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We investigate a non-destructive approach for the characterization of proton exchanged layers in
LiNbO3 with sub-micrometric resolution by means of piezoresponse force microscopy (PFM).
Through systematic analyses, we identify a clear correlation between optical measurements on the
extraordinary refractive index and PFM measurements on the piezoelectric ds; coefficient.
Furthermore, we quantify the reduction of the latter induced by proton exchange as 83 = 2% and
68 £ 3% of the LiNbO;3 value, for undoped and 5mol. % MgO-doped substrates, respectively.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891352]

I. INTRODUCTION

Due to its high piezoelectric, electro-optic, pyroelectric,
photovoltaic and nonlinear optical coefficients, lithium nio-
bate (LN) is a material of technological relevance for a vari-
ety of applications, ranging from surface acoustic wave
filters,' pyroelectric detectors,” high speed modulators,” and
laser frequency converters,” to templates for ferroelectric li-
thography and artificial photosynthesis.”® All of the above
properties are (directly or indirectly)’ related to the elevated
spontaneous polarization (~75uC/cm?®) of the material,
which can be patterned by electric field poling and chemical
techniques,‘“8

Proton exchange (PE) is a process relying on the con-
trolled introduction of protons in LN via a thermally activated
ion-exchange (H"—Li").” It was originally devised for inte-
grated optics,'” but it also opens up possibilities for domain
engineering and ferroelectric lithography on LN sub-
strates.>®!1!12 Conventional characterizations of PE in LN,
made by optical techniques'>'* are inherently limited in their
spatial resolutions by beam cross-sections (in the micrometric
range), while alternative methods, which can enable nano-
scale imaging, are often cumbersome and destructive.'>'® On
the other hand, as LN technology is pushed to the nanoscale
in 3D device engineering,”'’ non-destructive and high-
resolution characterizations of the material properties become
essential.

Piezoresponse force microscopy (PFM) is nowadays
widely used for nanoscale imaging of ferroelectric
domains.'®!° Furthermore, it can enable 3D reconstruction
of the spontaneous polarization by combining vertical and
lateral PFM,?° estimation of piezoelectric coefficients,?!
and nanoscale characterization of ferroic samples with pro-
ton in-diffusion.'®**

In this work, we present a coherent study on selectively
proton-exchanged LN substrates, demonstrating the viability
of a PFM approach for non-destructive high-resolution imag-
ing of the PE regions. The PFM results obtained for congruent
LN crystals are consistent with the expected impact of protons
on the spontaneous polarization'*** and provide experimental
evidence for a correlation between optical properties and
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spontaneous polarization at sub-micrometric scales.”** The
data are used for a quantitative evaluation of the impact of PE
on the piezoelectric properties (ds; coefficient) of LN, with
and without MgO-doping. The latter substrates are attracting a
growing interest in both traditional and emerging applications
of LiNbO3, i.e., in nonlinear integrated optics and ferroelectric
lithography.>>%°

Il. EXPERIMENTAL

The experiments were conducted on commercially
available z-cut LN substrates (undoped and 5 mol. % MgO-
doped LN wafers from CasTech Inc. and Roditi Ltd., respec-
tively), which were selectively proton-exchanged in pure
benzoic acid at 200 °C for 24 h. This resulted in ~3 um-thick
H,Li, _NbO3 (~2 um-thick MgO:H,Li;_,NbO3) layers, as
estimated from optical measurements. To define the PE pat-
terns, we used periodic Ti masks (A =6.09 um, ~50% duty
cycle), fabricated by reactive ion etching (Cl,-Ar RIE). The
mask was finally removed after PE by wet etching (a few
seconds in a 48% HF:H,O solution). Fig. 1(a) illustrates the
final structure of the samples, containing PE stripes on the z-
surface, periodic along the x direction and parallel to the y
crystallographic axis, of width wpg and maximum depth dpg
(along x and z, respectively).

