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Abstract. The erbium incorporation into LiNbOj; by dif-
fusion doping is investigated in detail by means of Second-
ary Ion Mass Spectrometry, Secondary Neutral Mass
Spectrometry, Rutherford Backscattering, Atomic Force
Microscopy, X-ray Standing Wave technique and optical
site-selective spectroscopy. The diffusion of erbium in
LiNbOj; can be described by Fick’s laws of diffusion with
a concentration-independent diffusion coefficient. The dif-
fusion constants and activation energies for Z-cut (X-cut)
LiNbO; are 4.8x10 3 cm?/s (12.0x 1075 cm?/s) and
228 eV (2.44 eV), respectively. A limited solubility of
erbium in LiNbOj; has to be taken into account increasing
exponentially with rising temperature. During the first
step of diffusion an Er,Nb,-oxide layer is formed at the
surface of the sample acting as diffusion reservoir. Erbium
is incorporated into LiNbOj; on vacant Li-sites slightly
shifted from the original Li-position along the (-c)-direc-
tion. Site-selective spectroscopy found four distinguish-
able energetically different erbium centres at this lattice
site resulting from locally different symmetries of the
crystal field.

PACS: 42.70; 66.30

Lithium niobate (LiNbO3) is one of the most attractive
materials for integrated optics due to its combination
of excellent electrooptical, acoustooptical and non-linear
optical properties. The lithium deficit of LiNbO; of
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congruent composition (Li/Nb = 0.94) [1, 2, 3] enables
due to the resulting point defect structure [4, 5] the
incorporation of dopants up to several mole% on regular
lattice sites [6, 7, 8, 9]. Integrated optical amplifiers and
lasers can be realised by doping a LiINbOj; substrate with
rare earth ions (Er, Nd, Yb, Tm) [10, 11, 12, 13, 14, 15]. In
particular, erbium-doped devices are of great interest for
applications in optical communication in the wavelength
range around A = 1.55 um. Travelling wave amplifiers
[16], different types of lasers (fixed frequency Fabry-Per-
ot-type lasers with dielectric mirrors [17], modelocked
laser [18], tuneable laser [19] and DBR-laser [20]) as
well as loss-compensated optical spectrum analysers
and filters in Er:LiNbOj [21, 22] have already been
demonstrated.

Several doping techniques have been investigated dur-
ing the last few years to prepare Er:LiNbO;. Besides
doping of the bulk during crystal growth, ion implanta-
tion [23], pulsed laser deposition (PLD) [24] and indiffu-
sion of an erbium layer [10] have been studied. The latter
three techniques allow the use of commercially available
LiNbO; wafers of excellent quality and the local doping of
selected parts of the wafer surface. This is important for
the integration of active and passive devices on the same
chip due to the three-level character of the transitions
around 4 = 1.5 um [25]. Erbium diffusion doping proved
to be the simplest and most efficient technique yielding
highly doped surface regions of excellent quality. After the
erbium diffusion doping low-loss optical channel wave-
guides can be defined using the well established technique
of titanium indiffusion. The knowledge of the diffusion
constants and the solubility of erbium is necessary for the
fabrication of low-loss Ti:Er:LiNbO; waveguides with
optimised overlap of doping profile and intensity distribu-
tion of the guided modes. The lattice sites occupied by the
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erbium ions give information about the incorporation
mechanism.

In this paper we summarise the results of our investi-
gations of the incorporation of erbium into LiNbOj; by
diffusion doping. The diffusion constants and the max-
imum solubility of erbium in LiNbO; were determined by
analysing erbium doping profiles using SIMS (Secondary
Ion Mass Spectrometry) and SNMS (Secondary Neutral
Mass Spectrometry). The evolution of the formation of
a surface compound due to chemical reactions between
deposited erbium layer and the LiNbO; substrate was
studied by RBS (Rutherford Backscattering) and SNMS.
The surface morphology influenced by the formed surface
compound was investigated by AFM (Atomic Force
Microscopy). The geometric lattice site of erbium in
LiNbO; was determined using the X-ray Standing Wave
technique (XSW). Absorption spectroscopy as well as site-
selective luminescence spectroscopy was used to investi-
gate the local energetical environment of erbium.

1 Experimental
1.1 Sample Preparation

LiNbO; wafers grown from a congruent melt produced
commercially by Crystal Technology Inc. were used for
diffusion doping.

For the determination of the diffusion constants and
the solubility of erbium in LiNbO; X-cut and Z-cut sam-
ples were prepared. Erbium was deposited on the surface
of the sample by electron beam evaporation at
8 x 107 ° Pa. One set of samples was covered with 18.0 nm
metallic erbium, a second one with 22.3 nm Er,O; fab-
ricated by in-situ oxidation of erbium during evaporation
in an oxygen atmosphere (po, =4 x 1072 Pa). In both
cases this results in an erbium surface coverage of
(6.0 + 0.2) x 10*® cm ™2 determined by RBS. This figure is
consistent with results of calculations assuming the cor-
responding bulk densities for the deposited layers. Metal-
lic erbium is usually used for planar doping. However,
photolithographical structuring of metallic erbium layers
for local doping is not possible due to chemical reactions
in slightly acid solutions (pH < 7), leading to the forma-
tion of water soluble erbium compounds. Er,O5 layers are
more stable and therefore allow local doping by applying
photolithography.

