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Abstract

The morphology of para-hexaphenyl (PHP) grown on GaAs(001) by molecular beam epitaxy has been studied using atomic force

microscopy (AFM). For elevated substrate temperatures between 90 and 170°C and a deposition rate of 0.7 As™

1 it was found

that hexaphenyl on GaAs(001)-2 x4 forms well-defined, three-dimensional islands of a rectangular shape oriented in {(100). Their
constant width indicates that PHP is epitaxially grown as a coherently strained organic material. The island density shows the
Arrhenius behavior resulting in activation barrier of (0.90+0.04) eV. The normalized island size distributions closely resemble that
of a critical island size of one. On the basis of the AFM measurements, X-ray diffraction data, and geometrical considerations, we
developed a structural model for PHP grown on GaAs(001). © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Advances in manufacturing of high-purity
organic semiconductors promise to open a new
frontier in the realization of blue-light emitting
devices. Recently, such devices have been produced
on the basis of para-hexaphenyl (PHP), a material
that shows blue electroluminescence and can be
easily evaporated in ultra-high vacuum by molecu-
lar beam Knudsen sources [1,2]. Well-defined
growth conditions are important to maintain a
high quantum efficiency since impurities and struc-
tural defects act as recombination centers.
Moreover, defects can significantly limit the life-
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time of organic devices, because a constant electric
field over the whole film is no longer guaranteed.
Therefore, molecular beam epitaxy (MBE) is a
method of choice to produce high-quality organic
thin films. For device applications, the organic
layers are usually pure and flat but not free of
defects. The applied growth conditions result in
polycrystalline or even amorphous thin film struc-
tures. Higher substrate temperatures may lead to
improved crystallinity, but they generally increase
the surface roughness by island formation. The
reason for this behavior can be related to the
intermolecular bonding within the film that is
stronger than the bonding between organic mate-
rial and inorganic substrate. Hence, the MBE
growth of organic compounds on well-defined
inorganic semiconductor surfaces is interesting not
only in terms of device technology but also in
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terms of fundamentals in epitaxial growth. Besides
silicon, GaAs(001) secems to be one of the most
promising substrates for fundamental studies.
GaAs(001) exhibits a sequence of surface recon-
structions dependent on the substrate temperature
and As/Ga flux ratio [3,4]. From a technological
point of view, the As-rich (2 x4)-reconstructed
surface is dominant because thin film structures
are frequently grown under these conditions, where
many electronic properties are optimized. The sur-
face of GaAs(001)-2x4 has been intensively
studied both theoretically and experimentally (see,
for example, Refs. [5-7]), and is used for our
deposition experiments.

GaAs has a lattice constant and crystal structure
that differ drastically from PHP, and one would
assume at first glance that PHP does not form
well-defined and oriented islands, but rather ran-
domly shaped conglomerates with many defects.
The present communication demonstrates, how-
ever, that it is possible to produce well-ordered
PHP on a suitable inorganic substrate, i.e.
GaAs(001). In addition, we point out the similari-
ties in MBE growth of PHP/GaAs(001) and simple
atomic systems such as metals and semiconductors.
The island density, island size distribution, and
island shape have been analyzed. Although one
may assume that the simple atomic models are not
applicable to PHP/GaAs(001), e.g. due to the
anisotropy of the molecular shape and the different
interactions, the experimental results show iden-
tical behavior (Arrhenius behavior of the island
density, scaling of the island size distribution, and
spontaneous shape transition of coherently
strained islands). Nevertheless, the obtained quan-
tities cannot be interpreted by simple fundamental
processes such as hopping diffusion, and the appli-
cability of the models is still questionable. In this
respect, our experimental study is a starting point
for the detailed quantitative understanding of
organic film growth on inorganic semiconductor
surfaces.