The PE process implies an increase of the extraordinary
refractive index (An,) with respect to the bulk crystal, suita-
ble for the formation of surface optical waveguides. The
depths (dpg.) resulting from our fabrication conditions sus-
tained several guided modes (TM polarized, given the sub-
strate polarity). This allowed evaluating the depth profile of
the refractive index increase, An,(z), by means of waveguide
optical m-line spectroscopy techniques,?’ based on measure-
ments of the effective indices of the guided modes and
reconstruction of the index profile by inverse Wentzel-
Kramers-Brillouin (IWKB) algorithms.13’28 Fig. 1(b) shows
the depth evolution of the extraordinary refractive index
increase across the PE layer for LN (solid) and 5mol. %
MgO-LN (dashed line) as inferred from such optical charac-
terizations. The data of Fig. 1(b) show a step-index profile,
and a surface refractive index increment (An, at z=0) higher
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FIG. 1. (a) 3D sketch of the sample ge-
ometry used for the PFM measure-
ments, consisting of periodic proton-
exchanged stripes (PE) on a z-cut LN
substrate, of width wpg (along x), and

depth dpg (along z). (b) Profile of the
extraordinary refractive index increase
(An,) as a function of depth (z)

than 0.13 for both 5mol. % MgO-doped and congruent LN.
In light of the existing structural phase diagrams for
H,Li;_,NbO; on z-cut undoped LN substrates,”>*° the
observed index increase appears typical of surface f-phase
H,Li; NbOjs layers (specifically f3 surface layer with a f§;
sublayer),”® which features the Lit—H" exchange ratios
x>0.5 and an abrupt phase-boundary with LN.*' From Fig.
1(b), the 1/e PE-depths were estimated to be: dpg ~2.97 um
for LN and dpg ~ 2.04 um for MgO:LN.

Fig. 1(c) is a cross-sectional view of the periodic PE
stripes in LN samples. The PE regions appear brighter, as the
increase of the refractive index (An,) confines more light
therein. From the image, one can estimate dpr ~3 um and
wpe ~5um (for PE with 1.3 um-wide Ti mask openings).
Additional contrast in the optical image can be attributed to
the presence of electrical fields at the PE:LN boundary, which
affect the local refractive index via the electro-optic effect.*
This is qualitatively illustrated by Fig. 1(d) where we plot the
calculated x-z distribution of the electrostatic field arising
from the discontinuity of the spontaneous polarization (P,) at
the PE:LN boundary.® The contrast in Fig. 1(c) maps with
good fidelity the E-field intensity pattern of Fig. 1(d).

p-phase PE layers exhibit a pronounced degradation of
the ferroelectric properties of LN,>' as the protons substi-
tuting for the Li" ions place themselves in a shifted posi-
tion along the z-axis, substantially reducing the
spontaneous polarization.>® Such a difference results in a
contrast in the ds3 piezoelectric coefficient, which can be
retrieved by vertical PFM measurements on z-cut sub-
strates,lg’l() to afford local and non-destructive visualiza-
tions of PE areas.

By applying a classical thermodynamic approach to the
case of LiNbOj (a ferroelectric with a second order phase
transition and a centrosymmetric paraelectric phase),™ a law
of direct proportionality between the ds; coefficient and P
can be inferred. Following the derivations of, e.g., Ref. 33
for the one-dimensional case (polarization and applied E-
field along z), one obtains:

obtained as result of m-line spectros-
copy and IWKB reconstruction for pla-
nar PE in LN samples with (circles)
and without (squares) Smol. % MgO
14 doping. (c) Cross-sectional view of
end-face polished PE stripes (x-z
plane). The image is obtained in trans-
mission with an optical microscope.
(d) Spatial distribution of the electro-
static field in the x-z plane by the
PE:LN interface, calculated (attribut-
ing P;=0 to the PE region) with
COMSOL Multiphysics 4.3.

