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Model of the erbium ion exchange process in lithium niobate crystals
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A model based on the Nernst-Planck equations is discussed for the trivalent ion exchange process in lithium
niobate crystals. Due to the material anisotropy and the different valence state of the exchanged species, a
correction to the ion flux expression is considered to include the strain effects. The model is then used to
describe the erbium ion exchange in bthandZ-cut lithium niobate crystals. In this case, the dopant in-depth
profiles measured by secondary ion mass spectrometry are well fitted by the theoretical profiles predicted by
the model, supporting its validity. Since the model allows to predict the dopant profile into the substrate, it can
be used to tailor the process parameters.
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[. INTRODUCTION cially to describe the isovalent ion exchange in
glasses?19-2°As we will show later, it does not give correct
The exploding demand for high speed and broadband telgesults in the case of nonisovalent ion exchange in lithium
communication services has led to a push for a greater lightiobate crystals. Due to the material anisotropy, in fact, a
wave transmission capacity, requiring new and more sophiscorrection to the ion flux expression should be considered for
ticated optical components. When complex functions aréncluding the strain effects. In this paper we will describe the
integrated in a planar geometry, in fact, reduced cost igole of the stress gradient and why the Nernst-Planck model
achieved with batch processing of wafers and fewer manud@cks in treating the trivalent ion exchange in lithium nio-
interconnections, which enhances reliability. In particular thebate. To underline the critical aspects, a brief review on both
potential miniaturization of optical amplifiers has inspired the ion exchange process and the Nernst-Planck model will
considerable research interest in new Ebased amplifier be presented. We will finally discuss a method to predict the
materials'? lithium niobate crystals being one of these duedopant profile in the case of trivalent ion exchange in
to its excellent electro-optical, acousto-optical, and nonlineakiNbOs.
optical properties.In the last decade the erbium ions have
established a key role in the development of optical commu-
nication technology as the active ion in optical signal ampli-
fication for the 1.55um telecommunication wavelengtfi. lon exchang€IE) is a thermodynamic process consisting
The promising results reported in literature opened the wayn the transfer of chemical elements between two adjacent
to the use of low cost and high reliable techniques for locaphases, driven by the gradient of the chemical potential. Usu-
doping of LINbG; crystals that maintain full compatibility ally, the transfer takes place between a liquid phHasetain-
with the planar geometry. Among these, the ion exchange igg the dopant elemenf®") and a solid ondthe substrate
a promising candidat&® This technique is well known to dope, containing the mobile idB"*). The ion exchange
since, for artistic purposes, it was used in the pastth  depends offi) the thermal agitation and the nonzero mobility
century for coloring glasses. Its scientific and technical of certain ions in the crystals at sufficiently high temperature;
application’®~*3 however, is dated back to 100 years ago(ii) the electric potential difference set up across the crystal
when it was first applied in the chemical surface temperingcausing an ion current to flow. In practice, the ion exchange
of glassegpotassium ion exchangé® Since the last decade happens when the substrate is immersed in the molten salts
the isovalent ion exchange has been used also for local dogentaining the dopant ion.
ing of single ferroelectric crystals. In particular, proton ex- At the substrate-melt interface, the ion concentrations ini-
change demonstrated to be a valid alternative to titaniuntially drop suddenly from finite values to zero. This is clearly
in-diffusion for waveguide fabricatioh.These results have a nonequilibrium situation. The thermal agitation at the in-
prompted to study the incorporation of an active element irterface produces random collisions in which a dopant ion
LiNbO; crystals with the perspective of codoping it with replaces a matrix ion and then gradually diffuses into the
protons and rare-earth elements and realize an active wavsubstrate. The substrate ion released to the molten salt can
guide. Within the frame of this scientific research, few yearsapidly move away from the surface and is lost in what can
ago we demonstrated for the first time the feasibility of er-be considered an infinite reservoir. The process accelerates at
bium local doping of lithium niobate by ion exchange higher temperature because of the greater thermal agitation
technique’®>~*8This prompted us té) further investigate the and the less rigidity of substrate. When the crystal is lifted
complex phenomena involved in a nonisovalent ion replacesut of the melt while being kept at high temperature, the
ment by carrying a systematic analysis over all the optimizediiffusion of the dopant continues. The dopant tends to redis-
experimental parameter§i) develop a model able to predict tribute into the substrate, moving inside, but decreasing its
the experimental dopant in-depth profiles. In literaturesurface concentration. The process becomes infinitely slow
Nernst-Planck model has been successfully applied espenly when the source of heat is removed and the substrate

II. ION EXCHANGE PROCESS
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allowed to cool to room temperature. The rate of the ionwhereqg=be andq,=ae, e being the electron charge and

exchange may be influenced Ky the mass transfer of ex- cg( represents théB concentration in the bulk material.

changed speciesii) the removal of products from the inter- Moreover, the total electric current must be zero:

face between the solid and liquid phasgis) the kinetics of

the exchange process at the surface; and firia)ythe trans- ajatbjg=0. 3
ort of the dopant in the substrate. In the solid solution th - .

