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The TTE voltage effect has been greatly improved by constructing the artificial
multilayer structure of STO/NSTO with accurate inclined orientation.
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Artificial SrTiOs/SrTi1-«NbxOs multilayer films were epitaxially grown on 10° off-cut (001) LaAlOs single

DOI: 10.1039/x0xx00000x crystal substrates by pulsed laser deposition. The microstructural characterizations by X-ray diffraction
www.rsc.org/ and high resolution transmission electron microscopy indicated that the multilayer films were periodic
modulation structure with atomically sharp interfaces and inclined c-axis oriented. All sublayers with
inclined (001) planes were exactly tilted away from the interfaces by the same 10°. The unique
transverse thermoelectric voltage signals were achieved up to 0.744 V in the multilayer films, which is
hundreds times larger than the bulk Nb-doped SrTiOs (~ 3 mV) single crystals with the same inclined
orientation. The response time of the signals, depending on the thermal relaxation process in this
multilayer structure, increased exponentially from 600 ns to 1700 ns with increasing the thickness of
SrTi1xNbxOs sublayer. Furthermore, the peak value of voltage presented a significant linear relationship
with the energy absorbed by the film. The results demonstrated that the transverse thermoelectric

voltage effect was improved in these films due to their multilayer structure with inclined crystal

orientation, which would expand the possibilities of thermoelectric devices for versatile applications.

Introduction

Transverse thermoelectric (TTE) voltage effect was first found
and demonstrated in high 7, superconductor YBa,Cu3;0_s thin
film grown on miscut substrates, in which an unusually large
transverse voltage was generated when laser illuminated on the
surface of this film.! And then, it was proved that the unique
TTE voltage effect was a special TE phenomenon which
utilized the non-vanishing components in the off-diagonal term
of the Seebeck tensor S.>* This effect had great potential
versatile applications fast
temperature detectors,® waste heat recovery devices and laser
power meters.”® The pioneering researchers clarified that

such as self-powered room

materials with TTE voltage effect must be have three essential
factors: (i) specific crystallographic orientation (inclined crystal
orientation), i.e. the orientation of the principal crystal axes are
tilted from the surface normal [see Fig. 1(a) for details], (ii)
anisotropy of the Seebeck coefficient AS = S,, — S, # 0 (here
treated as a scalar), and (iii) establishment of the temperature
gradient V.7 along the out-of-plane (z-axis) direction. Based on
the above description, Lengfellner er al. derived the TTE
voltage U, along transverse (y-direction) direction in xy plane
of the film,? which is given by

li I
U, :;(Sab -8, )sin(22) VT :;ASsin(2a)ATz (1)

Here, / and ¢ are the illuminated length and thickness of the film.

This journal is © The Royal Society of Chemistry 2013

According to this formula, the key factor is AS = S, — S, that is,
large transport anisotropy (in this case, AS) implies large TTE
voltage effect. The natural layered materials usually exhibit
large AS. Therefore, many of them such as YBa,Cu;O7,
La, ,Sr,CuQ,, Bi,Sr,CaCu,Og and Ca,CoO, have since been

studied to enhance their TTE voltage
%13 Most of them belong to high T,
superconductor and colossal magnetoresistance materials.
However, traditional TE materials were rarely used to develop
TTE voltage effect except recent researches about Ca,Co0,,'"
13 which was a typical oxide TE materials presenting good TE
and TTE performance due to their layered structure with large
AS =35 pVK'. In this case, excellent TTE voltage effect could
be developed from traditional TE materials because they are
both TE phenomenon. Heavy Nb-doped SrTiO;5 (SrTi; ,Nb,O;,
NSTO) epitaxial film is a promising candidate for developing
TTE effect because it exhibits a rather large S due to the large
density of states effective mass.'* Nevertheless, with regard to
TTE effect of NSTO epitaxial films, few works have been
reported because they belong to 113 member of Ruddlesden-
Popper family, which presents a relatively small anisotropy due
to their cubic structure.® The only study was miscut NSTO
single crystals, in which the voltage signals were observed only
several millivolts.'”> More recently, Hiromichi Ohta et al.
demonstrated that a high-density two-dimensional electron gas
confined within a unit cell layer in SrTiO;/SrTiggNby,O3

extensively
performance.
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superlattices yielded an unusually large S, approximately five
times larger than that of the bulk SrTiO; (STO).'®

