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TiO, thin films prepared by metalorganic decomposition (MOD-Jji@nd sol-gel
processes (SG-TiYp were investigated in terms of the anatase-to-rutile phase
transformation and microstructural evolution. It was found that the chemical reactivity
of the ligand groups initially coordinated on the titanium precursor plays a decisive
role in the structure development of as-deposited SG- and MOD-ili0s.

MOD-TiO, films consist of small aggregated particles and therefore, tend to coalesce
together to form an inhomogeneous microstructure during the anatase-to-rutile phase
transformation. On the other hand, SG-Jifims consist of uniform large particles

that tend to grow homogeneously. MOD-Ti@ms showed a higher crystallization
temperature than the SG-Tj@ilms but the temperature of the anatase-to-rutile

phase transformation is much lower in MOD- (approximately 775 °C) as compared to
SG-TiG, films (approximately 930 °C). The activation enerdy) (was estimated as

524 and 882 kJ/mol for the MOD- and SG-Ti@ms, respectively. The lower
transformation temperature and activation energy in MOD5Tilins were due to

smaller grain size and more potential nucleation sites existing in the un-transformed
MOD-TiO, film structure, which can accelerate the rate of anatase-to-rutile
transformation.

[. INTRODUCTION from a comparative viewpoint, the nature of ligand

Titanium dioxide thin films have received great atten-9r0UPS in titanium precursors should affect the final

tion in recent years because of their excellent optical angtructure of the crystalline Tioxo a certain extent.
electronic properties:® The wet chemical route, includ-  1h€ TiO, crystal has three modification phases,

ing metalorganic deposition (MOD) and sol-gel methods,namely* anatase, rutile, and brookite; however, only the

has been recognized to be technologically and economﬁrst two have received most attention. The rutile phase is

cally significant because they offer advantages over cor@ Nigh-temperature stable phase (>7%]3%° C). while the
ventional techniques such as relatively low processin@natase is stable only at lower temperatureBoth crys-
temperatures. In the sol-gel process, metal alkoxide®!lin€ phases are composed of octahedralsTwhere

Ti(OR), (where R represents alkyl groups) are generally®ne Ti atom is cerdinated with 6 oxygen atoms. The
used as principal precursors. Further hydrolysis and pd2nase transformation of anatase-to-rutile (A R) in

lymerization cause the formation of a three-dimensionall IOz IS @ research objective of considerable interest with

network structure with octahedral Ti@oordinatiorf—®  réspect to both powder and thin film. Even though the A
In contrast to the sol-gel method, the MOD process typi-— R Phase transformation of Ti(powder derived from
cally employs metal carboxylate precursors with Iongthe hydrolysis of titanium alkoxides has been studied,

carbon chains such as titanium 2-ethylhexoxide, which ighany earlier works _ar;lrplasinly focused on the influence
chemically stable and insensitive to water molecules. Po?f hydrolysis kinetics. = Furthermore, the lower-

lymerization of the MOD precursors seems inaccessibledimensional configuration of the thin-film form usually
and the formation of a three-dimensional network struc91Ves rise to an enhanced complexity in the phase trans-

ture is impossible. The coordination number of the tiformation (and kinetics as well) by the constraint induced

atom is maintained at 4 in the MOD solution. Therefore,bY the underlying substraté. Literature reports of the
influence of the ligand group on the phase transformation

MAddress all correspondence to this author. as well as the microstructural evolution in the synthesis
e-mail: sychen@cc.nctu.edu.tw of TiO, thin films are not extensive.
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Therefore, we conducted a comparative study betweeaf the films was measured using a surface profiler (Sloan,
sol-gel and MOD processes using Ti precursors withDektak’ST). The xerogel powder scraped from the dried
a significant difference in ligand nature. Both films were film on the substrate was mixed with KBr and then was
subjected to an identical heat treatment. We wish talie pressed to be a pellet for the Fourier transform infra-
understand (i) how the coordinated ligand groups affected (FTIR) transmission spectra measurement (with
the A - R phase transformation, (ii) the microstruc- Perkin-Elmer 580 spectrometer). The microstructure of
tural evolution, and (iii) the activation energy of the the films was examined using scanning electron micros-
A - R phase transformation for the sol-gel andcopy (SEM; Hitachi, S4000) (Tokyo, Japan). The aver-
MOD-TiO, films. age grain size in the Tig¥ilms after different annealing

temperatures was estimated using linear intercepts on the
SEM micrographs according to the technique developed

