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Enhancement of second-harmonic generation in BaTig/SrTiO ; superlattices
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Second-harmonic generatid®HG) of a 1.064um incident beam was investigated on BaJIiSrTiO;
superlattices prepared by laser molecular-beam epitaxy. The incidence angle and the polarization angle depen-
dence of the SHG coefficients were measured. The SHG coefficients were greatly enhanced by the superlattice
structure with the maximum value df;=156.5 pm/V being more than one order of magnitude larger than that
of bulk BaTiQ; crystal. The mechanism of SHG enhancement was discus3eti63-18209)02527-9

To meet the need of the advanced electronic devicedixed at 80 nm(200 unit cells. The films were grown at
many efforts have been made to enhance the dielectric arB0 °C at an oxygen pressure okK10 *Pa.
ferroelectric properties of ferroelectric materials with small ~ Crystallographic orientation and crystallinity of the de-
dimensions. Being one of the most important ferroelectrigposited thin films were analyzed by eithier situ RHEED
perovskites, barium titanate (BaTjOhas attracted much at- Patterns and the oscillations of their intensities ex situ
tention. Recently, it has been found that the formation of the«-ray diffraction (XRD) patterns, atomic force microscopic
artificial superlattice of BaTig¥SrTiO; provided a powerful (AFM), and high-resolution transmission electron micro-

method for creatng a new high-dieIectric-constantSCOPiC(HRTEM) images. These results indicated that highly
material™? By stacking ferroelectric BaTiQ (BTO) and c-axis oriented BTO/STO superlattices were formed as de-

paraelectric SITIQ(STO) alternately, the dielectric constant signed with t_he root-mean-gquare roughn_ess of_0.1 nm in
&, were greatly enhanced and the highvalues were kept surfaces and interfaces and in complete epitaxy with the sub-
r

around a broad range of both total thickness and temperat rstrates. Figure 1 shows the cross-sectional HRTEM micro-
u rang ! P ygeraph of two periods of a BT@O unit cell3/STO(10 unit
because of the in-plane stress resulting from the lattice mi

. . Tc'c'ells) superlattice, where there are 20 BTO unit cells and 10
match between BTO and STO. Besides its large ferroelectrlg-l-o unit cells in one period.

and dielectric response, BTO is also a good optical nonlinear gpG gata were collected using a typical setup with a sig-
material. According to optical nonlinear principles, high re- ,51 and a reference chanfelThe TEMy, output of a
fractive, i.e., high dielectric materials should have large noNQ-switched Nd:YAG(yttrium aluminum garnetiaser with a
linear susceptibilities. Therefore, one can predict that th@fvavelength of 1.064um was used as the fundamental beam.
BTO/STO superlattice should exhibit large optical nonlinear-The laser pulse was incident on the superlattice mounted on
ity, which has the promise for applications in optical a rotation stage, with a repetition rate of 5 Hz, a pulse dura-
switches, filters, waveguides, and electro-optic devices. T@on of 20 ns, and a maximum energy of 50 mJ. The funda-
our knowledge, however, little work has been done on nonmental beam was split to pass through the signal and refer-
linear optical properties of the BTO/STO superlattice. ence channels simultaneously. A piec&efut quartz crystal

In the present work, we investigated the characteristics ofreferencg was used in the reference channel for normaliza-
the second-harmonic generatid®HG), the fundamental tion against possible laser fluctuations. Another piece of
phenomenon in nonlinear optical effect, of a series of
BTO/STO superlattices with various stacking periodicities
n/m, wheren and m are the numbers of BTO and STO
unit-cell layer in one BTO§)/STO(m) period, respectively,
and found that the periodical structure enhances SHG
greatly.

