becomes: hr

N() = 0.89D(~1(Dhz/o0) ‘~“~ (9)
The flux at v = 0 can now he calculatedfrom eq.

In terms of former modelswhich equate for the (lib). After rearranging,using eq. (5):
mass flux N(z) = Dc1>/& the factor (1/0.89)
(Dh:/v11)~’

3 in eq. (9) can be consideredas the 2.68Dç —2.84D
effective boundary layer thickness.The error in N(.-) = h exp h2 ‘ (14)
the massflux given in eq. (9) introducedby linear
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2.4. Growth rates in a cold-wall CVD reactor Z > Z
0,

2.68D0P1~/ Tm \t1t8
Under experimentalconditions, the lower cell N( z) =

wall (y=O) is heatedto a constant temperature, RT~1h
o.gs 1

whereasthe upperboundary (y = h) is water- or —2.84D~(T~ I (18b)
air-cooled. Since analytical calculations of the ><ex~[ T ) ~
mass-fluxesin non-constanttemperaturefields are hv0
verydifficult, an effectivegastemperatureis often with
introduced. It has been shown [19—22]that in
systemssimilar to thepresentreactorcells, intro- h

2o
0 ( ~ ) ~

(18c)
duction of the arithmaticmeanof thetemperature 2/ = ‘~‘~‘ f’
gives a good approximationfor the influence of
temperaturefields on the flux equations.There- Note that as referencetemperaturefor the diffu-
fore, in a region of developedflow for the effec- sion coefficient the cold gas temperatureT0 was
tive temperaturethe meantemperaturein the cell taken. From the equationsgiven above,the growth
can be taken: ratecaneasilybe calculatedusing

Tm = ~(7~+ Th). (is) G(z) = N(z)M/p, (19)

Here, T5 and Th are the temperaturesof the sus- where p is the density and M the molecular
ceptor and the cooled upperwall, respectively.It weight of the growing solid.
can be arguedthat this meantemperaturealso is a

2.5. Tilted susceptoror taperedce/l
good estimatefor the entranceregion, z ~ z~1.

The averagevelocity after thermal expansion, For a taperedcell or a cell with a tilted suscep-
VT, canbe written in terms of Tm: tor, the free height above the susceptoris not
0T 00 Tm/Ttj, (16) constant.For a tilt angleof 9, it variesaccording

to:
where 1~and V

0 are the temperatureand the
averagevelocity of the gasin the cell beforeit hits h0(z) = h — z tan 0. (20)
the hot susceptor.Following refs. [21,221,the dif- Here, h is the free height at the leadingedge of
fusion coefficient at elevatedtemperaturescan be thehot susceptor(z = 0). The averagegasvelocity
written as:

tncreaseswith increasingz accordingto:
t 88

DT=DO(1~fl/To) , (17) v09(z)=v0h/(h—z tan 9). (21)
In the entranceregion, z ~ z0, in generalpractice

where D0 is the diffusion coefficient at the refer- z tan 9 is small in comparisonwith h. Theexpres-
ence temperatureT0. Substituting eqs. (15)—(17) sions for the mass flux in this region and the
into eqs.(5), (9) and (14), and usingthe ideal gas entrancelength are then obtained in a good ap-
law for the (dilute) active component,the final proximation by inserting eqs. (20) and (21) into
equationsfor the flux N(z) at y = 0 are obtained: eqs.(18a) and(18c):

0 ~ z ~ z09,
0 ~ z ~ z0,

________ N9(z) 0.89D0P0/ T~1\t88D 1,88 __________0.89D~ti / Tm \ =N(z)= RTmh RTm

T \088 lt/3 ~IDo(hzt~~9)
2(Tm\°•88 lt/3I D

0 / ~m I I (18a) L v0h ~) zjxl—(—j Zl

LVoh
2 \ (22a)
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(22c) hasa value of 0.7 at all relevant temperatures.= 1 + (~ tan 0)/h ‘ Since the Schmidt numbergenerally is 3 times

Following the samelines as for a cell of constant largerthan Pr for H2 andN2, in the heatedregion
height, integrationof eq. (12) and insertion in eq. the thermal entry length (and coupled to that the
(lib) givesfor thedevelopedregion: velocity entry length) is 2—3 times larger than the

concentrationentrancelength. This implies that
= > 0.0 wheneverstrong thermal entranceeffects arepre-

t.5i1 sentwhich can significantly disturb theconcentra-
2.68P0D0 /

N0 ~ = R7U ( h — z tan 9) ~~) tion profile (e.g. cold finger, return flow). the
practically observedconcentrationentrancelength

XexplF 2.84D~1( T~1 088 is expectedto be largerthan and to approach
tan 0 7~ ~ (seesections5.1.2 and 6.1).

/ =tanO\l
x lnI~I— h )]~ (22b) 3. Experimental

From this equation it follows that a constant
growth rate can be obtained in the developed Experiments were performed in quartz cells
region if theproper gasflow velocity is selectedin with rectangularcross-sections.Unless otherwise
combinationwith a certain value for 0, viz. if: stated, they were water-cooled at the top aiid

air-cooled at the sidewalls (fig. 3). In somecases.
(1.882.84D0 / 1~ a fully air-cooled design was used. The cell was

= h tan 0 ~ ‘ (23a) resistanceheatedat the bottom. To maintain ho-

mogeneityof the temperatureat theheatedparts,
Then thegrowth rate is: a main/slave system with two independentdc-

= > =0 8. ments was used. Additionally. an element was
available to preheatthegasesbeforethesehit the

G(z) = M 2.68P0D0( ~m (23h) hot susceptor. Preheatertemperaturesup to —

p R711h ~ ‘ 350°Cwere found not to influence the results in
the depositionzone. For higher temperaturesde-

2.6. Entrancelengths compositionof reactivegasesoccured in the pre-
heaterzone. Therefore,the preheateroption was

It is interestingto note that theentrancelength not used in the present MOCVD experiments.

for the concentrationprofile to develop,as given Temperatureswere measuredwith a calibrated
by eq. (18c), can be expressedin dimensionless optical pyrometerat thecrystal surfacesand were

found to be constant to within + Soc. In theReynolds and Schmidt numbersusing the defini- —

tions given in table 1: presentexperiments,a fixed susceptor tempera-
ture of 700°Cwas used. During MOCVD. an

= ~Re Sc h (24a) arsenic film was deposited at the top cell wall,
Due to reflectionof infrared radiation at this film.

