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The structure and the crystallography of lithium niobate and lithium niobate—tantalate
thin films (0.2—1.0pm in thickness) with the tantalum composition range of

0= x= 0.5 grown on (0001) sapphire substrate by thermal plasma spray chemical
vapor deposition have been studied by means of cross-sectional high-resolution
transmission electron microscopy and x-ray diffraction. The tantalum composition in
the films shows a minor effect on the rocking curve full width at half maximum

values. The narrowest rocking curve width was obtained for the §.iWa, O, film to

be as low as 0.258. The films are under compressive strain along d¢rdirection;

c- anda-axis lattice parameters are correspondingly smaller and higher than those of
the bulk single crystal. Under optimized growth conditions, the Lilla®d

LiNb,_, Ta O films are 97%c-axis oriented. The film out-of-plane orientation changes
from the [0001] to the [011] direction by either decreasing the growth rate or
increasing the substrate temperature. Particular attention has been paid to the
orientation of individual grains in the partlyaxis-oriented films. The results
demonstrate that their orientations are not random and specific orientation relationships
are preferred for the film nucleation. The surface of as-received sapphire substrate
reveals polishing defects with the well-defined surface ledges of 1-2 nm in height with
smooth terraces of 25 nm in width. In the case of columnar growth, the terrace

width becomes a limiting factor controlling the lateral crystallite size in the film.
Finally, the film growth mechanism is discussed.

I. INTRODUCTION beam epitaxy (MBE), chemical vapor deposition

Lithium niobate (LiNbQ) and lithium tantalate (CVD),* metalorganic CVD (MOCVDJ, ” ion plating?

H H H ,10 1,12
(LiTaO,) possess excellent ferroelectric, piezoelectric/lduid-phase epitaxy (LPEJ sol-gel**# and poly-

pyroelectric, and optical properties. Thus they areMeric precursor’ methods, %X‘i;@er laser ablatiof,
strongly desired materials as homogeneous thin film®ulsed laser deposition (PL ). % and rf (radio fre-

grown with good surface morphology and crystallinity 9U€Ncy) magnetron sputterind->' The LINbQ, and
on substrates with low index of refraction and high LiTaOs films with the best quality have been reported to

. 2 .
acoustic wave velocity. Over the last decade, LibO SNOW optical losses less than 1 dB/&Hf?rocking curve

and L|TaQ epitaxial films have been deposited by an" width at half maximum values of 004‘0_,6 and sur-

large number of various techniques including moleculaf@c€ rms roughness values of 1.5 Am. .
Thermal plasma spray chemical vapor deposition

method using liquid source matefdhas been success-
fully applied for the deposition of preferentially oriented
LiNbO, films with the deposition rate as high as Quin/
@Now at the SHS-Center, Moscow Steel and Alloys Institute, min, which was 10-100 times faster than those of other
ooy o e ety Depanan: Woscow State unCOTVEntonal vapor deposition methods, It has been pro-
. . ’ posed that the main deposition species in the therma
X\%rjr'faygs""a?fggﬁeﬁ,ﬂﬁ?jﬂ;,ffe“ ?;I?His author. plasma spray CVD are clusters. To meet technological