ﬁ]ass transferpis mainly due to the diffusion process. In thg Eq. (1) is introduced in Eq(3) and the charge compensa-

L9 . : e ion condition expressed in EER) is taken into account, it is
liquid phase the mass transfer is driven by the diffusion an ossible to express the local electric field in terms of the ion

convection processes, the first bglng the most relevant in t.goncentration, the diffusion coefficients, and the valenees (
interface nearby region. Convection can be enhanced by stir-

ring the melt. However, even in the forced convection case, gnd b) as follows:
region may exist near the solid-melt interface where no con- KeTZ(M—1) Jcu
vective mixing occurs because of fluid friction. In order to Eloc.charge™ —_—,
maintain the charge neutrality the migration of idA* into 9elzCa(zM—1)+Cg ] X

the solid phase occurs together with cat® out-diffusion  where the adimensional parametem=a/b and M

into the |IqUId phase. Since the driVing force Of the ioniC:DA/DB have been introduced_ To deve'op th|s e|ectric
species exchange is the chemical potential, i.e., the conceRe|d, small deviation to the electrical neutrality must occur
tration gradient and electric potential gradient induced by then the ionic system. However, the number of ions involved in
local nonbalance of charges, the dynamics of the process {fese deviations is negligible compared to the total ionic con-
quite complex. Up to our knowledge, the Nernst-Planckcentrations. For this reason, in the overall material €.

model has been successfully applied to describe the isovaleghn be considered valid, at least in first approximation. If Eq.

ion exchange in glassaib=1) (see, for example, Refs. (4) is inserted in Eq(1) and if the ion flux thus obtained is
10-12,27 and 28° As we will show later, it gives incorrect  introduced into the continuity equation

results in the case of nonisovalent ion exchange:lf)

4

when applied to lithium niobate crystals. We will discuss dcp dja

how to modify it by introducing the stress gradient contribu- ot ox ®)
tion. The model prediction will be further compared to the

experimental data. it is possible to derive a relationship between the time varia-

tion of the ion concentration and its depth in-distribution. In
this case the continuity equation can be described in terms of
an effective diffusion coefficienD[ca] dependent on the

In accordance to the Nernst-Planck model, the ion exion concentration:
change process can be described in terms of the one-

IlI. NERNST-PLANCK MODEL

dimensional ion flux that, for th&®* ions, can be expressed Ca_5 c ]ﬁ ®)
as follows: at  ox| A TA X )
2
. dCa Dada B - __Z(M—1)ca
ia= _DAW"_CAK_BTEIOC,Chargey (1 Dalcal=Dal1 CootZ(ZM—1)Cp)’ ™

. o o at o The concentration of iorA is constrained to be Qcpu
whereD, is the diffusion coefficient oA™", c, is its con- <cgol/a, wherecg o/a represents the maximum value that c
centration,q, is the ion chargeKy is the Boltzmann con- A can take at the surfaces s max, due to the charge neutral-

stant, T is the temperature, arfloc charge is the electric field  jiy condition. Moreover, it can be assumed that
induced by the local charge imbalance. A similar expression

holds for the flux of theB®" ions° It was found that some CA(X=0t=0)=Cps, (8
deviation from this equation could occur during the diffusion

as a result of the correlation in the ion motidnTherefore it 1-€-, the iqn replacement at.the surface takes place faster than
is necessary to divide the diffusion coefficient by a fadtor the diffusion proces¥ Obviously, the dopant ion has zero
depending on the ion species. This factor results from th&oncentration inside the crystal at the starting time, that is,
non-random motion of the diffusing ions and depends on the

