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Spatial changes of optical properties of bulk LiNbOgs crystal were investigated after annealing in CuO powder.
The incorporation of copper ions into the crystal was confirmed by registration of additional absorption spectra
that revealed formation of the absorption bands of both Cu™ (400 nm) and Cu®* (1000 nm) ions. The changes of
optical absorption caused by thermal treatment were registered along the direction of diffusion by the probe beam
perpendicular to this direction. The anisotropy of diffusion was revealed. The maxima were observed on the depth
dependences of additional absorption both for the wavelengths of 400 and 1000 nm for all main crystallographic
directions. The concentrations of copper ions were calculated in accordance with the Smakula—Dexter formula.
The X-ray diffraction study revealed reflexes which probably belong to CuNb2Og, CuNbO3 and CuO. The halo
was observed on these diffraction patterns that confirms the formation of the scattering centers (about 1 nm in

diameter) in the near-surface region.
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1. Introduction

Lithium niobate crystal (LiNbOg, LN) is one of the
most frequently used optoelectronic materials [1]. The
photorefractive properties of lithium niobate give possi-
bility of its using for optical data storage [2]. Increase
of LiNbOs photorefractive sensitivity can be achieved
by doping with metal ions which can change their va-
lence state under the influence of light or thermochem-
ical treatment [3]. Usually doping is carried out during
crystal growth [4-6]. The diffusion method is also used,
at that the dopants incorporate into the crystal during
high-temperature treatment in the appropriate environ-
ment containing metal ions. So far, doping of LiNbOj3
with use of the latter method by Mg, Sc, Ti, Cr, Fe, Cu,
Zn, Ga, Zr, In, Sn, Hf, Nd, and Tm was investigated [7—
19]. Particularly, the diffusion doping of lithium niobate
by Cu is successfully used for increase of the photorefrac-
tive sensitivity of this crystal as well as for modification
of the refractive indices in the near-surface layers for ob-
taining of integrated optics structures [20-30].

It should be mentioned that the diffusion doping of
LiNbOg3 by copper ions can be realized in various ways.
Particularly, the crystals were annealed after immer-
sion into the copper salt melts (KCl-CuCl or NagSO4—
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CuSO,) in [20, 21], the copper film was deposited on
the crystal surface before the thermal treatment [26-28]
or the crystals were covered by CuO-containing powders
before annealing [22].

The authors of [21] investigated the changes in the
composition and properties of LN layers that is caused
by the diffusion of Cu ions by secondary ions mass spec-
troscopy (SIMS). The same problem was studied in [20]
by scanning Auger microscopy (SAM). However, these
methods allow studying the near-surface regions only
(about few pm in depth). In both cases the studies are
performed in the direction of diffusion.

Optical spectroscopy is very often used to characterize
crystals containing impurities, particularly, in the inves-
tigations of LN doped by copper. These studies provide
additional information about the composition and the
uniformity of diffusion layers, allow determining the diffu-
sion coefficients. The absorption spectra can be used for
determination of the charge states of multivalent dopants,
including copper ions, in the LN crystal. However, most
studies of the optical absorption of LN crystals doped by
Cu have been carried out in the longitudinal geometry
when the direction of propagation of light coincides with
the direction of diffusion (e.g. see [22]). Therefore, only
the average picture of the changes of LN optical proper-
ties was obtained.

The depth dependences of optical absorption of Cu-
doped LN crystal were studied only in [28]. The diffusion
was carried out along X-axis of the crystal at that the
copper film was formed on Y Z-surfaces of 1 mm thick
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plates. These plates were annealed in air at 1000 °C for
10 h. The absorption changes corresponding to changes
of Cu ions concentration were determined at the one
wavelength of 477 nm. The focused laser beam propa-
gated perpendicularly to the direction of diffusion; dur-
ing measurements the laser beam was scanned along X-
axis of the crystal. One of the tasks of [28] was ensuring
of the uniform distribution of dopant that was achieved
due to high temperature (1000°C) and long-term anneal-
ing (100 h) as well as the relatively small thickness of the
plates (1 mm). The investigations of the copper diffusion
layers in lithium niobate in the direction perpendicular
to the diffusion one were also carried out by optical mi-
croscopy [26]. As is shown in this paper, the essential
optical contrast is observed between the copper diffusion
layers and the regions of the crystal where the diffusion
did not occur.