The diffusion was carried out in a platinum box over
30 hours at temperatures of 920°C, 960°C, 1010°C,
1060 °C, 1100 °C and 1130 °C, respectively, within the high
temperature stability range of the ferroelectric phase of
congruent LINbO3 (900 °C—-1142°C) [26]. During the first
two hours the diffusion was performed in a dry oxygen
atmosphere to fully oxidise the erbium layer followed by
a diffusion in argon atmosphere. The last hour of diffusion
was carried out in oxygen atmosphere to compensate
losses of oxygen of the crystal during the diffusion and to
obtain a complete oxidation of the samples.

An additional set of X-cut samples was prepared to
investigate the surface morphology in dependence of the
erbium surface concentration and of the depletion of the
diffusion reservoir. The fabrication parameters are

summarised in Table 1. The diffusion data obtained from
the samples mentioned above were used to prepare sam-
ples with known different degrees of depletion of the
diffusion reservoir. For the samples of the first column of
the table this results in an undepleted diffusion reservoir.
This is just exhausted for the samples of the second col-
umn. The diffusion reservoir of the samples of the third
column is completely depleted and the erbium depth pro-
file is nearly Gaussian.

For the XSW-measurements a nearly perfect crystal
with a surface of high quality is needed to allow the
formation of a standing wave pattern. To obtain a diffu-
sion-doped LiNbOj; substrate with low strain an erbium
layer of only 23nm thickness was diffused at
1060 °C/40 h resulting in an erbium surface concentration
of 3.2x 10 ¢cm ™3,

For the spectroscopic investigations, by way of excep-
tion, a bulk-doped X-cut Er: LiNbO; sample of congru-
ent composition was used with geometric dimensions
of (10 x 6 x 1) mm? grown by Wang Lianfeng at Tianjin
University, China. The erbium concentration was
Cg, = 3.71x 10 cm 3.

1.2 Analytical techniques

To analyse the concentration profile of the indiffused
erbium quantitatively with high accuracy SIMS as well as
SNMS [27, 28] were used.

SIMS measurements were performed with a CAMECA-
IMS4F instrument. An Oj -beam of 300 nA at 5.5 keV
was used to sputter a crater of 200 x 200 pm? cross section
with a rate of about 0.6 nm/s. The yields of >>Nb™ and
166Er* were recorded as function of time. Only ions from
a central area of 8 um diameter inside the crater were
detected. To provide good surface conductivity needed for
sputter profiling 50 nm gold was deposited on the surface
of the LINbO; sample. During sputtering the sample was
continuously flooded with electrons to avoid uncontrolled
charging. The detection sensitivity of erbium in LiNbO;
using SIMS was 2 ppm.

SNMS measurements were performed with the High
Frequency Mode (HFM) [29, 30] of electron gas SNMS
on a Specs INA-3 [31]. To avoid charging effects during
depth profile analysis of insulating materials a high-
frequency rectangular shaped voltage is applied to the
sample. During the negative part of the HF-cycle the
sample is sputtered by the extracted positive plasma ions
and a positive charge on the surface is accumulated. This
charge is compensated when the accelerating voltage is
switched off and the positive charged surface attracts

Table 1. Fabrication parameters of the samples for the investigation
of the surface morphology. Diffusion time ft4irr = 30 h. T i - diffu-
sion temperature, dg, - deposited erbium layer thickness

Tdiff/oc dEr/nm

1060 12.2 39 31
1100 12.2 7.2 39
1130 12.2 11.3 72




electrons from the plasma towards the sample. An acceler-
ation voltage of 700 V at a frequency of 430 kHz was
chosen to optimise the sputter yield. Crater effects were
minimised by covering the targets with a Cu-mask with
a 3mm aperture. With a total sputter yield of 0.3
atoms/ion a sputter rate of about 0.8 nm/s was achieved.
The detection sensitivity of erbium in LiNbO; using
SNMS was 40 ppm.

The disadvantage of SNMS compared with SIMS is
a lower signal to noise ratio leading to a lower sensitivity.
But SNMS decouples the sputtering and ionisation pro-
cesses. Therefore, the atom-to-ion conversion efficiency is
essentially a constant of the apparatus and chemical
matrix effects as known for SIMS are practically absent in
this method. SNMS was used to confirm the results of the
SIMS measurements for high erbium concentrations and
to reveal changes of the chemical composition at the
surface of the LiNbO; substrate.

The measured erbium profiles were normalised to the
niobium signal. The quantitative determination of the
erbium concentration was possible by analysing a melt
doped standard crystal containing 0.19wt% Er,O3 in
LiNbOj; corresponding to 2.77 x 10'° cm ~ 3. The depth of
the craters was measured by a depth profiler (DEKTAK)
and a linear time versus depth relationship was assumed.

For an independent confirmation of the erbium distri-
bution near the surface and of the formation of a surface
compound RBS was used [32]. RBS experiments were
performed with He™ * ions. The ion energy was 4.5 MeV.
Energy and rate of the 170° backscattered helium ions
were detected by a silicon detector (FHWM 13 keV). The
obtained depth resolution was about 25 nm.

The surface morphology of the doped samples was
investigated by an atomic force microscope (TMX 2000
Explorer from Topometrix). The contact mode was used
to get a high vertical and lateral resolution.