E-field (MV/m)

LN

dz3 = 2e330P;, (D

&3 and Q being the dielectric constant and the electrostric-
tive coefficient relative to the z-axis. The vertical PFM
response (o< ds3) in z-cut substrates such as those of Fig. 1 is
therefore bound to provide insights on the local impact of
protons on the ferroelectric properties of LN.'%%2

The PFM experiments were performed on the x-y plane,
with the sample geometry of Fig. 1. The cantilever was
aligned to y and moved along x, so to comprise both PE and
LN regions in a single scan. We sampled scanning speeds
between 10 and 60 pum/s without seeing significant differen-
ces in the response, hence we illustrate the results for only
one of them (vy. =22.5 um/s). We used doped silicon cantile-
vers (PPP-NCH Nanosensors, nominal spring constant, reso-
nant frequency and radius of curvature of: 42 N/m, 330 kHz,
and 50 nm, respectively). The AC voltage (Vac) was applied
through the tip, predominantly along the z-axis of the sub-
strate, while grounding the counter electrode. To sample the
ds3 coefficient, the vertical PFM signal (S,) was extracted as
the first harmonic component of the cantilever oscillations
(amplitude, |S.|, and phase, ®@, of the out-of-plane response).

The cantilever motion results from a superposition of
electromechanical, electrostatic, and non-local interactions

at the sample surface:**°

S. = Agm + Ags + AnL. ()

The electromechanical response is determined by the converse
piezoelectric effect and in our configuration maps ds3, i.e.,
Agm =d33 Ve Non-local interactions (Anp) can be mini-
mized by the use of stiff cantilevers and tips with high aspect-
ratios and usually contribute as an offset.’® The electrostatic
component induces a Maxwell force (Fyc=—V,VcdCldz,
V, being the DC voltage at the tip-sample interface),”* which
also affects the demodulated PFM signal S, at the fundamental
frequency v4c. We account for all such effects (in a linear
regime) through an offset (Sy) and a multiplicative factor ()
in the PFM response, i.e.,
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S, = So + ads3Vac, 3)

and o is an empirical constant dependent on several parameters
(e.g., nature of tip and substrate, tip indentation, humidity,
operational frequency, etc.),”’ not necessarily reproducible
from one measurement to another, which generally hampers
the retrieval of absolute values of ds3.%”*% Nevertheless, in our
experimental configuration (Fig. 1) contiguous PE and LN
stripes are sampled in a single scan, under identical conditions,
and one can reasonably assume S, and o to remain the same.
This, as discussed later, enables reliable relative measurements
of the dz3 in PE with LN as a reference.

lll. RESULTS AND DISCUSSION
A. PE imaging

Fig. 2 exemplifies the PFM imaging capabilities on
PE:LN, by showing both topographic [height, Fig. 2(a)] and
piezoelectric [mixed signal: |S.| cos(®), Fig. 2(b)] responses
recorded on the sample of Fig. 1. The data are also shown as
1D scans in Fig. 2(c). The scans are made along the very
same line [highlighted in Figs. 2(a) and 2(b)]. Red (black)
markers correspond to the topographic (PFM) signal.

The topography image [Fig. 2(a)] allows a clear visual-
ization of periodic stripes of the crystal (where the original PE
mask openings were located), which were over-etched in the
RIE process during the mask fabrication. Such RIE-PE areas
are depressed [Fig. 2(c), red trace], appear darker and have
circular protrusions [cf also high-resolution image, Fig. 2(d)].

During PE, protons diffused into the crystal from the Ti-
mask openings, in depth (z) but also laterally (along x, i.e.,
under the mask), creating lateral diffusion (LD) stripes to the

S, (mV) Height (nm)
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sides of the original RIE tracks. This is apparent from a com-
parison between Fig. 2(a) (RIE tracks) and the PFM map of
Fig. 2(b). The latter highlights a strong contrast between vir-
gin LN and PE regions (RIE + LD areas), which appear as
dark stripes on a brighter (LN) background, consistently with
the expected reduced piezoelectric response of PE areas.