Therefore, the systematic studies of spatial changes of
LN optical properties caused by metal ions diffusion for
the distances about several millimeters and deeper into
the crystal were not performed. The anisotropy of dif-
fusion of metal ions in lithium niobate is still the open
question.

In our work we studied the copper diffusion because
of two following considerations: (i) under the same con-
ditions, the diffusion coefficient of copper in LiNbOj is
about 500 times higher than the one, for example, of
iron |24, 25]; (ii) the absorption bands caused by Cu*
and Cu?" ions in LN crystal are easy to distinguish by
optical spectroscopy [4, 31-34].

Thus, the objective of this work is the determination of
spatial distribution of copper ions by registration of the
optical absorption in the directions perpendicular to the
directions of diffusion (X, Y, or Z crystal-physics axes)
in the case of the bulk congruent lithium niobate crystal
annealed in the presence of CuO powder on its surfaces.

2. Experimental details

LiNbO3 crystals of the congruent composition were
grown at the SRC “Electron—-Carat” by the Czochralski
technique in the platinum crucibles in air according to the
technology described in [35]. The growth was carried out
in the crystallographic Z direction. The single domain
state of the crystals was ensured by the special after-
growth high temperature treatment in electrical field.
The samples for investigations were cut from one crystal
boule and have got the form of oriented parallelepipeds
with dimensions 7 mm (X) x 15 mm (Y) x 32 mm (Z).
All faces of these samples were polished. Two samples
of the above sizes were used in our studies. They were
covered by CuO powder on all sides and annealed in ce-
ramic crucibles in the Nabertherm furnace (Germany).
The thickness of the layer of the powder between the
sample and the crucible walls as well as the layer over
the sample is not lower than 5 mm. The scheme of the
sample location in the crucible containing CuO powder
is shown in Fig. 1la. The powder of copper(1I) oxide that

was used in the experiments corresponds to the qualifica-
tion OSCh. 9-2 (Russia) and to the Technical Conditions
TU 6-09-02-391-85. The size of the grain in this powder
is not standardized and is about units or tens of pm.
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Fig. 1. (a) The scheme of the LN sample location in

the crucible containing CuO powder; (b) the scheme
of the LN annealed samples cutting for investigation of
coloration depth after treatment.

The atmosphere of annealing was air and the heating
rate was 5 K per min. The first sample was heated to
T = 973 K and was annealed at that temperature for
1 h. The second sample was heated to T' = 1073 K addi-
tively in three stages: 3 + 6 + 12 h. After each stage of
annealing, the transmission spectra of the sample were
registered at room temperature. After completion of an-
nealing the samples were cooled down in the furnace.
After annealing and measurements which were carried
out on whole LN samples, the 1 mm thick plates were
cut from them in accordance with the scheme shown in
Fig. 1b. The plates undergo polishing procedures and,
thereafter, were used for investigation of optical absorp-
tion along certain crystallographic directions of the LN
crystal.

The absorption and transmission spectra were mea-
sured by UV3600 Shimadzu spectrophotometer. For the
uncut sample the transmission spectra were registered in
the range of 300-1500 nm through the diaphragm with
aperture of 3 mm. The plates were used for determi-
nation of the optical absorption changes at the different
distances from the crystal surfaces that were in the direct
contact with CuO powder during annealing (see Fig. 1).
For this purpose the movable table with a micrometer
screw was placed in the sample chamber of the spec-
trophotometer. This table allowed moving the plate in
relation to the special 100 pm diaphragm. The spectra
were recorded consecutively along the crystallographic
directions X, Y, and Z (the diffusion directions) with
the 20 pm step. The scanning beam propagated perpen-
dicularly to the chosen crystallographic direction so the
depth dependences of the optical absorption were regis-
tered. It should be noted that this method has been suc-
cessfully used for investigation of the spatial distribution
of LN coloration caused by high-temperature reducing
annealing [36-38].