(b)

Laser irradiation

e L= 1205
All samples: NSTO M=035  —
n=1205,N=20 STO
m=67s
m=40s
m=26s

Fig. 1 Experimental configuration to develop the TTE effect: (a) The schematic cross-sectional view of the STO/NSTO multilayer films with inclined orientation is
shown. abc and xyz are the crystal axes and the geometrical axes, respectively; (b) Sketch for the formula of STO/NSTO multilayer films.

To utilize the large S and further enhance the value of AS, here
we focused on STO/NSTO artificial multilayer films which
were alternately stacked by STO insulative sublayers and heavy
doped NSTO conductive sublayers as shown in Fig. 1(b). In
such sandwich structure, the electrons were confined between
the two STO insulative layers. The electronic transport
properties in ab plane were different from that in c-axis
direction realizing anisotropy, namely, AS = S,, — S.. What is
more, the improved TTE effect has been observed in NSTO
single layer epitaxial films with a tilted orientation in our
previous report.'” In this study, STO/NSTO artificial multilayer
structure was fabricated to enhance the anisotropy for further
improving the TTE effect. The epitaxial behavior and exact
crystal orientation of the STO/NSTO multilayer films were
confirmed. Based on that the TTE voltage effect of the samples
were tested and investigated.

Experimental

Undoped STO and heavy doped NSTO (20% Nb doped, as the
stoichiometric ratio) polycrystalline ceramics were prepared by
solid-state sintering technique at 1250 °C, which were used as
targets for STO/NSTO multilayer films deposition. The 10° off-
cut (001)-oriented LaAlO; (LAO) single crystals with the size
of 3 mm x 1.5 mm X% 0.5 mm were used as the substrates.
During the growth of multilayer films, the two home-made
targets were alternately ablated by the pulsed laser deposition
(PLD) system with a KrF excimer laser (wavelength is 248 nm,
pulse width is 28 ns, energy density is ~1 mJ-mm™-pulse™,
repetition rate is 5 Hz) at 820 °C in a flowing oxygen
atmosphere. The flowing oxygen pressure was fixed at 1.0 x 10
% Pa which not only made the NSTO sublayers keeping a high
conductivity (n, ~10*' ¢cm™), but also ensured the STO
sublayers in a insulative state (n, = ~10'® ¢cm™) by preventing

them from forming oxygen vacancies. Consequently, the
multilayer structures of [(STO),/(NSTO),,]y were constructed
[Fig. 1(b)], where n and m represent the deposition time of the
STO and NSTO sublayers and N is the total stacking periodic
number. It should be noted that the deposition time were used
as nominal thickness before the real thickness was confirmed.
The designed thickness of NSTO sublayer (fxsto = 7 X VNsTO> V

2 | J. Name., 2012, 00, 1-3

is deposition rate) was set at 26, 40, 67, 93, 120s, while the
STO sublayer (fsto = n X vsro) and N were set as the fixed
value of 120s and 20, respectively. All films were in situ
annealed for 0.5 h to decrease the amount of oxygen deficiency
and improve the crystal quality. The periodic structure, crystal
orientation and epitaxial relationship of the multilayer films
were determined by special 26-6 scans of X-ray diffraction
(XRD) and high-resolution transmission electron microscopy
(HRTEM). Energy dispersive X-ray (EDX) testing was adopted
to confirm the elements distributions and the Nb composition x
in the films. After making the in-plane silver electrodes, the
TTE voltage signals of STO/NSTO multilayer films were
measured and recorded at room temperature using the home-
built TTE voltage signal collection system.