In this study, the BTO and STO layers were stacked al-
ternately by a multitarget laser molecular-beam epitaxy
(LMBE) technique. An XeCl excimer laser bea308 nm,

20 ns, 2 Hz was focused on the sintered BTO, or single
crystal STO targets alternately with the pulsed energy inten-
sity of about 1 J/crh Monitored by the reflection high-
energy electron diffractiotlRHEED), the BTO or STO lay-
ers were deposited layer by layer on single-crystal S§TiO
(100 substrates. The deposition rate was about 0.01
nm/pulse. The thickness of each BTO or STO layer was
varied in the range from 0.8 nit2 unit cell§ to 20 nm(50 FIG. 1. Cross-sectional HRTEM micrograph of two periods of a
unit celly and the total thickness of the superlattices wereBTO(20 unit cell3/STO(10 unit cell§ superlattice.
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Z-cut quartz crystalcalibratior) was substituted for the su-
perlattice specimen in the signal channel to allow the secon

harmonic(SH) intensity from the superlattice to be scaled to

the SHG coefficientl;;=0.34 pm/V of quartz. Selected by
an analyzer placed before the photodetector pHpelarized

transmitted SH beam at 532 nm was measured as functions
of both the incidence angle and the polarized angle of the
fundamental beam. Each measured datum was obtained by a
photomultiplier tube and by averaging the results of 100 la-
ser shots using an instantaneous computer recording system.

The thickness of the superlattice filni80 nm was more

than one order of magnitude less than the coherence length

(3 um) of bulk BTO# hence the coherent factor in determin-

ing SHG coefficients can be ignored. Then the effective SHG
coefficients for the superlattices can be approximately given

by’

n(2w)n?(w)lsT,
(Zw)nq(w)l T

eff~ 77 |

12
} di;, (1)

wherel ;=20um is the coherence length of quaftk, is the
superlattice thicknes:}(2w) and n(w) are the refractive
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FIG. 2. Fundamental polarization dependence of the effective

indices of the superlattice at SH and fundamental frequenSHG coefficients of BTO/STO superlattices, wig—(f) being re-

cies, respectivelyny(2w) andny(w) are the refractive indi-
ces of the quartz at each of the frequenclgsndl , are the
normalized SH intensitiesTs and T, are the transm|SS|on

sponsible for the stacking periodicitym=2/2, 4/4, 10/10, 20/20,
30/30, and 50/50 unit cells, respectively. The incidence angle of the
fundamental beam was chosen as 45°. The SH beanpwpatar-

factors for the superlattices and the calibration quartz, relzéd. The circle symbols represent experimental data. The solid

spectively, andl{,=0.34 pm/V is the optical nonlinear coef-
ficient of quartz3 According to our measurement$,/T,

lines are the best fits to E(B).

—0.8. The refractive indices of BTO are similar to those ofthe BTO/STO superlattice with the same structure symmetry
STO. So, we choose the refractive indices of BTO thin films(4mm) of the bulk BTO is reasonable and these superlattices

as those of the BTO/STO superlattice2w) =2.2, n(w)
=2.1° q(2w)n2(w) 3.78

By assuming the BTO/STO superlattices have approxi*
mately the same structure symmetryn{#) of the bulk BTO

are isotropic in the plane of films. It should be noted that the
maximum|d.x| values are much higher than the typical ones
obtained from BTO filmg2.13 pm/V(Ref. 4 and 0.8 pm/V
(Ref. 5.

crystal, the second-order nonlinear polarization can be ex- 10 obtain the experimental valuesafs, ds,, andds; for

pressed as

0 0 O 0 dy O y
PNe—[ O O O dys O O z

)

Figures Za)—2(f) show the fundamental polarization de-

BTO/STO superlattices, the effective SHG coefficients as
functions of the incidence angle of the fundamental beam
were measured. The fundamental and SH beams were se-
lected asp-polarized. The results dtl.q| versusa are shown
in Figs. 3a)—3(f), which are responsible for the stacking
periodicity n/m=2/2, 4/4, 10/10, 20/20, 30/30, and 50/50
unit cells, respectively. The circle symbols represent experi-
mental data. The zero values [af.;| at the zero incidence
angles are the characteristics of thexis oriented BTO
films. The solid lines are the best fits to the following func-
tion:

pendence of effective SHG coefficients for a series of

BTO/STO superlattices with stacking periodicitym=2/2,

4/4, 10/10, 20/20, 30/30, and 50/50 unit cells, respectively.

