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Photorefractive-damage- (PRD) resistant zirconium-oxide-doped lithium niobate is investigated as a substrate
for the realization of annealed proton-exchanged (APE) waveguides. Its advantages are a favorable distribution
coefficient, PRD resistance comparable to magnesium-oxide-doped lithium niobate, and a proton-diffusion
behavior resembling congruent lithium niobate. A 1D model for APE waveguides was developed based on a
previous model for congruently melting lithium niobate. Evidence for a nonlinear index dependence on concen-
tration was found. © 2016 Optical Society of America
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1. INTRODUCTION

Lithium niobate (LiNbO3) is among the most well known
and widely used materials for nonlinear optics. The reasons
for this widespread use are its large nonlinear coefficient, wide
transparency range, commercial availability, and low cost [1].

Furthermore, LiNbO3 has been studied extensively over the
last several decades, resulting in both the implementation of
quasi-phasematching (QPM) [2] as well as the development
of several waveguide-fabrication technologies. Among the latter
are methods based on the indiffusion of protons [3] or transi-
tion metals [4,5] to form the waveguide core, mechanically
defined guiding structures via etching or dicing [6], or hybrid
approaches [7]. The goal of these methods is to significantly
increase the small-signal conversion efficiency of nonlinear fre-
quency conversion by confining the interacting waves to a small
cross section over an appreciable distance much greater than
their natural diffraction length. Normalized conversion effi-
ciencies for second-harmonic generation (SHG) at 1.55 μm
(fundamental wavelength) exceeding 3%/mW can easily be
achieved in congruently melting lithium niobate (CLN) [8].
This high normalized mixing efficiency, in combination with
low propagation losses on the order of 0.1 dB/cm at 1.55 μm,
makes such devices suitable for a wide range of applications

requiring high conversion efficiencies at low input powers, such
as optical signal processing [9], quantum optics [10], and pulse
characterization [11].

The arguably easiest, fastest, cheapest, and most flexible way
to form waveguides in lithium niobate is via proton exchange
[3]. Here, lithium ions are being exchanged for hydrogen ions
inside a hot acid bath. A number of acids have been successfully
used as proton sources [12–14], with benzoic acid [3] being
the most common one. Researchers have developed a large
number of integrated structures using this ion-exchange tech-
nology, ranging from power splitters to mode converters and
WDMs [9]. Since these structures are lithographically defined
on a wafer scale, a large number of devices can be fabricated
rapidly in a minimal number of steps.

While many of lithium niobate’s material properties make it
an ideal candidate for a growing number of applications in non-
linear optics, it is well known that it suffers from photorefrac-
tive damage (PRD) [15]. Light at visible and near-infrared
wavelengths propagating through LiNbO3 generates charge
carriers that are trapped adjacent to the beam [16]. These
trapped charges form a space-charge field, which, in combina-
tion with the electro-optic properties of the material, can cause
severe wavefront distortion [17].

Research Article Vol. 55, No. 24 / August 20 2016 / Applied Optics 6559

1559-128X/16/246559-05 Journal © 2016 Optical Society of America

mailto:langrock@stanford.edu
mailto:langrock@stanford.edu
http://dx.doi.org/10.1364/AO.55.006559


Mitigation approaches to limit the effects of PRD include
increasing the material’s photoconductivity, resulting in a re-
duction of the space-charge field and hence in the associated
phase shifts. This reduction can be achieved, for example, by
stoichiometry control, as in the case of stoichiometric lithium
tantalate [18] and niobate [19], or by ion doping, as is done in
5% magnesium-oxide-doped lithium niobate (MgO:LN) [20];
there are other dopants, such as zinc [21], indium [22], and
hafnium [23], which have been reported to reduce PRD.

Due to MgO:LN’s commercial availability and PRD resis-
tance, the application of the ion-exchange process would be de-
sirable. Unfortunately, the diffused proton distribution inMgO:
LN, and hence index profile, does not resemble the smooth
high-peak-index profile obtained in CLN [24]. It has been
shown that APE waveguides exhibit a conversion efficiency that
is about three times lower than that in CLN due to low beam
confinement and a suboptimal mode-overlap integral [25].