2. Experimental

PHP, electrochemically synthesized [8], has been
deposited in a home-made MBE-chamber under

ultra-high vacuum conditions. It was sublimated
by means of a Knudsen-type MBE-source at a
fixed source temperature of about 230°C. Before
first deposition, the adsorbed water must be
removed from the PHP. This process, performed
by heating the source above 100°C for 24 h, was
controlled by quadrupole mass spectrometry. It
should be mentioned that PHP is thermally very
stable. It does not dissociate below its isotropic
melting point of 553°C [9]. Below the melting
point, there are only different liquid-crystal phases
at relatively high temperatures between 450 and
553°C, as verified by differential scanning calorime-
try [10]. Therefore, we are sure that PHP subli-
mates as an intact molecule from the source at
230°C. Although PHP/GaAs with a monolayer
thickness grown at a source temperature of 260°C
and at a substrate temperature of 130°C are shown
to be entire molecules [11], we cannot exclude any
partial dissociation of PHP molecules at the GaAs
interface, especially since the GaAs dangling bonds
are known to be effective reaction sites.

Undoped GaAs(001) 2° misorientated towards
(110> was used as substrate. However, we have
not observed any influence of the preferential step
direction due to the vicinality of the GaAs(001)
surface on the island nucleation and the island
morphology. Prior to growth, the substrate was
heated to 680°C for 10 min under an As, pressure
of 10 ®mbar (beam equivalent pressure) to
remove the oxide. This procedure results in a
(2 x4)-reconstruction surface, as verified by
reflection high-energy electron diffraction. It is well
known that the (2 x4) reconstructed surface can
occur in different phases that are related to As
coverages between 0.5 and 1 ML [5-7]. The
RHEED pattern of the o-, - and y-phase are
slightly different, but it was impossible to distin-
guish clearly between the phases with our RHEED
system. The models for the (2 x 4) reconstruction
on GaAs(001), however, are based on As-dimers
without exception. Hence, the precise structure
seems to be of minor importance in our study.

The substrate temperature was measured by a
NiCr/Ni thermocouple calibrated by the melting
points of In (157°C) and Pb (328°C). Atomic
force microscopy (AFM) measurements on
samples grown at relatively low growth temper-
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atures, where desorption can be neglected, deliver
a constant deposition rate of (0.70+0.05) As1.

The samples were characterized ex situ by atomic
force microscopy (Topometrix Explorer) in non-
contact- and contact mode. No significant differ-
ences between both modes were found. Hence, the
PHP islands on GaAs(001) are mechanically quite
stable. X-ray diffraction measurements have been
performed on a STOE powder diffractometer using
Ge-monochromatized CuK,, radiation. Secondary
electron microscopy (SEM) and cathodolumines-
cence measurements were made using the electron
microscope DSM 950 (Zeiss) using an electron
energy of 4 keV.

3. Island shape of three-dimensional PHP islands
on GaAs(001)

The growth of three-dimensional PHP islands
on GaAs(001)-2x4 is characterized in Fig. I,
showing a typical AFM image of PHP islands
grown at a substrate temperature of 140°C and a
deposition rate of 0.7 A s, All islands exhibit an
elongated shape and are oriented into the [100]

Fig. 1. AFM image characterizing the island morphology of
PHP on GaAs(001) (substrate temeprature during growth
140°C, deposition time 600 s at a flux rate of 0.7 As1, average
film thickness of 420 A).

and [010] direction with the same probability due
to substrate symmetry. In heteroepitaxy, the for-
mation of three-dimensional islands with defined
facets can be energetically favorable; the under-
lying physical reasons are known from inorganic
systems. Examples are given in the review by
Venables et al. [12] The driving force for island
formation in heteroepitaxy results from the mini-
mization of the free energy, which has two major
contributions. First, the intermolecular bonding
within the substrate and film material as well as
the interface bonding has to be taken into account.
Three-dimensional islanding indicates strong
bonding within film material and minor molecular
interaction at the interface. The other contribution
comes from the elastic strain energy, since flat
surfaces of strained layers are unstable against
undulations and shape changes.

The basis of the three-dimensional islands is
almost rectangular, whereby the longer side is
much straighter than the smaller side. The islands
are about 1 um wide and usually flat on top. The
islands themselves may have an internal structure,
as indicated by parallel stripes along the islands.
As shown in Fig. 1, each island consists of five or
six stripes. These stripes have a constant width of
about 200 nm. Sometimes, they are not resolved
due to the limited resolution of the AFM.
However, the discussion here is restricted to the
outer shape of the islands. The average height of
the islands, (1700+4100) A, is four times larger
than the average film thickness. The average film
thickness of these three-dimensional crystallites
corresponds to the film thickness of a two-dimen-
sional thin film of identical volume that fully
covers the substrate. After a deposition time of
600s at a rate of 0.7As™!, the average film
thickness reached 420 A. The average height of
the islands, however, is much greater.

