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Correlation between island-formation kinetics, surface roughening,
and RHEED oscillation damping during GaAs homoepitaxy
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(Received 21 April 1997

The basic mechanisms controlling surface roughening and its correlation to the damping behavior of reflec-
tion high energy electron diffractiofRHEED) intensity oscillations are studied. The experimental observations
are compared to results of Monte Carlo simulations of atomistic processes on the growing surface, such as
surface diffusion of both Ga atoms as well as of slowly migrating GaAs molecules. With the simulation model,
guantitative reproduction of the temperature and IIl/V flux-ratio dependence of RHEED oscillation damping by
simulated step density oscillations is demonstrated. Systematic simulation studies are performed to examine the
relationship between oscillation decay, surface roughening, nucleation rate, surface kinetics, and the prevalent
growth conditions. The nucleation rate is identified as the central quantity which determines both the oscilla-
tion damping as well as the surface roughen{i80163-182607)03844-1

. INTRODUCTION damping, when the arsenic flux is increasetf as well as
when the growth temperature is decreafed. qualitative
Molecular beam epitax¢MBE) has been well established model for the oscillating behavior of the RHEED specular

. . . 11,12 .
as a production tool for devices such as lakershigh mo- Peam was proposed by Neaeeal,™ ™ but the origin of
bility transistor$® Furthermore, much effort has been in- oscillation decay is not yet identified unequivocally. van der

13 . . . . .
vested in optimizing low-dimensional structures for basic re-//29t et al.= attribute oscillation damping to macroscopic
rowth rate variations due to gallium flux nonuniformities.

search as, for examplg, to §tudy the electronic properties ince in our experiments we use a constant gallium flux, this
two-, one-, and zero-dimensional systems, where MBE ofteRya ¢ js expected not to be important. Several authors pro-
acts as a basic technologyFor optimum performance of posed that RHEED oscillation decay is due to the evolution
such structures, the crystalline quality as well as the morphopf the surface towards a steady state with time-independent
logical sharpness of the interfaces are of primary importancestep density:’* Dobson et al}* addressed the surface-
Roughness leads to broadening of quantization energies awiiffusion length as to determine this steady state step density.
to increased carrier scattering in active regions, which lowerglowever, yet, no definite conclusions can be drawn. There-
electron and hole mobilities. As interface smoothness is ulfore, the question still remains, how the arsenic population
timately determined by that of the growing surface, it is tech-on the surface as well as the substrate temperature influences
nologically important to understand the mechanisms controlthe RHEED oscillation decay and the roughness evolution.
ling morphology? Basic atomistic processes determining the Lewis et al® point out that with increasing arsenic flux
crystal growth and, thus, the morphological evolution arethe probability increases that the diffusing Ga atoms are re-
arrival, desorption, reaction, dissociation, surface diffusion@ctively incorporated before they reach a surface step. As an
step edge attachment as well as detachment, and nucleatidtension to this model, we assume a three-step incorpora-
These kinetic processes are controlled by the prevalerion mechanism(l) reaction of mobile Ga atoms with As to

growth parameters, of which the most important are thdOrm strongly bound GaAs molecule) surface diffusion

growth temperature, the growth rate, and the flux ratio in thé).f these _GaAs molecgles: but with signifipantly higher dliffu-
case of compound semiconductors. sion barrier than of diffusing Ga atom@) incorporation of

To obtain stochiometric incorporation of gallium and ar- Ga atoms and GaAs molecules in step-, kink-, and 2D island

senic, arsenic must be present in excess. This is due to t é)sitions. Previous simulation results give strong evidence
condensation behavior of both species. The sticking coeffilor mobility of GaAs molecules. A computer simulation of

cient of gallium turns out to be unity at usual substrate tem—GaAS homoepitaxy, which is based on the above assump-

peratures, whereas arsenic only sticks via reaction with gaf_ions, was ;uccesfully used to reproduce experimental.data of
lium. If the arsenic flux is too low, excessive gallium will be the Iflltv!x-raélo _depen?ent Assticking ?toefflmev\ljtth thte time d
incorporated resulting in unstoichiometric filmsOn the evolution during ff,urac_e recovery atter gro stops, an
other hand, if arsenic flux is too high, surface roughnes$t"face topologies: in this work, we focus on the influence

increased significantfyand photoluminescense spectra indi- of tt_he flu?:hrat|o ar?d _the grolgv;hEtEe[r)npera.tlrrtg on dsurface kg
cated enhanced formation of group-Ill vacanci&he sub- ne 'Cﬁ Wi e”ﬂa. asis on oscillation decay an
strate temperature during GaAs homoepitaxy strongly deteOUINNESS evolution.
?L:?fgieﬂ:?)urgr?r?lelg of the diffusing specfeas well as the Il. EXPERIMENTAL SETUP