Il. EXPERIMENTAL PROCEDURE by Mendelsoret al.*
A. Sol-gel and MOD solution preparation
Titanium isopropoxide Ti(OgH7i)4 (Alfa, 99.8%) was 1. RESULTS AND DISCUSSION

used as a titanium precursor in the sol-gel process. The L ) )
reactivity of titanium isopropoxide toward water is first A Role of titanium precursors in phase evolution
modified by acetic acid (TEDA, 99.9%) (molar ratio of Figure 1 shows the XRD patterns of the sol-gel-
Ti/HOAc = 1/10). Then 2-methoxyethanol (Merck, derived TiQ, films (designated as SG-TiD Crystalline
99%) (Darmstadt, Germany) was added to adjust the visanatase first appeared with a weak (101) peak at 400 °C.
cosity and molar concentration of the mixture. The me-However, no rutile phase was detectable until a tempera-
thoxyethanol not only acts as solvent but also reacts withure as high as 930 °C was attained where a characteristic
unreacted acetic acid to form isopropyl acetate and watereflection of the (110) peak appeared. It is interesting to
This sol-gel solution with titanium molar concentration note that the transformation temperature for the SG5TiO
of approximately 0.47 M was vigorously stirred at roomfilm is higher by approximately 300 °C than that of
temperature for 10 h to ensure a sufficient degree ohanocrystalline TiQpowders, 650—700 °C and sputtered
hydrolysis and polycondensation. TiO, films, approximately 700 °G%*” On the other
Titanium 2-ethylhexoxide Ti(gH,;0O), (Alfa, 98%) hand, an anatase phase with a strong (101) reflection
was used as a titanium precursor in the MOD processappeared when the temperature reached 500 °C for the
P-xylene was used as a solvent to reduce the viscosity #lOD-TiO, films, as shown in Fig. 2. The formation
the titanium 2-ethylhexoxide for film fabrication. The temperature of rutile phase is about 750—-775 °C, which
molar concentration of titanium ions in MOD solution is lower by approximately 200 °C than that observed for
was about 0.93 M. SG-TiG, films, and is only higher by approximately
50 °C than temperatures reported for the nano-powder
TiO,.*® If we refer to this additional 50 °C as a corre-

L ) ) . sponding extra energy required to overcome the substrate
The thin films were fabricated by spin coating onto P g gyred

fused silica substrates at a rotation speed of 3000 rpm for
30 s. After each deposition, the coating film was dried on
a hot plate (approximately 200 °C for 2 min) to remove
the organic solvent and then pyrolyzed in air at 400 °C

B. Fabrication of thin films

for 10 min with a heating rate of 5 °C/min to decompose 960 °C/1 h
organic species. For multiple coatings, the above 5
mentioned processes were repeated six times to obtaig 930°C/1 h

- T R(110)
R(101)
R(200)
R(111)
R(210)
R

A
A(004)
A(200)

the resulting sol-gel and MOD-Tig¥ilms with a thick-  p»
ness of approximately 300 nm. For a phase transfor'—@
mation study, the resulting films were directly annealed &
into a preheated furnace with temperatures betweer

(101)

.

800 °C/1 h

) NV U IS NN NI NI SNV S ISUIN UATIN I N NI N .

