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Spatial changes of optical and pyroelectric properties of doped LiNbOs single crystals were investigat-
ed. Doping with Cu and Fe was performed after crystal growth by thermal diffusion at elevated tempera-
tures. The crystals were all-side-covered by corresponding metal oxide powder before annealing. In order to
reveal the role of various types of diffusion sources in the formation of the modified layers of LiNbOs, the
same investigations were performed on the samples covered by copper films before annealing. The optical
absorption spectra of the samples were recorded in a direction perpendicular to the direction of diffusion at
different distances from the crystal surface. The intensities of the absorption bands of Cu* (400 nm), Cu2+
(1000 nm) and Fe?* (480 nm) ions were analyzed depending on the annealing temperature and the distance
from the source of diffusion. The maxima were obtained on the depth profiles of additional absorption for
all samples. The concentrations of Cu and Fe ions were calculated in accordance with the Smakula-Dexter
formula. For the determination of correlation of the changes of optical and pyroelectric properties, the pro-
files of pyroelectric coefficient in the doped crystals were investigated by the laser intensity modulation
method. To avoid the measurement uncertainty of thermal wave method that increases with increasing
depth, the pyroelectric current was registered under excitation from both the front and the back sides of
the sample. The averaged pyroelectric coefficients were also determined for calibration of the results. Here,
a Peltier stage provided a sinusoidal modulation of the sample temperature at a frequency of 0.1 Hz. It is
shown that diffusion doping affects the pyroelectric properties of lithium niobate crystals.
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1. INTRODUCTION

The development of novel optical and electronic de-
vices requires a detailed study and an improvement of
material properties. Lithium niobate (LiNbOs, LN) sin-
gle crystals possess an outstanding multi-functionality
with wide applications in waveguides, second harmonic
generation, modulators, high-density optical data stor-
age, etc. [1].

One way of improving device performance by influ-
encing the defect state of the LN subsystem is high-
temperature annealing of crystals under different con-
ditions (oxidizing, reducing, in the presence of metal
ions, etc.). High-temperature annealing in the presence
of metal ions is used to increase the photorefractive
sensitivity of LN in optical recording devices [2]. In this
case, metal ions that can change their valence under
the influence of light and thermochemical treatments
(Fe, Mn, Cu, combinations thereof, as well as combina-
tions with other impurities) are used as dopants [3].
Usually, doping is carried out during the crystal
growth [4, 5]. On the other hand, also diffusion doping
is widely used for the fabrication of thin layers. Here,
impurities are incorporated into crystals during high-
temperature annealing in an environment containing
the corresponding ions [6, 7]. Diffusion doping of LN
crystals by copper and iron ions allows to increase the
photosensitivity of these crystals and to obtain the dif-
fusion layers with modified refractive index for integral
optics applications [6-9].
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The objective of our work is to determine the spatial
distributions of Cu and Fe ions incorporated during
annealing at elevated temperatures into LN bulk single
crystals. Copper was selected as a preferential diffusion
agent since, first, the diffusion coefficient of copper in
LiNbOs is about 500 times larger than the one of iron
under the same conditions [10], and, second, the two
different valence states of copper ions in LN (Cu* and
Cu?*) are easily detected by their optical absorption
bands well separated in energy [4, 11-13]. For this rea-
son, we study the dopant and pyroelectric depth pro-
files by optical spectrometry [14] and an approximate
laser intensity modulation method (LIMM) [15].