Measurements of the reflection high energy electron dif- Most of the growth experiments are performed in an es-
fraction (RHEED) intensity showed an increasing oscillation pecially designed MBE system which is described in detail
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in Ref. 16. As a peculiarity, a quadrupole mass spectrometdron parameters, the same value of the nearest-neighbor con-
allows precise control of the Asflux and of the Ga/As flux tribution Ey is used for Ga atoms and GaAs molecules. Ar-
ratio. Some additional films are grown in a second MBEsenic migration is simulated in a special manner. Due to the
system(Riber 32 B in order to check the influence of the short lifetime of arsenic on the surfateno arsenic-arsenic
growth environment. Growth is carried out on nominally pla-interactions are considered. Thus, every migrating As atom
nar (001) GaAs substrates. After thermal oxide removal un-can be treated separately. Interaction of As atoms with GaAs
der arsenic pressure, a 300 nm thick buffer layer is grown ifmolecules is neglected, whereas interaction with Ga atoms
order to smooth the surface. The subsequent layers are growesults in reaction to GaAs molecules. Arsenic atoms may
at substrate temperatures between 550 °C and 680 °C. Thkesorb when they find no Ga atom within their surface life-
gallium flux is kept constant corresponding to a low temperatime. Desorption of Ga atoms and GaAs molecules is ne-
ture growth speed of 0.3 monolaydidL) per second, and glected, since experiments showed a gallium desorption rate
the arsenic flux is varied to achieve flux ratits,/Jas, from  of zero up to growth temperatures of about 650%4C.

0.4 up to 1.4. During growth, the peak intensity of the The characteristic quantity to describe migration of As
RHEED specular beam intensity along fHel0] azimuth is ~ atoms is the surface-diffusion length up to desorption:
recorded by a sensitive CCD camera in combination with & as= VDs7ages With  the  surface-diffusion  coefficient
frame grabber and a personal computer for image processinD..= (%) (ag)?kqexp(—Eg/kgT), the distance of a nearest-
The diffraction conditions are chosen to correspond to inmeighbor hopping a,, the lifetime up to desorption
phase diffraction, for which reflection from adjacent IayerSTdes:(l/ka)exp(Edes/kBT)v the vibrational frequency, for

add constructively and the kinematic theory yields a constangesorption, and the activation energy for desorptify..
intensity. Thus, the modulation of the specular beam intenyyith the above assumptions we get

sity during growth can be traced back to variations of the
dEns 3
XA 2keT)” @

surface step density.
. . with dEAS: Edes_ Edif and kd/ka%l

The simulation used here closely resembles a model pre- The simulation is thus characterized by four parameters:
sented by Clarke apd VvedenSMIth this model, Shitara Esca Escaas En, anddE,s. These quantities are to be
etal. sucg:essfylly simulated epitaxial growth on Gal@®1)  regarded as effective diffusion barriers that incorporate in an
sur_faceé_Basu; agsumptlons are a cubic lattice, a solid-onyerage way local fluctuations, fast processes not included
solid configuratior (that means no overhangs and no vacangypiicitly, and other factors such as surface reconstruéfion.
cies, random deposition as well as surface migration of gal-as gescribed in a former papst detailed comparisons to
lium. As an extension to this model, our simulation includeSRHEED measurements are made to determine the model pa-
surface kinetics of Ga and As atoms, and of GaAs m0|ECU|e$ametersES c=1.39 eV,Eg can=1.74 €V,Ey=0.435 eV,
The incorporation of arsenic is modeled by a process inyq dEAs=O.868 eV. Due to thg110] azimuth of the
which every impinging Ag molecule dissociates into atoms. RHEED experiments, these numerical values mainly reflect
Two As atoms dzeosorb resulting in a maximumAsticking  gyrface migration perpendicular to the orientation of arsenic
coefficient of 0.5." The two remaining As atoms perform a gimers and bonds to gallium terminated steps, respectiely.
random search for a free gallium atom and either react to |, the simulation runs presented here, the temperature is
GaAs or desorb as well. _ varied from 550 °C up to 650 °C. The growth rag=0.3