e-mail: kulinich@terra.mm.t.u-tokyo.ac.jp requirements, it is necessary to develop films with large
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surface area, uniform thickness, and little evidence ofising the conventionadl—-20 scan XRD method. The-
structural defects. The crystallinity, stoichiometry, axis (planar) alignment of the films was determined by
and surface roughness of films depend on growth rateocking curve analysis. The rocking curve full width at
substrate temperature, and orientation. In the case dfalf maximum (FWHM) value obtained from a sapphire
cluster deposition, however, the possibilities of varyingsubstrate was of 0.046. Thin foils for cross-sectional
composition, grain size, texture, and morphology of filmshigh-resolution (HR) transmission electron microscopy
are largely unknown. Thus, additional studies need to b€TEM) studies were prepared using a standard technique
undertaken. involving sticking of two film/substrate pieces together
In the present study, x-ray diffraction (XRDP420 by epoxy with the films facing each other, cutting slices
scans, rocking curve measurements), scanning electrgrormal to the interface plane, and then mechanical grind-
microscopy (SEM), and high-resolution transmissioning and dimpling. The specimens were attached by epoxy
electron microscopy (HRTEM) were used to reveal theto a stainless steel ring for reinforcement. Subsequently,
structure and the crystallography of the LiNp@nd they were subjected to ion-milling to perforation at a
LiNb,_, Ta O films deposited onto (0001) sapphire voltage of 4 kV. The structure of the films was examined
substrates. in a Hitachi-9000NAR (Hitachi, Tokyo, Japan) transmis-
sion electron microscope with the point resolution of
0.19 nm operating at 300 kV. HRTEM images were ob-
II. EXPERIMENTAL PROCEDURE tained with the electron beam along either thelf#l,,,
Lithium niobate (LN) and lithium niobate—tantalate or [1010],,, zone axis. The morphology and the thick-
(LNT) films were deposited on (0001) sapphire sub-ness of the deposited films were determined by a SEM.
strates by the thermal plasma spray CVD mefffod The composition of the films was determined by induc-
for 2-10 min. Lithium—niobium and lithium—tantalum tively coupled plasma atomic emission spectroscopy
alkoxide metalorganic solutions for dip coatings (ICP-AES).
[LINb(OR)g and LiTa(OR) in 3-methylbutyl acetate as a
solvent, which are commercially available at Kojundo
Chemical Lab., Sakado, Japan] were used as liquid pr Il RESULTS AND DISCUSSION
cursors. The concentration of metals in each individua®. Chemical composition

precursor solution corresponded to 3wt% LINDOr | iNb,_ Ta O, films were deposited using three differ-
LiTaO,, respectively. These solutions were then mixed inent precursor solutions with the Nb:Ta ratios of 1:1, 3:2,
the various molar ratios in order to get source materialgng 7:3. Correspondingly, three sets of samples with
As-received mechanically polished (0001)-axis sapphirghe tantalum contents of 0.46—0.49, 0.37—0.41, and
substrates from Earth Chemicals, Osaka, Japan, we{g26-0.30 were prepared as shown in Table .

cleaned with acetone and ethanol prior to use. In com-

parison with our previous study,we used a modified B. Lattice parameter

thermal plasma spray CVD apparatus in which the
plasma blowing was vertically upward. A liquid solution were somewhat lower than those in the bulk material
containing metalorganic precursors was fed into axf O

. o (13.85A atx = 0.3 and 13.83 A ak = 0.5) and de-
Ar thermal plasma as a mist from the injection probe. L '
. . creased from 13.79 to 13.76 A with increasing tanta-
The mist of sprayed solution was co-evaporated and oxir LR
. : lum content from 0.3 to 0.5 as shown in Fig. 1. The
dized completely and then deposited onto a substrate

. . . a-axis lattice parameters were calculated on the basis of
The precursor source materials were introduced into th

plasma using a liquid feeder utilizing a pump. The sub-ftahe (110) planes to be correspondingly larger than those

o in the bulk specimens of similar stoichiometry. This re-
strate temperature was controlled within the accurac . ; ;
i . -~ . ~8ult is believed to be due to the effect of planar tensile
+15-20 °C and was directly measured by detecting in- . . .
- . stress resulting from the difference in the thermal expan-
frared radiation from the reverse side of the substraté. L i
. ) . ' sion coefficients of the film and substrate. The fact that
(covered with golden foil) through an optical fiber and

ranged from 640 to 810 °C. The distance from theTABLEI Variati .
. . . . . Variation of precursor solution and tantalum contents of
injection probe to the substrate was varied within

- LNT films (within the instrumental accuracy of 3%).
the range of 29-35cm. The power was adjusted te

The meanc-axis lattice parameters of LNT films

keep the substrate temperature fairly constant during the Precursor solution, Tantalum contenbg
deposition time. The feeding rate was maintained at® e Nb:Ta of LiNb,,T8,05 films
1-2 ml/min. The film growth rates were deduced to varyLN 1.0 0

within the range of 40—-130 nm/min from the SEM meas--NT1 73 0.26-0.30
urements of the film thickness. The phase compositiorf\. 2 32 0.37-0.41