In addition to the AFM experiments, we have
performed secondary electron microscopy and
cathodoluminescence measurements in order to
exclude significant surface modifications by the
AFM tip. The results of the three methods are
compared to each other in Fig. 2. Although
electron bombardment induces distinct damages,
the nature of the interactions is different with
respect to AFM. As the features of the images are
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(a) AFM

(b) SEM

(c) Cathodoluminescence

%

Fig. 2. Comparison between (a) AFM, (b) SEM, and (c) catho-
doluminescence images showing the morphology of PHP on
GaAs(001); image size: 100 pm x 100 pm; growth conditions
see Fig. 1.

identical, we conclude that the AFM images pre-
sent an unaffected picture of the surface
morphology.

Cathodoluminescence is a very sensitive tool.
For inorganic materials, it was demonstrated that
a few monolayers can be easily observed [13]. The
luminescence properties of organic films with a
monolayer thickness depend on the dielectric con-
stants of the film and substrate material as well as
on the orientation of the molecules with respect to
the substrate; a partial quenching can be observed
[14]. Cathodoluminescence of PHP thin films has
already been detected by the use of scanning
tunneling microscopy (STM) [15,16]. Damages to
PHP thin films under electron bombardment are
minimized using low electron beam currents,
whereby the choice of the electron energy is of
minor importance. Studies at different energies are
possible. Besides 290 eV [15], energies from 200 eV
to 4keV were used in the case of SEM (K.
Popowitsch, G. Leising, pers. commun.), and
170 keV for electron energy loss spectroscopy [17].

Using cathodoluminescence, we were unable to
find any PHP between the three-dimensional
islands, and so the PHP film between the islands
must be extremely thin, or even absent. Therefore,
we have taken AFM images at regions where the
substrate was partially shadowed by the tantalum
holder (cp. Fig. 5a). These images do not show
any contrast between the shadowed regions and
the areas between the three-dimensional PHP
islands. This means that PHP grows on
GaAs(001)-2 x4 in the Vollmer—Weber or three-
dimensional growth mode.

4. A novel structural model for PHP grown on
GaAs(001)-2 x4

The island shape can be understood by a rela-
tively simple model, which is motivated by the
crystalline structure of PHP at room temperature
[18]. Our model is based on X-ray diffraction data,
AFM measurements, and geometrical considera-
tions. The structure of PHP—sometimes called p-
sexiphenyl, C;cH,s—Dbelongs to space group
P2, /c and is similar to other oligomers. The lattice
parameters at room temperature are found to be
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a=26241A, b=5568 A, ¢=8.091A and f=
98.17° [18]. The molecular axes of PHP are aligned
within the (010)-plane, but not parallel to the a-
and c-axes. They are stacked along b in a zigzag
arrangement, forming an angle of 55° between the
molecule plane and the (010)-face, as seen in
Fig. 3b. In contrast to PHP deposited on glass, on
silicon or on oxidized GaAs substrates, which,
from X-ray diffraction shows only 001-reflections
[11,19], we were unable to observe any reflections
of PHP grown on GaAs(001)-2 x4. The reason
for the absence of the reflections is not due to an
insufficient layer thickness, since this experimental
observation is even found for films with an average
thickness of 1 um. Also, the AFM images show
the characteristic features of PHP films irrespective
of the film thickness. As an example, we show a
representative AFM image of a 1-um-thick film in
Fig. 4. The reason why we cannot observe any
reflections is also not due to an amorphous film
because the orientation and the well-defined island
shape of PHP prove the crystalline state of the
material. The absence of the reflections is, there-
fore, attributed to the reflection conditions of the
(010)-oriented PHP layer, which should produce
0kO-reflections in 6/260 scans. However, according
to this model, it is not possible to observe any
reflections that are not superimposed by substrate
peaks. The reflections of the PHP planes parallel
to the substrate surface, which fulfil Bragg’s law
in 0/20 scans, exactly match the substrate peaks
or have zero intensities. This is the case for
0kO-reflections, calculated from structural data for
PHP given by Baker et al. [18]. The same result is
deduced from our model. Reflections of the type
0k0: k=2n+1 are systematically extinct due to
the 2, axis; the intensities for the remaining reflec-
tions 0kO: k=2n have relative intensities lower
than 1.5% and appear exactly at the positions of
001 peaks of the GaAs substrate. Hence, the b-
axis has to be perpendicular to the GaAs(001)
surface. The step height (double step) of GaAs,
which corresponds to the cubic lattice parameter
(a=5.653 A), is only 1.5% larger than the double
layer of PHP (b=5.568 A). This small difference
can be easily compensated by the organic material.
Steps on the GaAs(001) surface, which must occur
frequently because of the 2° misorientation in