After impinging, the adsorbants move randomly by iso-\ /s is fixed by the constant gallium flux. The flux ratio
tropic nearest-neighbor hopping. The hopping rate of an adJGa/JAs4 is varied from 0.4 up to 1.4 by changing the arsenic

sorbant is given by flux. The simulations are started on a 23030 matrix with
) periodic boundary conditions and without initial steps.

ap
2

Aas=

Ill. SIMULATION MODEL

K(T) = kg exg] — 3
d ksT

whereky=1x10" s ! is assumed as vibrational frequency
for diffusion, kg is Boltzmann'’s constanl is the substrate
temperature, and the surface-diffusion barriéf is According to Shitar&t all’ an approximately linear rela-
tionship between the measured intensity of the RHEED
Egr=EstnEy, (20 specular beam and the simulated surface step density

D
IV. RESULTS AND DISCUSSION

A. Damping behavior of RHEED oscillations

with the surface contributioreg, the number of nearest-
neighborsn=0... 4, and thenearest-neighbor contribution Ng= N’lg {[1—8(zy 1241 1y) |cOSP
En. Xy

Surface diffusion of Ga atoms, As atoms, and GaAs mol- +[1= 8(2Zy 2y + 1) ISiNG} (4)
ecules is taken into account. As a simplification, the migra-
tion of GaAs molecules is modeled by the same mechanisman be assumed, whefx,y) is the Kroneckers function,
as for diffusion of single atoms. Just the diffusion barrier isz, , is the height at the lattice sitex{y), N is the number of
supposed to be significantly high€rThe surface contribu- lattice sites, and is the azimuthal angle£=0 at the[110]
tions Eg for Ga, As, and GaAs are denotedBSc,, Es as, direction. Thus, simulation runs can be compared directly to
and Es gans respectively. To reduce the number of simula-real growth processes. An example of the experimentally ob-
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) ) FIG. 2. Damping constant of measured RHEED intensity oscil-
2 (b) Simulation lations as well as of simulated step density oscillations dependent
2 on the flux ratio and on growth temperature. The damping constant
3 is given by the number of monolayetsiL) which can be grown
by until the oscillation amplitude is reduced to the value of the
a' initial amplitude.
fraction and growth conditions. We find agreement within
| R RIS RENPU RPN R *+6% indicating that RHEED oscillation damping is con-

0 20 40 60 80 100 120 trolled only by the respective growth conditions.
Time (s) In Fig. 2(a) together with RHEED data, we depict the
damping behavior of simulated step density oscillations.
FIG. 1. Typical measured RHEED intensity oscillatiqasand ~ Quantitative agreement between real growth and simulation

simulated step density oscillation®), with growth parameters: is obtained up to flux ratiodga/Jas, of about 1.1 and up to

temperatureT=600 °C, growth rateG=0.3 ML/s, flux ratio  growth temperatures of about 630 °C. In this regime, our

JealJas,=0.65, and simulation parametersEsci=1.39 eV,  simulation and the chosen parameters appear to realistically

Escans1.74 €V,Ey=0.435 eV, andiE,;=0.868 eV as described model the surface morphology. Therefore, the simulation

in the text. provides access to atomic scale processes, which are difficult
to deduce from experiments alone.