diffusion mechanism, i.e., the lattice or network surrounding Cca(x>0,0=0. ©

the moving '0”-2"‘ glasses, for exampfeanges in between | the case of nonisovalent ion exchange process, the diffu-
0.25 and 0.65” Since f is not easily calculated and is gjop equation, Eq(6) must be solved numerically. Its solu-
strongly connected to the diffusivity of the species, we will tjons depend on the contour conditicdf M<1, the nu-
include it into the diffusion coefficient. If no external electric qrical solution of Eq(6) has a different shape according to
field .is applied to the system, the charge compensation g, gyrface value of,. Whenc, «<cg o/a, the concentra-
consider should be tion profile is similar to an erfchian function, such as in
thermal diffusion processes. In the case tbat~cg/a,
0aCA+0sCs=0gCrp0; (2 instead, the concentration tends to a steplike profile, as
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shown in Fig. 1. We focused the attention on the conditiorerywhere, the polarization charges can remain. It is an
M <1 since it is fulfilled by the erbium-Ilithium exchange. important point since the polarization charges are intimately
The dopant incorporation is strongly influenced not onlyconnected with instantaneous diffusion configuration and
by the surface concentratian ¢ but also by the ion diffusion generate the correct diffusion potential. While the real
coefficient and by the ion exchange conditions such as procharges are arranged so that Ej.is fulfilled, in general the
cess temperature and time. In particular, Nernst-Planckolarization charge can vanish only when diffusion stops. A
model predicts that the exchanged thickness linearly inphysical description of a dipole charge was not proposed by
creases with the square root of process duration while ththese authors who instead focused their attention toward the
role of the temperature is less significant. ion diffusion in glasses. It was Charfésvho, in the case of
Once the ion concentration profitg (x) is determined by glasses, gave an explanation on the origin of dipole. He pre-
Eq. (6), it is also possible to evaluate the local electric-fieldsented a model that relates the diffusion process and the po-
distribution inside the substrate by means of Ej. In the larization. In crystals such as the lithium niobate this prob-
past it was noteld?>%that the electroneutrality assumption lem remains open. If the nonisovalent ion exchange occurs, a
is self-contradictory with respect to the electric field distri- modification in the unit cell is expected. As a consequence a
bution. As a matter of fact no potential difference can exist ifdipole can develop as a result of cell distortion induced by
charge compensation is assunfédt was thus proposed to the replacement of ions with different valence state. More-
integrate the Nernst-Planck equations taking into accourtver, Okongwu and co-workefsdemonstrated that, in the
that the electrostatic potential satisfies Poisson’s equatiodescription of the interdiffusion of initially neutral samples,
and to study its time evolution. It was observed that at thehe residual fluxg, can exist and it can be expressed as fol-
beginning the high transient charge separations in liquidiows:
liquid junctions are compensated within a period of about
10 7 s. As a consequence it can be concluded that deviations E
from electroneutrality will be important at sharp junctions i1
for very short times. Even if we are dealing with a liquid-
solid interface instead of a liquid-liquid one, we are sug-wherei runs over the diffusing ions. Equati¢h0) describes
gested that the deviation from electroneutrality is not sathe tendency to minimize the electrostatic energy through the
problematic, especially if one considers that the number ofminimization of the net accumulation of charge. The residual
ions involved in these deviations is negligible compared tdflux j, is small relative to eac};j;| term and indeed it leads
the total ionic concentrations. An important contribution for to diffusion profiles for which
removing this inconsistency was given by Okongwu and
co-workers® They pointed out that the contradiction be- 2
tween the electroneutrality constraint on the real charge and i n
the nonuniform field predicted by the Nernst-Planck formal-
ism can be removed provided that a distribution of dipolesas required. The zero-current condition is properly desig-
and therefore of dipole charges, is associated with each difated as the “quasisteady” approximation, since all the
fusion profile. In particular, its magnitude must be properlysteady-state systems, immersed in neutral media must satisfy
chosen so that solutions of the Poisson equation become ekq. (10) with the equality sign exactly. Moreover, if E(GLO)
actly consistent with the diffusion generated electric field.is considered, it can be demonstrated tbatand cg step
This means that the total charge entered in the Poisson equdiscontinuities at the interface vanish if and only if the anion
tion should contain the contribution of both the real and po-charge concentration per unit volume is the same on both
larization charges. Even though the real charges vanish ewides. In this case the results obtained by Ebjs(10) are the

Ziji=—]j;=0, (10

Z;C; =0 (ll)
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same and the arguments described in the previous paragrapimenA®* has replaced®". A similar expression holds for

are coherent. It is important to underline that from a maththe ion B°* where, in this caseyy indicates the volume

ematical point of view, the electroneutrality requirementbefore ion exchange takes pla¢eo B replacement The

must be distinguished from the way in which this require-determination of an accurate expression of the stress gradient

ment is imposed on a system of diffusion equations. In glays a key role and will be discussed later.