The PFM mixed signal [Fig. 2(b)] also contains informa-
tion on the phase of the piezoresponse, reflecting the substrate
polarity,>® which is left unchanged by PE (i.e., ®pg ~ @y ).
Accordingly, the contrast of Fig. 2(b) essentially maps
changes in the amplitude of the piezoresponse from PE (Spr)
and LN (S.y) regions. The amplitude of the PFM signal
[black circles, Fig. 2(c)] abruptly drops upon crossing the
boundary of the PE regions, which is also in good agreement
with the sharp crystallographic phase-front expected at the
interface between LiNbO; and f-phase PE.' Such well-
defined transitions allow a precise evaluation of the spatial
extent of PE (wpg = 4.74 um), with much better accuracy than
optical tools.

No contribution to the PFM signal of local charging in
the ion-etched areas is apparent from the data of Figs.
2(a)-2(c). Furthermore, the profiles in Fig. 2(c) indicate the
absence of significant crosstalk between the topographic
(RIE etching) and the PFM (PE) signals. This was achieved
by a careful tuning of the optimal parameters for PFM imag-
ing, in particular of the frequency, v4¢, which was chosen to
be far from contact resonances (to reduce any frequency-
dependent cross-talk).*” Further details on the procedures
adopted to ensure consistency and reproducibility of the
PFM measurements are discussed in Sec. III B.

The results illustrated by Fig. 2 were further confirmed
by similar PFM mappings made on samples with various PE

X (um)

FIG. 2. PFM measurements obtained from PE:LN samples of the kind shown in Fig. 1 (tpz =24h at 200°C, dpg ~3 um). (a) Topography of the sample with
the over-etched RIE regions appearing as narrow stripes aligned along y. (b) 2D map of the piezoresponse (mixed signal) recorded in the same location of (a)
(imaging conditions: V =5V, frequency vsc ~ 1.5 MHz, scanning speed vy = 22.5 um/s); the dark (bright) areas are PE (non-PE) regions. (c¢) Line profiles
extracted at the same location for topography [(a), red] and PFM [(b), black] scans. The topography shows the depth (~ 35nm) and the width (~1.3 um) of the
openings for PE fabricated by means of RIE; in the PFM signal S y corresponds to the bare crystal and Spg to PE regions. (d),(e) High resolution topographical
images of the surface status within the PE region: the R/E and surface lateral diffusion region, LD, are imaged at the locations framed in (a).
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depths (dpg € [0.5, 8] um, adjusted by controlling the expo-
sure time to benzoic acid), on both +z and —z surfaces, dem-
onstrating the possibility to readily visualize f-phase PE
regions with nanoscale resolutions, without resorting to any
etching. A good agreement was consistently found between
optical (n,) and PFM (ds3) results, providing evidence for a
direct link between the local increase of the extraordinary
refractive index and the decrease of the spontaneous polariza-
tion in PE layers (An, o< — APy), as originally suggested in
Ref. 24.

Scanning probe microscopy tools can also provide fur-
ther insights into additional features of PE at the nanoscale,
for instance, shedding light on questions regarding a possible
amorphization of LN as a consequence of PE. According to
investigations by X-ray diffraction and/or optical measure-
ments on “macroscopic” PE layers, crystallinity should be
preserved in H . Li; _ NbO; (although with quite complicated
phase diagrams). Yet, this might not be always the case in
(shallow) interfacial layers on sub-micrometric scales.'* We
do not have conclusive measurements in this respect, but
wish to underline some peculiar features consistently
observed, at specific locations on PE surfaces, in high-
resolutions topographic images [in Figs. 2(d)-2(e)].