XSW experiments to determine the lattice site of er-
bium in LiNbO; were performed at the ROMO I station
of the Hamburger Synchrotronstrahlungslabor Hasylab.
The method is described in detail in [33, 34, 35]. The
experimental set-up is sketched in the insets of Fig. 8.
When a plane wave of X-rays is diffracted in a perfect
crystal by a set of (hkl) diffraction planes, incident and
diffracted beam interfere to form a standing wave field
which has the periodicity of the lattice planes. It shifts into
the crystal by an amount of half a planar spacing if the
incident angle of the X-rays is advanced towards higher
angles through the Bragg reflection. Atoms located within
the maximum intensity of the standing wave field will be
excited. Secondary yields such as fluorescence from impu-
rity atoms will be modulated accordingly. By comparing
the phase of the measured signal with the known phase of
the standing wave field with respect to the diffraction
planes, the relative position of the impurity within the
planar spacing is revealed.

To investigate the energetic structure of erbium in the
LiNbOj; host absorption and site-selective spectroscopy
were applied. Both absorption and luminescence spectra
were measured in - and o-polarisation i.e. k LE, k|| ¢ and
kLE, k1c, respectively, where k is the light wave vector,
E is the electric field vector and ¢ denotes the optical axis
of the crystal. The absorption experiments in the energy
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range of 1.87-3.28 eV were carried out using a halogen
lamp. Site-selective excitation of luminescence spectra
were obtained using a dye laser (1.53-1.57 eV, Styrol 8,
and 1.838-2.018 eV, DCM, respectively) pumped by an
argon ion laser. The laser line was accurate in position to
0.05meV and had a spectral width of 0.15meV. All
spectra were recorded with a monochromator SPEX
1403. The measurements were done at 5K with the
sample mounted in a helium flow cryostat.

2 Experimental results and discussion
2.1 Erbium indiffusion

2.1.1 Determination of the diffusion data-diffusion con-
stants, activation energy and solubility. To determine diffu-
sion data from depth profiling an adequate description of
the character of the diffusion is necessary. Considering the
diffusion data of different metallic dopants in LiNbO4
[36] a general description of the diffusion by Fick’s laws
seems to be allowed. For dilute solutions as in our case the
diffusion coefficient, a second rank tensor, can be taken as
constant. Therefore, a concentration-independent diffu-
sion coefficient, Dg,, will be assumed for the description of
the planar erbium diffusion in LiNbOs.

The mathematical theory of diffusion is based on the
hypothesis that the current density of diffusing matter j. is
proportional to the concentration gradient Vc. This can
be written as:

Jje=—D(Ve) (1)
In combination with the equation of continuity

oc — -

a +Vj.=0 (2)
the general diffusion equation can be expressed as

X V-], ()

Using planar doping the erbium concentration profiles
can be derived from the one-dimensional diffusion equa-
tion corresponding to Fick’s law

a("Er(y’t) — azcEr(yat)
ﬁt Er ayz 5

where y is the direction normal to the substrate surface
and cg, is the erbium concentration. Taking into account
a finite solid solubility of erbium in LiNbOj; the erbium
concentration at the surface of the substrate is constant as
long as the erbium reservoir is not depleted. The corres-
ponding solution of equation (4) is a complementary error
function:

Cgr (y,t) = CEr,O erfC <2\/Jﬁ> (t < tl)! (5)

where cg, o is the surface concentration of erbium and
corresponds to the temperature dependent solid solubility
of erbium in LiNbO; and 2./ Dg,t is the diffusion depth
[37]. At the time t = ¢, which can be evaluated from the

()
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law of mass conservation, the reservoir is depleted. For
t > t, the solution can be written as [38]

+ o ’
CEr,0 y
0 erfc | ——— [ (9(y,¥,t)dy’
2./nDg,t g |: <2 DErt1>:|

(6)

CEr(yat) =

y+y

g(y,y,t)zexp[_<m>]
(y=y ¥
“Xp[ (z DEr(t—h)”.

For t>t, the solution can be approximated by the Gaus-
sian function

Cer (yat) = C~Er ([) eXp |: - <#> :| (7)

with an erbium surface concentration

~ PEr dEr NA
Cpe(l) = ————F——
MEr,rel s DEr t

resulting from the law of mass conservation

S CEr,O

a0

l‘d l‘N
PECE A _ fep(nat)dy, 8)
0

MEr,rel

where pg, is the density of the evaporated erbium layer, dg,
the thickness of the deposited erbium layer and N, the
Avogadro constant and Mg, . the relative mass of er-
bium.

The unambiguous determination of the diffusion coef-
ficients and the solubility is only possible by erbium
concentration profiles corresponding to equation (5).
Therefore, a suitable set of samples was prepared by
diffusion doping as described above resulting in undep-
leted diffusion reservoirs at the surface. Some of the er-
bium concentration profiles measured by SIMS and
SNMS are shown in Fig. 1.

Erbium rich surface compounds of about 150-250 nm
thickness were observed on the surface; they represent the
undepleted diffusion reservoirs. The subsequent erbium
doping profile suggests an erbium distribution corres-
ponding to Eq. (5). The transitions between the erbium-
rich surface compounds and the concentration profiles
correspond to the maximum solubilities cg, o of erbium in
LiNbOj at the different diffusion temperatures.