500 and 1000 °C under an air environment for various 500°C/1h

time periods. 400°C/1 h

C. Film characterization 2'0 ' 3b ' 4'0 ' 5|0 ' 6|0
The phase evolution of sol-gel and MOD films was ex- 20

amined by an x-ray diffractometer (MAC Science, M18X) FiG. 1. XRD patterns of SG-TiOfilms annealed at different tem-
(Tokyo, Japan) using Cu Kradiation. The thickness peratures for 1 h.
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B of the hydroxyls present in the system. Two bands as-
s = ~ signed asv,,,(COO) at 1455 cm" and v, ,{COO) at
w z = S 220°C/1 h 1560 cm* are consistent with those defined as bidentate
e £ ligands!®~?* Compared with the FTIR spectrum of tita-
= , nium isopropoxide, the bands around 2960-2870"cm
& % 780 C/1h|  corresponding to the stretching vibrations of the GiHd
ey = Santemae CH, in isopropoxy ligands does not appé&&r In addi-
2 F g g , tion, the band around 1030 ¢Mmdue to the Ti(O—C)
2 M) s z 700 'C/1hi - gtretching vibration of the isopropoxy groups bonded to
— it titanium ions obviously weakenéd>%3 implying the
500 C/1h displacement of isopropoxy groups from titanium ions.
400°C/Lh The _bands_between 800 and 400 ¢mould be attribut_ed
I A to Ti—-O-Ti bonds>??2*2°Thus, these observations
0 30 a0 s s indicate that titanium isopropoxide moleculars have
undergone hydrolysis/polymerization reaction and
26 formed a three-dimensional network structure.
FIG. 2. XRD patterns of MOD-TiQfilms annealed at different tem- In contrast, the IR spectrum of the dried MOD-'E|O
peratures for 1 h. film exhibits sharp bands around 2960-2870¢m

and 1475-1395 cit corresponding to the stretching and

constraint, then, on a comparative basis, more energyonding vibrations of the CHand CH groups in 2-
(i.e., the additional 250 °C increment) is required to trig-ethylhexoxy ligands, respectively. The bands around
ger the phase transformation in the SG-Jims. 1200-1000 cmt can bg as_S|gned asa result of stretchllng
Since the only variable in the preparation of both filmsmode of Ti(O-C), indicating that Ti atoms still coordi-
is the difference in the starting chemical precursors, thiglatéd with 2-ethylhexoxy groups. As expected, no
leads us to suggest a possible cause resulting from thE—O-Ti bond was detected, suggesting that Ti atoms
difference in chemical reactivity between Ti(Qg,), are still tetra-coordinated with four 2-ethylhexoxy
and Ti(GH,,0),. For the sol-gel process, the titanium ligands ('|.e., tltanlum.z-ethylhgxomde did not undergo
isopropoxide can be first modified by acetic acid to pro-hydrolysis/condensation reaction, so the as-deposited
duce titanium isopropoxide acetate, which undergoeg/IOD-Tloz film still consists of titanium 2-ethylhexoxide

further hydrolysis and polycondensation to form a three/Monomers).
. . . —-6,18
dimensional TiQ network structuré: _ __ B. Phase crystallization and transformation
The IR transmission spectrum of the dried SG-JiO ] )
film is analyzed and shown in Fig. 3. The broad band Comparing Figs. 1 and 2 shows that a lower crys-

around 3500 ciit is due to O—H stretching vibrations t@llization temperatureT,,) is obtained for the SG-
TiO, (Tgy = approximately 400 °C) than the

MOD-TIO,, (T, = approximately 500 °C) films. This
phenomenon indicates that the chemical reactivity of the
'“\MOD \/Jm ligand groups initially coordinated with the Ti atom plays

| a decisive role in the subsequent crystallization process.
When the as-deposited MOD-Tj(film is pyrolyzed
from room temperature to 400 °C, more energy must be
consumed to break the organic bonds of titanium 2-
/\ ethylhexoxide monomers. Subsequently, both Ti and O
atoms rearrange themselves to form a three-dimension
network structure. On the other hand, since a disorder
three-dimensional network structure has already formed
in the as-deposited SG-Ti(hilms, the less energy is
required for the re-arrangement of the disorder structure
U to form a long-range order octahedral Fi@etwork
structure. Consequently, the anatase phase can be crys-
T O S R T R tallized at a lower temperature for the SG- than MOD-
4000 3500 3000 2500 2000 1500 1000 500 TiO,, films.
-1 In addition, an appreciable difference in the tempera-
Wave number (cm ) ture (T,.) for the A - R phase transformation was
FIG. 3. FTIR transmission spectra of dried SG- and MOD-Jiitns.  observed (i.€.T, = 750 to 770 °C for the MOD-TiQ

Sol-gel

Transmission
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film and T,,,,, = 900 to 930 °C for the SG-TiOfilms, 100
reflecting to a relatively higher energy for the SG-TiO v
films to initiate the A— R phase transformation than that | v/
for the MOD-TiG, films). However, this finding is op- 80 /
posite to that observed for the crystallization temperature>
mentioned above. This can be attributed to the fact thag ¢, 7
the as-pyrolyzed SG-TiQOfilm (i.e., the film was heat-

of 7

|

<

)

%o

—m— 915°C
—&— 930°C
—@— 945°C
—w-— 960°C

less lattice defects) than as-pyrolyzed MOD-Jif@m.