In this paper, we evaluate the proton-diffusion properties
in zirconium-oxide-doped lithium niobate (ZrO:LN). This
PRD-resistant material system is relatively new, with the first
published work from Nankai University in 2007 [26–29].
Most of the previously reported work concentrated on the ma-
terial’s PRD properties as well as linear and nonlinear optical
constants as a function of doping level [29]. It was shown that
the “doping threshold” for PRD resistance, i.e., the minimum
dopant concentration required to suppress PRD, lies some-
where between 2 and 3 mol. % of zirconium oxide inside the
melt, resulting in a PRD threshold in excess of 160 kW∕cm2 at
near-UV wavelengths (351 nm) [27]. Additionally, it has re-
cently been demonstrated, by analyzing samples grown using
the same crystal-growth process used for the samples analyzed
here, that by doping with 3 mol. % of zirconium oxide, the
photorefractive effect is strongly suppressed in the VIS and
also in the NIR range [17]. It should also be noted that the
distribution coefficient of ZrO2 in LiNbO3 is nearly unity,
which should allow for the fabrication of large homogeneous
boules. Additionally, the lower doping threshold compared
to MgO:LN suggests that proton diffusion in ZrO:LN may
have a more advantageous diffusion behavior.

2. SAMPLE PREPARATION

The starting material used in these experiments was obtained
by slicing and polishing of a single-domain boule of ZrO:LN
grown by the Czochralski process (3 mol. % zirconium oxide in
the melt, see Ref. [28] for details). The homogeneity of the
grown boules was controlled by evaluating the length of the
lattice parameters, which are strongly dependent on the Zr con-
tent of the crystal [28], on samples taken from different parts of
the boules. To determine whether proton diffusion in ZrO:LN
can be approximated using a linear diffusion model, we created
a set of four planar-waveguide samples by proton exchange to
initial depths ranging from 0.92 to 1.98 μm in a bath of molten
benzoic acid; an additional set of four CLN planar-waveguide
samples were processed together with these ZrO:LN samples to
serve as references.

To accurately determine the as-exchanged proton dose (ex-
change depth) for each of the samples, a series (264 h broken
into 20 steps) of low-temperature anneals in air at 202°C were

performed to reduce the crystalline phase mixture, resulting in a
single-phase, step-like proton profile, which also proves to be
stable over time [30]. This process has been called “soft anneal.”
This simple soft anneal has proven crucial for the development
of the highly accurate proton-diffusion model for CLN [31].
The reason for its importance can be summarized as follows.
An as-exchanged waveguide consists of a mixture of crystalline
phases, whose composition depends on several parameters,
such as acid age, temperature, and exchange depth. Such a
multiphase film is unpredictable and even changes with time
at room temperature. It is therefore a poor choice as an initial
condition for a diffusion process.

The samples were characterized after each soft-anneal
segment using a prism coupler (Metricon 2020) to determine
the surface refractive index as well as layer thickness, assuming a
step profile. It was determined that the extraordinary refractive
index step of a fully soft-annealed ZrO:LN sample is 0.0985 at
632.8 nm and 0.1285 at 457.9 nm. For comparison, the cor-
responding values for CLN are 0.104 and 0.132, respectively.
The uncertainty of the initial proton dose (exchange depth) was
determined to be less than 1%.

These samples were subsequently annealed in air at 312°C
for a total of 260 h, again divided into several steps. After each
annealing segment, the effective indices of the waveguide
modes were measured at both 623.8 and 457.9 nm using the
prism coupler. From the effective indices of the modes, a con-
tinuous index profile was constructed using the well-known
inverse-WKB (iWKB) method [32].

3. NONLINEAR DIFFUSION MODEL

The 1∕e profile depth of all iWKB profiles for all samples nor-
malized to their soft-anneal depth (d SA) as a function of nor-
malized anneal time (τ � t∕d 2

SA) is shown in Fig. 1; superposed
is the prediction of a linear diffusion model showing that a non-
linear diffusion model is needed to explain the experimental
results, as is also the case with undoped CLN. The evolution
of the effective mode indices as a function of τ for one particular
ZrO:LN sample is shown in Fig. 2. For comparison, the
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Fig. 1. Experimental data showing the normalized planar-wave-
guide depth versus normalized anneal time for protonated ZrO:LN.
A linear diffusion model chosen to match the low-concentration (long-
time) limit of the diffusion process, indicated by the dashed line,
cannot be used to model proton diffusion in this material.
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corresponding plot for a CLN sample of comparable soft-
anneal depth, shown in the inset, exhibits a striking resemblance.