Results and discussion

Fig. 2(a) shows the phase compositions of STO and NSTO
targets verified by XRD, both of which present only one
titanate phase with the typical perovskite structure. However,
compared to STO (lattice parameter asto = 3.907 A), the (110)
peak of NSTO slightly shifted 0.07° to a lower angle [the inset
of Fig. 2(a)]. The shifting suggests that the Nb atoms have been
doped into the lattices of NSTO. Fig. 2(b) shows the XRD
patterns of all STO/NSTO multilayer films deposited on 10°
off-cut (001)-LAO substrates with different m. Since the (001)
planes (namely, the ab planes of LAO shown in Fig. 1(a)) of
LAO substrate was tilted by an angle of 10° with respect to the
surface, the [001] axis of LAO must be aligned accurately and
the offset point was set as w = 10° = « to satisfy the Bragg’s
diffraction geometry using the usual 6-26 scan [see the inset of
Fig. 2(b) for details]. Only intense Bragg XRD peaks of (00/)
for both films and substrates were observed. The simultaneous
presence of sharp (00/) peaks implies that the multilayer films
had the same orientation as LAO substrates, that is, well-
defined c-axis oriented films. For (002) peak of the films, there
was only one peak when m was 26 s or 40 s, whereas it started
to split into two peaks when m reached to 67s. The splitted peak
located at the lower-angle is from NSTO and the other is from
STO. This phenomenon is caused by the increasing content of
the NSTO crystalline involved in the diffraction processing. On

This journal is © The Royal Society of Chemistry 2012
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the other hand, it is due to the crystal lattice expansion of
partial substitution of Ti*" by Nb>" in the NSTO sublayers.
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Fig. 2 (a) The XRD patterns of STO and NSTO polycrystalline ceramics targets. The
inset shows the shifting around (110) peak of NSTO compared with that of STO;
(b) The XRD patterns of all multilayer films revealing well-defined c-axis
orientation. The inset displays the configuration of special XRD measurement; (c)
The typical high angle satellite peaks appeared around (002) peaks marked with
arrows.

At the same time, the pendellosung fringes can be clearly
observed around the (002) peak in all samples, which are the
satellite peaks from periodic modulation structure and the

This journal is © The Royal Society of Chemistry 2012

details are shown in Fig. 2(c). The presence of high-angle
satellite peaks implies the multilayer films have atomically
smooth interfaces and high-crystalline qualities. The satellite
peak positions were marked by arrows, and the distance of the
peaks became narrow gradually with increasing the value of m.
The varied satellite peak positions suggest that the modulation
length A is different from each other in these periodic structures.
Using the angular positions of the satellite peaks, the theoretical
modulation length (A = fysto + fsTO = M X VNgTO T 7 X VgT0)
can be calculated by the formula,'*'? 2Asing; = i, where 1 is
the wavelength of Cu (K,) radiation and i is the order of the
satellite peak. The value of A extracted from the slope of
sind,—i plot [see Fig. S1{ for an example] are 50.3, 55.8, 66.4,
76.2, 85.6 nm for m = 26, 40, 67, 93, 120 s multilayer films,
respectively. The obtained value of A are substituted into the
equation of A = fxsto t fsto = M X Wnsto T M X Vsto,
consequently, the calculated real thicknesses of NSTO sublayer
are ~7 nm for m = 26 s, ~13 nm for m = 40 s, ~23 nm for m =
120 s,
respectively. And the thickness of STO sublayer keeps the
value of 42.8 nm when 7 is fixed at 120 s. The deposition rate
of NSTO is also determined as 0.348 nm-s™' or 0.069 nm-pulse”
! from Fig. S2f. (Note that the real thicknesses will be used in
the following text).

The composition was analysed by EDX along the growth
direction (Fig. S31). The contents of Nb and Ti atoms
periodically alternated between ups and downs along the
growth direction, whereas the profiles of Sr and O always
showed a straight line without any fluctuation in the whole
testing region. It is concluded that the multilayer films are
periodic modulated structure and the site of Ti*" (0.605 A) has
been successfully substituted by Nb>* (0.64 A). The EDX
testing also verifies that the Nb composition x of NSTO
sublayer is nearly ~0.15.