The role of oxygen defects (vacancies) in the-AR
phase transformation has been most-commonly re
ported’®?®2’Shannoret al.*° introduced oxygen vacan-
cies into TiQ, crystals by using a hydrogen atmosphere.
They believed that the oxygen vacancies promote the 0 PP ——
Ti—O bond rearrangement, which in turn enhances 0 20 40 60 80 100 120
the A -~ R phase transformation rate. Their explanation(a) Annealing time (min)
may be applicable to the transformation currently ob-
served. However, in addition to oxygen defects, the dif-
ference in the rate of phase transformation between the

treated at 400 °C for 1 h) has a better crystallinity (i.e.,
20 -

Rutile conte

100 -

SG- and MOD-TiQ films is also strongly related to grain v o’ /‘ _mH
size!® This is further elucidated in terms of the mi- g / e A "
crostrutural evolution in the forthcoming discussion. _ 80F M ./ A/ /
To understand the difference of A R phase trans- 2 / / / /
formations between the SG- and MOD-Ti@Ims, we = /A a
]

en

estimate the phase variation using the following equa- 60

v
tion.*®28 Although this equation is based on the-A R 7 A \

phase transformation of titania powder, it is also adopted® 4 —®— 760C
in our films because the x-ray diffraction (XRD) patterns = | ° “ —A— 780°C
of polycrystalline anatase/rutile phase in SG- and= / A _e— 800°C
MOD-films are similar to those of powdered samples™ 20 T / \

with completely random crystal orientations. The trans- ] /' v 820C
formed fraction of rutile phaseyj is defined as Equa- ob— v ¢ A. 1@ . T
tion (1), 0 20 40 60 80 100 120 140

1 (b) Annealing time (min)

y=r—15 &)
[1+0.8x—A]

I
wherel /I represent the x-ray integrated intensity ratio __
of the (101) reflection of the anatase and the (110) re=2
flection of the rutile. The resultingis plotted in terms of
annealing time tj for both films. The relationship is
shown in Figs. 4(a) and 4(b) where both films show a
similar y-time sigmoidal curve for different annealing
temperatures. In addition, there exists an annealing time;, 3307
period after which a measurable formation amount of.S T \
rutile phase can be detected by XRD. The period is§ 800+ \
termed the incubation time and also related to precursof ‘\A
used. The pronounced sigmoidal relationship still signi- 750
fies a nucleation-growth mechanism of the phase trans- . : : — : :
formation that is consistent with previous observation on 0 20 40 60 80 700 750 800
powdered TiQ irrespective of factors such as the con- Incubation time (min)
straint effect induced by the underlying substrate and thEIG. 4. The transformed fraction of rutile phase for (a) SG-T&nd
presence of an amorphous component (those two factogg) MOD-TiO, films under different annealing temperatures and time

can cause a change in the rate of phase transfofy air. (c) Incubation time as a function of annealing temperatures for
matlon).1°'29 the anatase to rutile phase transformation.

ont

T

Rut

T

.

v —Wv— Sol-gel
950 T —A—MOD

900

emperature (
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The incubation time of SG- or MOD-TiQfilms is  precursors should possess different numbers of potential
much longer than that of powdered Ti¢f This phe- nucleation sites, which can cause the obvious differences
nomenon can be attributed not only to the substrate corin A -~ R phase transformation between the SG- and
straint effect, but also to the amorphous-to-anatas®OD-TiO, films. The distinct evolution of microstruc-
(Am - A) transformation. Namely, the amorphous tural morphology might provide clues for a better under-
phase seems to first transform to an anatase phase, asi@dnding of the observed phase transformation.
then the anatase phase transforms to rutile. Furthermore, The SG-TiQ film exhibits a dense microstructure with
the MOD-TIG, films have much shorter incubation time, an average grain size of approximately 35 nm at 700 °C,
as compared to the SG-Tjdilms under identical an- Fig. 5(a). The grains grew uniformly from 49 to 127 nm
nealing temperature [see Fig. 4(c)], indicating that awith increased annealing time at 930 °C, as shown in
faster rate of nucleation and/or growth can be achieveérigs. 5(b)-5(d). For the MOD-Ti©film at 700 °C,
for the MOD-TIG, film. a surface morphology similar to that of SG-TjO
[Fig. 5(a)] is observed, but the grain size is smaller, i.e.,
approximately 27 nm, as shown in Fig. 6(a). However,
a porous structure with a number of aggregated grains

