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Abstract We have developed a high-performance laser en-
ergy meter based on anisotropic Seebeck effect in a strongly
correlated electronic (SCE) thin film. SCE thin films,
typically represented by high-temperature superconductor
(HTS) cuprate and colossal magnetoresistance (CMR) man-
ganite thin films, demonstrate tremendous anisotropic See-
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beck effect. In this study, a Laz;3Ca;;3MnOs3 thin film
grown on a tilted LaAlO3 substrate is tested with the fun-
damental, the second, the third, and the fourth harmonics
(1064, 532, 355, 266 nm, respectively) of a Q-switched
Nd:YAG laser over a wide range of temperatures from room
temperature to 16 K. The peak-value of the laser-induced
thermoelectric voltage signal shows a good linear relation-
ship with the laser energy per pulse in the measured wave-
length and temperature ranges. The combined advantages
over other commercial laser detectors such as nanosecond-
order response and spectrally broad and flat response over a
wide range of temperatures, in situ real-time measurement,
and energy savings, make the device an ideal candidate for
next-generation laser detectors and laser power/energy me-
ters.

1 Introduction

Laser-induced thermoelectric voltage effect (LITV) in
strongly correlated electronic (SCE) thin films has at-
tracted much attention since it was discovered in high-
temperature superconductor (HTS) cuprate [YBaCuO7_,
(YBCO) and BiSrpCaCuy0g (BSCCO)] thin films grown
on tilted single-crystal substrates at the beginning of 1990
[1], which is not only due to its importance in exploring
new physics but also due to the great application potential
for developing new radiation detectors to improve the opti-
cal measuring systems, e.g., the near optical system [2-5].
The LITV effect has been proved to be an anisotropic
Seebeck effect in HTS cuprate thin films [6]. It is known
that the Seebeck coefficient of a pure metal or an alloy is
a scalar; however, the Seebeck coefficient of a single crys-
tal is usually a tensor [7, 8]. In case of HTS cuprate thin
films, the Seebeck coefficient of the CuO, layer is different
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from that along the c-axis, which can be denoted by Sy, and
S¢, respectively. When an epitaxial thin film is grown on a
tilted single crystal, its c-axis inclines an angle to the nor-
mal of its surface, and the sequence of the conducting CuO,
layers and the less-conducting intermediate layers forms an
atomic layer thermopile (ALT) that consists of some mil-
lions of atomic scale thermocouples [9]. When the upper
part of the film is irradiated by a laser pulse, its temperature
raises, and a temperature gradient erects in the inner of the
thin film, and, as a result, a voltage signal generates across
the thin film due to the ALT effect, that is, the microscopic
scene of the LITV effect [10].

Colossal magnetoresistance (CMR) manganite thin films
of the general formula Lnj_,A,MnOj3 (with Ln = rare-
earth ion and A = alkaline-earth ion) are other attractive
SCE systems which have versatile electronic, optical, mag-
netic, and structural properties [11]. Doping plays an impor-
tant role in determining the electrical and magnetic proper-
ties. For the La;_,Ca,MnO3 (LCMO) materials, the phase
diagram shows that in the doping range 0.2 < x < 0.5, they
are ferromagnetic and metallic; at x = 0.5, they can be fer-
romagnetic and charge-ordered antiferromagnetic at ~220
and ~150 K, respectively; while in the range 0.5 < x < 0.9,
they can be antiferromagnetic and charge ordered [5]. Typi-
cally, Laz/3Ca;/3MnO3 thin films demonstrate CMR effect,
metal-insulator transition, and colossal pressure-induced
negative resistance change, which find promising applica-
tions in developing magnetic sensors, bolometers, and pres-
sure sensors [11, 12]. It is unexpected that a large LITV ef-
fect can be observed in Lay/3Ca;/3MnO3 thin films grown
on tilted SrTiO3 single-crystal substrates [13, 14]; because
LCMO has a quasi-cubic structure, it seems that no large
anisotropy could be generated compared with the layered
structures of HTS materials. However, the characteristics of
the LITV signals in CMR thin films are in remarkable anal-
ogy to the results reported for HTS thin films, which reveal
an identical physical origin in both materials, the anisotropic
Seebeck effect. In view of the fact that the doping level x
influences the magnitude of a LITV signal greatly, it is in-
ferred that the large anisotropy results from the long-range
cooperative Jahn-Teller distortions caused by the Mn3*
ions [14].