liquid-solid interface all the terms in E@2) have disconti- The introduction of such a term in the ion flux expression

nuities at the junction and therefore HQ) is inappropriate takes into account that the local field gets contributions from

as a restriction on a set of differential equations. For thigi) the different mobilities of each exchanging element and

reason, Eq(10) guarantees a more profitable and less pron€ii) the role of the crystal deformation. If E¢l4) is intro-

to mathematical errors which can generate contradictions. duced in Eq(3) and we express the boundary condition as in
If one compares the prediction of the Nernst-PlanckEq. (2), the local electric field results as follows:

model to the experimental results it results in a clear discor-

dance especially in the dopant profile shape at the interface Eioc=Ejoc,charget Eioc.stress: (15
with the substrate. In the following section we will discuss .
how one can face this problem. whereEqc charge iS given by Eq.(4) and Eq siress gathers

all the stress contributions. In particular it follows that

IV. MODIFICATION OF THE NERNST-PLANCK MODEL 1 do Vg[zca(1— WM)_CO,B]

In Sec. lll, the strain energy induced by the diffusion pro- EIOC*S‘”'ESS_qB X  zC(zM—1)+cog '
cess has not been taken into account. Since the dopant incor- )
poration induces a modification in the unit-cell size due to itsVhere 7=V /Vg has been introduced. _ _
different ionic radius and valence state with respect to the Once the ion exchanged species are defifsedthatz is
replaced element, the ion flux can be thus affected by théxed) and the border conditions are applied, the numerical
crystal structure response. It is of primary importance to inSolution of Eq.(5) depends mainly on choice of the stress
troduce this contribution in order to properly fit the experi- gradient profile and, consequently, on various paramefigrs:
mental data. At our knowledge, no models have been proM, Cas. (i) 7, and(iii) the ion exchange parametefro-
posed yet for describing the crystal structure response in ca§&€ssing time and temperatiire
of the nonisovalent ion exchange. In the present work, some
assumptions will be introduced and a model will be pre- A. Hypothesis on stress
sented.

In analogy with the “electric” term present in the Nernst-
Planck modelEqg. (1)], we can express the contribution of
stress as follows:

(16)

As previously quoted, the ion exchange process involves
the modification of the substrate surface so as to remind a
film formation on the surface. Stresscan be introduced in
a thin film due to differential thermal expansion between it

D and the substrate, due to lattice misfits or due to chemical

——=FstresCa (120  interaction with its substrate. On a planar substrate the stress

KT due to differential thermal expansion experienced by the film
where Fq, e is a force connected to the crystal structurels biaxial, the §tress _acting alqng the two principal axes in the
modification. Since the crystal structure feels the effects opane of the film. Since the ion exchange process involves
the different atomic coordination and dimension of the dop-{n€ replacements between differently sized ions, volume dif-
ant ion with respect to the replaced species of the substratierences may occur. In the case of the nonisovalent case,

we assume that moreover, also the valence state of the species involved
should be taken into account. If the substrate is allowed to

Jo relax to the equilibrium volume corresponding to the new

Fstress=V oo (13)  ions, no residual stresses would develop. However, the ion

exchange process normally is carried out at temperatures

whereV indicates the exchanged layer volume ands the ~ Where the crystal relaxation does not occur. Hence, the vol-

stress. In the following, for the sake of simplicity, we will ume differences have to be accommodated by elastic strains
considerV asN times the cell volume wheri refers to the ~accompanied by the building up of residual stresses. It is
number of cells involved in the ion exchanged process. It igvorth mentioning that the volume of the exchanged layer

not trivial to estimate its absolute value so it will be neces-differs from the equilibrium one obtained with bulk doping.

sary to introduce some further assumptions. According to Egnstead, the volume of the exchanged layer is forced to re-
(13) the total ion flux presents the following form: main closer to the value before the process occurrence by

mechanical constraints exerted by the much thicker substrate

) dca gaDa Da do in the directions that are parallel to surface. This discrepancy
intor= ~Da  tea T Bloet 7 CaVaz s (14 s the direct cause for the evolution of the ion exchange

B . stresses. In literature many formulations of the stress were

being the sum of two terms, one containing the stress contrproposed for the isovalent ion exchange in glass, based on an

bution and the other being as reported in E. In particu-  isotropic model and on the assumption that the stress should
lar V, indicates the value o¥ after ion exchange, that is, be planaf’ As the components parallel to the surface are
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concerned, they have the same value only in an isotropi€g. (5) and find these free parameters by fitting the experi-
medium. In analogy to the thermal stress, in literature it ismental dopant profiles. Once the best free parameters were
reported that identified, we derived the expression of the resultantox.
In analogy to Eq(17) we split the resultant stress gradient
profile into two terms, one mainly dependent on the dopant
concentration gradient, the other giving the peak in corre-
(17) spondence of the dip iB,,.. The free parameters were then
expressed in terms of known quantities depending on the
where crystal structure and dopant concentration as suggested by
Eqg. (17). We found that the most likely function should have