Least square fits of complementary error functions
corresponding to Eq. (5) give a good agreement with the
measured doping profiles below the surface compound,
shown as an example for the SNMS results as dash-dotted
line. The parameters of the fits yield the diffusion coeffi-
cients and the solubility data. The main uncertainty of
these data results from the limited accuracy of the depth
scaling. In particular, the determination of the layer thick-
ness of the surface compound was difficult due to the
roughness of the undepleted surface (see also the following
chapter). An uncertainty of about 100 nm remains
in the scaling of the depth, resulting in an accuracy of
the diffusion coefficients of + 7x107!'%cm?/s and

2.5

Slirface compound
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=
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=
o

Ce, (x10%%cm™)

0.5

Depth (um)

Fig. 1. Typical erbium doping profiles obtained by SIMS and
SNMS for different crystal orientations and different diffusion tem-
peratures (1060 °C < T g < 1130 °C). The dash-dotted line reveals
the fit corresponding to Eq. (5) for the SNMS erbium depth profile.
Due to the chosen experimental diffusion conditions the erbium
diffusion reservoir at the surface is not completely depleted. A thin
surface compound consisting of erbium-niobium-oxide of about
150-250 nm remains at the surface

+ 1x 107 '* cm?/s for the 920°C and 1130 °C diffusion,
respectively.

The Arrhenius plot in Fig. 2 summarises all diffusion
coefficients obtained from the analysis of the measured
erbium profiles. No difference in the diffusion was found
using metallic erbium or erbium oxide deposition on the
LiNbO; surface. Both SIMS as well as SNMS measure-
ment results fit well with

E,
Dg; = Dg;o €xp < Tk T> 5 )
B

where kg is Boltzmann’s constant and T is the diffusion
temperature, shown by the dash-dotted lines in Fig. 2. The
diffusion constants Dg, o, and activation energies for diffu-
sion E, given in Table 2 were determined by the fit to the
SIMS results only due to the higher sensitivity of this
method in comparison with SNMS. The erbium diffusion
data published earlier [ 10] are within the given accuracy
in agreement with those given above.

The measured erbium profiles (a) and (b) in Fig. 1
indicate that the solubility of erbium in LiNbO; shows no
anisotropic behaviour; it is presented in Fig. 3 as function
of temperature. Comparing this presentation with the
phase diagrams of TiO,-LiNbOj; [6] and Fe,O3-LiNbO4
[7] it can be concluded that the line fitted to the measured
solubility data presents a phase boundary between a solid
solution of Er:LiNbOj; (shaded areca) and different co-
existing phases towards higher erbium concentrations.
Therefore, Fig. 3 can be considered as a small part of the
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Fig. 2. Arrhenius plot of the diffusion coefficients of erbium in
LiNbO; for diffusion parallel to the c-axis - Z-cut - (triangle) and
perpendicular to the c-axis - X-cut - (squares) of the LINbOj crystal
obtained by SIMS (white) and SNMS (black). The dash-dotted lines
corresponds to Eq. (10)

Table 2. Diffusion constants and activation energies for erbium
diffusion in LiNbO3;

Dgro/ x 10" % cm?/s  E,/eV
Diffusion || ¢ (Z-cut) 48 +0.5 228 + 0.04
Diffusion L ¢ (X-cut) 1204+ 20 244 4+ 0.04
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pseudobinary phase diagram LiNbO;-Er,O5. A detailed
compositional phase analysis is necessary to describe the
phases which are in equilibrium for higher erbium concen-
trations (for example Er: LINbO;, Er;NbO,, ErNbOy, ..).

In systems of very limited solubility an exponential
law describes the rise of the solubility with the temper-

ature:

AH,

kgT )’
where AH; is the heat of solution and ¢, is the solubility
constant [39]. The Arrhenius plot of the solubility data
shown in the inset in Fig. 3 fits well with equation (10).
AH,=136¢eV and c¢,=(1.84+03)x10*3cm™~ 3 were
found, respectively.

Photoluminescence measurements of erbium im-
planted in LiNbO; showed that the amount of optically
active erbium in LiNbOj; incorporated at 1060 °C is lim-
ited to 0.18 at % [40]. This observation suggests that the
solubility limit coincides with the amount of optically
active erbium in LiNbO;.

The determined diffusion data of erbium in LINbO4
confirm the assumption of a diffusion corresponding to
Fick’s laws. A limited solubility of erbium in LiNbO;
must be taken into account. The validity of this result will
be underlined by the comparison of the measured and the
calculated evolution of an erbium concentration profile in
Z-cut LINbO; (13.2 nm Er, 1100°C/100 h) during diffu-
sion with parameters as used for the fabrication of
Ti: Er: LINbO; amplifiers [16] (see Fig. 4.) After 30 h of
diffusion the erbium reservoir is not yet depleted and the
concentration profile corresponds to a complementary
error function. The concentration profile evolves towards

CEr,0 = Cs €XP ( - (10)

-1
20 -3 4 ] <
Cg (X107 cm ) . %
0 1 2 <
1300 T T T 01 &
O
/ Tm
% AH, = 1.36 eV N
1200
Sy Iy 0.01
o i 418 82 Fig. 3. Erbium solubility in LiNbOs;
by UT (x10 'K7) Solid solubility range of erbium in
= LiNbOj in the pseudobinary phase
g 1100 diagram of LiINbOj; - Er,Oj3 for small
g erbium concentrations (shaded area). (T,
kS and T, are the melt temperature and the

1000

900 | | | |
0 0.1 0.2 0.3

T CEr (at%)

ferroelectric Curie temperature of pure
congruent LiNbOs, respectively;

1at% = 9.242x10%° cm ™ 3).