The A - R phase transformation is a nucleation- developed when the annealing temperature/time was in-
growth process. Shannat al.3° reported that the crys- creased to 780 °C/30 min [Fig. 6(b)], a temperature at
tallography of the transformation using anatase ,TiO which the phase transformation had not occurred. Further
single crystals showed that the rutile phase was nucleatddcrease in annealing time causes aggregated grains to
on the surface and then spread into to the anatase. TiOcoalesce to form larger grains, as indicated by the arrows
The surface or grain boundaries nucleation in then Fig. 6(c), and an exaggerated grain growth was later
nanocrystalline anatase Tj@or A — R phase transfor- observed, resulting in a bimodal grain size distribution
mation was also observed by Kumer al3* and Ding  [Fig. 6(d)].
et al.*® Gribb et al3? demonstrated that the rate of the As expected from the phase transformation aforemen-
polymorphic anatase to rutile transformation increasesioned, both films show an essentially different behavior
dramatically when the reacting anatase is very finelyof microstructural evolution. Because the number of po-
crystalline. Namely, the smaller anatase crystallite sizéential nucleation sites is proportional to the specific sur-
possesses the more number of potential nucleation siteface area (SSA) of a crystalline grain, the number of
So the rate of A~ R phase transformation will be ac- potential nucleation sites will increase with decreasing
celerated. Therefore, it is believed that the SG- andyrain size. Consequently, the transformation rate will be
MOD-TO, films synthesized from different titanium accelerated. In other words, the difference of the SSA

C. Microstructural evolution

FIG. 5. Microstructural evolution of SG-TiCfilms annealed at (a) 700 °C/60 min, (b) 930 °C/30 min, (c) 930 °C/60 min, and (d) 930 °C/90 min.
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FIG. 6. Microstructural evolution of MOD-Ti® films annealed at (a) 700 °C/60 min, (b) 780 °C/30 min, (c) 780 °C/60 min, and (d)
780 °C/90 min.

between the SG- and MOD-TJilms will be used to 140

estimate the occurring sequence of-AR phase trans- 1 Cv— Solgel A
formation for the SG- and MOD-Tgfilms. The SSA is 120-

estimated by assuming a spherical grain to be 0.22mmi

for the MOD-TIQ, films and 0.17 nri/nm® for the
SG-TiG, films at 700 °C, suggesting a greater proportion &

4
A MOD /
100—_ v
of potential nucleation sites developed in the MOD-JiO z 204 /

e (nm)

A
films. This may explain a lower transformation tempera--= / v
ture observed for the MOD-TiOfilms; i.e., the phase & ]
transformation is accelerated. Additionally, the surface @ 60 A /
structure may be in a form of —Ti—-OQ(unpaired oxygen) & 1 /
or —Ti-OH (hydroxyl groups), which are essentially £ 40 7/‘/
highly active. A higher mobility of surface atoms is ex- ] X
pected, which facilitates further coalescence between g T E———
grains at during the A~ R phase transformation situa- 700 750 800 850 900 950
tion. This coalescence phenomenon is potentially signifi- Temperature (°C)

cant for smaller grains, and an Ostwald ripening

mechanisr®® is expected to dominate the grain growth

leading to the formation of porosity [Fig. 6(b)] and

bimodal grain size distribution [Fig. 6(d)] for the

MOD-TiO,, films. for both TiG, films. For the SG-TiQ films, the critical
The grain size for both films was determined as agrain size is about 75 nm and for the MOD-Ti@ms,

function of temperature shown in Fig. 7, where the rapidt is about 59 nm. We believe that the transformation

increase of grain size is observed with sintering temperakinetics of the MOD-TiQ films or SG-TiG, films is

ture after 780 °C for the MOD-Ti@film and 930 °C for ~ strongly dependent on the critical grain size.

the SG-TiQ film. This behavior could be illustrated by a L

mechanism termed phase-transformation-induced grail- Kinetics

growth3* These temperature ranges are approximately From our viewpoint, we believe that the activation

equal to that observed for the phase transformatiomnergy should be involved to overcome the effects of the