The RIE-PE trenches [Fig. 2(d)] show a very coarse sur-
face with small features (radius < 25 nm), which are likely to
originate from material re-deposition, defects and/or ion im-
plantation during the anisotropic etching in Cl,-Ar atmos-
phere. In Fig. 2(e), we show instead a portion of the LD PE
region, where a highly irregular border, parallel to the PE-
RIE windows, is apparent. The leftmost area is closer to a
RIE region (i.e., the PE windows) and is slightly (~4nm)
higher. The surface swelling would suggest a higher strain in
this PE region as compared to the rightmost one. Although
not apparent from Fig. 2(b) nor 2(c), such a transition is
actually detected as a slight lowering in the PFM response
and might well correspond to the boundary between the two
H,Li;_ NbO; fsub-phases (S5 and f;),'"* expected to be
present within the PE layer [cf. discussion of Fig. 1(b)],
although optical characterizations would not allow the loca-
tion of such boundary to be identified unequivocally.

B. Evaluation of d3; reduction in PE

Before proceeding to quantitative assessments of the ds3
reduction on selectively proton-exchanged undoped and
MgO-doped substrates, we first carried out a systematic
study to evaluate the reproducibility of the PFM results,
since we observed a noticeable dependence of the measure-
ment outcomes on the tip and sample cleaning procedure, as
well as on the AC modulation frequency, v4¢, (tunable in the
kHz to MHz range).

Our final protocol for the PFM scans included using
heavily doped silicon cantilevers (PPP-NCH, Nanosensors)
and ozone-cleaning for 20 min before each measurement. As
for the choice of wv,c, besides being far from contact
resonances to avoid topography leakages into the PFM sig-
nal, based on the physical condition that the substrate polar-
ity is unchanged upon PE, we identified the optimal value
which corresponded to achieving a difference between the
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phase response from the PE and the non-PE regions lower
than 10% or, in other words, A® = |®pr — D5 <0.17 in
each PFM measurement. Accordingly, for the measurements
presented here, optimum values were found to lie around
Vac> 1.5 and 1.8 MHz for LN and MgO-doped LN, respec-
tively (yielding A® < 0.17 in both cases). After these cali-
brations, we proceeded to conduct a systematic analysis of
the PE layers on the surfaces of undoped and 5 mol. % MgO-
doped LN crystals to extract quantitative information on the
ds; reduction due to PE.

To extrapolate the differential reduction of d3; induced
by PE versus virgin LN, for undoped and 5mol. % MgO-
doped substrates, we performed multiple PFM scans [as in
Fig. 2(b)] on periodically exchanged samples (Fig. 1), by dis-
abling the slow axis scan and progressively varying the AC
voltage from 1 to 10V (in steps of 1 V). An example of such
a measurements is shown for undoped LN in Fig. 3(a) (PFM
amplitude signal) and Fig. 3(b) (phase). From the latter, one
can notice that the piezoresponse of the pure LN crystal [hor-
izontal bright regions in Fig. 3(a)] increases as V¢ is raised,
whereas the phase [in Fig. 3(b)] does not show appreciable
variations, therefore fulfilling the phase criterion
(A® < 0.17), except for very low V¢ values for which the
out-of-plane deformation is too low to extract any meaning-
ful phase signal above the noise floor.

From each value of the applied V¢, we retrieved the
evolution of the average PFM amplitude in LN (S;y) and PE
areas (S;p in LD-PE and Sg;z in RIE-PE). The results are
shown in Figs. 3(c) and 3(d) for PE (24h, 200°C) in
undoped and MgO-doped LN, respectively. For each sample,
the PE data from LD and RIE regions essentially coincide,
so we shall just concentrate on the differences between PE
and un-exchanged areas.

For both LN and PE areas, in undoped [Fig. 3(c)] and
doped [Fig. 3(d)] substrates, the amplitude of the PFM signal
grows linearly with the applied voltage (V4c), confirming the
validity of Eq. (3) and the reliability of the PFM approach in
our experimental conditions. A deviation is only observed
for PE regions in MgO-doped LN at voltages greater than
7V.