The incidence angle of the fundamental beam was chosen
45° and the SH beam wagspolarized. The circle symbols
represent experimental data. The solid lines are the best fi
to the following function:

derr=|PN-|/E2=d, sir? 6+d, cos 6, 3)

which can be derived from Eq2), where # denotes the
angle between the fundamental polarization and the inci
dence planeg; andd, are linear functions ofl;5, d3;, and

des=dy5Sin 2, OS5,

s +(dg; c0& @, + dg3Sir? a,)Sinay,, , (4
thlch can be derived from E@2). Here«,, anda,,, are the
internal angles of fundamental and SH beams respectively,
which are given byn(w)sina,=sina=n(2w)sina,, with
n(w) andn(2w) being the refractive indices at the funda-
mental and SH frequencies, respectively. The fitting results
of di5, d3;, andds; for a series of BTO/STO superlattices
with various stacking periodicities are listed in Table I,
where those values of the bulk BTO crystal and the BTO thin

dss. The nearly perfect fits indicate that the assumption offilm obtained by other authdtsre included for comparison.
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second-order optical nonlinear properties. The lattice con-
stants of bulk BTO and STO ara=b=0.3990nm, ¢
=0.4036nm, and a=b=c=0.3905nm, respectively.
Therefore, inside the BTO/STO superlattice, compression
(expansiomnand expansioficompressionstress are expected
to be introduced along the interface and perpendicular to the
interface in BTO(STO) layers resulting from the lattice mis-
match between BTO and STO. So, in thexis oriented
superlattices, the axis was enlarged while tha axis was
shortened for BTO layers. The lattice constamtf the BTO
layers increases, while the lattice constardecreases with
decreasing stacking periodicity and reach their extremum
values at the stacking periodicity m=2/2 unit cells. That
is, a large stress~ 10’ Pa)t was introduced into the BTO
layers. Resulting from this stress, the tetragonal phase of
BTO was stabilized, the spontaneous polarizafgmvas in-
creased, and the dielectric constapof BTO was enhanced
L L with the same tendency as that of the lattice constaantd
0 0 30 b 30 5060 30 & 30 60° having the maximum value of 900 at the 2 unit cell/2 unit
o (Deg) cell structure. The coefficient of SH@,;, , can be expressed
asdijkocxﬁ“’xﬁ)(ﬁ’k, wherex® and y2¢ are the linear optical
FIG. 3. Fundamental incidence angle dependence of the effesusceptibilities at frequencies efand 2, respectively, and

tive SHG coefficients of BTO/STO superlattices, wigh—(f) being x=(&,—1)/4r. So one can deduce thd{jk was enhanced
responsible for the stacking periodicity/m=2/2, 4/4, 10/10, with the same tendency as thatf.