To arrive at this expression,the hydraulic diame- considerable temperaturechangeswere observed
ter appearing in the expression for Re is ap- at the susceptorin the course of an experiment.
proximatedby free height above thesusceptor.h. This effect was efficiently removedby depositing
Eq. (24a)hasthe samestructureas theexpression a metallic silver mirror at thebottom of the (top)

for the thermal entry length for laminar flow as water-cooler(fig. 3).
given in refs. [1,2,6]: As susceptora 0.2 cm thick quartz plate was

= 0.40Re Pr h. (24b) usedwith the same width as the reactorcell to
avoid dead volumes and possible formation of

Here, Pr is the Prandtl number which for gases flow eddied betweenthe susceptoredge and cell
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____~~w~erco~er j~~~lver mirror

suscept or _—

~as f I~
heater

Fig. 3. Cell with top water-cooler.

wall. All gas line to cell transitionswere realized gen stream.After growth, thicknessesof epitaxial
with an angle smaller than 7° to avoid eddy layerswereevaluatedby cleavingthe samplesand
formation [23]. The width ofthe cells was kept etching off — 0.2 jam of the cross sectionsin a
constant at 5.0 cm. The free height above the Cr03-HF solution under illumination [251.The
susceptorwas varied from 0.8 to 3.8 cm. A cell latter treatment reveals the substrate/epitaxial
with a taperingangleof 3.5°wasusedwith a free layer interfaceexcellently.The layer thicknesscan
height at the leadingedgeof the hot susceptorof successivelybe evaluatedunderan optical micro-
2.1 cm. Theinlet region beforethe depositionzone scope. Growth rates can he measuredby this
(fig. 3) was 14.0 cm in all cells. It was calcu- method with an inaccuracyof ±5—10%, depend-
lated that this allowed the velocity profile to ing on the layer thickness.
establishin all cases[24]. The hot zonesuited for
epitaxial growth was 20.0 cm in length. The
transitionfrom the (cold) inlet regionto thegrowth 4. Application of the diffusion model to the
region at 700°Cwas found to occur within ap- MOCVD process
proximately 2 cm.The position z = 0, defining the It is a generallyacceptedfact that the growth
leading edgeof the hotsusceptor,wastakenat the rate of GaAs during MOCVD in hydrogen is
centreof this zone. limited by gas phasediffusion of the Ga compo-

As carrier gasespure H2 and N2 were used, nent (e.g., ref. [14]).The argumentsleadingto this
with a water and oxygen contentbelow the ppm conclusioninclude the independenceof the growth
level. Flow ratesvaried between0.75 and 9 SLM. rate on temperatureandpartial pressureof arsine
As growth componentsarsine (“Phoenix-grade” (~A~H) within wide limits and the linear depend-
from Matheson) and trimethylgallium (TMG) enceon the partial pressureof trimethylgallium
(“electronicgrade” from Alfa Ventron) wereused, (~TM;)’ Sincethe sameargumentsare valid when
with an input partialpressureratio PASH~/~TM(1 = nitrogenis usedas a carriergas(presentwork (not
15—20. The maximum TMG partial pressureused shown)andref. [26]). the growth rate is concluded
was 90 Pa. All experimentswere performed at to be diffusion controlledalso in this case. In the
atmosphericpressure. presentwork, the conclusionsgiven above were

SinglecrystallineGaAs substrateswith a thick- found to hold for all axial positionsin the deposi-
nessof 250—300 sam, (100) orientedwith a miso- tion zone.
rientation of 0°or 2° towards (110) were used. TMG is known to decomposerapidly in H,
Misorientation,dopanttype anddopantlevel were and N2 at temperaturesabove — 420 and
found not to influence the growth ratesmeasura- 570°c, respectively [271. Therefore, when top
bly. Before loading into the reactor, sampleswere water-cooling is used decomposition is only cx-
first chemo-mechanicallypolished. Successively pected in the lower part of the cell. In pure
theywere degreasedin ultrasonically stirred chlo- hydrogen, liquid gallium is formed under these
roform and acetonebaths, dipped in a diluted conditionson both thequartzsusceptorand GaAs
HCI solution and extensively rinsed in pure, 0.2 substrates.In pure nitrogen, gallium dropletsare
jam dust filtered, water with a conductivity of formed on GaAssurfacesonly, while on the sus-

0.1 jaS. Finally, they wereblown dry in a nitro- eeptora chemically very resistant(polymeric) film
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is deposited.Evidently. undertheseconditions the given. In the fifth column the maximum and
crystal surface effectively catalyzesthe gallium- mtntmuni flow velocities are given which were
methyl speciesarriving at thebottom of thecell to used a a spectfic cell, calculated for a reference
form elementalgallium. This shows, that in a N~ tetilperatureof 300 K. In ease of’ water top cool-
atmospherethe TMG molecule cannot he fully tug, the temperatureat the upper wall is assumed
decomposedin the gas phase,as was suggested to he — 400 K [7] atid for the meangas tempera-
previously[271. A similar conclusioncould also he turc a value of 70(.) K was adopted. For the
drawn for H2 as a carrier gas frotii a stLtdv of air—cooled cell a temperatureof 700 K t~as
carbon incorporation in GaAs layers [28] and nieastredat the upper wall and for the meangas
from a comparisonof incorporation ratesof the temperaturea value of 850 K wasadopted.‘I’hese
III elementsin Ill—V epitaxial layers when using valiesare not critical for fLtrther theoreticalcalcu-
variousmetalorganiccompounds[291. In this work. latton of growth rates (eqs. (18) atid (22)) withiti
fLirther proof will be given to this conclusion, wide (50 K) limits. All parametersin table 2 were
During MOCVD. both in H2 and ri N2, growth calculated for thesetemperaturesusingdata from
rateswere found not to he itifluenced noticeably ref. [32]. For cell D the upper-wall temperatureis
by the substratesurfaceareaupstream.This was expected to he lower than in the other cells [71.