{110}, should attract and absorb PHP molecules.
The coincidence of the three-dimensional growth
mode and the identical height of the PHP and the
GaAs steps leads to a comfortable migration of
PHP across substrate and adlayer step edges.

The As-rich GaAs(001)-2 x 4 surface is charac-
terized by occurrence of additional As-dimers in
the topmost layer. These dimers are oriented in a
[110] direction. Therefore, one may assume a
similar adsorption site for the PHP molecules.
Indeed, the alignment of PHP molecules in {110)
is clearly favored because the distance between
two adjacent molecules projected in (010) is 4.0 A,
a value that exactly corresponds to d,;, of GaAs.

The only difference between our model and the
refined crystal structure of PHP is the arrangement
of the long molecule axes. In order to center the
six phenyl rings on six GaAs surface units, one
PHP molecule has to be shifted by about 3 A in
axis direction {110} with respect to the adjacent
molecule, as shown in Fig. 3a. Note, one phenyl
ring fits nicely into on GaAs surface unit. With
this arrangement, the formation of straight and
long faces perpendicular to [100] and [010] is
naturally explained. Moreover, the short faces are
more random: they are located perpendicular to
{710, forming an angle of about 8° to {100},
and give rise to rough step edges. This behavior is
observed for all islands of our AFM images.

For this model, the monoclinic PHP unit cell
(space group P2,/c) has different dimensions: a=
19.986 A, b=5.653 A, ¢=11.306 A and f=98.13°.
The packing of the molecules is not as close as in
the original cell, but the difference is less than 8%.
This small difference for the whole three-dimen-
sional unit cell is expected to be easily compensated
by PHP.

Although we are aware that the proposed model
is more or less speculative, it accounts for all of
our experimental observations. The reliability of
our model is supported by models of other groups.
In particular, a growth study of PHP on to
different substrates under high-vacuum conditions
[19] led to the formation of a similar phase of
PHP. This phase II has different ¢ and ¢ lattice
parameters than our model and that of Baker et al.
[18], and the molecules are suspected to be slightly
shifted against each other. The unit cell volume is
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Fig. 3. Novel structural model for PHP on GaAs(001), top view (a) and side view (b). The large filled and open circles represent
the gallium and arsenic atoms, respectively. It is difficult a priori to find out which kind of atoms forms the interface layer, but for
this model, a determination is not necessary. The smaller filled and shaded circles represent the carbon atoms within PHP of the first
and second layer. Together, they form a double layer with a height identical to the step height of a GaAs(001) double layer. The
small open circles represent hydrogen. The surface unit cells of PHP and GaAs are indicated. One can clearly see the excellent lattice
matching in three dimensions and the occurrence of well-defined, straight step edges along <100).
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Fig. 4. AFM image of a 1-um-thick PHP film on GaAs(001).
This image was measured in differential mode, i.e. the derivative
of the lines of constant force was recorded, and the islands
appeared to be illuminated from the left-hand side. The sample
was grown at a deposition rate of 0.7 As'anda deposition
time of 4 h. The substrate temperature, initially at 110°C, was
increased to 150°C after 5 min.

the same as in our model within the error bars,
but larger than that of Baker et al. [18].

Unfortunately, the 0/20 X-ray diffraction meas-
urements cannot be used to distinguish between
the original structure of Baker et al. [18], phase II
proposed by Athouel et al. [19], and our model
since only 0kO reflections are detected, and the b
lattice parameter is identical for the three models.
The occurrence of the phase II found by Athouel
et al. [19] proves, however, that different packings
with slightly shifted long axes of the PHP mole-
cules are possible. Our model, in turn, is based on
such a shift and results in the formation of straight
and long {100) faces as observed in the AFM
images.