To further confirm the above results of XRD and better
understand the crystal epitaxial
relationship, the cross-sectional TEM analysis was conducted in
the order from low to high magnification in zy plane of the
specimens. The low magnification bright-field (BF) TEM
images for the sample of m = 67 s is shown in Fig. 3(a). In the
view area, it shows bright/dark alternating layered structure
feature and clean interfaces without intermixing and grain
boundaries, confirming the 2D growth model of the film along
z direction. The NSTO and STO sublayer thicknesses are
exactly determined to be ~23 nm and ~43 nm, respectively. It is
agreement with the XRD calculation values. The
corresponding selected area electron diffraction (SAED) pattern
obtained from the film region is shown in the inset of Fig. 3(a).
The distinguished sharp diffraction spots indicate the multilayer
films are consisted of high quality STO and NSTO single-
crystal epitaxial layers. It can be seen that the diffraction spots
are sharp for those with lower indices. However, they start to
split to two dots from those with higher indices. The magnified
image of (002) spot, for instance, is displayed in the inset of
SAED pattern. The pattern near the (000) point belongs to the

67 s, ~33 nm for m = 93 s, and ~43 nm for m =

orientation as well as

well
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NSTO layers and the other one belongs to the STO layers since
the lattice parameters of NSTO are larger than that of STO.
Moreover, the splitted two spots and (000) point are almost in
the same straight line in the reciprocal space. The phenomenon
illustrates that the spots splitting is resulted from lattice
expansion in c-axis direction in some local areas close to the
STO/NSTO interfaces, rather than crystal orientation difference
existing between the STO and NSTO sublayers. As a result, it
can be concluded that the STO and NSTO layers are epitaxially
grown alternatively without orientation variation between each
other.

100 nm

Fig. 3 Cross-sectional TEM studies in zy-plane showing the orientation
relationship and epitaxial behavior of STO/NSTO multilayer films on 10° off-cut
(001) LAO substrate: (a) a low magnification BF image near the film/substrate
interface, the inset of (a) showing SAED pattern from the film area; (b), (c) the
magnified views of LAO/STO and STO/NSTO/STO interfaces from the regions b
and c; The HRTEM images of (d) LAO, (e) STO and (f) NSTO indicating the uniform
crystal orientation.

Fig. 3(b) and (c) show the representative TEM images of the
LAO/STO STO/NSTO/STO
respectively, which are magnified from the regions b and ¢ of
Fig. 3(a). In the LAO/STO interface area, it can be clearly
observed that alternating terraces with several atoms wide are

interface  and interface,

separated by a train of atomic-height steps. The terraces and
(001) planes are coplanar, which have an inclined orientation
with an angle of a = 10° against the LAO/STO interface (red
dash dot line). In the meantime, the atoms on (001) planes
along [010] axis of the STO layer are aligned and also form a
tilted angle of a = 10° with the LAO/STO interface. It is
suggest that the c-axis ([001] direction) of the STO layer is
rotated 10° with respect to the normal direction of the
LAO/STO interface (z-direction). Therefore, the STO layer is
epitaxially grown in off-step-terrace flow mode on LAO
substrate with inclined (001) planes exactly tilted away from

4| J. Name., 2012, 00, 1-3

the interface by 10°, following the 10° off-cut angle of LAO
substrate. For STO/NSTO/STO interface area, both the [001]
axes of STO and NSTO layers place in line with the extended
line of [001] axis of the first STO layer, also forming 10° angle
with respect to the normal direction of STO/NSTO and
NSTO/STO interfaces (red double dot dash line). It means that
the NSTO layer is epitaxially grown on the STO layer with the
same crystal orientation. Parts (d)-(f) of Fig. 3 show the high
resolution HRTEM images of the selected small area in LAO
substrate, STO layer and NSTO layer, respectively. In the three
single-crystal layers, not only the atoms on (001) planes
(yellow circles) are parallel to each other but also the three [001]
axes are in one straight line, again confirming that each layer
has the same inclined orientation. Based on the above TEM
results, the out-of plane and in-plane orientation relationship of
the STO/NSTO multilayer films are determined to be 10°-oft-
(001)nsToll 10°-0ff-(001 )51l 10°-0ff-(001) o0 and  10°-off-
[110]nsTOll10°-0ff-[110]570l10°-0ff-[110] p0. In addition, the
lattice constants of LAO, STO and NSTO along [001] and [010]
direction were measured by the HRTEM images. These layers
are still cubic structure with the lattice constants of ~3.75 A,
~3.905 A and ~3.93 A, respectively.