To characterize the coloration changes at the different
distances from the crystal surface the sequential differ-
ence spectra were calculated for each measured point in
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relation to the optical absorption in the central part of
the plates where the optical absorption was practically
unchanged. The additional absorption (AA) AK was
determined as

(1)

where d is the thickness of the sample, T, is the transmis-
sion of the sample in the n point, T, is the transmission
in the central part of the sample.

The structural changes of the annealed samples were
determined by the X-ray diffractometer DRON-3M (Rus-
sia). X-ray diffraction patterns were obtained in the re-
flection mode from the surface of the crystal that was
in direct contact with the CuO powder during anneal-
ing and from the inner surface of the sample, which was
formed after cutting of the parallelepiped.

The photos of surfaces of polished plates cut from the
annealed samples were obtained by the Eclipse LV100
POL polarization microscope (Nikon, Japan) in the
phase contrast mode.

3. Results and discussion

The uncut samples of LiNbO3, annealed in the pres-
ence of CuO powder both at 973 and 1073 K have got an
orange color (Fig. 2). The coloration is maximal near the
surfaces that were in contact with the copper oxide pow-
der. The coloration decreases toward the center of the
crystal as it is seen from the photo of the plate (Fig. 2).
Because the color of the crystal annealed at 1073 K is
more intensive, the results for this sample will be consid-
ered as the first ones.

Fig. 2. The bulk sample of the LN single crystal after
annealing in CuO at 1073 K and a plate that was cut
from it.

In the spectra of the annealed uncut parallelepipeds
measurements in the direction of diffusion the shift of
the absorption edge to the region of higher wavelengths

and the weak broad band with a maximum near 1000 nm
are observed (Fig. 3). This result is in agreement with
the one of Ref. [22].
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Fig. 3. Absorbance spectra of the LN after annealing
in CuO at 1073 K (light propagates along Z-direction).

The additional absorption spectra of the annealed sam-
ple measured in the region of 300-850 nm at the different
distances from the crystal edges and in the different crys-
tallographic directions are shown in Fig. 4. In addition
to the near-IR band (1000 nm) the band with a maxi-
mum near 400 nm was observed at these spectra. Based
on the results of [23, 30, 32-35], we can give the follow-
ing interpretation of these bands: 400 nm is the charge
transfer transition Cut — Nb°*; 1000 nm — E, — 2Ty,
intracenter transition in Cu?* ion.

However, as it is seen from Fig. 4a, the additional ab-
sorption spectra in the visible region have got the com-
plex character and look like a superposition of at least
two absorption bands. Probably, the polaron centers that
have got the absorption in this spectral region [39] make
a contribution to AA spectra of the samples.

These absorption bands are distinctive of Cu™ and
Cu?* ions which incorporate into LN crystal during crys-
tal growth, when copper ions occupy the clear structural
positions. Most of the works note that these are the po-
sitions of lithium.

As it seen from the comparison of the AA spectra regis-
tered at different distances from the crystal edge (Fig. 4),
the changes of optical absorption have got the complex
character. At the distances about 100 pym and smaller
from the crystal edge the optical absorption both by Cu*
and Cu?* ions is lower than the one at the depths of
300—500 pm. At these distances the optical absorption
reaches the maximum and then falls to zero at distances
larger than 800 pum from the crystal edges (see Fig. 5).
This peculiarity is observed for diffusion in all main crys-
tallographic directions. The maxima of the absorption
are well distinguished for both wavelengths. The posi-
tion of the maximum caused by Cu?* absorption do not
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reveal an essential dependence on the crystallographic
direction: it is located near 300 pym in the case of X di-
rection, near 250 pym for Y one and near 340 pym for Z
one. Taking into account the accuracy of the measure-
ments, one can argue that the maximum is observed at
the distances about 300 pm for all directions. The max-
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ima of the absorption caused by the presence of Cut ions
are higher than the one of Cu?* and are observed at the
essentially larger distances from the plate edge for differ-
ent crystallographic directions: near 400 pm for X, near
500 pm for Y one and near 550 pym for Z one.
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Additional absorption spectra at the different distances from the crystal edges of LN after annealing in CuO

at T'= 1073 K additively in three stages — 3 h+ 6 h + 12 h: (a) X direction, (b) Y direction, (c) Z direction.
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The dependences of the absorption coefficient at 400 and 1000 nm on depth after treatment of the LN sample

at T'= 1073 K in CuO powder additively in three stages — 3 h + 6 h + 12 h: (a) X direction, (b) Y direction, (c) Z

direction.