served time evolution of the RHEED specular beam intensity However, for values ofJga/Jas,>1.1 or temperatures
during growth and subsequent surface recovery is plotted in-630 °C, we find deviations between experiment and simu-
Fig. 1(a). The simulation of the corresponding surface steplation. Excessively strong RHEED oscillation damping at
density is shown in Fig.(b). As can be seen, simulation and JealJas,> 1.1 is attributed to formation of three-dimensional
real growth yield nearly identical oscillations. A model for gallium droplet$ Since this is not implemented in our
the oscillating intensity of the RHEED specular beam wasmqdel, no such damping is observed during simulation runs.
proposed by Neavet al'"' One main difference between ryithermore, at growth temperatures higher than 630 °C,
real growth and simulation is noticeable: the initial fast de-ryEED patterns indicate a change of surface reconstruction
crease after growth starts is smaller for RHEED oscillationg oy, (2x4) to (3x1). The related modification of energy
than in the simulated step densities. This may reflect apiers for surface diffusion seems to result in an increasing
change of reconstruction during growth which is not in-RHEED oscillation decay. Our simulation parameters only
cluded in our simulation model. account for a (X 4) reconstructed surface and, thus, the

As a measure of surface evolution, the damping behaviog,serimental behavior is not found in simulated step densi-
of RHEED intensity oscillations is analyzed quantitatively as;joq

a function of flux ratio and temperature. The oscillation

damping is characterized by a damping constagiven as

the number of deposited monolay&ML) at which the os- B. Formation of two-dimensional growth islands

cillation amplitude is reduced to the fraction ofeldéf the The flux ratio of impinging Ga atoms and Asnolecules
initial amplitude. As shown in Fig. (@), a decrease of the directly controls the ratio of mobile Ga atoms and GaAs
As, flux results in a reduction of the RHEED oscillation moleculesng,/ngaas0n the surface. From the simulation, an
damping with a minimum decay at a flux ratig./Jas, of  approximately linear dependence is found, as demonstrated
about 1.1. Growth at higher flux ratios yields strongly in Fig. 3(a). Figure 3b) shows the temperature dependence
damped oscillations. A similar behavior is found when theof nga/Ngaas. At higher temperatures, the rate of formation
growth temperature is increasffig. 2(b)]. Up to about 630 of GaAs molecules is reduced, due to the shorter surface-
°C, the RHEED oscillation damping is reduced, whereas adiffusion length up to desorption of As atorfsee Eq.(3)].
higher temperatures, the damping increases again. To chedlo characterize the surface mobility, the average number of
the influence of the growth environment on the RHEEDsurface hop#$s per impinging Ga atom is determined. Hops
measurements, the temperature-dependent values of the @d-both Ga atoms and GaAs molecules are taken into ac-
cillation damping constant are compared to those, which areount. In Fig. &c), a linear increase ofig is observed as
determined with a second MBE system under identical diffunction of flux ratio, which is attributed to the increasing
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Jaaldas, Temperature (°C) s 1 along [110], which corresponds to a surface-diffusion

length of 6 nm. From the simulation, we get an average
FIG. 3. Simulated steady-state ratig;./Ngass of mobile Ga  diffusion length of 1.6 nm at the above growth conditions.
atoms and GaAs molecules on the surfee (b), average number To discuss these different values, the respective growth
of surface hopsh; per impinging Ga aton{c), (d), and average mode must be considered. Ohgaal. deduced the surface
surface-diffusion length\ up to incorporation(e), (f) versus flux  diffusion length during step flow growth on misoriented sur-
ratio and temperature. faces, whereas our simulation reflects growth by two-
dimensional nucleation on surfaces without misorientation