In order to obtain the unusual TTE voltage signals and elucidate
the TTE voltage properties of the STO/NSTO multilayer films,
we have measured and collected the corresponding voltage
signals along x and y directions named as U, and U,
respectively, using the home-built equipment as shown in Fig.
4(a). It is worth noting that the ultraviolet laser with wavelength
of 248 nm and pulse width of 28 ns was used as the heat source
to generate the temperature gradient V.7 along the out-of-plane
direction of the film. The laser beam shape was adjusted to a
rectangle with the size of 30 mm % 10 mm to ensure the whole
film was illuminated in the laser spot. The maximum
illumination size of the film was 2.5 mm X 1.5 mm after
deducting the area occupied by the silver electrodes. And thus
the on-film energy E, (the energy absorbed by the film) was
only a few tenths of a millijjoule to a few millijoules.

It has well achieved our expectation that the TTE voltages
exceeding several hundreds of millivolts have been observed in
such artificial STO/NSTO multilayer films with inclined crystal
orientation. The unusual TTE voltage in these films are
hundreds times larger than the miscut Nb-doped SrTiO; (~ 3
mV) single crystals previously reported.'® Fig. 4(b) shows the
typical time dependence of TTE voltage signals waveform of a
STO/NSTO multilayer film with #ysro = 23 nm at £, = 3.94 mJ.
The peak value of transverse voltage U, (line with wine solid
ball) approaching nearly 0.744 volts (U, = 0.744 V) was
measured along the y direction while in complete contrast to the
x direction, a quite small voltage U, close to zero (line orange
open circles) was observed. This phenomenon can be explained
that the component of the tilted c-axis is totally projected along
the y direction, where the crystal orientation is tiled (a = 10°)
but the x direction is not (a = 0°). This is why we call this
phenomenon as transverse TE voltage effect. The observed
large TTE voltage proves that the artificial multilayer films

This journal is © The Royal Society of Chemistry 2012
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structure with special inclined crystal orientation is effective to
develop the TTE voltage effect, despite the multilayers
consisted of cubic structure materials with a relatively small AS.
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Fig. 4 (a) The TTE voltage signal collection system; (b) Typical time dependence
of TTE voltage signals of a STO/NSTO multilayer film with tysro = 23 nm at £, =
3.94 mJ along x direction and y direction.

On the other hand, a AS-V.T of 1740 mV-mm’" is exhibited in
this sample, which is far greater than that in the bulk single-
crystal NSTO (17.5 mV-mm™") with the same inclined crystal
orientation (10°). However, the estimated V.7 in the two
systems have the same order of magnitude because both the
illuminated lasers are UV-laser with almost equivalent energy
density and laser penetration depth.'> ?® Thus, the estimated
value of V,T is ~10°> K-m™' according to the equation of V,7 =
EJ(K.t47),"" where 74 is the thermal diffusion time, K, is the
thermal conductivity perpendicular to the film surface. The
associated parameters are shown in Table 1. This suggests that
the enhanced AS of ~11.8 pV/K has been achieved in these
STO/NSTO multilayer films. It can be concluded that the
layered confined structure with inclined crystal orientation play
an important role to induce the anisotropy of transport
properties between in-plane and out-of-plane. It enhances the
value of AS, and then further improves the TTE effect in such
artificial multilayer films.