At the known spatial distributions of the absorption,
the concentrations of Cu™ and Cu?* ions can be cal-
culated in accordance with the Smakula—Dexter for-
mula [40] under the assumption that the forms of ab-
sorption bands are close to Gaussian ones

n 1

2y 1) o e @
where n is the refractive index calculated in accordance
with the Sellmeier formula for LiNbOj [41, 42], fo =
4 x 1072 for Cu™ (400 nm) and 2 x 10~% for Cu?*
(1000 nm) are the oscillator strengths [30, 32|, Kax
is the measured peak absorption coefficient, AFE is the
width of absorption band at its half~-maximum. The re-
sults of these calculations are shown in Fig. 6.

As is seen from Fig. 6, the forms of the calculated
dependences of concentrations are qualitatively corre-
sponding to the ones of the additional absorption curves
(Fig. 5), particularly, they also reveal the maxima. How-
ever, despite the absorption caused by Cu™ ions is higher
than the one of Cu?t, the concentration of Cu?T ions

N =28.7-10'6

is essentially higher. Particularly, the concentrations of
Cu®* jons in maxima are about (3.0-3.5)x10'® cm™3
for different crystallographic directions, whereas for Cu™
this value is about 5 x 10'® cm™2. Obviously, it is con-
nected with lower value of the oscillator strength of tran-
sition 2E, — ?T5, in the Cu** ion in comparison with the
one of Cu™ — Nb®T transition [30, 32]. The distances
of the concentration maxima locations are slightly differ-
ent from the distances of the corresponding AA maxima
that are caused by relatively low accuracy of the deter-
mination of AE value at the different distances from the
crystal edge. However, as well as in the case of AA depen-
dences, the positions of the maxima of the concentration
distributions are different for different crystallographic
directions.

It should be emphasized that the observed decrease
of the optical absorption and concentrations of copper
ions in the near-surface region can not be caused by the
light that passes beyond the crystal and gets into the
diaphragm. Indeed, the distances of the maxima loca-
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tions are several times greater than the diameter of the
diaphragm (100 pm).

On the other hand, this peculiarity cannot be ex-
plained by simple diffusion models which do not predict
the non-monotonous of the spatial distribution. Only in
the case of diffusion of two species (both positively and
negatively charged) the maxima can be observed on spa-
tial distribution of faster diffusant. However, this case
is obviously not realized in our experiments. Indeed, we
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observed the maxima of concentration for both Cu* and
Cu?* ions and not any other positive ions incorporated
into the crystal. Of course, diffusion of copper ions should
be accompanied by diffusion of electrons (probably, in the

form of polarons) because of electrical neutrality condi-
tion. However, it cannot lead to the non-monotonous of
spatial distributions because of opposite charges of elec-

trons and copper ions.
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Fig. 6. The spatial distributions of Cu™ and Cu?* ions concentrations in LiNbOs3 for different crystal-physics directions
after treatment of the LN sample at 7' = 1073 K in CuO powder additively in three stages — 3 h + 6 h + 12 h: (a) X

direction, (b) Y direction, (¢) Z direction.

We would like to stress that our measurements detect
only Cut and Cu?* ions and they are not sensitive to
the other Cu-related centers. Particularly, the copper
ions may form the complexes that do not absorb in the
investigated spectral range. Therefore the nature of these
complexes cannot be determined from our investigations.