Inset: Arrhenius plot of the solubility
data of erbium in LiNbO3 reveals the
exponential increase of the solubility with
rising temperature. (AH, - heat of
solution)
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Fig. 4. Evolution of the erbium concentration profile in LiNbOj;
during diffusion (Z-cut LiNbO3j, Tgir = 1100°C, 13.2 nm Er). As
long as the diffusion reservoir is not exhausted the erbium profile
corresponds to Eq. (5). After consuming the erbium reservoir the
erbium profile shift to a Gaussian course corresponding to Eq. (6).
The thin dash-dotted lines mark the calculated diffusion profiles.
The dotted line presents the calculation resulting from an assumed
pure Gaussian diffusion over 100 h without limited solubility

a Gaussian when the diffusion reservoir is exhausted (see
diffusion after 100 h). The thin dashed-dotted lines in
Fig. 4 reveal the calculated diffusion profiles correspond-
ing to Eq. (5) and Eq. (6). The dotted line presents the
calculated erbium doping profile for 1100°C/100 h if
a pure Gaussian description of the diffusion without lim-
ited solubility is assumed. The comparison with the meas-
ured depth profile shows that this description is not
suitable for the given diffusion parameters.

2.1.2 Erbium-rich surface layer and surface morphology.
To characterise the formation of the erbium diffusion
reservoir and the surface morphology RBS, SNMS and
AFM measurements were performed, respectively.

RBS was used to study the formation and depletion of
the erbium-rich compound acting as diffusion reservoir on
the surface. The random RBS-spectra shown in Fig. 5
result from the investigation of a X-Cut LiNbO; sample
for a diffusion at 1060 °C for 1 h, 40 h and 80 h diffusion
time, respectively. The solid line (a) corresponds to the
deposited erbium film of 13.0 nm on LiNbOj3. The nio-
bium signal (at channel 815) is shifted to lower energies
due to the coverage with erbium. During heating in an
oxygen atmosphere the erbium oxidises completely. The
spectrum changes after one hour annealing - see line
(b): the erbium peak is broadened significantly and the
niobium is diffused into the erbium oxide layer shown by
the niobium signal shifted to channel 820. This suggests
the formation of an Er,Nb -oxide layer containing a high
concentration of erbium. The erbium to niobium ratio
was estimated to be 3:7. This layer of about 80 nm thick-
ness serves as the initial source for erbium diffusion into

Energy (MeV)
16 3.7 3.8 3.9 4.0 4.1
i T ‘d (nm) — ‘\ ‘ T : T
400 200 0
14 -

13.0 nm Er, 1060 °C

b

c \/ :
eposited '/

Normalized backscattering yield

o ien e @ 8
~

|
800 840
Channel

900

Fig. 5. Steps of erbium indiffusion investigated by RBS using ran-
dom spectra. The change of the erbium and niobium content with
depth is shown. Due to the fast movement of niobium into the
erbium oxide layer in the first time of diffusion (at channel 8§15 and
channel 820) the formation of an erbium-niobium-oxide, Er,Nb,-
oxide, can be assumed. (Sample: Z-cut, 13.0 nm erbium, annealing at
1060 °C, taier: a) - as deposited, b) 1h, ¢) 40 h, d) 80 h)

the bulk. Its thickness increases with diffusion time (about
115 nm after 80 h). Simultaneously, the layer continuously
loses erbium. The small bulk erbium signal at channel 860
and below is determined by the solubility of erbium in
LiNbO;.

Using SNMS the compositional changes between the
erbium-rich compound on the surface and the bulk sub-
strate was studied. The results of surface-near depth pro-
filing of erbium, lithium and niobium by SNMS after
a diffusion at 1130 °C, shown in Fig. 6, confirmed the RBS
observations. For this SNMS-experiment a sample covered
with 20.9 nm erbium was heated up to the diffusion tem-
perature of 1130°C in a dry oxygen atmosphere, which
took 1.75 h. Afterwards, the sample was cooled down.

The oxygen signal, simultaneously measured but not
shown in the figure, was constant. It indicates a fully
oxidised state of the sample and the formation of an oxide
at the surface. Both lithium and niobium move simulta-
neously into the surface layer as erbium moves into the
bulk. The erbium-rich surface compound shows a
niobium content comparable to the bulk forming an
Er,Nb,-oxide layer of about 210 nm thickness. The
erbium concentration near the top of the layer is about
7 at %. The lithium concentration in the erbium-rich
surface layer is reduced compared to the bulk as shown by
the strong decrease of the lithium signal near the surface.
Up to a depth of 1 um the lithium concentration is re-
duced due to outdiffusion.

It can be assumed that the initial steps of
erbium incorporation into LINbOj include the formation
of an ErNb,oxide similar to the observations of
titanium indiffusion into LiNbOj; investigated by
Armenise et al. [41] and Rice and Holmes [42]. They
found that a (Tip.35Nbges5)O, compound and
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Fig. 6. Formation of the erbium rich compound on top of the
substrate during the first step of diffusion studied by SNMS. Nio-
bium enters due to counterdiffusion the erbium layer during heating
up and reaches the surface forming an Er,Nb,-oxide compound on
the surface. (Sample: Z-cut, 20.9 nm erbium, heated up to 1130 °C in
1.75 h, afterwards cooling)

a [(Lig.25Nbg.750,)0.42(TiO3)o.58] compound is formed
in the early stage of diffusion, respectively. They described
the partial formation and the occurrence of LiNb;Og,
respectively. This phase should not appear in our experi-
ments due to the high diffusion temperatures; at
Taiee = 900 °C this compound is not stable from the ther-
modynamic point of view [26]. A consideration about
coexisting phases in the Er,Nb,-oxide compound at the
surface, their mixing and their stoichiometry demands
a deeper analysis.