. . . , VT3 1:1 0.46-0.49
and the preferential orientation of the films were examine
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FIG. 1. c-axis lattice parameter of LiNh, Ta,O; films as a function of
substrate temperature.
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the lattice parameters have not changed after annealing @ Fo o4l
750 °C for 6 h is further evidence of this assumption. § Tsu = 790°C -
This is in keeping with the experimental data by Lu efal., FWHM =1.69

who observed similar trends in the lattice parameterS
variations of the LN films deposited by MOCVD
method. For all films thec-axis lattice parameter in-
creased slightly as the substrate temperature was raise
probably due to the relaxation of film stresses.
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Figures 2 and 3 show the XRD patterns of LN and
LNT3 films obtained at various deposition temperaturesF!G- 2. XRD spectra of LINb@ (LN) films at various deposition
The parameteF describing the degree afaxis orien- E_emperatures. The subscrlpt_sfand s denote film gnd _substr.ate, respec-

T I . . ively. The parameteF describes the degree ofaxis orientation.
tation™ is indicated. It can be seen that their evolution
with the deposition temperature was similar. The films "
deposited at 690 and 710 °C were characterized by thB- Phase composition
presence of a strong (006) peak indicating that the films Although the LN and LNT films deposited at lower
were highly textured with the axis normal to the sap- temperatures could show a small peak of the Li-deficient
phire substrate. The planar orientation, however, changeghase Li(Nb,Ta)Og, they possessed the best crystalline
from the (006) to the (012) plane when the growth tem-quality as far as the degree ofaxis orientation is con-
perature was further raised in keeping with the previouserned in comparison with other films deposited at
results>?*The gradual change in texture with depositionhigher temperatures where additional small reflections
temperature could be explained by surface free energiyom the (012), (104), (110), etc., planes were visible. It
anisotropy. Wu et at? have suggested that the (012) is well-known that the LiMOg (M = Nb,Ta) phase is
plane is the lowest energy plane. At higher temperaturdrequently observed at higher deposition tempera-
nuclei on the surface can rearrange themselves to mintures*?*that is usually attributed to the re-evaporation
mize total surface energy; thus, (012) orientation ratheof Li from the film surface. Surprisingly, however, that
than (006) is favorable. Since film growth rates in ourthe presence of a Li-deficient phase was not observed
experiments were an order of magnitude higher thaimn the present study when the deposition temperature
those in the work by Lee and Feigelsdthe change in was increased. This result can be explained by the cluster
texture was observed to shift toward the higher temperadepositio® that can have a big impact on the film phase
tures. Note that under optimized deposition conditionscomposition. Since the LN and LNT films were depos-
97% c-axis oriented LNT films could be grown with the ited with high growth rates under a flux of oxygen atoms
tantalum composition range of 0.3x< 0.5. as high as 1 atoms/(cm s) ?° the Li-deficient clusters
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would be formed in plasma before atoms make contaalependence in the range of 640-720 °C, whereas they
with substrate. In the case of cluster deposition, the pabecame broader as the substrate temperature was further
tial sputtering yield of a given species could be differentraised. A similar trend has been reported by Lee and
and re-evaporation of lithium might be suppressed. Suckeigelsorf, although their MOCVD technique provided
variations of the sputtering yield of certain material by considerably lower film growth rates. The increasing of
introducing small concentrations of impurity species areFWHM values with raising the substrate temperature
well known?® When the growth temperature was furthercan be_explained by the gradual change in texture to
raised, the species could diffuse on the surface reducinipe [0112C0direction at higher temperatures. Under opti-
the compositional inhomogeneity; thus, LN and LNT mal growth conditions, the FWHM rocking curve
films were only formed. values of the LN and LNT films were almost constant
and independent on the tantalum composition. The nar-
o rowest rocking curve width was obtained for 0.253-
E. Crystallinity thick LNT3 film to be 0.25%, whereas for LN, LNT1,
FWHM values of LN and LNT films at various depo- and LNT2 films the best values were in the range of
sition temperatures are shown in Figs. 4 and 5. Rocking
curve widths were found to exhibit little temperature
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FIG. 3. XRD spectra of LiNp:Ta, 05 (LNT3) films at various depo- )
sition temperatures. The subscripts f and s denote film and substrate, Substrate Temperature ( C)
respectively. The parametdt describes the degree afaxis FIG. 5. Rocking curve FWHM values for LiNRTa, 405 (LNT2) and
orientation. LiNbg sTay 05 (LNT3) films as a function of substrate temperature.
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0.25-0.35%. Kawaguchi et al® and Cheng et &’ re-  F. Crystallite morphology
ported that the degree of crystallinity in the LNT films  Figure 7(a) shows a typical cross-sectional bright-field
degrades wher > 0.3. On the contrary, the formation of image of continuous 0.8im-thick LN film. The film
LNT films with good crystalline alignment was achieved displayed a columnar structure with a crystallite diameter
in the present study when€ x < 0.5. in the range of 0.25—0./am and a crystallite height equal
The film crystallinity as a function of growth rate was to the film thickness. The film growth was also accom-
studied by varying source material input and keeping allmodated by the formation of low-angle grain boundaries.
the other parameters constant. FWHM values were founth this picture, a thin amorphous intermediate layer of
to decrease with increasing growth rate. Figure 6 showabout 2 nm between the film and substrate can be clearly
XRD spectra of the LiNpgsTa, 4O5 films deposited at seen. The microstructure also contained a small amor-
various growth rates. The substrate temperature was kephous island adjoining the interfacial amorphous layer as
constant at 730 °C. It can be seen that when the growtBhown by an arrow. Figure 7(b) shows a HRTEM image
rate was increased from 60 to 130 nm/min, the crystalof_the film/substrate interface viewed along the
linity of films was much improved resulting in the nar- [2110],,, /[1010].,,, direction. The substrate surface ex-
rowing of rocking curve width. This observation can behibited atomically smooth terraces and steps with the
explained by better crystalline alignment of the films atstep height equal to one-third of the unit lattice height of
higher growth rate. When the source input was increasedapphire in the [0001] direction as shown by arrows.
the nucleation density increased, resulting in a decreadeigure 7(b) also demonstrates that the substrate surface
in grain size. Therefore nucleation occurred not only onwas mainly covered by a thin amorphous layer. Despite
energetically favorable surface defects, which can reducthis, the SAED pattern taken from the film/substrate area
surface free energy of nuclei, but also on flat terraceshows that the LN film was sufficiently wet-axis ori-
where the activation energy for nucleation is high. Thereented normal to the substrate surface, similar to the pre-
fore the formation of lowest surface energy (012) textur-vious results’
ing was much retarded at high growth rate, which led to LNT1 films deposited with a feeding rate of 2 ml/min
improved film crystallinity. showed a much greater variation in grain morphologies;
some of them are shown in Figs. 8(a) and 8(b). It can be
seen that the most part of the film displayed the columnar
growth mode [Fig. 8(a)] although some peculiar mor-