~ (AV)4EyCa(X) N (AV)4Ey [t
B 1-v L(1—v) ),

o(x Ca(x")dx’,

Ca ; ANt
= the following gradient:
Ca catCp (18
. . . . Jo ﬁCA
represents the concentration fraction/Af(AV)y indicates —=—"cppK;
the volume variation X Ix
Va—Vg 1 CaZ?M(7+1)—caz(z+1)+cop(l-2)
(AV)q= 3Vg =3AY) (19 [CoptCa(1—2)2+caz(zM—1)+CoplCop
before(subscriptB) and aftensubscriptA) the ion exchange ZCa(zM—1)+cop
process occurs. Moreovet, is the Young modulus and is ZCA(z— 1)+ Cog(7—2)’ (20

the Poisson ratio. When nonisotropic crystals are considered, ]
however, the stress components parallel to the surface diffefhere7=Va/Vg, M=DA/Dg, z=qa/qg and finally
This complication, unfortunately, is not solved by approxi-
mating the lithium niobate crystal as an isotropic medium. :(Av)dcii
As a consequence, the isotropic assumption must be revised o1-w
as the stress expressed b i/) is not appropriate. Since . . . .
an a priori modeFI) of stressyd%ribution inF;Fi)depthe crystal is In particularc;; is the elastic stifiness and represents the

not trivial, some hypotheses should be made. The introduc” ﬁi_szo_n rlat(ijo ?ioﬁ f]? rx-cut crystaLs,v=0.43| for Ca%gg
tion of the stress term strongly modifies the distribution ofWhich include all the iniormation on the crystal structare.

the local electric field. The crystal limits the ion exchange | "€ €xpression reported in EQO) guarantees the presence

process since it requests energy for the reorganization of it@f a dip in the electric field and therefore the presence of a

lattice structure. We started from the idea that the stress corf'—Ort r?f bloc_klng forrc]:e. lf? the case-of a\(t:cut c(r)ystal, 't. IS
tribution should “play against” the mobility contribution. WOrth mentioning that the stress given by E20) contains

From a theoretical point of view this assumption comes fromthe contribution of both the two components parallel to the

the experimental evidence that the ion exchanged depth %urface. In this way, we consider the overall_effect of the
L §tress on the surface. Furthermore, we underline that all the

Nernst-Planck model. In the last case, in fact, the dopant ionghysmal parameters have been expressed as relative values

are driven into the substrate by the dopant gradient concerp[1C€ 10N Process Is so complex that th%ﬁlgy&y ity of each
tration as well as the local electric fiell,c charge- WE as- spectlles N sglort\gly mfluencc;je(lj by tge Ott - !g's Wortl_h il
sumed that a region exists in which the piezoelectric fieldentioning that in our model we do not consider explicitly

produced by the stress gradient partially compensateg‘e effect of the buil_dup of the space charges.A_s_a ”?a“er. of
Eloc.charge SO that the total electric field experienced by the act, they can contribute to the cell volume modification via

ions, E,., is weaker than that predicted by the Nernst_the piezoelectric effect and ,,.. In the last case they can

Planck model. By means of this assumption the local electri ccount for the fact that it is weaker_than th?‘t predi(_:ted by
field caused by the stress terB)oc syress GIVeS rise to a sort he Nernst-Planck model. However, since their effect is com-

of blocking process which hinders the further in-diffusion of plex and t_hey_ are 'd|ff|cu|t to estimate, we prefer to.lnclude
the dopant ions. In this region the contribution to the dopan heir contributions In the termA(V)d and' N7, .res.pecnvely.
in-diffusion comes only from the concentration gradient, so nce the exchanging species are kndie, z is fixed), the
that dopant incorporation still occurs but is less effective.free parameters » [and = consequently AV) =(Va

The proper shape of the stress gradient was determined a§-VB)/VB]' M, andc;; must be introduced in order to define

SUMINg thatE, ¢ sressWas likely to have a shape similar to dalox: for this reason, further assumptions must be consid-
—Ejoc,charge SO that a dip should occur B, in order to red.
simulate the presence of the blocking forces. The fact that
the experimental dopant profiles present a plateau near the
surface, followed by a decreasing shape toward the substrate Concerning the elastic stiffness, its values are tabulated in
interface, suggests us that this dip should lay about the enliterature by many authot$ so no further discussion is

of this plateau. Th& . sress @and consequentlly,., there-  needed. On the contrary, some assumptions should be intro-
fore contains some free parameters that should be properfjuced for estimatingy since it depends on the volume before
chosen fofj A 1, t0 remain positive. As a first step, we solved and after the ion exchange. In first approximatigg,can be

(21)