Significant decrease in absorption near the edge of the
plate may indicate that copper in the near-surface lay-
ers of the crystal may be in the form of CuO particles
(nanoparticles). Hence the absorption bands inherent in
copper ions embedded in the structure of lithium niobate
are not observed. The photographs of plate surfaces may
be partial confirmation of it (Fig. 7).

As is seen from Fig. 7, the contrast limit is observed at
a distance of about 300 pm, which also characterizes the
process of copper entering into the crystal. At the same
time, the intensity of the color of the region enriched with
copper is the largest on the edge of the wafers. We have
noted that at a distance of 300 ym the maxima are also

observed for the Cu?* ions concentration (Figs. 5 and 6),

whereas the maxima for the Cu™ ions one are situated

at the distances of 400—600 pm, i.e. in the regions that
do not differ from the inner regions of the crystal on the
photos.

In order to confirm the assumption about the change of
copper ions state in the near-surface region, X-ray diffrac-
tion studies of the annealed samples were carried out. X-
ray patterns were obtained from the regions which were
in direct contact with the CuO powder as well as from
the inner regions of the samples that were opened af-
ter sample cutting. This study has shown that only the
reflexes inherent to the structure of lithium niobate are

108 un

Fig. 7. The photos (50-fold increase) of the diffu-
sion regions for different crystal-physics directions after
treatment of the LN sample at 7' = 1073 K in CuO
powder additively in three stages — 3 h + 6 h + 12 h:
(a) X direction, (b) Y direction, (¢) Z direction.

observed from the inner parts of the crystal. The addi-
tional reflexes which do not relate to the LiNbOg3 phase
were observed in the X-ray diffraction pattern from the
regions which were in the direct contact with CuO pow-
der. These reflexes can belong to CuNbyOg, CuNbO3,
and CuO (Fig. 8).

The presence of additional reflexes was also observed in
X-ray diffraction patterns obtained from surfaces of LN
plates after their heating in a melt mixture of NasSO4—
CuSOy salts [21]. The authors of [21] assumed that
the observed reflexes belong to CuNbyOg, CulNbO3 com-
pounds or to Cug,Li;_NbOg solution.

The attribution of the reflexes, that do not belong to
the LiNbOg3 phase, requires a separate study that is fore-
seen for the future.

An important point to be noted consists in observa-
tion of the halo on the diffraction patterns from the sur-
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Fig. 8. Diffraction patterns of the LN Z surfaces be-

fore (a) and after (b) annealing in CuO powder at T' =
1073 K additively in three stages — 3 h + 6 h + 12 h.

faces which were in the contact with CuO (Fig. 9). It
can indicate the appearance of scattering centers in the
structure of the surface layer after annealing. The size
(diameter) of scattering centers was calculated according
to the Scherrer formula [42] for different crystallographic
planes. As it is followed from the calculations, the diam-
eter of these centers for X plane is equal to 1.3 nm, for
Y plane — to 0.6 nm and for Z one — to 1.1 nm. This
result also points to the anisotropy of the Cu diffusion
process in LN.

Similar complex of investigations was performed on a
sample that was annealed into a copper oxide powder at
973 K for 1 h. These investigations have shown the sim-
ilar results, particularly, the shapes of the depth depen-
dences of absorption and concentration are the same as
for the sample annealed at 1073 K. However, the value of
the additional absorption is 0.6-5 cm ™!, and the concen-
tration of ions in the spatial distribution maxima is about
(3.0—3.5) x 10'® ¢cm ™3 for Cu®* and (0.3—1) x 10'® cm =3
for Cu™. The X-ray diffraction pattern obtained from Z
plane has shown the presence of the scattering centers
(1.1 nm in the diameter) on the surface that was in the
contact with CuO.

Consequently, based on the obtained results, one can
suppose that the transformation of compounds in the
crystal volume containing copper ions occurs gradually:
from CuO through CuNbs;Og to CuNbOgs. The total
copper concentration cannot be estimated from optical
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Fig. 9. Diffraction patterns in the halo region on X,

Y, and Z surfaces of the LN crystal after annealing at
T = 1073 K in CuO powder additively in three stages
—3h+6h+ 12h.

absorption studies. The observed absorption and con-
centration curves of copper ions of different valences are
the result of several processes, namely, the actual dif-
fusion and quasi-chemical reactions of the formation of
CuNby0Og and CuNbOj3 compounds.