LiNbo¢Ta0.40; films phology was occasionally observed [Fig. 8(b)]. The
2 ~T1® F-o055 change _in _grain morphology can be attrib_uted to
g v=60nmmin |8 {8 the contribution of a number of factor_s_, such as |_nfluence
P - FWHM=1.17° 2 |2 of apparatus geometry and deposition conditihs}
s o orientation of nuclei on the substrate surface, or growth
8 e rate anisotropy effect& The c-axis is known to be the
4‘; - - fastest growth direction, and if an individual grain is not
3 g S = c-axis oriented, the lateral growth rate may be the domi-
S e S e nant mechanism. As shown in Fig. 8(a), the crystallite
£ size ranged between 10 and 20 nm in lateral size before
(@ 20 30 40 50 the crystallites coalesced, which correlates well with the

width of contact area between the individual grain and
substrate. Thus, the lateral crystallite size was mainly
V = 130 nm/min . determined during the nucleation stage. To clarify what
FWHM = 0.56° is a limiting factor for the lateral crystallite size, a thor-
ough HRTEM examination was done.

Figure 9(a) presents a cross-sectional TEM micro-
graph showing the interface structure of LNT1 film on
sapphire substrate. A number of discontinuous crystal-

lites with a lateral size between 25 and 50 nm are visible.
w
40

Intensity (arbitrary units)

The substrate surface revealed well-defined surface
v ledges of 1-2 nm in height. These ledges, which are
20 30 50  probably polishing defects (scratches, hillocks, etc.),
Scattering angle, 26 (degrees) were observed along the]20], ,direction and were not
FIG. 6. XRD spectra of LiNpgTa, O3 films deposited at various visible along the [100];,, direction (compare Figs. 7

growth rates. The deposition temperature was kept constant at 730 °@nd 9). The steps on both sides of the ledges are shown
The parameteF describes the degree ofaxis orientation. in Fig. 9(a) by arrows. These steps provide lower energy
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sites for nucleation. Parts of the interface at a higher
magnification are shown in Figs. 9(b) and 9(c). The cor-
responding SAED patterns are inserted. In Fig. 9(b), the
incident beam is [210]., It can be seen that the lateral
crystallite size was inherited from the width of the
smooth terrace.