5. Arrhenius behavior of the island density
The variation of island density with substrate

temperature is demonstrated in the AFM images
of Fig. 5. In this series of experiments, both depos-

ition rate (0.7 A s~1) and deposition time (600 s)
are fixed. The images show that the island density
of the PHP islands varies over about two orders
of magnitude when the substrate temperature is
changed from 90 to 170°C. This temperature
dependence of island density is quantitatively
shown in Fig. 6 by an Arrhenius representation.
The decrease in island density directly reflects the
mobility of the PHP molecules on GaAs(001),
which depends exponentially on substrate temper-
ature. Since all data (between 90 to 170°C) are on
a straight line in the Arrhenius plot, the changes
in island density can be described by a single
activation energy. The related fit yields an effective
activation barrier of (0.90+0.40) eV. In compari-
son with migration barriers of simple metal on
metal [20,21] or semiconductor on semiconductor
systems [22—-26], this value is quite high, especially
since the interactions for organic materials are
believed to be small [27]. However, if we take into
consideration the energy per atom, the activation
barrier becomes reasonable.

The physical interpretation of this effective acti-
vation barrier is extremely complicated because of
the unknown migration processes which include
the crossing of step edges. In particular, one has
to take into consideration the highly anisotropic
shape of the PHP molecule. Nevertheless, the
island density shows the well-known Arrhenius
behavior, which may be used to tailor the mean
island size and the island density.

6. Scaling of the island size distribution

For many inorganic homo- and heteroepitaxial
systems, island size distributions have been ana-
lyzed. It has been shown that the size distributions
scale with the mean island size within certain
substrate temperature intervals (and fixed depos-
ition rate). The reason for this scaling behavior is
the constance of the size of the critical nucleus
within such a temperature interval. The critical
nucleus is closely related to the stability of the
islands. This corresponds to an island that becomes
stable by the incorporation of an extra atom.
Stable means that the island has a higher prob-
ability of growing than dissociating during depos-
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@ T=90°C (b) T=110°C

(c) T=130°C (d) T =140 °C

10 um

Fig. 5. AFM images characterizing the three-dimensional growth of rectangular PHP islands on GaAs(001) at different substrate
temperatures. The deposition flux (0.7 A s~ ') and deposition time (600 s) were kept constant. The substrate temperatures are indicated.
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Substrate temperature [°C]
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Fig. 6. Arrhenius plot of the measured island density of
PHP/GaAs(001). Inset: Scaled island size distribution deduced
from AFM images at different substrate temperatures (110, 130,
140, 150, and 170°C). The island size distribution, n,, corres-
ponds to the density per site of islands containing s molecules
at coverage O, and S is the average island size at fixed coverage.
s/S is the scaled island size, i.e. the island size relative to the
average island size, so that the size distributions collapse into
one curve (for growth conditions, see Fig. 5).

ition. Both theoretical studies and experiments
show that the scaled island size distributions are
characteristic for the size of the critical nucleus.
Therefore, it is possible to determine the size of
the critical nucleus just by a comparison of the
experimental data with simulations based on scal-
ing theory.

To our knowledge, there are no studies of the
scaling behavior for organic islands on inorganic
semiconductor surfaces. This may arise from the
question of whether the concept of the critical
nucleus is applicable for such large molecules.
Cluster deposition experiments, however, have
convinced us to assume the validity of the concept
[28]. More important was the question of whether
the scaling behavior can be found in the investi-
gated substrate temperature range. That would
support the assumption of a single activation bar-
rier for the Arrhenius plot in Fig. 6. Indeed, we
have found that the scaled island size distributions
are identical (within the error bars given by the
statistics: A(n,5%/@©)=0.04 for the substrate tem-
peratures of 110, 130, 140, 150, and 170°C where
an analysis was convenient. The average data are
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Fig. 7. Quantitative analysis of three-dimensional PHP islands
on GaAs(001). Plottd are the average island height (logarith-
mic scale) and average film thickness (linear scale) of PHP
versus substrate temperature. The dashed line corresponds to
the average coverage without desorption.

presented as an inset in Fig. 6. For our system, it
is irrelevant whether the size of the three-dimen-
sional island or just the two-dimensional area of
the islands is considered. Both exhibit the same
scaling behavior. This conclusion becomes evident
comparing the data of Figs. 6 and 7 (upper part).
Within the temperature range of 90 to 170°C, the
average island height is increased by a factor of 6.
If the size of the two-dimensional island grows
with the same ratio, i.e. by a factor of 36, the
mean island size should increase by a factor of
210, which would correspond to a reduction in
island density by a factor of 210, as shown in
Fig. 6.