checked tn several experiments by measuring This influences the Ra number considerably,as it
growth rates at different axial positions = with varieswith T ~ [6]. Since for cell D with 1-12 as a
and without other substratesin the upstreampart carrier gasRa is closeto thecritical valueof 1700,
of the reactor. Therefore, we conclude that tile for this caseRa numbervaluesaregiven as calcu-
TMG decomposition rate ‘~sas equal at all posi— lated for upper—walltemperaturesof 300to 400 K.

tions on the (hot) susceptor. itidependentof the Note that Re and theentrancelengthsarepropor-
presenceof GaAs sLibstratematerial. ttonal to the input gasvelocity, u’.

From the above,we concludethat utider forced Froni the table it is clear. that in all practical
lamit-iar flow conditions, the theoretical model casestheReytiolds number is well below the limit
which wasdiscussedaboveshculdbe applicableto of 2300, at which a transition froni laminar to
the present system. Although the nature of the turbulent flow occurs [33]. The Rayleigh number,

diffusing species is not completely clear, in the however, which has a critical value of 1700 at
presentanalyis the diffusion coefficients for the which a transition from forced flow to flow with
undecomposedTMG moleculeareused.They were free convectiveeffects is expectedto occur[6.34.35]
calculatedusing the expressionfor thebinary dif- changedconsiderablyin our experiments.Gihitig

fusion coefficient [301 and physical constantsfor [6] found by interfereticeholography studies that
TMG. I-I, and N, [30.31]. In H. and N, the the Ra number is the niain parameterdescribing
following values were obtained for 300 K (also convective instabilities in the reactor, Therefore,
using eq. (17)): in the presentpaperresultswill he presentedfor

systemswith low ( < 1700) and high ( > 1700) Ra
= 0.378cm/s. D~ = 0.091 cm/s. nunihers.separately.Unless otherwisestated. cx-

Since these diffusion coefficients vary approxi- perirnentally determinedgrowth ratesrefer to the
mately with thesquareroot of the reducedmolec- centreof the susceptor.i.e..~= 0 (fig. Ib). Varta-
ular mass of the diffusing molecules, only small tion of growth ratesacross the width of the sus-
differencesfor the diffusion of the various possi- ceptor are discussedin a separatesection. This
ble gallium—methyl speciesare expected. paperwill not deal with morphology of’ thegrown

epitaxial layers. It should he remarked, however.
that mirrorhike surfaceswere obtained in almost

5. Results all cases. As an exception. crystals which were
grown in the first 2 3 cm from the leadingedgeof

In table 2. the main parametersdescribing the thesusceptoroften showedfeaturestypical of low
gas flow’ dynamics in the presentexperimentsare temperature growth [361. other aspects of
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Table 2
Main parameters describing the flow characteristics in the present experiments

Cell h d,, h/h v
0 H2 N2

(cm) (cm) cm/s Re Ra Gr Zj ~ Re Ra Gr :~

Re
2 (cm) (cm) Re2 (cm) (cm)

A 0.8 1.4 6.3 3.4 2.4 15 3.6 0.5 0.2 16 700 3.6 3.7 0.7
10.3 7.4 0.4 1.6 0.5 50 0.4 11.5 2.2

B 1.8 2.6 2.8 2.1 2.7 170 32 1.3 0.5 19 8000 32 9.7 2.2
12.2 16 0.9 7.7 3.1 110 0.9 56 13

C 2.9 3.7 1.7 1.9 — — — — — 24 33500 80 20 5,2
5.7 75 8.2 60 16

D 3.9 4.4 1.3 2.8 6.4 1720—2800 58 6.5 3.3 — — — — —

8.7 20 5.9 20 10.4

B* 1.8 2.6 2.8 2.1 2.4 40 9.6 1.1 0.4 — — — — —

9.2 10.6 0.5 5.0 2.0

B* refers to air-cooled cell: other cells are top water-cooled. Cell width (b) is constant: 5.0 cm. For further explanation: see text and
table 1.

MOCVD growth on large surfaceareas,such as includescurvesfor threedifferent axial positions.
uniformity of electricalandoptical properties,will The dashedlines in these plots are growth rates
be dealt with in a future paper[281. calculated with eqs. (18) and (19) without a

parameter fit. Since the arsine partial pressure
doesnot appearin theseexpressions,growth rates

5.1. Experimentsunder low Ranumberconditions
are expectedto be independentof this parameter.
The datacalculatedon thebasisof the (diffusion)

5.1.1. H,, cell B model agreevery well with the experimentalre-
In figs. 4a—4c. growth rates are given as a suits. It is clear that theexperimentalcurvesshow

function of input arsine pressure,susceptortern- a behaviour typical of the MOCVD process:
peratureand input TMG pressure.The latter plot growthratesare independentof arsineinput pres-

8 8 z=1.5
(a) (b) 60 (c) //

GxlOO
(pm/rn in) /

—~ — z=4.5- 40 -/~ Icxioo ,“ _-(pm/mm) I(jimImin) o ,/ ,.‘20 ,,~ ,.~ z*16.5/ .4
/7’- ____._——