7 and g;
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derived by thermal-expansion consideration so that it can be N

generally expressed a¥g=Vgr:f(T) where f(T) is a N/ VSERT D VasRT, (25)

proper function of temperature ant; gt refers to the vol- =1

ume value at room temperatuf®T). In case of lithium nio-  \ynere fo,Q'Tmax represents the maximum cell volume ob-

bate crystals up to the second order it result&h tained for maximum lattice parameter values found in the
exchanged layer. In this way, we can simplify Eg4) by

\Z: factorizingN’:

Vo =1+ (2ay1+ azx))(T—Tgry)
’ Vart N’ VCA?IQ'TmaX

Vo N Vgl

(26)

+(2B11+ B3 (T—Tr)2 (22

Since lithium niobate is characterized by a hexagonal cell, it
cell volume is equal toVgR,=(\3/2)a’c=318 A® using
the lattice parameters reported in Refs. 38 and 39. In th

i we suppose that the ion exchange process preserves the
hexagonal cellVaR1"® can be expressed as follows:

range 550—700°C the relative volume variation induced by 3
the thermal expansion is about 0.25-0.35%. A similar ap- V‘;?F'j'TmaX=7a’2c’, (27)

proach can be used also fgp, so that
wherea’ andc’ are the lattice parameters of the cell when

V a+ b+
A —f/(T), 23) A?" replacesB®". Consequently,
VA,RT , 2
Aa
wheref’(T) is a suitable function of temperature which, in (AV),= N ?J“l T+1 _1}1 (28)

principle, might not be equal té(T). In fact, in the ex-

changed layer a structure modification can occur so that thewhereAa=a’'—a andAc=c’ —c, respectively. In this way
mal stresses can develop. However, it has been showH tha{AV), has been expressed in terms of a measurable quantity
in general the thermal stress is less than 1% of the contribly X-ray-diffraction analysis, i.e., the maximum lattice mis-
tion deriving from accommodation of different-sized ions. match induced by the ion exchange process. In particular, a

For this reason, we assume tHa{T)=f(T). If this is the  cell shrinking of about 0.1% corresponds Am/a=Ac/c
case, we obtain =0.05%, i.e., to a lattice mismatch with the magnitude order

about 10“4. Once AAV), is known, 5 can be easily calcu-

lated.
> veeld In the following paragraph we will discus$) the influ-
_ E_ Vart =1 7 (24) ence of the ion exchange conditions on the stress gradient
T7Vg Verr % i profile and(ii) the role of each free parameter suchvaand
2, VBRT 7-

where the subscriptell refers to the lattice unit cell and B. Influence of the ion exchange parameters on stress

runs over aII”theN cells we divide_ V in. While it is clear that Figure (2) shows the stress gradient profiles for various
VB,RT=NV°B,ERT_, as far asV, gt is concerned we can per- processing times. Under our hypothesis, the stress gradient
form 2{\‘=1V§?F'§4 over a proper number of ceN’ so that presents a peaked shape which gradually decreases and
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Z FIG. 3. Dependence afa/dx on dopant sur-
E 8.0x10° face concentratiom, 5. |IE parameterst=20 h,
© \ M=5x10"5, (AV),=0.1%, z=3.

T 6.0x10°
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broadens with increasing processing time. For short procesand the exchanged layer reaches a significant thickness as
ing times the crystal structure is subjected to a higher stressell. Therefore, along the exchanged depth, the dopant con-
since the ion redistribution, necessary for overcoming theentration is quite high and the energy to be spent by the
different coordination state of the in-diffused species withcrystal for accommodating the dopant increases. In this case
respect to the out-diffused one, is not complete. Moreoverthe strain relaxation is more difficult since the modified
the stress gradient lowers when temperature increases duettickness is now significant. Consequently, at fiXeg/Dg
the fact that the matrix is less rigid and the ions are moreaatio, higher stress develops at the interface between the ex-
mobile. changed layer and the substrate itself with respect to that

In Fig. 3 the stress gradient is reported in function of theobserved for a lower dopant concentration.
dopant surface concentration for ion exchange temperature In Fig. 4 we show the dependence of the stress gradient
equal to 650 °C and process duration equal to 20 h. on theDA/Dg ratio in the case o€, s equal to 0.33. As it

For 0=c,=<0.27, the stress gradient shows a monotoni-can be seen, doubling the value of tbe /Dg ratio, the
cally decreasing shape and its surface value linearly instress gradient peak decreases. The ion redistribution is in
creases witlt, 5. This behavior agrees with the fact that at fact facilitated by the higher ion mobility.
lower dopant concentration, the substrate “effort” to accom- In the case of a low dopant surface concentrafios.,
modate the new ions is lower. For higher values of dopant, s=0.2), a different shape can be obsenjese Fig. 3.
surface concentration, the stress gradient profile shows ahe stress gradient shows a monotonic decrease similar to an
peaked shape with the maximum linearly increasing with theerfchian function.
dopant surface concentration. In this seagg=0.27 can be
considered a border value above which a different dynamics
in the dopant incorporation occurs. When the dopant concen-
tration at the surface increases above this limit, the number As described in the case of Nernst-Plack model, the dop-
of dopant ions in-diffused inside the substrate are relevardnt concentration profile can be determined integrating the