To allow the fabrication of low-loss Ti:Er: LiNbO;
waveguides a smooth surface of the substrate is required
after diffusion doping. The surface morphology of
Er:LiNbO; depends on the depletion of the diffusion
reservoir; this was investigated by AFM as shown in
Fig. 7. The surface morphology of undepleted diffusion
reservoirs is presented in Fig. 7a—c. Here 12.2 nm erbium
were deposited on Z-cut LiNbO; and diffusion was per-
formed at temperatures 1060 °C < Ty < 1130°C (see
Table 1). The remaining Er,Nb,-oxide does not form
a closed uniform surface coverage. It consists of islands of
nearly equal size. The density and height of the islands
decrease with T4 and degree of depletion, respectively.
This grain-shaped coverage certainly influences the results
of the SNMS depth profiling near the surface as shown in
Fig. 6. The islands of the Er.Nb,-oxide determine the
roughness of the surface morphology which reduces the
depth resolution of each element during depth profiling.

At a diffusion time t = t; (see Eq. (6)) the Er,Nb,-oxide
layer vanishes and the erbium distribution in the bulk is
further described by a diffusion profile corresponding to
Eq. (6). Fig. 7d shows an example of the resulting surface
morphology (11.3 nm erbium diffused at 1130°C/30 h).
No surface roughness was detectable. When the diffusion
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reservoir is completely exhausted the surface morphology
is comparable to the smooth surface of a virgin substrate.

Due to the low erbium diffusivity compared with the
titanium diffusivity the erbium diffusion is performed at
higher temperatures than the titanium diffusion for
waveguide preparation (1030°C < Ty (Ti) < 1060 °C).
As shown above the solubility of erbium depends on the
temperature. Depending on the choice of the diffusion
temperature for titanium, T4 (Ti), the erbium surface
concentration may be higher than the solubility at this
temperature. In that case the surface-near region can be
considered as a supersaturated solution and generally the
formation of precipitates at the surface can occur. To test
this assumption, we additionally annealed our samples
prepared at T (Er) > 1100°C in a second step at
1060 °C/7 h. If the surface reservoir was already depleted
independent from the real surface concentration of erbium
no change of the surface morphology was detectable. In
case of the undepleted surface no further indiffusion from
the remained diffusion reservoir was observed. The den-
sity of the islands remained constant but their height
increased. This means erbium segregation will occur at the
surface from the supersaturated solution if some seeds, e.g.
remaining Er,Nb-oxide islands, exist. To get a smooth,
undamaged surface of Er: LINbOj for further preparation
of waveguides the erbium diffusion reservoir must be
completely exhausted.

The results discussed above enable a good qualitative
and quantitative description of the erbium indiffusion into
LiNbO; using Fick’s laws. In the investigated erbium
concentration range the diffusion coefficient of erbium is
concentration independent. The solubility of erbium is
limited. As long as the diffusion reservoir is not exhausted
the surface of the substrate is rough due to island forma-
tion of an Er,Nb,-oxide which forms the diffusion reser-
voir at high temperatures..

The determination of the lattice site of erbium in
LiNbO; will be described in the following chapter.

2.2 Lattice site of erbium in LiNDO;

The lattice site of Er** in LiNbOj, its geometric position
and its energetic structure have been studied combining
X-ray Standing Wave technique (XSW) and optical spec-
troscopy.

2.2.1 Geometric lattice site of erbium determined by XSW.
Using XSW the complete three-dimensional determina-
tion of the erbium position is based on the (000 6) reflec-
tion and three reflections (0114), (1104) and (1014)
belonging to a form connected by rotations of 120°
around the c-axis of the crystal. This set of reflections is
well suited for the geometric lattice site determination
since both niobium and lithium ions as well as the struc-
tural vacancy of the LiNbOj crystal structure form single
atomic sheets with respect to the corresponding diffrac-
tion planes [43].

Measured XSW-data for the reflectivity, Nb- and Er-
fluorescence together with theoretical, fitted curves are
shown in Fig. 8 for the (1104) and (0006) reflections,

respectively. A summary of the coherent positions, ®"*V,
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the relative position of the site within the planar spacing of
the diffraction planes, and the coherent fractions, [V,
the percentage of ions occupying this site, extracted from
the fits to the experimental results is given in Table 3. The
results can be interpreted in terms of an undistorted host

lattice and single-site occupancy for erbium atoms. The

400 nm
[[200 nm
0 nm

10 nm

measurements utilising the {1104} reflections yielded
identical fluorescence signals for both Nb- and Er-ions
confirming a three-fold rotational symmetry as expected
for the c-axis of the LiNbOj; crystal. As a consequence,
this leads to the restriction of possible erbium sites to
highly symmetric locations, to stacks formed by Nb- and
Li-atoms parallel to the c-axis of the crystal. The meas-
ured position places erbium either close to the Li-site or
near to the Nb-site.

The ambiguity can be resolved using the (0006)
measurement. The measured coherent position was in
good agreement with an erbium ion close to the lithium
site and clearly disagreed with a niobium site. Thus, for
single-site occupation only the lithium site is left as the
one position for the erbium atoms simultaneously consis-
tent with all four standing wave measurements performed.
The exact positjon of erbium is a vacant lithium site with
a shift of 0.46 A parallel to the (-c)-direction (see Fig. 9).
Using the Schonfliess notation the site symmetry can be
described by C; [34].

Considering the coherent fraction of the erbium ions
the measurement of the (1 104) reflection results in higher
values than the measurement using (0 00 6). This effect has
been also observed in other LiNbO; samples doped with
Ti and Fe [35]. It strongly suggests that the dopants do
not occupy just a single site but obey a distribution
function which is extended in the c-direction so that its
smaller projection upon the (1104) direction leads to
a higher value of f, in this direction.

