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Centimeter-sized optical quality plate-like PbB4O7 crystals have been grown by Czochralski method. The
fundamental absorption edge has been found at 237 nm (corresponding bandgap 5.75 eV) with the dis-
tinct sideband protruding up to 300 nm. The crystals are well faceted with the (100), (010) and (101)
planes, (100) surfaces being mostly developed. The etching in diluted nitric acid (5 wt.%) at the temper-
ature of 90 �C have been used to reveal the defect structure and remove melt residuals. The (100) surface
shows the presence of etching pits and twin boundaries. The Kikuchi line pattern and developed microre-
lief with the roughness of �8 nm have been observed by RHEED and AFM, respectively.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The noncentrosymmetric optical borate crystals are the basic
materials of modern high-power laser systems because of appropri-
ate nonlinear optical (NLO) coefficients, a wide transparency
window including visible and UV ranges, and high optical damage
thresholds [1–19]. Orthorhombic lead tetraborate PbB4O7 (PBO)
was discovered in binary system PbO–B2O3 many years ago
[20–22]. The PBO crystal is isostructural with SrB4O7 (SBO), and its
structure belongs to the mm2 point group. The space group used
throughout the present paper is Pmn21. The crystal structure of
PBO is shown in Fig. 1 [23–25]. The PBO structure is formed by the
rigid three-dimensional framework of corner-linked BO4 tetrahe-
drons, and lead atoms occupy large cages in the structure and are
coordinated by nine oxygen atoms. Such framework structure is
common for the MB4O7 (M = Sr, Pb, Eu) crystal family and provides
a very high hardness up to �1270 kg/mm2 and nonhygroscopicity
of the borates [14,26]. PBO is a nonlinear crystal with a rather large
nonlinearity of the second order, optical transparency over the spec-
tral range of 235–4000 nm and comparatively low birefringence
[26–28]. Besides, PBO possesses a large Raman-type nonlinearity
of the third order [29,30]. The electrooptic, piezoelectric, acoustic
and acoustooptic properties of PBO are among the highest ones for
borate crystals [31–34]. Other PBO properties are less studied.

A prominent feature of SBO and PBO crystals is the formation of
a strongly pronounced growth faceting even in the case of
Czochralski growth from a stoichiometric melt [26,28]. In this con-
text, our objective is to evaluate the microstructural properties of
PBO surface and compare them to such borates as LiB3O5 (LBO),
CsB3O5 (CBO) and b-BaB2O4 (BBO) widely used in frequency
conversion devices. The hardness of these borate crystals is com-
paratively low and, as it was found in the previous experimental
studies, the optical surface of LBO, CBO and BBO prepared by
mechanical polishing methods is typically covered by a thick
amorphous modified layer with badly controlled parameters, and
that is crucial for many effects [35–37]. As for the MB4O7 family,
previously, high surface chemical stability was found for SrB4O7

powder in the air [14], and, respectively, similar properties would
be supposed for the PBO surface.

2. Experimental

The PbB4O7 single crystal has been grown from the melt by Czo-
chralski method. The charge has been prepared from 2PbCO3-

�Pb(OH)2 and H3BO3 taken at the stoichiometric ratio. Crystal
growth was performed in the air from a platinum crucible
50 mm in diameter and 70 mm high with 300 grams of the charge.
The seed oriented in the [100] direction was used. The plate-like
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Fig. 1. PbB4O7 crystal structure. The unit cell is outlined. Lone boron and oxygen
atoms are omitted for clarity.

Fig. 3. Etched bottom (100) growth facet of the PBO crystal (square-marked in
Fig. 2).

Fig. 4. Unpolarized transmission spectrum of PBO crystal in the direction of (100)
axis. Inset: absorption in the UV and visible ranges.
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transparent, colorless PbB4O7 single crystal with dimensions
2 � 22 � 38 mm along [100], [010] and [001] directions, corre-
spondingly, was grown in three days. The growth process included
starting the growth without pulling (the rotation rate was 8 rpm)
for two days and the growth with pulling rate 1.2 mm/day for
one day. This crystal had several rather well developed facets;
especially pronounced were the facets corresponding to planes
(100), (010) and (101). From the as grown crystal, the sample
was cut off in order to remove the part near the seed crystal. The
(100) facets were not cut or polished during this procedure, and,
hence, the top surface layer on these facets is not modified. How-
ever, the sample was subjected to etching in diluted nitric acid
(5 wt.%) at the temperature of 90 �C for 10 min in order to reveal
the defects and remove residual melt species.