This journal is © The Royal Society of Chemistry 2012

Table 1 Comparison of relative parameters of bulk NSTO and STO/NSTO
multilayer film.

Materials Uy £q ! % X ASV.T
mV) (m)) (mm) () (Wm'K") mV-mm')
NSTO* 3 5.35 1 10 8.8 17.5
STO/NSTO® 744 394 25 10 10.2 1740

@ Reference 15, ” Reference 14, © Presented in this work.

At same time, the TTE voltage signal also displays a fast
response time with the magnitude of several hundred
nanoseconds. It can be clearly seen that the response time of the
voltage signal consists of one sharp rising edge and another
gradual decay edge from the asymmetric voltage waveform
shown in Fig. 4(b). For rising edge time (z,), all films exhibit a
short 7, ranging from ~20 ns to ~30 ns, which is almost constant
and approximately equal to the laser pulse width (= 28 ns).
Whereas, for decay edge time (z,), a variable depending on how
fast the thermal equilibrium established, is related to the time
spent on thermal relaxation. Therefore, the response time is
mainly affected by z,. In this case, the signal decay behavior
can be described by the time dependence of thermal model.'> %
Fig. 4(b) shows the simulated decay edge waveform (line with
green squares), exhibiting a good double-exponential decay.
The simulated decay curve is then expressed by the double-
exponential function, Az,exp(-#/tny) + AgoweXp(-t/Ty,y). Here,
Apg and Ag,, are constants; g, and 7, are the decay time
components. The double exponential decay behavior implies
that the thermal relaxation mechanism includes two stage

processes in these multilayer films.

Deposition time of NSTO layer(s]

26 40 67 93 120
0.09 — 36— XX 2000
— s ;
. :
E o006t
- A
E
>
= o003 U
S) b
53. ..E..-. .....

0.00 . '
0 10 20

Thickness of NSTO layer [nm]

Fig. 5 Thickness of NSTO layer tysro dependence of the magnitude of U,/(E, /)
and t,, respectively. The dashed lines are used for guiding the trend. The inset
shows the relation between two decay time components and tysro.

It is necessary to further investigate the unique TTE voltage
effect in STO/NSTO multilayer films in consideration of the
potential applications due to their large voltage signals and
adjustable response time. Fig. 5 shows the U, normalized by E,
and / as a function of #ysro. It is found that the U,/ (E,])
showed a monotone increase firstly, and then dropped gradually
with further increasing the value of #ysto. The value of U,/(E, ])
reaches to 0.076 V-mJ''mm™ when fysro is about 20 nm. It is

J. Name., 2012, 00, 1-3 | 5
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more than three times larger than our previous research in the
NSTO single layer film which is only ~0.02 V-mJ™"-mm™ when
the thickness of film decreased to ~20 nm."” The comparison
result demonstrates that photo-thermal conversion efficiency
can be further improved by the multilayer structure with the
same NSTO layer. The emerged peak around tysto = 20 nm in
the U,/(E, [)-tnsto curve indicates that an optimum film
thickness is corresponding to a maximum TTE voltage, that is
the maximum conversion efficiency, does exist. However, the
maximum U, would not appear around #ysto = 20 nm because
U, is in direct proportion to 1/t according to equation (1), in
other word, the maximum U,, will be obtained when the sample
is a very thinner film (¢ — 0). For this contradiction, a
reasonable explanation is presented using the formula of time
dependence of TTE voltage which can be written as®

. 2 2
Ue) = W(;@ _e%m)

g 4tpceN Dt

where, ay, p, J, ¢, 7, and D are absorption coefficient, density,
laser penetration depth, specific heat, response time, and
thermal diffusivity of the film, respectively. All other
parameters share the same definition with equation (1).
Equation (3) can be viewed as a function of ¢ rather than the
simple relation of 1/¢ mentioned in equation (1). To certify the
existence of the maximum U, one partial differential equation
regarding to ¢ is obtained from equation (3)

3)

2

0 Uy _2A _s52B
=3 [e —e

ot t t

g, 24B _p L
Pl _auB’e " (4)

In the above expression,

e ayE;lsin (Za)

4pcyN4rDr

Obviously, [izUy/at2 < 0 illustrates that there is a maximum of

AS >0;B =

>0

)

4Dt

U, when ¢ takes a certain value (here is fysto). And this proves
the presence of optimum thickness, which is consistent with the
measured results as shown in Fig. 5.