2. EXPERIMENTAL DETAILS
2.1 Optical spectrophotometry

LiNbOs crystals of the congruent composition were
obtained in the SRC ‘Electron-Carat’ by Czochralski
technique in platinum crucibles in air according to the
technology described in [16]. Crystal growth was carried
out in the crystallographic direction Z. The single domain
state of the crystals was ensured by a special after-
growth high-temperature treatment in the presence of an
electrical field. Samples for annealing were cut from a
single ingot in the form of oriented parallelepipeds with
dimensions of 7mm (X)X 15 mm (Y) X 32 mm (Z). The
faces of these parallelepipeds were polished. Annealing of
the samples was carried out in an industrial furnace
(Nabertherm GmbH, Germany). Here, the samples were
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all-side-covered by corresponding metal oxide powder.
The thickness of the metal oxide powder layer between
the sample and the crucible walls as well as on the top of
the sample was at least 5 mm.
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Fig. 1 — Scheme of cutting the annealed sample to study the
diffusion depth profile

Additionally, for comparison, we also investigated the
diffusion from 650 nm thick copper films which were de-
posited on the surface of the crystals before annealing. In
all cases, annealing was performed in air at a tempera-
ture of 1073 K during a few up to a few tens of hours. The
heating (cooling) rate amounted to 5 K/min. After cooling
down, the annealed LN samples were cut into 1 mm thick
crystallographic oriented plates (Fig. 1) which were
grinded and polished. These plates were used for further
optical measurements, particularly, for scanning the
changes of the optical absorption along certain crystallo-
graphic directions.

The absorption and transmission spectra were rec-
orded in the range from 300 to 1500 nm by a UV3600
Shimadzu spectrophotometer. A special, moveable plat-
form with a micrometer screw was placed inside the spec-
trometer chamber. It allowed scanning of the light beam
with 20 pm steps through the aperture with 100 um in
diameter and studying the colour changes at different
distances from the crystal surface. The difference absorp-
tion spectra were calculated for each measured point and
related to the optical absorption in the central part of the
plate, where the optical absorption was practically un-
changed. The dopant-related additional (or induced) ab-
sorption is then given by

AK:lln[TcJ, 1)
d \T

n
where d is the sample thickness, 7% is the sample trans-
mission at the n-th point and 7¢ is the transmission in
the central part of the sample.

The concentrations of dopant ions were estimated cal-
culating the integrated absorption intensities of the cor-
responding absorption bands, i.e., of the bands in the re-
gion of 480 nm (Fe?* ions) [17], 400 nm (Cu* ions), and
1000 nm (Cu?* ions) [18] by using the Smakula-Dexter
formula [19].
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2.2 Pyroelectric profiling

For pyroelectric profiling by means of LIMM, the
samples were cut perpendicular to the diffusion direc-
tion. The thickness of the plates was about 1.8 mm. The
plates were polished and spray-coated with a graphite-
based layer (Graphite 33, Kontakt Chemie, CRC Indus-
tries Group) enhancing laser absorption. It has to be
noted that the electrodes have been applied here in a
way that the measurements took place along the direc-
tion of diffusion.

Averaged pyroelectric coefficients were determined
for calibration. A Peltier stage provided a sinusoidal
modulation of the sample temperature at a frequency
of 0.1 Hz. The temperature of the stage was monitored
and controlled by a Pt100 platinum temperature sensor
(Heraeus Sensor Technology GmbH). The pyroelectric
current was recorded by the current input of a SR850
lock-in amplifier (Stanford Research, USA).

For LIMM measurements, the samples were period-
ically heated by a laser diode (LCU98A041A, Laser
Components GmbH, Olching, Germany) at a wave-
length of 980 nm with a power of 12 mW, square-wave-
modulated in the frequency range from 100 mHz up to
1 kHz. The complex pyroelectric current was deter-
mined by an impedance/gain-phase analyzer (Solartron
1260, Solartron Analytical, Farnborough, UK) with DC
coupling. In order to reduce noise, 30 measurement
repetitions were used for averaging. Since the meas-
urement uncertainty of thermal wave methods increas-
es with sample depth, the pyroelectric current was rec-
orded from both the front and the back sides of the
sample. The measured values of the pyroelectric cur-
rent were converted into a depth profile of the pyroelec-
tric coefficient following the approach described in de-
tail in [15]. Fig. 2 illustrates the pyroelectric coefficient
depth profile of an undoped LN single crystal.
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Fig. 2 — Pyroelectric depth profile of an undoped LN sample

3. RESULTS AND DISCUSSION

The LN parallelepipeds, which were annealed in the
presence of CuO powder or Cu film, have gotten an orange
colour, whereas the samples annealed in Fe2Os powder
were yellow-green coloured. As expected, the coloration
was maximal near the surfaces, which were in contact
with the diffusion source and it decreases towards the
centre of the crystal.