number of mobile Ga atoms. At 600 °C, a single Ga atomSteéps. A misoriented surface can approximately be regarded
performs approximately a hundred times more hops per unfS @ regular arrangement of quasiparallel steps with mono-
of time than the GaAs molecule. Variations of the growth!a@yer height. During step flow growth, no additional growth
temperaturdFig. 3(d)] affect h, by two mechanisms. First, islands are generated and the surface—dlffusmn. Iength equals
the surface hopping rate(T) is directly determined by the (€ average step distantén the case of two-dimensional
temperature as is indicated in @), and, second, the tem- nucleation, particles are mcorpora_ted via pen(_)dlc formation
perature dependence Df,/Neaa yields an additional con- and coalgscense of monolayer h9|ght growth |sI§md_s and the
tribution. As a consequence, a correct model of the temperaUface-diffusion length is determined by the oscillating den-
ture dependence of growth kinetics must include the reactiofiity @nd size of these islands. Therefore, the different growth
of gallium and arsenic to GaAs molecules. modes may explain the disagreement between our valie of
The surface-diffusion length up to incorporation is a and the value given by Ohtt al.
very important quantity which characterizes the surface ki- The surface mobility of the diffusing particles strongly
netics. To determine values bffrom simulation runs, single determines the rate of formation of two-dimensional growth
diffusing particles are traced from the point of impinging islands. As a measure of the nucleation rate, the number
towards the point of incorporation. The straight distance be ¢-0.1 Of islands at a coverage of 0.1 ML (monolayey is
tween these points gives the surface-diffusion length. A partaken, assuming negligible coalescence at this coverage. A
ticle is assumed as incorporated, when the lifetime at a spgeduced rate of island formation is found, when the flux ratio
cific site is longer than the time for deposition of one [Fig. 5@] or the growth temperatui&ig. 5(b)] is increased.
monolayer. In the temperature range discussed here, this §gbviously, the enhancement of surface mobility lowers the
the case for Ga atoms with at least three nearest neighboféicleation rate. Growth islands are generated via collisions
and GaAs molecules with two nearest neighbors. DuringPetween diffusing particles. With increasing mobility, the
simulation runs, oscillations ok are observed with fre- Probability increases that the particles attach to existing is-
quency as for the step density oscillatiofi§g. 4). From lands resulting in the reduced formation of new islands.
these oscillating values of, the average surface-diffusion ~ Periodic in-phase generation and coalescence of two-
length\ is calculated. The dependencerobn the flux ratio  dimensional growth islands cause the oscillatory behavior of
[Fig. )] and on temperaturEFig. 3(f)] closely resembles step density and RHEED specular beam intensity. We at-

g — . tribute the oscillation decay of both quantities to increasing
that ofhs. As for hs, the flux ratio influencea. by the ratio out-of-phasenucleation. Out-of-phase nucleation means that

NGa/NGaas, @nd the temperature affecks by both the hop-  growth islands are formed on top of existing islands. These
ping ratek(T) as well as bynga/Ngans- islands remain even on a completed layer and result in the
Ohta et al® experimentally determined the surface- gradual reduction of the specular beam intensity at integer
diffusion coefficient alond110] and[110] direction from  coverages. Therefore, the numbgr,_, of islands remain-
the growth mode transition between two-dimensional nucleing after completing one monolayer is taken as a measure of
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) dimensional growth islands cause the oscillating roughness.
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But in contrast to step density oscillations with an approxi-
mately constant mean value, the average RMS roughness
least two Ga atoms after deposition of 0.1 M), (b), and after increafses during deposi_tion of the firs_t few monolayers._'!'his
deposition of one complete monolay@, (d). The data i@ and  Pehavior reflects the different meaning of both quantities.
(b) are taken as measure of the absolute nucleation rate and the d&tR€ Step density as defined above counts all steps irrespec-
in (c) and(d) as measure of out-of-phase nucleation. tive of the layer, where they are found, wheregags is more
sensitive to local variations of the height of the particles.
Therefore, the increasing average valuergf;s indicates

that an increasing number of layers is involved. Sudijono

JGa/ JAs,,

FIG. 5. Number of simulated growth islands with a size of at

out-of-phasenucleation. The dependence of ,_; on the

flux ratio and on temperatuf&ig. 5(c) and Fig. %d)] equals b ) ; i
that of n; ,_o4, but the absolute number of islands is con-©t @l used scanning tunneling microscof§yTM) to study

siderably smaller a=1. These results demonstrate that the evolution of surface roughness. They observed no signifi-

with decreasing flux ratio as well as with decreasing growtca@nt increase of roughness during growth. Probably, the
temperature the rate ajut-of-phasenucleation increases. small roughness variations found here are below the detec-