,— —-.-—

I I I I A_I. i 0 _____________________________________________________
0 800 1600 600 700 800 900 0 30 60 90

.J~AsH
3(Pa) T5(C),

Fig. 4. GaAs growth rates (G) at x = 0 in cell B, with H2 as a carrier gas and an input gas velocity v0 = 6.1 cm/s. as a function of:
(a) input arsine pressure. ~AiH,’ for ~TMG = 30 Pa and z = 13 cm: (b) susceptor temperature, T~,for ~TMG = 30 Pa and z = 13 cm;
(c) input TMG pressure, ~TMO, at : = 1.5 (0). z = 4.5 (-I-) and z = 16.5 cm (U). (— — —) Calculated curves.
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sureand teniperaturewithin wide limits and vary on P~,
11. T and P1 511 was found as in cell B for

linearly with Pf\1(,. The fall in growth rate above H2. In fig. 6 growth rates in N, are given as a
750°cmost probably is due to desorptionof function in = for three flow velocities, Thotghi

the galhiuni growth component from the surface calculated deposition rates are somewhat lower
[37]. than thoseexperimentallyobserved,it can hecon-

In fig. 5 both experimental and calculated eludedthat theagreei’nentbetweentheniodel and
growth rates are given as a functioti of axial the nieasureddatais very acceptablefor the lower
position in the reactor, , for three flow rates. In flow ratesused. It should be noted in this respect
theseplots thecalculatedentrancelengths for the that in theseexperimentstheestimatedmaxitilum

concentrationprofile areindicated. The calculated inaccuracyin allocation of the = = (.) positionwhere
data fit well with the experimentalresults for the decomposition of TMG startedwas 1 cm. By
lower flow rates. The agreementis less, hut still shifting experinientaland calculated curves over

very acceptable.for higher gas velocities. Froni this distance.a large improvement in overlap can
the curves it is evident that G varies strongly he achieved. For higher flow velocities and low
along the length of the susceptorin all cases:gas valuesof . experimentalgrowth ratesareconsid-
phasedepletion causesan exponentiallydecaying erably higher than thosecalculatedon thebasisof

depositionrate. eqs.(18) and(19) (fig. 6c).
In hydrogen, rapid gasphasedepletion occurs

5.1,2. N, and H,, cell A in this cell A (fig. 7). This growth rate decay is

In this cell, for both hydrogenand nitrogen as much faster than in N2, sincethe diffusion coeffi-
carrier gases,thesaniedependenceof growth rate cient of the active componentis niuch higher in

±~2cell B
0.40 \ + V0 9.2

o ~6.1

2.0 cmls

0,30 \ \° N
N

G(pm/min) \
‘1’ N

0,
N

0.20 oN +\ No

+N
+

—

. —

0 ~-
V. -= _—Q_ +

N
N, •

.
.

• •

0 6 12 ‘ 18z (cm)

Fig. 5. GaAs growth rates ( G ) at .v = 0 in cell B with H 2 as a carrier gas and P i = 50 Pa as a function of axial posit 1)0. . I.
(0). (•) Experimental data points for input flow velocities of 9,2. 6.1 and 2.0 cm/s. respectively. I — —) (‘alculated curves: the
concentration entrance lengths are indicated by z,,.
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1 P~1 . “
N cell A * N cell A • N ,celI A0.3 2 0.3 i 2 0.3 • 2

V
0=3.4cm/s =6,9 cm/s ~ =lO3cm/sJ

0.2 0.2 0.2
2 5.

G ~ ~ G
(pmiminl 0 ljm/mio) * (j,mimir)

0.1 0.1 0,1
21 21 ~~~,__*_ z1
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Fig. 6. GaAs growth rates (G) at x = 0 in cell A with N, as a carrier gas and ~‘rM(; = 60 Pa as a function of axial position for three
input flow velocities: (a) 3.4 cm/s; (b) 6.9 cm/s: (c) 10.3 cm/s. (— — —) (‘alculated curves: concentration and temperature entrance
lengths are indicated by and ZT. respectively.

H2 than in N,. Fig. 7 shows that thedecaywhich 5.1.3. Lateral homogeneity
is predicted from the model is stronger than cx- Growth rateswerealso studiedasa function of

perimentally observed.Logarithmic plots of mea- the lateral position x on thesusceptor(fig. Ib) by
sured growth rates versus z for z > z0 showed placing rows of GaAs substratesperpendicularto
straight lines for all flow velocities used. The the main gas flow. As a typical example, results
slopes of these lines were 40% (±7%) of those obtainedin cell B with H2 as a carrier gas and in
calculatedon thebasisof eq. (18). This phenome- cell A with N2 asa carrier gasareshown in fig. 8.
non canbe attributedto diffusion in theaxial flow These results show that, except for the first
direction due to the very large concentration centimetres on the susceptor, growth rates are
gradients and will be discussedin more detail constant to within ±5%for at least 70% of the
below, width of the cell. For highergasflow velocities in

cell B. this value was found to be slightly lower
(—50%).

5.1.4. Air-cooled cell B
060 I ~“

I H2, cell A In caseof air-cooling, growth rateswere found

V0= 6,9 cm/s to decay more rapidly than in top water-cooled
cells.As a typical example,a plot of growth rates

040 versusposition z is given in fig. 9 for a H2 gas
flow velocity of 6.1 cm/s.The logarithmic plot in

G ———-—calculated the insert showsthat for z > Z() thecurve consists
(pm/mm) —o————experimental of two exponential parts. For z-values smaller

0,20 \\ \ than — 5 cm, the slopeis 0.13. This value is in

\\ ‘N excellentagreementwith thevalueof 0.135.which
\\ ~ is calculatedfrom eq. (18) using a meangastern-

5.5. ~ peratureof 850 K as discussedbefore. For larger
0o ‘ ‘ ~ ‘ valuesof z, a slopeof 0.28 is obtainedfrom fig. 9,

z (cm), This meansthat the term in theexponentis dou-

Fig. 7. GaAs growth rates (G) at x = 0 in cell A as a function bled for these axial positions and that the gas
of axial position with H

2 as a carrier gas, input gas velocity phasedepletionis two times faster. From this, we
6.9 cm/s and ~TM(; = 60 Pa. (———I Calculated curve, concludethat in this part of the cell TMG decom-
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(a) (b)
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Fig. 8. Lateral growth rate distributions its cell B with H 2 as a carrier gas (a) and cell A with N, as a carrier gas (h) for various axial
positions. :. Input gas velocities were 6.) atsd 4.6 cm/s. respectively.

position occurredat both the susceptorand the
upperwall of thereactor.

