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Ferroelectric domain structures of as-grown KTiOPO4 crystals are observed on polished polar surfaces by
the scanning secondary-electron microscopy~SEM! method. The results demonstrate a different contrast origin
for domain boundaries and domains themselves. It is shown that the electron-beam irradiation in SEM causes
a local heating of the ferroelectric crystal. Detailed calculations of the effects involved allow to assume that
pyroelectric potentials induced by heating are opposite in sign forC1 andC2 domains which is the main
reason for the domain contrast. Domain boundaries are revealed due to the converse piezoelectric effect and the
corresponding crystal deformations of ferroelectric domains are induced by electron-beam charging.
@S0163-1829~96!05933-4#

I. INTRODUCTION

Potassium titanyle phosphate KTiOPO4 ~KTP! crystals
exhibit excellent nonlinear optical properties making them
attractive for frequency doubling by second-harmonic gen-
eration~SHG! and optical parametric oscillations.1,2 Besides
numerous bulk devices, the development of KTP-based non-
linear optical waveguides has greatly broadened the spec-
trum of applications of this material. Quasiphase matching
between the fundamental frequency and second harmonic in
waveguides has been achieved by periodic spontaneous po-
larization reversal.3 Thus obtained domain grating in KTP
has allowed us to build a compact blue laser with output
power as high as 3.6 mW.4 The most critical point in the
laser fabrication is a ferroelectric domain structure control
both for virgin and for domain grated crystals.

Ferroelectric domain structures may be observed by dif-
ferent methods5 including polarizing microscope technique,
etching, powder deposition methods, secondary-electron mi-
croscopy, and scanning force microscopy.6 Several tech-
niques have been also developed for domains observation in
KTP crystals.7–10 They are based on piezoelectric,7

electro-optic,7,9 nonlinear optical, and pyroelectric
properties7,8 of this ferroelectric material. The domains of
KTP crystals have been also decorated on cleaved polar sur-
faces by using nematic liquid crystals.9 Selective etching of
domains with opposite directions of spontaneous polarization
Ps was utilized for optical and electron microscopy studies
including scanning electron microscopy.9 Recently,11 the do-
main grating formation in KTP have been controlled by
means of the SHG method. In this paper we report onin situ
observation of the KTP ferroelectric domain structure using

a scanning secondary-electron microscope.

II. STUDIED CRYSTALS AND EXPERIMENTAL
TECHNIQUE

Specimens ofZ-cut plates~1 mm thick! were made from
a ^100& pyramid of KTP crystal grown by the flux method.10

The preliminary domain mapping was performed by two
conventional methods: optical microscopy of etched samples
and piezoelectric probing. Etching was carried out using the
mixture of KOH and KNO3 solutions according to the
method developed in Ref. 8. It is known that the etching is
selective for domains with opposite directions of the polar
axis. The piezoelectric domain mapping was done by mea-
suring of the electric response induced by a force needle
head due to pulsed compressing a polar KTPC surface.8 It is
known that the sign of the piezoelectric coefficientd33 and,
consequently, of the detected piezoelectric signal depends on
a domain orientation.

KTP samples characterized by the method described
above were subsequently investigated by using the model
‘‘JEOL JSM-6300’’ scanning electron microscope equipped
with the ‘‘Oxford Instruments’’ software program. The stud-
ied polar surfaces were polished and uncoated. The TV mode
electron scanning regime was used in the frame time~40
ms!. Crystals were studied in the secondary emission mode
only. All data were obtained under the following parameters:
electron probe currentJ51.531028 A, magnification
355. The SEM images were observed by variation of the
primary electron-beam energyEpr in the range 0.2–4 keV
and they were treated by using the ‘‘Aldus PhotoStyler 2.0’’
software.
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The conductivity of KTP samples was measured using the
Keithley 617 programmable electrometer. Measurements of
the work function forC1 and C2 domains were imple-
mented by the Kelvin probe method.

III. EXPERIMENTAL RESULTS

Spontaneous ferroelectric polarization maps of the virgin
domain structure of KTP crystals have been obtained using
the selective character of KTP etching.C2 domains react
with etchant, whileC1 domains do not. The domain struc-
ture of some samples was also studied by the piezoelectric
probing. Both methods showed identical results. These mea-
surements allow us to choose for the SEM studies specific
areas of KTP samples containing largeC1 andC2 single
domains as well as multidomain structure.