In Fig. 9(b), the interface_plane deviated about 3° and
2° from the (0001),,and (011);,, planes, respectively,
whereas the (1), plane was almost parallel to the
(0111),,, The orientation relationship between the film
and substrate were deduced to be

(0111)g = /(00014  (OR)

(101)gy, = //(01 1)y

This result indicates that the topmost atomic plane of the
@ ledge was different from the (0001) sapphire plane.
(b) Moreover, the ledge sides were not straight suggesting
1 that the side planes were also different from the {112
planes. Thus, an island nucleating on ledge edge may
INDC : - o possess the orientation relationship with substrate
] different from the epitaxial relationship (00Q4,)//
r (0001),, and [11D]4//[1120],,,, even if the substrate
v is c-axis oriented. As a result, the film crystallites with
5 other orientations might nucleate in favor of the [0001]
out-of-plane orientation. Note that the surface morphol-
ogy of substrate can be changed by high-temperature
annealing>®°

.o

(a)

UG

2 nm

FIG. 7. Cross-sectional (a) bright-field and (b) high-resolution TEM
images of as-deposited LiNRQGilms indicating that an amorphous-
like layer is formed along the interface. The insert in (b) is the SAED
pattern obtained from both film and substrate. The incident beanFIG. 8. Cross-sectional bright-field TEM images of LiNda, ;05
direction is [210]¢,,//[1010]g,,, (LNT1Z) films showing various film morphologies.
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FIG. 9. Cross-sectional (a) TEM and (b, ¢c) HRTEM micrographs showing the nucleation of LNT crystallites on the ledge terraces of sapphire
substrate. The incident beam direction is (b)1@lL , and (c) [1D0J, //[2110L,,,
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The HRTEM micrograph of Fig. 9(c) shows the the substrate. This is in keeping with the experimental
atomic structure of the interface between the film anddata by Fujimura et af* who reported that the epitaxi-
the surface ledge of substrate. In this figure, the film/al orientation of LiNbQ films could be changed by vary-
substrate interface was almost parallel to the (0001)ng the lithium concentration. The present result
plane of sapphire. Similar to the previous case, the sulis also consistent with the cluster deposition hypothesis
strate ledge directly affected the film morphology. Thementioned above. Table Il shows that the orientation re-
image indicates no amorphous layer between the filntationships I-Il yield a small misorientation between the
and substrate ledge, whereas the areas of film adjoiningoincident planes, some of them providing even a better
the ledge appeared to be amorphous. The incident beamisfit than the epitaxial relationship (00Q1)//(0001),,
direction in Fig. 9(c) is [100]4,,//[2110),, and the and [11D],,//[1120]s,, Thus, it is expected that low
1120 reflection of film is almost on the line drawn interface energy between the film and substrate could be
through the center and 02Xeflection of sapphire; thus maintained under different ORs.
the OR-Il was fulfilled within a few degrees as follows:

[1100,,,//[2110].,, (OR-I) H. Growth mechanism
_ _ It is well known that there are two basic types of film
(1120)5,,//(01212) s growth on atomically clean surfaces, which are termed