The critical position at which the doubling of
the exponentoccurredwas of the sameorder as 0 H2.cetl B~‘air-cooled

the entrance length for the temperatureprofile

(compare, e.g., fig. 9 and table 2). TMG decom- 020 ~• -2

position in H2 starts to be important for tempera- \, 1LnG ~=SI~P~O$3

tures higher than — 400°Cand is complete at •,‘,~ ~~~~sr’°”) ‘N~N.

— 460°C[27]. In the presentcase,a temperature a
of 700 K was measuredat the upper wall of the (i~m/min) N

cell in the developedregion. Therefore,for -val- 0,10 • 0 4 8 z (cm)12 16

uessmaller than thethermalentrancelength.TMG
decompositionis only expectedat the bottom of
thecell, sincethe temperatureat y’ = h still is too “N,.

low [1,2]. For more downstreamaxial positions,
however, this reaction also occurs at the upper 0 ‘ . ~ 20

wall and depletion of the gas phaseis two times zcm,

faster. The presentexperimentalresults confirm
theearliergivenconclusionson thedecomposition . ..

Fig. 9. GaAs growth rates (6) at .v = 0 as a function of axial
of TMG, viz, that this reactiononly occursat the position (:) in cell B without top water-cooling (air-cooled),

hot surfaceandnot in the gasphase(seealso.e.g.. I-I. as a carrier gas. i’,, = 6.1 cm/s and P

51,1<; = 30 Pa, Insert:

ref. [371). Logarithmic plot.
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5.2. Experimentsunderhigh Ra numberconditions growth rates were found to decay exponentially
hut not according to eq. (18). From logarithmic

In cells where, becauseof the largeheight, free plots of the growth rates versus axial positions,
convection vortices are expected to develop, effective diffusion boundarylayerthicknesses,6~,
growth rates were found to show similar be- were calculated for this downstreamregion, as-
haviour with varying RAsH.’ 7’~ and ~TMG as for suming a constant value of 8 as used in the
systemswith low Ra numbers(fig. 4). The rates stagnantlayer model of Eversteynand coworkers
predictedby thediffusion model for laminar flow, [13]. For all flow ratesused, for both H2 and N,
however,deviatestrongly from those which were ascarriergases.thevalueof

6c0 wasfound to vary
experimentally observed. In fig. 10 measured between0.15 and 0.25 cm. This 6-value, however,
growth rates in H

2 are plotted as a function of can only be used to describegrowth rates at the
axial position. . in cell D at x = 0 for gasveloci- centre line of the susceptor(i.e..~= 0). since G
ties (v0) of 2.9,5.8 and8.7 cm/s. respectively.For was found to vary strongly acrossthewidth of the
comparison,growth ratescalculatedwith eq. (18) cell. This effect is illustrated in figs. 11 and 12.
for p0 = 5.8 cm/s arealsoincluded. Here, growth rates are shown as a function of

For higher flow rates, growth rates tend to axial position = for different lateral positions .v,
becomeconstantin the upstreampart of the reac- usinga H2 flow of 2.9 cm/s in cell D (fig. 11) aiid
tor (fig. 10). The sameentranceeffect was found a N, flow of 6.1 cm/s in cell B (fig. 12). For H, in
when N2 was used as a carrier gas. though the cell D, neglectingsmall valuesof =. growth rates
entrance lengths were larger. In all cases, the in thecentralpart of thecell are lower thanat the
above mentionedeffect occurredwithin in a dis- edgeof the susceptor.The reverseis truefor N2 in
tancefrom the leadingedgeof thesusceptorwhich cell B. Theseresults show the presenceof vortex
was of the order of the entrancelengths for the motions in the cell, which will be discussedin
concentrationand temperatureprofiles (z~and more detail below.

respectively). Under comparable experimental conditions.

Beyond the abovementionedentranceregions, both from flow visualization experimentsper-

entrance region developed flow

030 ~2-’ ceilD ~ O~~
\\ \

(pm/mm; \ 5

\\ 0.20 • x=ocm

0.20 \ - e s 10.9cm

Cal \5.~~.7 cm/s (pm~min) ~ = 1.~cm

• ~-~-- 0.10
0.10 ‘\ ~8crr~s

c~s , ~

0 .....

00 4 ‘ ‘ 12 ‘ 16 ‘ 20 0 4 8 12 16 20

z(cm) z(cm)

Fig. 10. GaAs growth rates (G) at x = 0 as a function of axial Fig. 11. GaAs growth rates (G) as a function of axial position
position (.2) in cell D with H 2 as a carrier gas and ~TM(; = 50 (2) for different lateral positions (x) in cell D with H 2 as a

Pa. Input gas velocities are 2.9, 5.8 and 8.7 cm/s. respectively, carrier gas, input flow velocity 2.9 cm/s. ~T’I4(; = 50 Pa.

(— — —) Calculated with eq. (18) for for 5.8 cm/s. Inserts: Vortex motions.
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[“~‘~‘ ~ N2~s.ii~ variation iii growth rates we conclude that the00 v
0~1 cm/s presentlyobservedeffective boundarylayer hasno

0.20 ~ physical meaning.hut merely is a parameterde-
scribing the decayof growth ratesat x = (.).