In the spectra of the annealed parallelepipeds (light
propagation in the direction of diffusion), a shift of the
absorption edge to higher wavelengths was observed.
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For example, the absorption spectra of the parallelepi-
peds annealed at 7= 1073 K are shown in Figs. 3-4. In
addition, annealing in the presence of copper ions leads
to additional absorption bands in the range of 400 and
1000 nm (Fig. 3), and high temperature treatment in
the Fe20s powder causes the appearance of bands in
the 480 and 650 nm region (Fig. 4). This observation is
in general coincident with the data given in [8, 16].

Following the results of [5, 8, 11-13, 18], we attrib-
ute the 400 nm band observed in LN doped with copper
(see Fig. 3) to the intervalence transition Cu* — Nb5*,
whereas the band in the vicinity of 1000 nm is assigned
to an intracenter absorption transition in the Cu2* ion.
The absorption band near 480 nm observed in LN doped
with iron (Fig. 4) is associated with the spin-forbidden
d—d-transitions in the Fe?* ions.

Analysis of the excess absorption bands caused by
Cu*, Cu?* and Fe3* ions which are obtained at different
distances from the surface of the plates allows to calcu-
late the concentration of dopants and to determine
their distributions along different LN crystallographic
directions. This calculation was carried out by means of
the Smakula-Dexter formula, derived considering the
interactions of an impurity atom with its neighbours in
an idealized solid [19]. In the case of a Gaussian shape
of the absorption band, this formula yields:
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Fig. 3 — Absorption spectra of LiNbOs after annealing in CuO
at 1073 K (light propagates along the Z-direction). Parameter:
annealing time. The inset is a zoom of the region of lower
wavelengths
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Fig. 4 — Absorption spectra of LiNbOs after annealing in Fe203
at 1073 K (light propagates along the Z-direction). Parameter:
annealing time. The inset is a zoom of the region of lower
wavelengths
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Here uimax is the maximal value of the absorption
coefficient in cm=! of the i-th band of impurity, AE; is
the width of the corresponding absorption band in eV,
n; is the refractive index at the wavelength correspond-
ing to the maximum absorption coefficient, and f is the
oscillator strength. Eq. (2) applies to the case of suffi-
ciently low concentrations where the interaction be-
tween impurities is negligible.

The values of uimerand AE; can be determined exper-
imentally from the absorption spectra obtained at dif-
ferent distances from the surfaces of the crystals.

The refractive index n; was calculated in accordance
with the three-oscillator Sellmeier equation [20]:

) 26734 1.229? 12,6142
n -l=— + += , (3
A;—0.01764 A5 -0.05914 A5 —-4746

where A; is the wavelength in um corresponding to the
maximum of the absorption coefficient for the i-th band.

The oscillator strengths for the Cut and Cu?* bands
amount to fcu?t=4-10-2 (2Eg — 2T2; transition) and
fcut=2-10-* (intervalence Cu* — Nb5* transition), re-
spectively [18], and to 1.3-10~ 2 for the Fe3* band (spin-
forbidden d—d-transition) [17].

It should be noted that the LiNbOs crystal is trigo-
nal. Therefore, one can expect that the values of oscilla-
tor strengths should be different for different directions.
However, there is no information given at all regarding
the anisotropy of these values in LN. Moreover, formu-
la (2) is obtained for cubic crystals, so the anisotropy of
the crystal is neglected in our calculations.