Using a nondimensionalized nonlinear diffusion equation
[Eq. (1)], a concentration profile was calculated and trans-
formed into an index profile, making assumptions described
below. These measured and simulated index profiles were com-
pared and model parameters adjusted to achieve the best match.

dC 0

dτ
� d

dz 0

�
D�C 0� dC

0

dz 0

�

C 0 � C
CSA

τ � t
d 2
SA

z 0 � z
d SA

: (1)

For this analysis, a suitable expression for the nonlinear
diffusion constant D�C 0�must be chosen. For proton diffusion
in CLN, several expressions were developed purely empirically
[31,33], but publications describing single-phase proton ex-
change have shown that a 1∕�C 0 � α� dependence is to be
expected for this process [34,35]. Roussev et al. [31] added an
additional parameter to allow for the presence of higher-
concentration phases. The expression used here is shown in
Eq. (2) as follows:

D�C 0� � DT

�
α� 1 − α

βC 0 � γ

�
; (2)

with �DT � � μm2∕h, and dimensionless parameters α, β and γ.
These parameters in the diffusion coefficient are obtained

by fitting to empirical concentration profiles. Since we directly
observe the refractive index profile rather than the concentra-
tion of protons, the relation between concentration and index
change is required. Conversion between the simulated annealed
proton profile and a refractive index profile requires knowledge
of the material’s refractive index as a function of concentration.
Unfortunately, such a measurement is not trivial. The empirical
approach followed here, as well as in previous work on CLN
[31,33], is to assume the simplest possible relationship that can
be supported by experimental measurements. For CLN, this
dependence is linear. With respect to proton loss during
annealing, while Korkishko observed a nontrivial loss of pro-
tons after long anneals at much higher temperatures than used

in our studies [36], there is no evidence for proton loss at tem-
peratures similar to those used in this study; for protonated
CLN processed under similar conditions, no proton loss was
observed [24]. The conserved proton number and a linear re-
lation between the refractive index and the proton concentra-
tion together mean that the area under the index profile should
be independent of the annealing time; changes in this area
indicate violation of one of these assumptions.

Using a linear relationship between index change and pro-
ton concentration, we calculated the area underneath the
iWKB profiles as a function of anneal time and noticed that
the loss in area was much more pronounced for ZrO:LN than
CLN (50% versus 30%). In the case of CLN, it appears
that the loss in area is mainly due to the long, poorly resolved
tail of the iWKB index profile, indistinguishable from the sub-
strate refractive index, which results in significant numbers of
protons that are not accounted for in the measured area of the
index profile [24]. The next simpler model is a continuous
piecewise-linear index model, with the boundary of the two
linear segments parameterized by C1 and dn1 [see Fig. 3(a)].
Since we do not have a phase diagram for ZrO:LN at this mo-
ment, we placed the break point at the phase boundary of the α
and κ phase at the same concentration as is observed in CLN
and adjusted the index value while observing the loss-of-area
plot, as shown in Fig. 3(b). The goal was to observe a constant
area for the first couple of anneal steps while accepting a mod-
erate loss for later anneals. This outcome would be consistent
with our understanding of the effective-index measurement
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Fig. 2. Effective indices of guided modes in planar protonated
ZrO:LN as a function of anneal time measured at 457.9 nm. Inset
shows the corresponding results for protonated CLN for comparison.
Connecting lines drawn to guide the eye.
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procedure and was achieved by choosing C1 � 0.273 and
dn1 � 0.028.

Our currently best estimate for the diffusion parameters for
ZrO:LN are

DT � 14.67 μm2∕h; α � 0.0015; β � 1135; and

γ � 0.4727;

with the simulation and iWKB profiles for three out of the four
samples shown in Fig. 4. We notice that the match, while not as
perfect as in the case of CLN, should be good enough to make
accurate predictions about the device performance of practical
APE waveguides in ZrO:LN. The current parameters cover a
large range of soft-anneal depths from 0.93 to 1.98 μm.

4. CONCLUSION

In this paper, we have shown that ZrO:LN is a suitable material
for the application of APE technology. Its favorable PRD prop-
erties, comparable to those of the widely used MgO:LN, make
it a promising material for high-power nonlinear-optics appli-
cations, while its proton-diffusion properties resemble those of
congruently melting lithium niobate, presenting an advantage
compared to MgO:LN. It remains to be seen how much the
presence of indiffused protons influences its damage resistance.
The one-dimensional model that we have presented here is a
first step toward the development of a two-dimensional diffu-
sion model, as was done for CLN [24], required for the numeri-
cal simulation of channel waveguides. Furthermore, since
buried waveguides exhibit increased modal overlaps and lower
propagation losses, exploring reverse proton exchange [37] for
this material presents an interesting future topic.
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