Figures 1~a! and 1~b! show the SEM image of the central
part of a typical KTP sample (Epr52.8 keV!. A triangular
C1 domain surrounded byC2 domains and a multidomain
region can be distinguished due to the appearance of domain
boundaries only. However there is no contrast between do-
mains with different orientation ofPs . It should be noted
that the domain boundaries appear as ‘‘dark’’ and ‘‘bright’’
lines on the opposite sides of the domains. This contrast
direction depends on the sample orientation. When the
sample is turned around theZ axis by 180° the contrast gets
fully inverted: all previously ‘‘dark’’ boundaries become
‘‘bright’’ and ‘‘bright’’ boundaries are converted to ‘‘dark’’
@Fig. 1~b!#. The presented SEM images@Figs. 1~a! and 1~b!#

have been observed within a fairly narrow acceleration volt-
age range, 2.1 keV<Epr<4.0 keV. The strongest domain
boundary contrast occurs at 2.3 keV<Epr<3.0 keV. Primary
electron-beam energyEpr increase (Epr>3.0 keV! causes a
reduction of contrast. At voltageEpr>4.0 keV the SEM im-
age of the domain boundaries disappears completely and no
details of the domain structure can be observed.

Quite different SEM images have been obtained at
Epr<2.0 keV~Fig. 2!. The gradually reduced domain bound-
ary contrast is turned, also gradually, into the domain con-
trast when the accelerated voltage is decreased. The SEM
image demonstrated in Fig. 2 shows that theC1 domains are
bright andC2 domains are dark.

The measured conductivity of KTP crystals along the
spontaneous polarization direction issz'1028 V21cm21,
and for other directionssy5sx'10211 V21cm21. The
work functions for the domains with opposite directions of
Ps have been found to be equal,AC15AC254.5 eV.

IV. ELECTRON PROCESSES IN KTP CRYSTALS CAUSED
BY ELECTRON IRRADIATION

Comparison between optical microscopy and SEM im-
ages~Figs. 1 and 2! of the studied KTP crystals demonstrates
a complete identity of the revealed domain configurations.
Two kinds of contrast have been observed. The first one is
the domain boundary contrast~Fig. 1! and the second one is
difference in the brightness betweenC1 andC2 domains
~Fig. 2!.

The origin of the domain contrast for numerous ferroelec-
tric crystals was studied previously.12–17The great advantage
of the results12–17 is that they have been obtained on unmet-
allized surfaces as originally proposed in Refs. 12 and 13.
The authors12–17 have attributed the SEM domain contrast
mainly to the electric field of spontaneous polarization,
namely to the difference in work functions of domains with
opposite polarization and to the ‘‘charging’’ effect. Obvi-
ously, the observed domain contrast in the used secondary-
electron emission mode~Fig. 2! occurs due to the different
secondary-electron currents from domains with opposite di-
rections of spontaneous polarization. The experimental re-
sults ~Fig. 2! show that theC1 domains are sufficiently
brighter than theC2 domains. It means that the secondary-
electron emission yield~current! JC1 is larger thanJC2.

Two factors may influence the currents of the secondary
electrons: asymmetric flux of secondaries along and opposite

FIG. 1. Domain boundaries SEM contrast forZ-cut as-grown
KTP crystal~energy of primary electronsEpr52.8 keV,355). The
‘‘ b’’ image was obtained for the sample turned aroundZ axis by
180°.( indicatesC1 domains,^ indicatesC2 domains.

FIG. 2. Domain contrast forZ-cut KTP crystal (E pr51.5 keV,
355).( indicatesC1 domains,^ indicatesC2 domains.
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polar axisPs and changes of the work function of the oppo-
site domains caused by the electron irradiation. Ferroelec-
trics are crystals without a center of symmetry. Elementary-
electron processes for them are asymmetric for
nonthermalized carriers of charge.20,21 For instance, light il-
lumination of ferroelectrics excites photoelectrons in the lat-
tice and direct ‘‘photovoltaic’’ current is observed along the
polar axisPs .

20,21 The primary electron beam leads to the
appearance of secondary nonthermalized electrons with en-
ergiesE@kT.18,19One can assume that an asymmetric elec-
tron flux of secondary electrons should be observed. It means
that the secondary emission current fromC1 domains may
be larger than fromC2: JC1.JC2. Another contribution to
the observed difference in the secondary-electron emission
currents fromC1 andC2 domains are possible changes of
the work function of the domains originating from electro-
static charges induced by the primary electron-beam irradia-
tion.

V. CHARGES AND POTENTIALS OF IRRADIATED
FERROELECTRIC KTP CRYSTALS

Irradiation in SEM of any dielectric causes a sample
charging if the secondary-electron emission coefficientd
Þ1. The positive chargeDr at an irradiated surface appears
for d.1 and the negative one ford,1. The corresponding
changes of the surface potential should strongly affect the
secondary electron emission current because it is equivalent
to the variation of a crystal work function. The effect may be
interpreted as a ‘‘voltage contrast.’’19 Obviously the charge
Dr is quasiuniform over the sample surface and it does not
depend on the domain orientation. Calculations of the sur-
face potential arising from the primary beam irradiation are
based on the assumption that the charge crystal bulk~inter-
action volume! represents a homogeneously charged cylinder
of radiusR (R is an electron-beam radius! and heighth (h is
a penetration depth of the beam!. The value ofR in our
experimental conditions wasR'0.5 mm. The penetration
depth may be estimated according to the expression18 known
as the Kanaya-Okayama range:

h5
0.0276AEpr

1.67

Z0.89d
, ~1!