The dopant concentration dependencies on the dis-
tance from the crystal surface were built based on
equations (2), (3).

Fig. 5 shows the dopant concentration depth pro-
files of the Cu* and Cu?* ions in the Z direction after
annealing in CuO at a temperature of 1073 K for one
hour. In the same figure, the depth profile of the pyroe-
lectric coefficient obtained by LIMM in the same sam-
ple is given for comparison. Near the surface, the pyro-
electric coefficient of LN of the Cu-doped sample has
about twice the value of the undoped sample (cf. Fig. 2).
In the bulk of the sample, the value of the pyroelectric
coefficient is slightly higher, but close to the values of
45-50 uC/m?K of the crystal that was not subjected to
diffusion treatment.

In order to compare the role of various types of diffu-
sion sources of metal ions in the process-modified layers
in crystals, the same investigations were performed
with the samples covered by copper films before anneal-
ing (Fig. 6). In this case, the peak concentration of cop-
per ions of both charge states increases in comparison to
the crystals which were annealed in the presence of a
copper oxide powder.

At the same time, the depth profile of the pyroelec-
tric coefficient does not show a pronounced peak near
the surface of the sample. On the other hand, the aver-
aged pyroelectric coefficient is also slightly higher than
for the undoped crystal.
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Fig. 5 — Comparison of the concentration and pyroelectric co-
efficient depth profiles of LiNbOs:Cu covered by CuO and an-

nealed at 1073 K for 1 h
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Fig. 6 — Comparison of the depth profiles of both the concen-
tration and pyroelectric coefficient of LiNbOs:Cu covered by
Cu-film and annealed at 1073 K for 1 h

Almost identical results were obtained in previous
experiments of similar long-time Cu and Fe diffusion
doping procedures [21]. The value of the pyroelectric
coefficient of LN:Fe increases in comparison to the un-
doped crystal. Here, we did not observe an increase of
the pyroelectric coefficient of LN:CuO after long-term
annealing. Annealing in the presence of CuO at 1073 K
in air for 21 h produced a maximal Cu?* concentration
of ions of 810 cm~-3 at a depth of 0.3-0.4 mm. The
maximal Cu' concentration was about one order of
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magnitude lower. Diffusion doping in the presence of
Fe203 powder at 1073 K in air for 104 h led to a maxi-
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4. CONCLUSIONS

Diffusion doping of lithium niobate crystals by metal
ions at a temperature of 1073 K leads to changes in their
optical properties due to the introduction of impurities in
the structural positions of the crystal. This is manifested
by the occurrence of characteristic absorption bands of im-
purity ions (Cu*, Cu?*, Fe3*) in the spectra of crystals.

It was established that the values of the pyroelec-
tric coefficients in crystals subjected to heat treatment
in the presence of copper and iron ions were increased.
This opens the way to modify the pyroelectric proper-
ties of lithium niobate crystals with respect to particu-
lar requirements.

There is no direct correlation between the distribu-
tion profiles of the ion impurities introduced to the lith-
ium niobate crystal by diffusion and the depth profile of
their pyroelectric coefficients. Nevertheless, at the
same time, there is evidence that there are heat treat-
ment conditions (source of diffusion, duration and tem-
perature of annealing) in which profiles of impurity
concentrations and of the pyroelectric coefficient might
be correlated. However, the search for such conditions
requires additional studies which are in progress now.
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JocaigkeHHa OoNTUIHUX i MiPOEJIEKTPUIHUX BJIACTUBOCTEI MOHOKPHCTAJIA HiodarTa Jj1iTiio, BU-
KIuKaHux qudysiero ioHie merasis

V.B. dAxnmesnul, I'. Cyxanex?, A. Eiigam?, I[.JO. Cyrax!3, I.I. Cusoporkal3, B.I'. 'aiimyuor! 3,
O.A. Bypuii!, C.B. ¥6iaceruii!, I'. I'epirax?