‘-.,~ •_. • x = 0 cm(Pmrmn) ~ 5.3. Experimentsin a taperedcell

Experimentswere performed tn a taperedcell
with ataperingangleof 3.5°.using both hydrogen

— and nitrogen as carrier gases.The free height a

0 ° (lie leading edge of the susceptorwas 2.1 cm.
0 4 ‘ 8 ‘ 12 16 20 Therefore, results can he compared with those

z(cml .
obtained in cell B. which hasa free height above

Fig. 12. GaAsgrowth rates(G as a function of axial position thesusceptorof 1.8 cni (table 2). The angleof 3,50

I:) for different lateral positions (x) in cell B with N2 as a was selectedas a compromise to achieve a rca—
carrier gas. input flo~selocity 6.1 cm/s P = 50 Pa. Insert. sonable input gas velocity at which the growth
~ iirtc\ motions.

ratesareexpectedto he constant(eq. (23)). andto
obtain a largedepositionzone,

formed by Eversteynet al. [13] and holographic Fig. 13 shows plots of thegrowth rate in H 2 as
measurementsby Gihing [6], a much thicker split- a function of axial position for three flow veloci-
off boundary layer was found (6 0.8 cni or ties. The dashedlines in these plots were calcu-
more), Both from this and from the strong lateral hated on the basis of eqs. (22) and (19). In the

0.50

_!~2 tapered cell

\ + v =15.7cm/s

0,40 0 0 10.5cm/s

z 5.2cm/s

————calculated curves

N “° j — — — — ..iL — + +

0.30

0.20 ~N

G , ~N• •
(jim/mm)

0.10’

z (cm)—s

0 4 8 12 16 20

Fig. 13. GaAs growth rates (6) at .v 0 in a 3.5° tapered cell with l1~as a carrier gas and “INtl = 5)) Pa as a ‘unction of axial
position ):) for input gas velocities of 5.2. 10.5 and 15.7 cm,.’,s. 1 . — —) Calculated on the basis ,if eqs. (22) and (19).
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entranceregion (z ‘~ z
00),growth ratesdecreased Following the samelines as Bloem [38] and using

stronglywith increasingz, alsoin this taperedcell, theoretical data from Grew and Ibbs [39], the
For largervalues of z, growth ratesbecamecon- thermal diffusion effect wascalculatedto give an
stant when the proper gas flow velocity was effective lowering of the TMG diffusion coeffi-
selected.The agreementbetweenthe experimental cient of 20% in the presentcases.This value
results and the calculatedcurves is very reasona- was approximatelyequal for H2 and N,. How-
ble: both the form of the curves andthe absolute ever, from the presentresults we conclude that
values for the growth rate are predictedwell by other simplifying assumptionssuch as the intro-
eqs.(22)and (19). duction of a meangastemperatureand themean

Under thepresentconditions,the lateral distri- temperaturedependenceof the diffusion coeffi-

bution of growth rateswasessentiallythesameas cient evidently compensatefor this effect.
in cell B, although the homogeneitygenerallywas Also, in the presentmodel transportof material
slightly less. Forthe highestH2 flow ratesusedin in the flow direction by axial diffusion of growth
the taperedcell, homogenousdeposition to within specieswasneglected.In principle, this should be

±5% was obtainedover — 40—50% of thesuscep- taken into account by introducing a term
tor width. Recentexperimentsin slightly modified D(a

2C(v, ~~)/8z2) into the differential equation
tapered cells, however, indicate that this ho- of massconservation(eq. (1)). The solution of this
mogeneitycan still be improved.This subjectwill problem,however,must be obtainednumerically
be treatedin a futurepaper. by computercalculations.Qualitatively, axial dif-

Using this taperedcell hasonly a minor effect fussion is expected to lower the concentration
with nitrogenas carrier gas: apartfrom relatively gradientsin the z-direction, therewithdecreasing
small differences in absolute values of growth the decayof growth ratesdownstream.In a first
rates, the axial growth rate distributions in the attempt to estimatethe importanceof this effect,
tapered cell were essentially the same as those mass transport by flow (= v(v)C(y, z) and
obtained in a non-taperedcell. Additionally, the diffusion (= —D(8C(y, z)/~z))were compared
lateraldistribution of growth rateswas essentially usingthe expressionderivedfor the concentration
the samein thesetwo cases,viz, no homogeneous profiles in the presentmodel (eq. (8)) and the
depositionacrossthe width of the cell and higher mean-temperatureconcept defined in eqs.
growth rates in the centre of the susceptoras (15)—(17). The resultsshowedthat under the pre-
comparedwith the edges. sentlyusedexperimentalconditions, in most cases

the contribution of axial diffusion to the total
transportof theactivespeciesin the flow direction

6. Discussion was of the order 3—10%. This is consideredto be
negligible.Only for thecaseof H

2 in cell A where
6.1, Low Ra numbers: validity of the modelfor h is small, the effect was much stronger and
laminarflow amountedto tensof percentsin therelevantrange

of z-values(fig. 7). Qualitatively, from a compari-
From the results it can be concluded that in sonof the slopesof the curves in figs. 5—7, it can

most casesa very acceptablefit betweenexperi- also be concluded that the effect must be much
mental growth ratesandvaluescalculatedwith the larger in cell A with H2 as a carrier gas than for
model hasbeenobtainedfor systemswith low Ra the other experiments.As a typical example, the
numbers.It shouldbe emphasizedthat despitethe contribution of axial diffusion to the total mass
simplifying assumptionsmadein the model, these transportin the z-direction in cell A with H2 was
results were obtained without optimization of calculatedto be 40% and 15% at y = h/16 and
parameters. p = h/4, respectively, for z = z0 andan input flow

Perhapsone of the most importantsimplifica- velocity of 5 cm/s. Therefore,we conclude that
tions in the derivation of the final growth rate the deviations between the experimental and
equations was the neglect of the Soret effect, calculatedplots of the growth rateversusz in cell



368 J. ‘an dc Len etal. / Gas p/ia cc depletion and/low dvti,miis s iii MO( I 1)

diffusion of reactants,gasare mainly due to axial 1.C
At higher gas velocities, somedeviations froni -~—T / /~/ \ \

the model were observedfor smaller valuesof = m ~

when N. was used as a carrier gas (fig. ôc). Ad- . /// \~,\
ditionally. in this region lateral variations in 05 \\
growth rates were observed to he niuch more ‘ \\\
pronounced than for larger values of -. From

table 2 it is clear that thesecasesarecharacterized
by relatively high Ra numbers approachingthe
critical value of 1700 in combination with long
thermal entrancelengths coveritig a large part of U m

the hot susceptor.Therefore,theabovenientioned -b!2 0 b/2
deviations can he attributed to instabilities in the Fig. 14. [.ateral distribution of gas velocities according to ref.