C. The dopant in-depth profile

5.0x1004  M=0.1

=1

4.0x10°
g 3.0x10" M2 FIG. 4. Dependence ofdo/ox on M
zZ = =D,/Dg normalized to 10°. IE parameters:
£ 200101 Mo t=20h, T=650°, cas=0.33, AV),=0.1%,
[} z=3.
]

M=10
1.0x10° M=20

M=30

0.0

0 ' 2000 ' 40|00 ' 6000 ' 8000
depth (A)
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FIG. 5. Dependence afo/dx on dopant sur-
face concentratio, . IE parameterst=20 h,
(AV),=0.1%,z=3. M values label the corre-
sponding curve normalized to 18

FIG. 6. Dopant incorporation for various sur-
face concentrations. |IE parametefis=650 °C,
t=20 h, (AV),=0.1%,M=6.5x10°.

FIG. 7. Dopant incorporation for different
processing time. |E parametefb= 650 °C, Cp s
=0.32, AV),=0.1%,M=5x10"5.
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0.25

0.20

FIG. 8. Dopant in-depth profile obtained by

(3]
= 015 TIE model for different AV), values. IE param-
eters: T=650°C, t=20 h, c,¢=0.30, M=5

0.10 - X107°.

0.05

0.00 T T T T T T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500
depth (A)

continuity equation, Eq(5), taking into account the border depth. Finally Fig. 9 directly compares the dopant profile
conditions. In order to perform such integration, E80) obtained by Nernst-Planck and our modedferred with the
should be introduced inside E@L6). Finally, the expression acronym TIEM, trivalent ion exchange mogainder the
of the local electric field thus obtained should be inserted irsame preparation conditions.
Eq. (14). In Figs. 6 and in 7 we report the dependence of the It underlines that the introduction of the stress contribu-
dopant profile on surface dopant concentration and procession smoothes the dopant in-depth profile broadening the tail
ing time, respectively, obtained from the integration of Eq.at the substrate interface. The dopant incorporation depth is
(5). about 25% less than that obtained by Nernst-Planck model.
As it can be observed, its s is lower than 0.27, the This behavior is observed also for logy ¢ values and for
dopant profile resembles an erfchian function, similarly todifferent process durationgot here reported
what was obtained by the thermal diffusion process from a In the paragraph dedicated to the experimental results,
thin film. As the dopant surface concentration increases, théhis model will be applied to the erbium ion exchange. The
surface nearby region smoothes till a plateau is formed. Théee parametersM=D,/Dg, AV,, and Cp gy, Will be
tail does not have a sharp decrease as obtained by the Nernskanged in order to fit the experimental in-depth profiles
Planck model. The introduction of the stress contribution, inobtained by secondary ion mass spectrometry. As it will be
fact, does not influence the role of temperature and processhown, the model here described correctly fits the experi-
ing time in the dopant incorporation. It strongly modifies, mental data.
instead, the tail of the dopant in-depth profile. Under the
same process conditions, it reduces the exchanged depth. A
direct confirmation of this fact can be immediately evidenced
in Fig. 8.
When the modification of the cell volume is higher the In this paragraph we will compare the erbium profile
stress gradient and the dopant in-depth profile are limited isimulated by TIE model with the experimental one obtained

V. EXPERIMENTAL RESULTS: ION EXCHANGE
IN LiNbO 4

0.35

0304 000 =T
0.25 -
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FIG. 9. Comparison between dopant profile
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0.10
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L0 o
0.8 0 Erbium SIMS profile
—— TIEM profile
0.6 1 . ) .
- FIG. 10. Erbium SIMS profile compared with
8 theoretical fit given by TIE model in aX-cut