1 Kagheopa nanisnposionurkosol enexmponirku, Hayionanvruii ynieepcumem "Jlvsiscora nosiimexuixka”,
eya. C. Bandepu, 12, 79000 Jlveis, Yikpaina
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JlocaimeHo IPOCTOPOBl 3MIHH ONTUYHHUX 1 IMIPOEJIEeKTPUYHNX BaacTUBocTell MoHOKpuceTaais LiNbOs, me-
roBanux ionamu Cu i Fe nuisaxom nudysii 3a Bucorux remuneparyp. [lepen Bignanom kpucrany 0yiu mOBHI-
CTIO IIOKPHUTI BIAIIOBLIHUM IIOPOINKOM OKCHIy MeTaity. [y BH3HA4YeHHsI poJl pI3HHUX TUIIB AuY3IHHUX
IpEepest 10HIB MeratiB y dhopmyBanHi moaudikoBanux mapis LINbOs anasoriuui mocstipreHHs OyJin BUKO-
HAaHI 1 J71s1 3pasKiB, HOKPUTHUX Heper BiamaaoM mwiiskamu Cu. OnTHYHe OTJIMHAHHS 3PA3KiB PEECTPYBAJIN B
HAIPAMKY, IePIeHIUKYJIAPHOMY HAIpPAMKY Audysii Ha pisHMX BiACTAHAX BiJ IIOBEpXHI KpHCTaa. [HTeH-
CHUBHICTD cMyT morjmHauHa 1oHiB Cu* (400 M), Cu?t (1000 aM) i Fed * (480 uM) aHATI3yBAIH 3aJIEMKHO Bif
TeMIlepaTypH BiAIajy Ta BiICTaHi Big mxepesia nudysii. Ha saesmHocTAX 3MiH 10IaTKOBOTO IOIVIMHAHHS 3
TVIMOMHOIO Y BCiX 3pasKax crocrepiraiuch Makcumymu. Kormenrpariii ioris Cu ta Fe pospaxoBysasu 3a ¢o-
pmygoro Cvakysu-Jlexcrepa. J{yiss BeTaHOBIEHHA KOPEJIAIl 3MIH ONTHYHUX 1 IMIPOEJIEKTPUYHUX BIIACTHBOC-
Tell METOIOM MOJIYJIAIll] IHTeHCHBHOCTI JIa3€PHOr0 BUIPOMIHIOBAHHSA OyJIM JOCJIAMeH] IpodiIi mpoeseKT-
pHUYHOro KoedillieHTa y JIeroBaHuX Kprcrasiax. s samobiranus HeBU3HAYEHOCTI BUMIPIOBAHDb METOIOM Te-
IUTOBUX XBUJIb, KA 30LJIBIIMYETHCA 3 TUIMOMHOK 3pa3Ka, MIPOeJIeKTPUIHUN CTPYM peecTpyBaBcs mif yac 30y-
JUKeHHS KPUCTAJIA AK 3 IepeIHbol, Tak 1 3aHbO0I mIomuHu wiactuau. J[yist kambpyBaHHA pe3yIbTaTiB Ta-
Kok OyJin BUMIpSHI ycepeaHeHi mipoesiekTpudHi Koedirientun. CuHycoimaabHA MOIYJIAIS TEMIIePaTypH
3paska 3 uacroromo 0.1 I'r; 3abesmeuyBasiace 3a gomomoroio moxnysis Ilensrre. Beranorieno, 1o nudyasiiitne
JIeTyBaHHS BIIMBAE Ha IIIPOEJIEKTPUYHI BJIACTHBOCTI KPUCTAIIB HiobaTy JITifo.

Knrouogi ciiosa: Mouoxpucramu LiNbOs, [Tpodim rimbuan audyaii momimiok, [Tpodisi mipoeserTpuaroro
Koedirienra
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