2.2.2 Optical site-selective spectroscopy. Absorption and
optical site-selective fluorescence spectroscopy allow the
determination of the energetic structure of the erbium ion
in LiNbQOj;. Details of this investigation are given in [44].
As the investigation of diffusion doped materials needs
special instrumentation, Er** doped bulk crystals were
studied although it is still an open question if these exhibit
identical spectroscopic properties.

To obtain information on the energy levels of Er’* in
LiNbOj3, optical absorption spectra of different transitions

Table 3. Coherent positions, ®"*), and coherent fractions, ),

extracted from the XSW-measurements. The coherent positions are
given in units of the diffraction plane spacings with ®®) = 0 being
located on planes containing Nb atoms

Reflection  @p, Ser Dy, NS

(1 TO%) 0.98 +0.03 0.86 +0.02 099 4+0.03 0.85+0.03
0006) 0.535+0.03 0.62+0.03 0.954+0.05 0.60+ 0.04
<

Fig. 7a—d. Er:LiNbO; surface morphology depending on the de-
gree of the depletion of the diffusion reservoir. a—¢ The diffusion
reservoir is not completely exhausted. The remaining Er.Nb,-oxide
form islands. A non uniform surface coverage can be observed.
d Er:LiNbOj; surface morphology immediately after the depletion
of the diffusion reservoir at t ~t,. If the diffusion reservoir is
completely exhausted the surface is comparable to an untreated
substrate surface. (Samples: dg, = 12.2nm, ftar = 30h, Ty
a 1060°C, b 1100°C, ¢ 1130°C and d dg, = 11.3 nm, t4ier = 30 h,
Taiee = 1130 °C, respectively)
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Fig. 8a,b. Normalised XSW-data for the reflectivity, Nb- and Er-
fluorescence yields with associated theoretical fits (A Nb-fluores-
cence, O Er-fluorescence, (] rocking curve). a measurements along
the (1104) direction, b measurements along the (0006) direction
(The experimental setups and the combination of the mono-
chromator and sample crystals are shown in the insets.)

from the *1;5/, ground state to upper energy levels up to
the *G;;,, were recorded. The measurements reported
here will only consider the transitions involving the *F,
excited state as an example.
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Fig. 9. Diagonal cut through the hexagonal unit cell. The two
slanted black bands mark the measured coherent position ®) of
erbium atoms with respect to the (1104) planes, the horizontal
black band the position with respect to the (000 6) planes indicated
by thin lines. The point of intersection of these bands at a sixfold
co-ordinated lattice site mark the valid erbium position (H indicates
the diffraction vector of the corresponding diffraction planes)

Figure 10 presents the ¢- and n-polarised absorption
spectra of the *Iy5,, = *Fg), transition. The spectral res-
olution was better than 0.3 meV. As the spectra were
taken at T =5K only the lowest sublevel of the
*I;5,2 ground state is populated so that the observed
number of lines directly images the splitting of the excited
state. The sublevels are marked as S; with i=1...
(J + 1/2). The fivefold splitting of the *F, as well as the
observed polarisation states of the sublevels are consistent
with the crystal field theory and with the selection rules for
electric and magnetic dipole transitions. The observed
splitting confirms the C; point symmetry of the Er*™ site
as determined by the XSW-measurements.

In several of the investigated spectra an additional
substructure of the lines was observed. In Fig. 10 all
transitions are split into two components (labelled by
an extra index 1 and 2 in the figure). This substructure
is due to splitting into individual components. The double
structure was observed for all transitions investigated in
the 1.8-3.3eV range. Additionally, the *I;s,,=2H,,,
and the *Iys5,=*Gy,,, transitions showed a clear
fourfold structure due to further slight perturbations
of the local symmetry of the crystal field [44]. This further
splitting can also be observed in the *Fg, absorption
spectra as shoulder or distortion of the lineshape (in-
dicated by arrows in Fig. 10b). The maximum fourfold
structure implies the existence of at least four Er’*
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Fig. 10. Absorption spectra for Er** in LiNbO; a for g-polarisa-
tion and b for n-polarisation of the *I;5), = *F,, transition at 5 K
showing the (J + 1/2)-splitting (S; ... Ss). An additional structure
within the sublevels was also observed due to different local crystal
field environments of the Ery;. (1 and 2 mark the Er_1- and Er_2-
centres; the arrows in b indicate two further sites different from
those labelled above.)

sites with C; symmetry characterised by different local
environments.

As shown by the XSW results erbium is located close
to the lithium site, Ery;. Therefore, a significant occupa-
tion of the Ery, site as well as the structural vacancy
site, Ery, can be excluded as reason for the observed
splitting in the absorption spectra. The spectroscopically
observed different lattice sites are caused by different
local symmetries of the crystal field acting on the Er®*
on nearly equal geometric lattice sites. We assume
that this is due to locally different arrangements of
charge compensating defects. The defect arrangement can
both influence the local field at the Er®* site and cause
a slight shift of the erbium ion relative to the neighbouring
oxygen triangle as discussed by Garcia-Solel [45] resulting
in a different local field as well. This conclusion is
supported by the XSW-results suggesting a distribution
function of erbium extended along the c-direction. It

Er 1 T=5K
0 - polarisation

g Laser

E, =1550.0 meV

5
S
b
2
2 Er 2

E, =1883.9 meV

E, = 1551.0 meV

! ! \\—J 0
1.82 1.84 1.86 1.88

Energy (eV)

Fig. 11. Site-selectively excited a-polarised *Fo;, = *I;5), emission
spectra of Er** in LiNbOj; at 5 K. The spectra generated at 1.88 eV
are resonantly excited. The other two are generated upon infrared
excitation at 1.55 eV by upconversion via excited state absorption

seems to be more convenient to call these sites erbium
centres.