Given Eq. (1), the piezoelectric coefficient is related to
the slope of the linear fits (solid lines) on the data of Fig. 3.
The lower slope of the PE data with respect to LN is a clear
indication of the degradation of the piezoelectric properties.
From the slopes, one can obtain quantitative assessments of
the reduction of dz3 in PE relative to LN, determined as
follows:

R— d%v — d§3E _ 8§LN/8VAC — 0§p5/8VAC
a5y ISin/OVac

“

PFM meas

under the assumption that o (in Eq. (3)) is constant in each set
of measurements (sample). From the data on Fig. 3, one then
obtains: R;y=83% *£2% for PE in undoped LN and
Ryie0 =68% = 3% for PE in 5mol. % MgO-doped LN. The
reduction of ds3 is compatible with estimates for the reduction
in the spontaneous polarization (> 80%) for comparable
p-phase PE waveguides in congruent LN obtainable from,
e.g., nonlinear optical measurements.”*' On the other hand,
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FIG. 3. PEM (a) amplitude and (b)
phase 2D images used to quantify the
ds3 coefficient reduction due to PE. The
scans were obtained by disabling the
slow axis scan (y) and progressively
raising the AC voltage (V,¢) from 1 to
10V by steps of 1 V. In (c) and (d) aver-
aged piezoresponse for PE (LD and

V ac (1+10V)

RIE) and LN regions are plotted as a
function of the amplitude of the Vj4c.
Experimental data are shown as markers
and linear fits as solid and dashed lines.
(c) Congruent LN data for: virgin crystal
(squares), lateral diffusion PE-LD
(circles) and PE-RIE (triangles) regions
(tpe=24h, dpp~3 pm, vyc= 1.6 MHz,
Vse = 22.5 pm/s). Extrapolated ds3 reduc-
tion from the linear fits: R ~83%. (d)
Same as (c) for Smol. % MgO-doped
LN  (tpp=24h, dpg~2um vuc
=178 MHz, v,.=22.5 um/s), yielding:
R~ 68%.

no such estimates are available from the literature for PE in
Smol. % MgO-doped LN, and at this point we cannot conclu-
sively state whether the observed difference between undoped
and MgO-doped substrates is to be simply attributed to a less
disruptive impact of PE on the ferroelectric properties of
MgO-LN (known to exhibit lower proton incorporation
rates),”*** or to an enhanced ionic response and possibly
capacitive effects associated to the MgO-doping (resulting in
different values of Sy and « in Eq. (3) for LN and MgO-LN).
The latter hypothesis might also justify the noticeably higher
values of S, and of the shift at zero voltage (S,, i.e., the inter-
cept of the linear data fits with the y-axis in Fig. 3) observed
in MgO-doped LN (S, ~50mV in MgO-LN to be compared
with ~25mV in LN). Furthermore, the saturation effect
observed in the PE-MgO:LN data of Fig. 3(d) above 7V is a
probable indication of the onset of phenomena not included in
the model of Egs. (2) and (3), such as surface electrochemistry
and/or ionic motion, which are currently under investigation.

IV. CONCLUSIONS

In conclusion, we implemented a PFM approach for
nanoscale non-destructive characterizations of proton-
exchanged regions in LiNbO5;. We verified its reliability for
imaging purposes, by coupling systematic PFM analyses and
optical characterizations of -phases PE regions on *z-surfa-
ces, in crystals with and without MgO-doping. Furthermore,
we applied the PFM method to quantify the reduction of the
piezoelectric ds3 coefficient induced by PE, estimating it to
amount to 83% and 68% for undoped and MgO-doped LN
crystals, respectively. The proposed method not only provides
a practical means to probe the /ocal piezoelectric and ferro-
electric [Eq. (1)] properties of PE integrated devices but also
opens routes to gain further insights into optical and crystallo-
graphic properties at sub-micrometric scales (not accessible
otherwise). This work addressed correlations between the

piezoresponse and linear optical properties (refractive indi-
ces). In oxygen octahedra ferroelectrics (such as LN), the
electro-optic and nonlinear optical coefficients are also
directly proportional to the spontaneous polarization,” hence
applications of the above PFM technique to, e.g., resolve con-
troversial questions on the optical nonlinearity and phase dia-
grams,'’ in PE waveguide structures can also be envisaged.
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