20/20, 30/30, and 50/50 unit cells, respectively. The fundamental |, addition to the spontaneous polarizatiBy, the large
and SH beam werp polarized. The circle symbols represent ex- stress in the BTO/STO superlattice can also produce an ad-
perimental data. The solid lines are the best fits to &g. ditional polarization P through the piezoelectric effect,
which would produce SHG in the same way as does the
From the fitting results, we can see that, for BTO/STOspontaneous polarizatid®,.> P normal to the film surface
superlattices with various stacking periodicitidgs is lower ~ would producec-axis-oriented-like SHG. Using the stress
than that of the bulk BTO crystatls; is almost the same as, given above and piezoelectric coefficients from Ref. 8, the
anddsz is much larger than those of the bulk BTO crystal, value of P normal to the film surface produced by the stress
while they are all much larger than the typical BTO thin-film in BTO layers through piezoelectric effect can be estimated
values reported by other authors. It should be noteddhat to about 0.2 C/fy which is comparable with that d® in
has been dramatically enhanced with the maximum valudulk BTO crystal} 0.25 C/nf. Hence, SHG may be en-
being more than one order of magnitude larger than that ofianced by the stress in BTO layers through the piezoelectric
the bulk BTO crystal and it increases with decreasing theeffect.
stacking periodicity. Considering the enhancement of spontaneous and stress-
The results above clearly show that the formation of thenduced polarizations and the enlargement of lattice constant
BTO/STO superlattice greatly enhances SHG from BTO.of BTO layers being in the direction afaxis, the anisotropic
The enhancement can be attributed to several factors. enhancement ofl;5, d3;, andds; can be understood. The
Bulk BTO has a perovskite-type tetragonal structure withSHG coefficient;;, is proportional to the ensemble average
point-group symmetry shm, which is responsible for its of rirjri, with r; being the dipole moment operator in the
ferroelectric and second-order optical nonlinear propertiesdirection. Therefore, one should expect for the largest en-
Bulk STO has a cubic structure with point-group symmetryhancement irtl;3(d..o), and the small ones id;g(d,c,) and
m3m, which is responsible for its paraelectric and non-dsy(dcaa)-
Besides the contribution of polarization, the enhancement
TABLE I. SHG coefficients of various BTO/STO superlattices of SHG can also be attributed to the interfaces in BTO/STO

with various stacking periodicities. superlattices. It has b_een found that the interfac_es can pro-
duce SHG even in centrosymmetry semiconductor
Stacking periodicity superlattices? One can expect that the interfaces in
n/m (unit cells dis (PMAV)  day (pMAV)  dag (PMIV) BTO/STO superlattices may be responsible for a part of
SHG.
2/2 2.3 8.5 156.5 Besides the explanation mentioned above, there may be
4/4 31 12.0 76.8 two other reasons responsible for the enhancement of SHG.
10/10 11 7.3 55.6 The first is the contribution of STO layers in BTO/STO su-
20/20 45 14.9 46.6 perlattices. The bulk STO crystal is cubic, which cannot gen-
30/30 9.3 17.3 38.6 erate SH. In the BTO/STO superlattice, however, STO layers
50/50 4.2 10.8 27.0 also strained due to the lattice mismatch. Without centrosym-
BTO bulk crystal 17.0 15.7 6.8 metry, the strained STO layers may also generate SH. The
BTO thin film 2.2 2.1 0.90 second is the good crystallinity of the samples. As confirmed

by XRD, AFM, and HRTEM, the BTO/STO superlattices
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used in this study were in complete epitaxy with the sub-ing periodicities were grown by LMBE. The fundamental
strates with the root-mean-square roughness of only 0.1 nmolarization dependence and the incidence angle dependence
in surfaces and interfaces, which may allow the superlatticef SHG from these superlattices have been measured system-
thin films perform as single crystal. atically. The data of experiments and theoretical fitting show
From the discussion above, one can see that there are twRat the SHG coefficients, especially;, were greatly en-

conflicting factors affecting SHG in BTO/STO superlattices. hanced by the formation of the BTO/STO superlattice with
The smaller th.e st.acking pe.riodicity was, the larger the stresg,e maximum value being more than one order of magnitude
and the polarization were introduced into the BTO layers,rger than that of the bulk BTO crystal. The enhancement of
and the more the interfaces were involved, which can engpg has been attributed to the enhancement of polarization,

hance SHG. On the other hand, the smaller the stacking Pere introduced interfaces, the contribution of strained STO

riodicity was, the more the deviation of the BTO layers wer€jayers and the good crystallinity. From the results above, it
from the pulk structure, which can reduce SHG.. Tr_le resultingicates that the BTO/STO superlattice may be very prom-
ant SHG is the balance of these two factors, which is responsing for nonlinear optical applications.

sible for the varying tendency ids; and the aniostropic

enhancement amordys, d3;, anddss. This work was supported by the Ministry for Science and
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