The unpolarized transmission spectrum of the unpolished
etched crystal was measured in direction (100) with Shimadzu
UV-3600 spectrophotometer. The structural properties and
micromorphology of the etched PbB4O7 (100) surface have been
observed by RHEED using EFZ4 device at the electron energy of
50 keV, and AFM measurements were performed with Solver
P-47H device in the noncontact mode.
Fig. 2. Bottom growth facet (100) of the PBO crystal after etching.

Fig. 5. RHEED pattern recorded from (100).
3. Results and discussion

The PBO sample is shown in Fig. 2. A system of defects has been
revealed by optical microscopy. The growth steps and boundaries
of polar growth twins can be observed on as-grown surfaces.
Etching the as-grown (100) surface revealed etching pits, being
the dislocations outcrop onto the surface. The etching patterns
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observed on this surface reveal the stripes of different etching
behavior that means the existence of twins, despite (100) is not
a polar surface. Twin boundaries probably correspond to (010)
planes, in accordance with the isostructural SBO crystal. The twin
boundary nature of the observed stripes is admitted by the differ-
ence of etching pits symmetry in twin-free regions and twin
boundaries as shown in Fig 3.

The PBO transmission spectrum is presented in Fig. 4. Generally,
it is similar to that reported in [26]. The fundamental absorption
edge is found at 237 nm (corresponding bandgap 5.75 eV) with
the distinct sideband protruding up to 300 nm. Fundamental
absorption must be formed mainly by the transitions originating
from 1S0 ?

3P1 transition of free Pb2+ ion that is split into two
components at least in nine-fold asymmetric crystal field within
PBO crystal. Additional band observed in [26] at 350 nm is found
in our sample, too; it can be assigned to interband transition
Fig. 6. AFM pattern recorded from (100) etched sur
originating from weaker transition 1S0 ?
3P0 of a free ion. In differ-

ence from [26], we observe an additional weak absorption band at
550 nm that must be assigned to unidentified impurities.

The system of Kikuchi lines has been recorded from the (100)
surface by RHEED observation as shown in Fig. 5. This indicates a
high structural quality of the grown facet (100) etched in dilute
nitric acid. Thus, this method can be successfully used for the prep-
aration of PBO (100) surface without an amorphous component
that is typically appearing after mechanical polishing of borate
crystals, when more complex chemical treatment was needed to
remove the modified layer from the surface [35–37]. The topo-
graphical 10 � 10 lm2 AFM image and surface profile are shown
in Fig. 6. Commonly, the etched (100) surface contains a lot of pits
up to several nm deep. Thus, the etching conditions selected were
excessively severe and lower temperature and/or shorter time may
be used to keep the grown top (100) facet surface. In the future,
face: (a) panoramic view and (b) depth profile.
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the PBO (100) samples can be used for detailed observation of the
electronic structure with surface-sensitive techniques, for exam-
ple, by X-ray photoelectron spectroscopy (XPS). Previously, similar
results were found for the LBO growth facet (110) [38,39]. For the
surface, high crystallinity and low contamination level were veri-
fied with RHEED and XPS, respectively. Above this, high inertness
of LBO (110) surface to the air agents was found on keeping at
ambient conditions [38]. Similar properties can be reasonably
supposed for the PBO (100) surface.

Thus, PBO possesses good optical properties and high surface
stability valuable in many NLO applications. However, in difference
to a lot of known NLO borate crystals, PBO lacks large enough
birefringence, that hinders obtaining angular phase matching for
nonlinear optical conversion processes. Observation of polar
growth twins reported in the present paper indicates the possibil-
ity to obtain other kinds of phase matching that are already
employed in isostructural SBO crystal [40–42].

4. Conclusions

Centimeter-sized plate-like optical quality PbB4O7 crystals can
be grown from the melt by Czochralski method. The crystals are
well faceted with developed (100) surfaces. The short-duration
etching in hot nitric acid is able to remove the residual melt con-
taminations from the surface and expose the bulk crystallinity.
Such prepared (100) surface possesses the Kikuchi line pattern
observed by RHEED analysis. However, the AFM observation
reveals a developed microrelief of the etched surface, and the etch-
ing conditions used in the present experiment should be further
optimized to minimize the microrelief formation.
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