0.4 crystal. IE parameters: HiSO,)3;=0.18 wt. %,
t=20 h, T=650°C, TIEM parametersM =1.8
X1074, AV,=—0.12%.
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by secondary ion mass spectromet($IMS) analysis tency of the model and the validity of the assumptions intro-
(experimental procedures and apparatus are reported elsguced. Moreover it supports the physical meaning of the
wheré®). The samples were prepared by immersing the crysthose parameters that, at first sight, can be considered mainly
tal slide in a mixture of lithium, sodium, potassium, and phenomenological parameters. TIE model therefore can give
erbium sulfates molten with a slow heating rate (100 °C).interesting pieces of information on the dynamics of the pro-
The processing temperature and time were varied in theess. In fact, a simulation on the local electric field, on the
range 570-750°C and 10-120 h respectively. The details dbn flux, and on the stress gradient distributions can be ob-
the sample preparation by the lon Exchange technique afti@ined. In Fig. 10 erbium SIMS profile is compared to the
described in Refs. 17 and 18. From all the exchanged crystairediction of the TIE model.

analyses, in the following only few examples will be pre- As it can be seen, the predictions of the model fit success-
sented. As previously described, the simulation of the experifully the experimental in-depth profile independently of the
mental erbium in-depth profile depends on few parameterpreparation conditions. In Fig. 11 the TIE model is applied
(M, AV,, andc, ) which should be entered after the ion for a process duration of about 90 h at temperature equal to
exchange conditions are definéslich as temperature and 675°C. Even if the shape of the SIMS profile is smoother
time). Since these parameters are not known in literature, than those previously reported TIE simulation well agrees
first step of our work was devoted to define their best valueswith it. From the comparison between experimental results
After their determination, the model can be used for definingand TIE predictions, it emerges that only negative values of
the ion exchange conditions in order to tailor the erbium-AV, have to be used in order to properly fit the composi-
doped lithium niobate crystal properties. We will also showtional erbium profile. This means that the unit cell shrinks
thatAV, can be correlated with the lattice-parameter changavhen erbium incorporation occurs. We can compare the
induced by the process. This correlation confirms the consig-AV), values obtained experimentally with those predicted

1.0
0.9
08 o SIMS Er profile
] —— TIEM profile
0.7
- 0'6'_ FIG. 11. Erbium SIMS profiles compared
Q 054 with theoretical fit given by TIE model in an
C 04_' X-cut crystals. IE parameters: K£80,)5
o =0.35 wt. %,t=90 h, T=675°C. TIEM pa-
03 rametersM =1.02<10"3, AV,=—0.14%.
0.2
0.1
0.0 T T T T T T T T T T i T ¥
0 5000 10000 15000 20000 25000 30000 35000

depth (A)
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TABLE I. Comparison betweenAV)®*P' and (AV)I"*°". IE  from the structural point of view. Second, it also evidences

conditions:Ce,(so,),=0.18 wt. %, T=650 °C. that the parameters introduced in the model, necessary for
the simulation of the erbium profile, have a specific physical

Cut  Process duratioth) — (AV)*P'(%)  (AV)"*°" (%) meaning and should not be considered only phenomenologi-

X 40 ~0.14 ~0.16 cal.

X 80 —0.12 —0.13 VI. CONCLUSIONS

VA 40 —0.08 —-0.07

7 80 —0.06 —0.07 In this paper we showed why the Nernst-Planck model

lacks in treating the trivalent ion exchange in lithium niobate
and how the stress gradient can play an important role in the
by the TIE model forN’/N~1. In Table | we report the Process. Making the assumption that the stress gradient in-
experimental and theoretical values @f\(),, the first de- fluence§ the IocaI—ﬁe]d dlstrlb_unon inside the §ubstrate, the
rived by X-ray-diffraction (XRD) measurement&@xperimen- QOpant m—depth profile was S|mula§ed. In particular case of
tal procedure and apparatus for XRD analysis are describdfihium niobate crystals, an expression for the stress gradient
in Ref. 43, the other by best-fit simulation of the SIMs Profile was proposed in agreement with the building-up of
erbium profile. the blocking forces already invoked by many authorts

As it can be seen, the difference between the experiment&XpPlain the process. The model predictions were tested for
results and the theoretical prediction is less than 15%. A finaflifferent preparation conditions and supported the consis-
remark on the factoN’/N is now necessary. It is interesting €ncy of the model assumptions. This model allows to iden-
to notice that forN’/N about 10—15% the difference be- tfy the ion exchange conditions in order to tailor the erbium-
tween (Av)rexpt and (AV):h would vanish. However, since doped lithium niobate crystal properties.
the lattice parameters are affected by experimental errors, it
is not possible to quantitatively determihg/N without as-
sumptions. The comparison here proposed, is in any case The authors kindly acknowledge Dr. F. Segato for contrib-
self-consistent, since both in the theoretical and experimentalting to the code implementation of the Nernst-Planck model
approaches the maximum lattice mismatch is consideredand Johannes T. Gambari from the Physics Department of
This comparison is significant for two reasons: first as itthe Imperial College London for the text revision and the
gives a further confirmation of the consistency of TIE modelfine discussions.
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