whereA is an atomic weight in g/mole,d is a density in
g/cm3, andZ is an atomic number~the beam is incident at a
right angle to a sample surface!. Substituting the parameters
known for KTP data:1,22 A5197.97 g/mole,Z514.656,
d53.02 g/cm3, E pr'1 keV, one can estimate that
h>1.731025 cm. To calculate the bulk charge densityr in
one can assume that the irradiated cylinder is charged uni-
formly andr in may be written in accordingly23

r in5
I bta

pR2h
, ~2!

whereI b is the primary beam current,ta is the time of irra-
diation. Expression~2! has been obtained under the assump-
tion that the injected charge is totally absorbed. Also,r in
should depend on the magnitude of the secondary-electron
emission coefficientd and expression~2! should be corrected
as follows:

r in5
I bta

pR2h
~d21!. ~28!

The value ofta can be estimated from the expression23

ta5
tL2R

L
, ~3!

whereL is the length of one line scanned on the specimen
and tL is the line scanning time.23 We estimate from the
experimental conditions thatta>1.8531028 s and, for the
primary electron current I b51.531028 A, r in
52.07831023(d21) C/cm3. The surface potentialUc of
this charged cylinder has been calculated from the following
formula:

Uc5
1

4p««0
R
V

r in
r
dn, ~4!

where« is the dielectric permittivity andr is the coordinate.
The solution of~4! gives

Uc5
r in
4««0

FhAh21R21R2 lnS h1Ah21R2

R D 2h2G . ~5!

The estimated surface potential appeared due to the irradia-
tion by the primary beam is, thus,Uc'170(d21) mV.
Variation of the potentialUc depends on thed value. The
dependenced(Epr) is identical for all kinds of materials~Fig.
3!.18,19We have gauged the value ofEpr in accordance with
the method15 when the secondary-electron emission coeffi-
cientd51. For the studied KTP crystalsd51 was observed
for Epr'2.0–2.1 kV. Exactly at this energy the drastic
changes of the contrast behavior has been observed~Figs. 1
and 2!. Implemented measurements ofd make it possible to
define the sign of potentialUc . Obviously, forEpr.2.0 kV,
d,1, andUc is negative, while at low voltages,Epr,2.0
kV, d.1 ~Fig. 3!, and the surface potential is positive,
Uc.0. Unfortunately, quantitative data ond values are very
limited for ferroelectrics and they are unknown for KTP. In
Ref. 24 the coefficientd was gauged in LiNbO3. The maxi-
mum value ofd wasdmax>1.8 atEpr'400 eV andd(E pr)
curve decayed slowly ford.1.

The second reason for the surface potential changes is a
pyroelectric potentialU pyro that appears due to the specimen
heating by absorbed electrons. Estimation of the temperature
changeDu for any material subjected to the electron irradia-
tion in SEM was done in Ref. 23. The authors showed that
for insulatorsDu is as follows:

FIG. 3. Secondary-electron emission coefficientd versus energy
of the primary beamEpr for the studied KTP crystal.
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Du5
I bEprta

4.186pa2hdc
, ~6!

where c is the specific heat. For KTP crystalsc50.174
cal/g °C ~Ref. 1! and expression~6! givesDu>0.96 °C.

Having Du and estimated sizes of the irradiated volume
of the crystal one can calculate the pyroelectric potential:

Upyro5
gDuh

««0
, ~7!

whereg is the KTP pyroelectric coefficient. According to
Ref. 1 for KTP crystalsg5731029 C cm22 K 21 and
Upyro'240 mV. The sign of a pyroelectric potential at a
polar surface is defined by the direction of a spontaneous
polarizationPs . Heating a ferroelectric specimen by an elec-
tron beam causesUpyro,0 for C1 domains andUpyro.0 for
C2 domains.

VI. ORIGIN OF DOMAIN AND BOUNDARIES CONTRAST
IN SEM

The resulting potentialU of the irradiated surface is the
algebraic sum of the pyroelectric potentialUpyro and the
uniform surface potentialUc appearing under the electron-
beam irradiation. Both potentials are associated with electro-
static charges. Generation of charges in ferroelectric-
semiconductor crystal causes their screening. The
characteristic time of the screening process is the Maxwell
relaxation time,tm5««0 /s, wheres is the crystal conduc-
tivity. Our measurements of KTP specimens used show that
szz'2.631028 V21cm21. For the known «520,
tm'6.831025 s. The appearing charges are screened in ac-
cordance with the simple equationr5r0exp(2ta /tm). The
time of irradiation ta estimated above@expression~3!# is
ta51.8531028 s which is much less thantm . It means that
the charges induced by the primary beam and pyroelectric
charges are not relaxed sufficiently in the used TV scanning
mode (ta!tm). One can assume that there is a strong influ-
ence of this charging process on the observed domain con-
trast.