(depicted in Fig. 1). This finding suggests the existencesubstrate constrain and to lead to the amorphous-to-

of a critical grain size to the A- R phase transformation anatase (Am- A) transformation (i.e., crystallization),

FIG. 7. Dependence of grain size of SG- and MOD-Jifdms on
' different annealing temperatures for 1 h.
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rather than being supplied only for the anatase-to-rutilgrowth, but with different nucleation raté8 This result

(A - R) phase transformation. A model, which has re-is consistent with our suggestion that a faster rate
cently been proposed by Tagami al3>*° for phase of nucleation and/or growth can be achieved for the
transformation in a thin layer, was used to characterizé1OD-TiO, film.

the transformation kinetics of both films: From the kinetic viewpoint, higher activation energy for
d the phase transformation means that a higher energy bar-
y_ Bt"(1 - y)2™ 2)  rier needs to be overcome during the reaction. The fac-
dt tors that affect the height of energy barrier should include

the effect of substrate constraint, the breaking and rear-
given timet, k is the reaction rate constant, and B is rangement of Ti-O bonds, and the grain size of un-

a model-dependent factor. Theis the time exponent, transfprm_ed films. If it is assumed that the M_OD- and
depending on the mechanism of nucleation/growth of arpC 110 films have the same substrate constraint and the
emerging phase. The explicit value-pfs equal to 15/32 Same bond strength to Ti-O, then the major difference in
for growing spherical crystallites in three dimensions.activation energy between MOD- and SG-Tilims is

After rearrangement and integration, Eq. (2) gives: primarily attributed to the grain size. Since the critical
' grain size in MOD-TiQ film is smaller than SG-TiQ

189 film, the MOD-TiO, film has more surface/grain bound-
(1-y)°5 = (ko™ (3) aries nucleation sites to accelerate the-AR reaction.
Therefore, MOD-TiQ film has a lower phase transfor-
a plot of In [1.89/(1 -y)°* versus Inf) with the slope  mation temperature with smaller activation energy.
equal to the exponenh and the intercept equal to
In(k). The activation energyQ) for the transformation
can therine obtained Xorr? the sltg)phe o_f rf:lo{plot(?gn( IV. CONCLUSIONS
versus 1T, assuming Arrhenius behaviokofexp -
RT)]. The data presented in Fig. 4 were fit to Eq. (3), and (1) The anatase phase_Técmlm was completely
the dependence &fon temperature (in Arrhenius from) transfor.med. into_single rutlleo phase n both SG- and
is shown in Fig. 8. TheQ values were estimated as MOD-TIO; films at 700_10.0(.) c annealllng.
524 and 882 kJ/mol for MOD- and SG-TiGilms, re- (2) The chemical reactivity of the ligand groups,
spectively. We note that the obtain€dvalues in TiQ which are initially gqordlnateq on the titanium precur-
films are close to thos® (250-853 kJ/mol) reported for sors, plays a d_ec's_"’e role in structure evolution of
TiO,-based powder¥?°*"even though the as-prepared SG- and MOD-TIQ films. . L
MOD- or SG-TiG, films contain substrate constraint (3) MOD-TIO, f|Ims_ hqd a higher crystallization tem-
and an amorphous phase, which can cause a changeRfrature than SG-TiOfilms but the transformation
the rate of phase transformation. We also note that thfFmperature of the ana.tase-to-rutlleo Fighase is much
n values obtained for the MOD- and SG-Tifims were ower in MOD- (approximately 775 °C) as compared to

2.9 and 2.1, respectively, indicating diffusion controlled SG-TIG, films (approx.ima_tely 930 °C). .
(4) The lower activation energy (524 kJ/mol) in

MOD-TIO,, films, as compared to that (882 kJ/mol)

wherey is the fraction of rutile phase developed at a

dl in SG-TIG, films is attributed to smaller grain size and
S5t v Sol-gel more potential nucleation sites existing in the un-
6l A MOD transformed MOD-TiQ film structure.

I (5) MOD-TIO, films consist of small aggregated
T particles and therefore tend to coalesce together to form
= gt an inhomogeneous microstructure during the-AR
= transformation. On the other hand, SG-Fifdms con-
= o sist of uniform large particles that tend to grow homo-
= -10} geneously.
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