The participation of point defects in the processes re-
vealed by our investigations are also possible. One of such
defects is niobium ions in the positions of lithium ions [43]
that is the typical defect in the congruent lithium nio-
bate. The uneven extension of the AA band from the
region of 400 nm to the larger wavelengths (Fig. 4) can
be caused by the formation of bipolarons (bound pairs:

Nb** in a regular structural position — Nb**t in the
position of Li), with a maximum absorption band of
500 nm [43)].

Thus, we can conclude that there is only one aspect of
the complex process of incorporation of copper ions into
the lithium niobate crystal is revealed in our experiments.
The obtained data allow determining the spatial distribu-
tion of copper ions of different valences embedded into the
structural positions of cations in LiNbOj structure that
is the final stage of complex process. However, the de-
scription of the previous stages of incorporation requires
a separate research by other methods — SIMS, micro-
Raman spectroscopy, micro-cathodoluminescence, etc.

4. Conclusions

The spatial changes of optical properties of bulk
LiNbOg crystal were investigated after annealing in pres-
ence of CuO powder on the crystal surface.

The incorporation of copper ions into the crystal was
confirmed by additional absorption spectra registration.
Particularly, two absorption bands with the maxima in
the regions 400 and 1000 nm were observed at these spec-
tra. The first of them is due to Cu™ — Nb5T charge
transfer transition, whereas the second one — due to
2Eg —2 T54 intracenter transition in the Cu??* ion.
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For the first time, the studies of absorption changes of
bulk LiNbOg crystals annealed in the presence of copper
ions were carried out in the direction that is perpendic-
ular to the diffusion one. The depths of copper ions in-
corporation is no more than 800 pym in our experiments
and depend on the crystallographic directions. Particu-
larly, the depth of copper incorporation is greatest in Z
direction, and the lowest in X one. The maxima were
observed on the depth dependences of additional absorp-
tion both for the wavelengths of 400 and 1000 nm for all
crystallographic directions.

The changes in the concentration of copper ions with
depth in different crystal-physical directions were calcu-
lated in accordance with the Smakula—Dexter formula.
As well as the additional absorption spatial distribu-
tions, the depth dependences of copper ions concentra-
tions reveal the maxima. The concentration of Cu?* ions
at the maximum of its distribution reaches a value of
3.5 x 10" cm ™3, whereas the maximum concentration of
Cu' ions is about 5 x 10'® cm ™3 for the sample additively
annealed for 21 h at 1073 K.

The presence of the maxima on spatial distributions of
copper ions is indicated that the nature of the processes
occurring during annealing is more complicate than the
one predicted on the basis of simple diffusion models.
Probably, such a behavior indicates that the additional
processes accompany the copper ions diffusion, partic-
ularly, the formation of CuNby;Og and CulNbOj3 com-
pounds can occur. The quasichemical reactions with par-
ticipation of point defects (antisite niobium ions) are also
possible.

The magnitude of the changes of the optical absorption
of lithium niobate samples annealed at 1073 K for 21 h
is an order of magnitude higher than the ones for the
samples annealed at 973 K for 1 h.

Comparative studies of X-ray diffraction in the reflec-
tion mode reveal the additional reflexes at diffraction pat-
tern obtained for the near-surface region that was in the
direct contact with CuO powder. These reflexes are prob-
ably belonging to CulNbsOg, CuNbO3 and CuO. More-
over, the halo was observed on these diffraction patterns
that confirms the formation of scattering centers (about
1 nm in diameter) in the near-surface region. It can
be assumed that during heating of LiNbOj3 in the pres-
ence of CuO the copper is partially stored in the form
of CuO nanoparticles or clusters near the crystal sur-
face. CuNboOg compound is formed with increasing of
the depth and then the CulNbOgs ones forms during the
diffusion process.

The final determination of copper diffusion mecha-
nisms in LiNbOj crystal requires additional research.
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