Electron-beam irradiation in the regiond.1 (Epr,2.0
kV, Fig. 3! causes the appearance of uniformly distributed
positive charges@the potentialUc5170(d21) mV#. The py-
roelectric potentials@expressions~6! and ~7!# for a C1 do-

main will be Upyro>2240 mV and for C2 domain
Upyro>1240 mV.

The resulting surface potentials for these domains may be
defined as

UC152Upyro1Uc ,

UC25Upyro1Uc . ~8!

Equation ~8! shows that in the low-voltage regime
(Epr,2.0 keV! d.1 and the resulting potential of theC2

domain is always positiveUC2.0. The potential for the
C1 domains depends on thed value. As mentioned above,
dmax for LiNbO3 was equald51.8. If we assume that
dmax;2 one can obtain that the resulting potential for the
C1 domains is negative,UC1,0. Obviously, changes of the
surface potential causes a work function decrease forC1

domains and its increase forC2 domains. The work function
difference is DA5UC22UC152Upyro and it is about
DA>0.5 eV. Our measurements of the work function for the
equilibrium state show thatAC1'AC2'4.5 eV. Taking into
account the value of energy gap for KTP~Ref. 1! Eg53.5
eV, one can get the electron affinityj51 eV. The pyroelec-
trically induced difference in the domain work function is
derived from Eq.~8! as DA>0.5 eV. This value is about
50% from the measured electron affinity. It means that the
pyroelectric contrast is the dominant reason.

These estimates make it possible to interpret the domain
contrast as follows. Electron irradiation of the ferroelectric
surface causes the appearance of asymmetric fluxes of the
secondary electrons whenJC1.JC2. Electron escape from
the surface is also asymmetric because the resulting work
function for C1 domains is sufficiently smaller than for
C2 domains. Both reasons should lead to difference in the
secondary-electron emission from opposite sign domains.
This conclusion is consistent with the experimental data~Fig.
2! when C1 domains are bright andC2 domains look
darker.

In the regime whenEpr.2.0 keV andd,1 the domain
boundary contrast is observed only~Fig. 1!. The potential
Uc has a negative value while the signs ofUpyro for the
C2 andC1 domains remains unchanged:

UC152Upyro2Uc ,

UC25Upyro2Uc . ~9!

Figure 1 demonstrates the complete disappearance of the do-
main contrast. Probably the reason for this might be ex-
plained as follows. Enhancement of the value of beam en-
ergy Epr causes an increase in the penetration depthh and
reduces the local heatingDu. As a result, the influence of the
pyroelectric potential on the domain contrast becomes
smaller. In this case the dominant charge will be the uniform
negative charge induced by the primary beam.

However, the domain boundary contrast arises~Fig. 1!. It
should be noted that both images@Figs. 1~a! and 1~b!# illus-
trate the same feature: the left boundaries are dark and the
right ones are bright. As it has been described the SEM im-
age presented in Fig. 1~b! was obtained when the KTP speci-
men was turned aroundZ axis by 180° with respect to the
sample orientation corresponding to Fig. 1~a!. The Everhart-

FIG. 4. Scheme of the appearance of the boundary contrast in
the KTP crystal (Epr.2.1 keV!.
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Tornley detector of the secondary electrons is situated on the
right-hand side of the sample~Fig. 4!. This means that the
electron detector does not ‘‘see’’ the left side of theC1

domain and it does ‘‘see’’ the right. One can suggest that it
may occur due to the lifting ofC1 domains and to the low-
ering of theC2 domains. Charging of any ferroelectric crys-
tal causes the appearance of the converse piezoelectric effect.
It leads to the elastic deformationD l of the crystal. The sign
of the deformationD l is opposite for the different domains
~Fig. 4! when they are charged identically. For the same
negative charges injected by the primary beam Figs. 1~a! and
1~b! demonstrate the strong boundary contrast and one can
assume that the contrast may occur due to the converse pi-
ezoelectric effect. We believe that the obtained data may be
used for observation of a domain grating in KTP nonlinear
optical devices.

VII. CONCLUSIONS

~1! The domain and boundary contrasts are observed in
as-grown KTP crystals by the SEM method.~2! Two quite
different types of the contrast have been revealed. It is shown
that in the TV scanning mode and ford.1 the domain con-
trast is caused by opposite pyroelectric potentials forC1 and
C2 domains. The boundary contrast is of topographic origin.
We attribute it to the converse pieozoelectric effect in the
regime when the secondary-electron emission coefficient
d,1.
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