entrance zone, which will he discussedin more 1401 in the four rectangular cells used in the present studs A.
B. ( . Dy i’ = gas velocmt~: i’ = maximum gas velocity ni a

detail in thenext section. , , .

specific height above the susceptor )
The equationsfor thegrowthi rate in a laniinar

flow system (eqs. (18) and (22)) are, in principle.

onl valid for the two—diniensional caseof two constant to within 5~i’in a regioncovering ‘— 75%
semi-infinite parallel plates.A cell with a rectan- atid — 50% of the total cell width, respectively.
guhar cross-sectioncan also he consideredas a Growth rateswere indeedobservedto he constant
two-dimensional system if the following require- within theexperimentalerror in theseregions.For
rnenL are fulfilled, First, lateral concentration cell B, the honiogenettywas slightly better than
gradientsshould he small, so as to tiiinimize diffu- theoreticallyexpectedfor lower gasvelocities (fig.
sion in this direction. Secondly,thegasflow veloc- 8a).
ity i’nust be constant in the lateral direction. Fi- F’rom theseexperimentalresultsit is cotichuded
nally. free convective motions which can cause that the lateral distribution of growth rates is

differences in the supply of growth components determined by the lateral profile of the I’orced
laterally [15], should be unit’nportant. As to (lie flow velocity in these low Ra number systetiis.
first requirement. it was shown above that for a This implies that free convectivemotions are not
large part of the cell-width growth rates are con- important. Giling’s holographic experinients [6]
stant (compare fig. 8). Froni this we infer that showedthat isothermsareperfectly parallel to the
lateral diffusion effects will, at least in these re- susceptorand gas flow patterns are very stable
gions. riot play an important role. As to the see- under the present conditions. F’roni this 1 was
ond point, thegasvelocity can he calculatedas a concludedthat in the part of the cell where flow
function of lateral position x using an empirical and temperatureprofiles are developed, free con-
expressionderivedby Holmesatid Vernieulen[40]. vective motions are not important. Very recently.
The results are shown in fig. 14 for the four Houtman et al. [11] showedthat still vortex rolls
rectangularcells used in the present study. The may be present in these systenis.Thesemotions.
taperedcell must be comparedwith cell B at the however, did not affect temperaturedistribLitions
leading edgeof the depositionzoneand with cell becauseof the high thermal conductivity of the
A at theoutlet position, z = 20 cm. Theshapesof hydrogengas. Similarly, from the presentwork it
the profiles shown in fig. 14 strongly dependon can be concludedthat if free-convectivemotions
theaspectratio, h/h. For this discussionof results are present.they do not affect masstransportby
obtainedin low Ra numbersystems.only cells A diffusion and forced flow under low Ra number
and B arerelevant(table 2). For thesecells,which conditions. Therefore. for a consideratioii of’
have aspect ratios of 6.3 and 2.8, respectively. tt growthrate distributions the flow may he assumed
can be seen in fig. 14 that the gas velocity is to he effectively forced laminar.
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Theresultsfrom this studyshowthat depletion to developcan be expectedto be of the order of
of the activegrowth componentby homogeneous the entrancelengthsfor the velocity and tempera-
gas phasereactions is not important under the ture profiles. This was indeedexperimentallyoh-
conditions which were presently used; such a served(compare,e.g., table2 and fig. 11). For the
mechanismwould lead to otherdiffusion processes caseof N2 in cell B, asis demonstratedin fig. 12.
(e.g.Ga diffusion to the cold upperwall in caseof a negative vortex motion is observed over the
top-cooling) and gas phasedepletioncharacteris- whole length of the cell. Possibly,this is causedby
tics. Partial decompositionof the TMG molecule the long entrancelengths under theseconditions
in the gasphasecannot be excluded,however,but (table 2), so that the positive vortices will only
the final step involving the formation of atomic becomepredominantat z-values larger than the
Ga must occur at one of the hot walls (see also susceptorlength. Alternatively, the temperature
refs. [37,28,291).Yoshidaet al. [27] concludedthat distribution at the cell boundaries may favour
TMG decompositionin H2 is a homogeneousfirst negativevortex motions. It shouldbe noted that
order reaction.Their resultsalso canbe explained, undercomparableconditionsGiling [6] also found
however, by a heterogeneousreaction and an a stable negativevortex for N2 along the whole
equation similar to eq. (18). From the present susceptorlength, which is in agreementwith the
results,no further conclusionscan be drawn con- presentobservations.
cerning the exact natureof the diffusing species. In the entranceregion, return flow of gas due
The differenceswhich are expectedin the diffu- to rapid expansionof cold gas hitting the hot
sion coefficients of the various possibleGa—Me~ susceptor[16,23]and so-calledcold finger effects
species (1 ~ x ~ 3), do not allow further dis- at high gas velocities [6] may also occur. There-
crimination. fore, epitaxial layersshould not be grown in this

highly unstableregionwith possiblelargefluctua-
6.2. High Ranumbers:effectivevortexformation tions in temperature,flow velocities and, conse-

quently, growth rates. Another disadvantageof
As wasshownin section5, for conditionschar- the return flow effects is the large gas memory

acterizedby high Ra numbersthereis no good fit which is introduced. This is a severedrawback
between the predictions from the presentmodel when sharpheterojunctionshaveto be grown.
and the experimental observations.The lateral
variation of growth ratesclearly shows the pres- 6.3. Characterizationof theflow
enceof strongvortex motions in thecell [15]. For
cell D with H2 as a carrier gas, in the entrance From a comparisonof the results obtainedin
part of the depositionzonethe lateralgrowth rate systemswith low and high Ra numbers,it can be
distribution is indicative of a negativevortex mo- concludedthat this dimensionlessnumberindeed
tion [151(fig. 11) with a more effectivesupply of provides a good criterion for the prediction of
reactantsat the centreof the cell. In the developed deposition characteristics.From the present re-
region, a positivevortex motion mustbe assumed sults it can be concludedthat the critical value
with a lower growth ratein the centreof the cell. mustbe between 700 and 1700 to 2800.This
Suchdevelopmentof vortex motionsis illustrated is in reasonableagreementwith the critical value
in the inserts in fig. 11: in the entranceregion, of — 1700, which was definedin previously pub-
negativevortexrolls predominateandpositiverolls hishedtheoretical andexperimentalwork [6,34,35].
are generatednear the side walls. The latter be- Some authors [3,5] suggestedto use the ratio of
come more important for increasing z and are Grashof numberand squaredReynoldsnumber,
stable in the region where temperatureand flow Gr/Re