The profile of 7, composed from the decay time components
Tjse and 7y, Versus fysro also is presented in Fig. 5, which
shows a relationship of exponential increase. The 7, transition
occurs when #ysto is larger than ~20 nm. The inset of Fig. 5
shows the variation trends of 7y, and 7y, with the change of
tnsto, from which we see that 7y, was slightly affected by #ysto
and increased only from ~94 to ~150 ns. On the other hand,
Tuow Was greatly affected by #ysto and it increased exponentially
from ~530 to ~1550 ns. The results indicate that the stage
reflected by 7y, is a fast heat propagation process governed by
only heat diffusion, where the thermal energy is delivered by
the laser because heat diffusion length is as short as the laser
penetration depth (~ 100 nm). In this stage, due to the short heat
diffusion length, the thermal energy is scattered by only two to

6 | J. Name., 2012, 00, 1-3

three interfaces so as to present a small value of 74, and a slight
variation in this #ysto range. However, when the thermal energy
is delivered to the deeper area within the film by the fast stage,
the other lagged and relative slow stage reflected by zy,,, will
happen. This stage is governed by concurrent free heat
diffusion and transfer, where the heat flux diffuses and transfers
for a long distance to the bottom of the film (film/substrate
interface) until the system reaches to thermal equilibrium (A7,
dropped to zero). It means that the thermal energy is multiply
scattered by the interfaces, and the thermal equilibrium is
slowly established so as to present a large value of zy,, and a
great variation in this fysto range. The results suggest that 7,
can be regulated by controlling the thickness of NSTO layer
and number of heat scattering interfaces, thereby adjusting the
response time. In addition, it should be noted that the optimum
match of the largest U, with faster response time appeared
around fysto =~ 20 nm in our material system according to Fig. 5.
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Fig. 6 E, dependence of U, for each film. Dashed lines represent linear fits to the
data in the £, range.

Fig. 6 shows the varied magnitude of U, and on-film absorbed
laser energy E, for different #ysro. The measured values of U,
have a good linear relation with £, for each film, which
suggests that U, is proportional to £, as shown by the dash line.
However, E, is not involved in equation (1). That is because the
dependence of E, on AT, (AT, < E,) can be deduced by the one-
dimensional heat diffusion model.*® As a result, Fig. 6
expresses an interrelation of U, « AT. « E,, which is in
excellent agreement with equation (1).

All these aforementioned results suggest that high sensitivity,
fast response light/heat detector and laser power elements can
be designed by utilizing the properties of the large voltage
signal, adjustable response time and well linear relationship
between them.

Conclusions

Artificial STO/NSTO multilayer films were epitaxially grown
on 10° off-cut (001) LAO substrates by PLD. The
microstructure investigation from XRD and HRTEM indicated
that each sublayer had an inclined (001) plane in strict

This journal is © The Royal Society of Chemistry 2012
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accordance with 10" against the interfaces. The orientation
relationships between out-of-plane and in-plane are 10°-off-
(001)nsToll 10°-0ff-(001)s10l110°-0ff-(001) o0 and  10°-off-
[110]nsTOll10°-0ff-[110]570l110°-0ff-[110] A0, respectively.
Comparing with the bulk single-crystal NSTO with the same
inclined orientation, a larger TTE voltage obtained indicate that
constructing the artificial STO/NSTO multilayer structure is an
effective method to improve the TTE voltage effect due to the
enhanced AS. In addition, the response time can be adjusted by
controlling the thickness of NSTO sublayer, and the value of U,
also presented a significant linear relation with £, All the
results demonstrate that based on the artificial multilayer
structure, more material designs for potential versatile
applications shall be provided.
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