A comparison with theoretical data based on
scaling theory [29,30] should yield the size of the
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critical nucleus. The scaled island size distributions
for PHP/GaAs(001) have a maximum of less than
one at the mean island size and a tail exceeding
the double value of the scaled island size s/S. Such
a broad distribution is characteristic of small criti-
cal nuclei. It corresponds rather to a critical
nucleus i* =1 than to /* =2, indicating that indivi-
dual PHP molecules can migrate, whereby a dimer
forms a stable island. Note, the size of the critical
nucleus can be quite small whereby the islands
may contain, for example, 10° molecules.

The island size distributions may be influenced
by desorption effects. At elevated substrate temper-
atures, the sticking coefficient becomes low, and
the molecules can desorb from the surface, result-
ing in a reduced film thickness. Due to the high
density of single molecules on the surface during
the deposition experiment, desorption will start at
much lower substrate temperatures than sublima-
tion. [Note the difference between adatom (single
molecule) desorption and sublimation at equilib-
rium: the latter requires an atom or molecule to
be extracted from a kink site on a step edge, e.g.
for a (001) face of a cubic lattice, three bonds
have to be broken. Desorption of an adatom,
however, just costs the energy of one broken bond.
Hence, desorption of single molecules results in a
much higher rate at a given substrate temperature.]
Using the AFM images, we have measured the
average coverage of PHP as a function of substrate
temperature. As shown in the lower part of Fig. 7,
we find a constant average value for the film
thickness up to 150°C, a significantly reduced value
at 170°C, and the bare substrate at 180°C and
190°C. This means that desorption of PHP mole-
cules from GaAs(001) does not play an important
role for scaling of the island size distribution.

7. Interpretation of the island shape

The AFM images in Figs.1 and 5 show a
constant width of the rectangular-shaped islands.
This constant island width is a special feature of
coherently strained epitaxial islands in heteroepi-
taxial growth. Tersoff and Tromp [31] have theo-
retically predicted a strain-induced spontaneous
shape transition from two-dimensional to one-

dimensional growth of flat islands with a rectangu-
lar basis. This means that three-dimensional
islands with a height much smaller than their width
and length grow to a critical size in both [100]
and [010]. Above the critical size, the islands grow
in length but not in width. The width even shrinks
by a factor of ex~2.7 and reaches an asymptotic
value. We have observed this asymptotic island
width within each individual AFM image where
the islands are large enough (e.g. cp. Fig. Se).
Smaller islands are slightly wider, as can be seen
in Fig. 5d. This ratio is smaller than a factor of e,
but the experimental data show the right tendency.
The islands grow not only in length but also in
height, an experimental detail that is not consid-
ered in this simple theory. The upper part in Fig. 7
demonstrates the exponential increase in height
with substrate temperature. Although the width of
the islands slightly differs from image to image
due to tip changes, one can definitely conclude
that PHP/GaAs(001) is a prominent example,
which gives evidence for the theory of Tersoff
and Tromp.

8. Conclusion

In conclusion, we have demonstrated that PHP
grown on GaAs(001)-2 x 4 forms well-defined epi-
taxial coherently strained islands. Although the
island height increases with substrate temperature,
we have found another example for the
Tersoff-Tromp theory of island shape transition in
coherently strained island growth. The island den-
sity, which shows the well-known Arrhenius beha-
vior, and the scaled island size distribution are
identical to simple atomic systems. This means
that the concept of crystal growth, i.e. nucleation
and scaling theory, should be quite general,
Nevertheless, the nature of the deduced quantities,
such as the activation barrier of 0.9 eV, are not
clear, and further studies are necessary to deter-
mine the fundamental migration and nucleation
processes. The growth of PHP/GaAs(001) is part
of the first quantitative studies of organic mole-
cules on well-prepared inorganic semiconductor
surfaces, and constitutes a starting point for further
experiments. We are convinced that PHP/GaAs
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(001) is not the exception. A similar type of island
growth in two perpendicular directions was
reported, for example, for n-tritracontane on KCl
substrates [32].
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