Temperature is a very important factor influencing on the
detector performance. It was reported that the LITV sig-
nals of the YBCO thin films response to an Nd:YAG laser
(A = 532 nm) could be recorded from 300 K to above Tt
(typically 89 K), but they disappeared below T [15]; while
in LCMO thin films the LITV signals could be measured
in the temperature range from 300 to 20 K using a KrF
excimer laser (A = 248 nm, pulse duration 28 ns) [13].
The results show that LCMO thin films have better low-
temperature performance than YBCO thin films, indicating
a great potential for laser detector applications. Based on
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SCE, pyroelectric, and piezoelectric materials peak-voltage-
type laser energy/power meters have been developed; how-
ever, they operate at room temperature (RT), and the studies
on low-temperature devices are lacking [16-22]. It is known
that low-temperature detectors (LTDs), including transi-
tion edge sensors (TESs), superconducting tunnel junctions
(STJs), superconducting stripline detectors (SSDs), bolome-
ters, single-photon detectors, etc., are widely used in cos-
mology, astronomy, particle physics, nuclear physics, dark
matter searches, terahertz research, infrared technology, X-
ray spectroscopy, surface analysis, large molecules mass
spectrometry, nuclear nonproliferation, security, quantum
computing, quantum teleportation, etc., owing to their ad-
vantages over other conventional detectors, such as better
energy resolution, lower-energy thresholds, and wider mate-
rial choice [23-39]. Therefore, it is important for both basic
science and applied technology to investigate temperature-
dependent properties to develop high-performance LTDs.
In our previous study, we designed a time-integral-type
SCE Lag gSrp2MnO3 thin-film laser energy meter that has
the advantages of nanosecond-order response and spectrally
broad and flat response at RT [40]. In this work, we devel-
oped a peak-voltage-type SCE Laj;3Ca;;3MnO3 thin-film
laser energy meter that has these advantages not only at
RT, but also over a wide range of temperatures from RT
to 16 K, which opened new opportunities for SCE detec-
tors for low-temperature applications, e.g., space-based ap-
plications (space telescope, satellite communications, laser
radar, Mars exploration, Moon landing, etc.). Compared
with RT devices, the SCE laser detectors and laser energy
meters are energy-saving devices since they can work in
low-temperature environment directly without temperature
control systems.

2 Theory

The time-dependent open-circuit LITV signal is given by the
formula [41]

aoElsin(2a) s S )( 7% 7%) 0
_ - e —e D),
4dpcon/ Dt @ ¢

where «q is the laser absorption coefficient of film, E is
the laser energy density per pulse (for convenience, E also
stands for laser energy per pulse), / is the illuminated length
of film, « is the tilted angle, Sy, — Sc is the Seebeck coeffi-
cient anisotropy, p is the mass density, cg is the specific heat,
4 is the laser penetrating depth into the thin film material, D
is the thermal diffusion constant, and d is the film thickness.
The peak value of LITV signal U, is given by the differ-
ence or
_ ooElsin(2a)

U, =
P 4 /mdpcy

U(t) =

(Sab — Sc)f((sv d)~ (2)
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Letting Up = ApE, we get

ool sin(2x)
P 4./mdpco
where Ap is the sensitivity, and f(8,d) is the function
about § and d. Based on the linear relation Uy = ApE, a
peak-voltage-type laser energy meter can be designed. Fur-
thermore, the response time is proportional to 1/D, while
Eq. (3) shows that A}, is independent of D; therefore, we can
increase the response speed by increasing D without chang-
ing the sensitivity.

(Sab — Sc) f (8, d), 3

3 Experimental

The SCE thin-film samples were prepared by pulsed laser
deposition (PLD) method. The bulk targets of LCMO with
x =0.1 — 0.5 synthesized by solid-state reaction technique
were used for the thin film deposition. A KrF excimer laser
(A = 248 nm, pulse duration 20 ns, energy density per
pulse 200 mJ/cm?) operated at a repeat rate 3 Hz was used
for the LCMO target ablation. All the thin films were de-
posited onto the polished LaAlO3 single-crystal substrates
with o = 0° and 15° at 800 °C in an oxygen atmosphere at
a pressure of 50 Pa. After the thin film formation, the sam-
ples were annealed at 780 °C in an oxygen atmosphere at
a pressure of 100 Pa for 1 h and then slowly cooled down
to RT.

In order to investigate the LITV effect in LCMO thin-
film devices, Au/Cr electrodes are fabricated on the film
surface through thermal evaporation for electrical measure-
ments. The light source is a Q-switched Nd: YAG solid-state
laser (pulse duration 10 ns), which has the fundamental, the
second, the third, and the fourth harmonics (1064, 532, 355,
and 266 nm, respectively) covering a wide range of wave-
lengths from IR to UV. A cryostat consisting of a liquid He
cooling finger and a heater was used to control the sample
temperature in the range of 10 K < T < 300 K with an ac-
curacy better than 0.5 K. A commercial laser energy meter
was used for measuring the laser output. The LITV signals
were recorded by a digital storage oscilloscope, the input
impedance (R;) of which is 50 €.

4 Results and discussion

Figure 1 shows a typical 6-26 XRD spectrum of an LCMO
thin film grown on LaAlO3 («¢ = 0°) substrate. Besides the
(00!) diffraction peaks, the LCMO thin film shows no other
peaks from the impurity phases or randomly oriented gains,
indicating that the film is single phase and c-axis preferen-
tially oriented. The rocking curve of the (002) peak has a
very small value (0.21°, not shown) of full width at half
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Fig.1 XRD 60-260 curve of the LCMO thin film on LAO

maximum (FWHM), demonstrating a highly epitaxy and
good crystallization of the thin film.