Using site-selective excitation it was possible to ana-
lyse two of the four different components of the sublevels
in detail and to determine the difference of the Stark
splitting for the *I;5, ground state. The two erbium
centres belonging to these components are labelled as
Er_1 and Er_2.

Figure 11 shows the o-polarised *Fo,, = 2,5/, emis-
sion spectra of Er:LiNbO; which were site selectively
excited. The upper two spectra correspond to the Er_1
centre resonantly and non-resonantly excited at 1.8830 eV
and 1.550 eV, respectively, while the lower two spectra
belong to Er_2 excited at 1.8839 eV and 1.551 eV, respec-
tively. The spectra excited at about 1.55 eV involved the
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Fig. 12. Energy level diagram of the *I;5,, ground state of the two
investigated slightly different lattice sites of erbium in LiNbO;
(erbium centres Er_1 and Er_2) derived from luminescence spectra

*H,,,, state and are generated by upconversion upon
excitation in the infrared.

The observed eight emission lines are due to
transitions from the lowest *Fo, sublevel into the eight-
fold split *I; 5/, ground state. The differences in energetic
positions of the lines reflect the different ground state
splitting for the two Er** sites. The non-resonant excita-
tion involving upconversion and relaxation processes dem-
onstrates that for a given erbium centre the appearance of
the spectra is independent of the excitation mechanism.

From analysing the spectra it is straightforward to derive
the ground state level diagrams of the Er_1 and Er_2 centres
as shown in Fig. 12. Several nonequivalent Er®* sites
were found in LiNbOj; before (see e.g. [46, 47]), however,
a detailed comparison of energy states is difficult due to
different spectral resolution and sample temperatures.

3 Model of erbium incorporation

Considering the point defect structure of congruent
LiNbOj; the incorporation of erbium will be discussed.
The point defect structure of congruent LiNbO; can be
described by two models: The Nb-vacancy model [48]

[Lil—SbeSx] [Nb1—4x|:|4x] 03 (12)
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and the Li-vacancy model confirmed by recent investiga-
tions [4, 5]

[Li1*5bex[:|4x] NbO3, (13)

where [J marks a vacant cation lattice site. In both cases
the oxygen sublattice is completely occupied. The differ-
ence in both models is the creation of charge compensat-
ing vacancies due to niobium occupation of lithium sites.
The fact that most of the dopants incorporated into
LiNbO; occupy lithium sites is a strong hint for the
validity of the Li-vacancy model. Due to the strong
covalent bonding within the NbOg-octahedra it is an
elementary constituent of the LiNbO; structure even
existing as fundamental local structure in the melt [49].
The structure of LiNbO; can be characterised by Nb-
filled oxygen octahedras forming a corner-linked frame-
work.

Theoretical simulations of the LiNbO; defect struc-
ture had shown that the formation of Nb-vacancies is
energetically unfavourable, as the formation energy of
a Li-Frenkel defect is low. From the energetic point of
view the formation of antisite complex defects, (Nby;[xy),
due to site swapping is probable [507]. This kind of defect
can be considered as connecting element between the two
defect models mentioned above. Its formation is discussed
as function of temperature [36]. But at high temperatures
the antisite defect should not be the predominant kind of
defect.

For the erbium incorporation it is suggested that due
to the counterdiffusion of both niobium and lithium to the
surface layer and especially due to the lithium outdiffusion
Li-vacancies are created. These are occupied by indiffus-
ing erbium and are needed for local charge compensation
due to the incorporation of ions of higher charge than the
lithium ion, respectively. The incorporating mechanism
can be written formally as

Li]_i + IQbLl + 4|:|Li + 2 Er3+ = ZErLi“
+ 40 + Lit + Nb>*

No remarkable change of the point defect structure seems
to be necessary. At the surface LiNbOj is formed growing
on the top of the substrate. It can be assumed that diffu-
sion will occur through the easiest path via vacant cation
sites and the structural octahedral vacancies.

4 Conclusions

The diffusion of erbium into LiNbOj; can be described by
Fick’s laws of diffusion with a concentration-independent
diffusion coefficient and a temperature-dependent max-
imum solubility of erbium in LiNbO;3. Corresponding to
the crystal structure of LiNbOj; the diffusion coefficient
shows an anisotropy described by a second rank tensor. It
is about two orders of magnitude smaller than that of
titanium. The solubility of erbium is about one order of
magnitude smaller than that of titanium [6]; it grows
exponentially with rising temperature. As long as the
diffusion reservoir is not exhausted the surface of
the substrate is rough due to island formation of an
Er,Nb,-oxide which forms the diffusion reservoir at high
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temperatures. The diffusion data determined by our ex-
periments enable complete phenomenological modelling
of the diffusion of erbium into LiNbO;.

Erbium is incorporated into LiNbO; on a vacant

Li-site or replaces lithium. The exact position of erbjum
compared with the lithium site is shifted by 0.46 A in
(-c)-direction. Absorption measurements and site-selective
spectroscopy found four slightly different, but well defined
erbium sites. This seems to be caused by perturbations of
the local crystal field due to small local variations in the
arrangement of charge compensating defects.
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