This is in agreement with a reduced surface mobility, alion limit of the STM method. .
higher nucleation rate, and, thus, more strongly damped os- To quantitatively characterize the surface roughening, we
cillations. analyze the absolute value of the surface roughnggs,—1s

after deposition of 15 ML. As shown in Fig. 7, the surface
roughness decreases with increasing flux ratio as well with
C. Evolution of surface roughness increasing growth temperature. This behavior is in qualita-
. . ) . ) 5
In the following section, the evolution of surface rough- tive agreement with measurements of Baeta Moretral.
ness will be discussed. The root mean squy&MS) rough- who studied the influence of flux ratio and temperature on

nessr ays Of simulated surfaces is calculated using the ex-N€ surface morphology with RHEED and microscopic meth-
ods. Obviously, the smoothest surfaces are obtained during

growth with high surface mobility, which is given either by
an increased temperature or by a reduction of the arsenic
ux. We would like to note again that we expect our simu-
lation data to represent the real surface evolution only for
flux ratiosJga/Jas, Up to 1.1 and growth temperatures up to

630 °C.

pressionrgus=N" =, (2., — 2)?]"? where z,, is the
local height. The simulation yields oscillations mfy,g Simi-
lar to step density oscillations, as demonstrated in Fig. 6. A
for ng, periodic formation and coalescence of two-

0.2

V. CONCLUSIONS

The damping behavior of measured RHEED and simu-
lated step density oscillations as well as the evolution of
surface roughness are studied. We discuss the results in
terms of surface mobility and nucleation rate. Using a simu-
lation model which accounts for surface diffusion of both Ga
atoms as well as of GaAs molecules, we achieve quantitative
reproduction of the flux ratio and temperature-dependent be-
havior of RHEED oscillation damping by simulated step
densities. The parameters used for the simulation are ob-
tained from independent experiments such as the measure-

FIG. 6. Typical evolution with time of simulated RMS rough- ment of the surface recovery time after growth stops and
nessr gus=N "1, (z¢y— 2)22 (with z,, is the heightduring ~ Measurements of the Asticking coefficient® The high de-
growth with parameters as indicated in Fig. 1. In contrast to the ste@ree of agreement between real growth and simulations as
density evolution, the average RMS roughness increases with depélemonstrated here is a further strong indication for surface
sition time. mobility of GaAs molecules.

RMS roughness (nm)

0 20
Time (s)

40 60
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a [ % tance of the nuclation rate for crystal growth is well known,
010 - | | . . | but the particular properties of the respective materials may

differ drastically. Therefore, for a detailed understanding of
the nucleation behavior every material needs to be studied
Nie=0.1 separately. Furthermore, we conclude that changes of either
the flux ratio or the growth temperature seem to result in the

FIG. 8. Simulated damping constant of step density oscillationssgme kind of modification of surface morphology evolution.
(@) and surface roughnesgys ¢-15 (b) dependent on the number of In Fig. 9 the simulated surface roughnesgysy1s is

islandsn; -0, after deposition of 0.1 ML. The values of 5—01  plotted as a function of the damping constant of step density
are taken as a measure of nucleation rate. oscillations. Smooth surfaces correspond to weakly damped

The nucleation rate is identified as the central quantit;/)s‘?'"at'onS and again the correla‘uop does. not depend on
which determines oscillation damping as well as surfacé’vhICh parameter is varied. To obtalp a minimum surface
roughening. As shown in Fig.(8), a high rate of formation roughness during growth of GaAs, high valges of the S.Ub'
of two-dimensional growth islands corresponds to a high rat trate temperature as well as of the flux ratio are required.
of out-of-phasenucleation and to strongly damped oscilla- owever, the maximum 9r°Wth temperature is limited by a
tions. Furthermore, a high nucleation rate causes a Iargéihan.ge of reconstruction wh|ch seems to I_ower Fhe su_rface
number of layers which contribute to the surface roughnes Ob'“tY' Th_e maximum fI}Jx ratio is glso I'm'ted.’ since high
[Fig. 8b)]. To present a variety of growth conditions, both ux raths yield the unstplchlometrlc incorporation of exces-
the flux ratio and the growth temperature are varied. Weakl?'ve gallium and formation of gallium droplets.
damped oscillations as well as smooth surfaces are found to
correspond to a small nucleation rate and, very importantly,
these correlations are independent on which parameter is var- We would like to thank W. Hansen for very helpful dis-
ied. Thus, the nucleation rate seems to be more importamussions and the Deutsche Forschungsgemeinschaft for fi-
than the flux ratio or growth temperature. This central impor-nancial support.
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