2, to describe the flow characteristics.In
profiles are developed.Theseideasare in accord- the presentwork no relationbetweenthe flow and
ancewith resultsobtainedfrom numericalcompu- depositioncharacteristicsandthis ratio wasfound.
tationsby Houtmanet al. [11]. Table 2 shows, for example, that the value of

The entrancelength for a stablevortex motion Gr/Re2 is equal for H
2 and N2 in cell B. How-
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ever, thegrowth rate distributions in this cell and, axial direction can he obtained when a tapereh
consequently, flow characteristicsare markedly cell, or, alternatively,a titled susceptor.is used in

different (figs. 5. 8 and 12). Thesewereconcluded combinationwith thepropergasvelocity (eq. (23).
to he doi’ninantly forced laniinar and free convec- Good lateral honiogeneityover 70

0i’ of the cell
tive with vortex formation, respectively. In ad- width can he achtevedwhen (lie aspectratio h/h

dition, for cell A the Gr/Re2 ratio predicts a is larger than — 4.
niixed flow for all conditions presentlyused (ref. A special problem may artse when Eernar\ (Sr

[3]. table 2). Lateral growth rate distributions, quaternary III V crystals containitig more than
however, could he explained by assumingforced one Ill element are grown by MOCVD. If’ these
laminar flow characteristicsunder all conditions. Ill elementsdiffuse independentlyto the hot sus-
Therefore, we conclude that (lie Gr/Re ratio ceptor. alsothegasphasedepletionof thesespecies
does not provide a good criterion to describethe will he independent.As a consequence.compost-

flow’ and depositioncharacteristics. tional grading of the epitaxial layers niav he ex-
pectedin the axial directton ( = ) in such casesii

6.4. Remurk.von cell design the diffusion coefficients of the speciesinvolved
arequite different. The sameremarkcan he tiiade

In thepresentwork, only cells with rectangular for dopants, when their incorporation in (lie epi-
cross-sectionswere used.The main reasonfor this ta,xial layers is diffusion controlled. Theseeffects
was that in suchcells temperaturegradientsacross will also be subject to a future study.
the susceptorwidth are minimized [6]. Thus, by It should he noted that apart from (lie specific

using a top-cooling, a very stablepattern of iso- recommendationsdiscussedhere, general consid-
therms running parallel to the susceptorcan he erations of flow dynanuics should he taken into

obtained under forced laminar conditions. Froni account when constructinga reactorcell. tnclud-
thegrowth resultsit can he statedthat flow condi- tng minimization of (lead spaces. avoiding oh-
tions characterizedby high Ra numbers (> — stacleswhich can produceflow eddiesand, for (lie
1700) should be avoided,becauseapart from in- samereason.niintniization of angleswhen dimeti-
stabilities and return flow effects in the entrance sionsarechanged( < — 10°:see.e.g..refs. [23,41]).
region, lateral growth rate variationsare largefor Those factors heconieespeciallyiniportant when
all axial positions due to strong (free—convective) multilayer structureswith sharp interfaceshave to
vortex niotions. he grown. becausethey niay causeseverememory

To minimize unwantedgasphasedepletion, the effects.
cell should he top-cooledat a temperaturebelow’

— 350°C.Above this value. TMG decompositioti 7. Conclusions
ts initiated [27]. In the presentwork, water top-
cooling ( — 300 K) wasused. When growiiig thick From this work the following conclusions for
GaAs layers,however. in sonic casesdust proh- horizontal epitaxial cells can he drawn.
hems appearedfor larger values of = due to an (1) For thecharacterizationof flow:
accumulation of arsenic condensatesat thie cold -- ‘[he Rayleighnumberis agood criterion for the
upperwall. Most probably, this can he avoidedto characterizationof the flow and growth ratedistri-
a large extent by using a higher top-cooling tern- hutions under non-turbulent (Re < 2300) condi-
perature. This may have additional advantages. tions. both for H, and N,: for Ra< — 700 (this
such as a lowering of the Ra number and a work) the flow’ is dominantly forced laminar: for
decreaseof arsenic meniory effectswhen growing Ra > — 1700—2800(this work) free coiivective ef-
multilayer structures with varying V elements. fects areimportant and strong vortex motions are
Theseeffectswill he subjectto future studies. present. Largeentranceeffectsare oftenobserved:

In order to obtain aconstantlayerthicknessoii The Gr/Re2 ratio is not a reliable measureto
large surface areas, two further requirements characterizethe flow.
should be fulfilled. A constantgrowth rate in the (2) As regardsthe presenttheoreticalmodel:
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— A good fit betweenexperimentalMOCVD re- some of the cells underhigh time pressure.This
suIts and calculationson the basis of the model work was performed as a part of the research
was obtained for low Ra number systems(< — programmeof the “Stichting voor Fundamenteel
700). both with N, and H2 ascarrier gases:this Onderzoek der Materie” (FOM) with financial
gives further proof that the growth in MOCVD is support from the “NederlandseOrganisatievoor
indeed controlled by diffusion of the III compo- Zuiver WetenschappehijkOnderzoek”(ZWO).
nent.
— For high Ra numbers no good fit could be
obtained. Due to vortex motions supply of re- References
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