“island growth” (Volmer—Weber mechanism) and “layer
growth”.3 The latter is often subdivided into two modes:
two-dimensional layer growth (Frank—van der Merve)
The partially c-axis-oriented LN and LNT films de- and layer-plus-island growth (Stranski—Krastandi)n
posited on a (0001) sapphire substrate showed severdile last case the growth begins as a thin layer but devel-
peaks representing the diffraction from planes @01 ops islands and particles as growth proce¥dBhe nu-
(1010), (0111), (115), etc. Thus, the out-of-plane orien- cleation and coalescence of three-dimensional islands of
tation of a number of grains was different from the LN deposited onc-plane sapphire substrate by pulsed
[0001] orientation. Since the orientation of crystalliteslaser deposition and the MOCVD method have been
with columnar morphology is determined at the nucleastudied by Veignant et &> and Lee and Feigelsdh,
tion stage, the question arises as to whether any rationabspectively. These results demonstrated that the nuclea-
orientation relationship exists between the crystallitesion and growth of LN films proceeded by Volmer—
and substrate or these crystallites are randomly oriente@Veber island type growth mode. This contradicts the
The OR-I reported above is the case where thelata by Lee at al*? who observed the Stranski—
(0111)4,» plane was almost parallel to the (0001) close-Krastanov growth mode with the critical thickness from
packed plane of substrate. This OR was obtained in foutwo-dimensional to three-dimensional growth at 1 nm.
cases and was fulfilled with high accuracy. The OR-IINote that most HRTEM results reported on LN/@%
was also observed with high accuracy (in five cases)indicate that very sharp interfaces are formed with no
and it corresponds to the case when the @32  intermediate layer$!®?®The substrate surface structure
plane was almost parallel to the (00Q})plane. Al- s usually important for film nucleation and morphology.
though we have not accumulated enough data for othdn the present study film nucleation occurred on the step
orientations observed, the present results imply that mosturface, and island grew both vertically and laterally but
of the crystallites with an out-of-plain orientation differ- did not cross a step edge (Fig. 9). Therefore the surface
ent from the [0001] possessed a rational orientation withedges suspend true layer growth. This result shows that

G. Film/substrate crystallography

TABLE II. Lattice misfit between the film and substrate.

Lattice spacing, Lattice spacing,

(PKDfitm diim (NM) (OkDsun gy (NM) (@fim = dsun)/dsim OR
(006) 2.31% (006) 2.1654 0.063 Usual OR
(110) 2.576 (110) 2.3795 0.076
(202) 2.124 (006) 2.1654 -0.019 OR-I
(202) 2.124 (202) 1.9643 -0.075
(300) 1.487 x 3= 4.461 (110) 2.3795 x 2 4.759 —-0.066 OR-II
(110) 2.576 x 3= 7.728 (012) 3.4797 x 2 6.9594 0.099

3 iNbO,, Card No. 20-631, JCPDS.
PAl,0,, Card No. 46-1212, JCPDS.
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the terrace width is a limiting factor controlling the lat- REFERENCES

eral grain size under the conditions employed in the
present study. Nucleation was also observed to occur on,
terraces between ledges where either the amorphous,
or crystalline phase was formed. As the crystallites coa-4.
lesced, the formation of amorphous phase was almosé:
prevented. The Volmer—-Weber particle growth mode im-
plies that an amorphous either layer or patches does no}
form at all. Thus, in the case under consideration, the

film growth type cannot be identified with any of basic 8.
types of growth. o

V. CONCLUSIONS 10.

The thermal plasma spray chemical vapor depositior11
method has been shown to be well suited for the high-rate
growth of highly c-axis-oriented LiNB_,TaO; films 12,
with the tantalum composition range of<Ox < 0.5 on
a c-plane sapphire substrate. They were compareds3
with the LINbQ; films deposited under similar condi-
tions. The film/substrate interface was thoroughly stud-
ied to reveal the morphology and the crystallography;s,
of film crystallites on the early stage of growth. The 16.
HRTEM analysis of the film/substrate interface showed
that the surface of as-received sapphire substrate revealét
well-defined polishing defects, ranging from 1 to 2 nm in
height with smooth terraces of 25 nm in width. In the 13
case of columnar growth mode, the terrace width was
shown to be a limiting factor controlling the lateral crys- 19-
tallite size. Various crystallite morphologies and growth
orientations were observed. Under optimal deposition
conditions, the LNT films were 97% axis oriented. The 1.
film crystallographic orientation was strongly affected
by the CVD process parameters; the planar orientation of2-
the_LN and LNT films changed from the (0001) to the
(0112) plane by either decreasing the film growth rate or
increasing the substrate temperature. It was suggested.
that individual crystallites possess rational orientation re-

lationships with substrate despite their various out-of25-

plane alignments. Further research is needed to clarii‘g6
the crystallography of partlg-axis-oriented films. Rock-

ing curve FWHM values of LNT films did not appear to 7.
depend strongly on the tantalum composition. The LN
and LNT films deposited under optimal growth condi-
tions showed FWHM width as low as 0.26°They were
under compressive strain along thedirection; c- and
a-axis lattice parameters were correspondingly smaller

and higher than those of the bulk material.
30.
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