The LITV signals of a 250-nm-thick Las;3Ca;/3MnO3
thin film on 15° tilted LaAlO3 substrate to the laser pulses at
A =1064, 532, 355, and 266 nm with the repeat rate 10 Hz
were measured when the thin film was cooled down from RT
(294 K) to 16 K. Figure 2 shows the typical LITV signals. At
T =294 K, for A = 1064, 532, 355, and 266 nm, response
time T(FWHM) = 47.0,43.4,38.0, and 65.2 ns, respec-
tively, showing that the Las;3Ca;,3MnOj3 thin-film detec-
tor has ns-order response over a wide range of wavelengths
from IR to UV at RT. In contrast, the HTS thin-film detec-
tors based on LITV effect also demonstrate excellent perfor-
mance at RT, e.g., in YBCO thin-film detectors LITV signals
of ns- and ps-order and response over a more wide range of
wavelengths from submillimeter to UV have been measured
at RT [10, 42]. Nevertheless, over a wide range of tempera-
tures from RT to 16 K, which is close to the low-temperature
limit of the cooling system, tremendous LITV signals of ns-
order were observed in the Lay;3Ca;;3MnO3 thin-film de-
tector over a wide range of wavelengths from IR to UV. It
can be found at 7 = 50(16) K, for A = 1064, 532, 355, and
266 nm, T = 85.2(91.4), 84.2(87.6),60.8(76.4), and 97.2
(103.0) ns, respectively. On the contrary, below Tt (89 K) an
YBCO thin-film laser detector shows no LITV effect since
the superconducting state occurs. Because most HST ma-
terials have a 1. well above 16 K, the Lay/3Ca;/3MnO3
thin-film detector has better low-temperature performance
than HST thin-film detectors. Furthermore, it can be seen
that at each temperature v varies with wavelength that is
attributed to quantum effect. Photon energies for the four
laser wavelengths are 1.17 eV (1064 nm), 2.33 eV (532 nm),
3.49 eV (355 nm), and 4.66 eV (266 nm). Except 1064 nm,
the other three wavelengths have energies greater than the
band gap (1.2 eV) of LCMO and can generate carriers to
enhance the conductivity, thereby increasing the response
speed. As a result, in the range of wavelengths from 1064
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Fig. 2 The LITV signals in the Lay;3Ca;;3MnOj3 thin film for four wavelengths (A = 1064, 532, 355, 266 nm) of a Q-switched Nd:YAG laser at

different temperatures (7 = 294, 50, 16 K)

to 355 nm, t decreases with wavelength. However, t has a
rise at 266 nm as compared to 355 nm, which can be due
to a hot-carrier effect [43, 44]. The laser energy of 266 nm
wavelength is so high that it can generate many hot car-
riers, and a slowing down process is needed before their
energies are absorbed by the lattice, and therefore, t in-
creases. To study temperature-dependent response time of
the thin film, the influence of load resistance R; should
be considered. In order to obtain the value of tf, which is
the FWHM of the LITV signal from thin film, v, which
is the FWHM of the LITV signal from the oscilloscope,
should be multiplied by a correcting factor n = (1 + R¢/R;),
where Ry is the film resisatance. At T =294, 50, and 16 K,
Ry = 1155.96,23.54, and 20.88 €2, respectively. Substitut-
ing the values of Ry, we get n = 24.12, 1.47, and 1.42, re-
spectively. The dependence of 7y on wavelength and tem-
perature is shown in Fig. 3. It can be seen that at each
temperature, 7y has spectrally flat response over a wide
range of wavelengths from IR to UV, and only in UV re-
gion there is a slight variation. At 7 = 50(16) K, 7f has a
smaller value as compared to RT, which is because at the
low temperature the film has a larger thermal diffusion con-
stant [45, 46]. In addition, at T = 16 K the cooling system
can be disturbed easily by laser energy, and therefore, at
T = 16 K for each wavelength, 7¢ has a greater value than at
50 K.
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Fig. 3 Wavelength dependence of the response time of
the Lay;3Ca;;3MnO3 thin  film at different temperatures

(T =294, 50, 16 K)

Besides ns-order response, a good linear relationship be-
tween Up and E had been observed, and the partial results
are shown in Fig. 4, which not only verify the equation
Up = ApE over a wide range of temperatures and wave-
lengths, but also allow us to design a peak-voltage-type laser
energy meter. To calculate the value of A, the measured
value should be multiplied by 7. Figure 5 depicts the wave-
length and temperature dependence of Ay, which shows that
the Lay/3Ca;/3MnO3 thin-film laser energy meter has spec-
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Fig. 4 The linear relationship between the peak voltage U, of the
generated signal and the laser energy per pulse E for the four
wavelengths (A = 1064, 532, 355,266 nm) at different temperatures
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the Lay;3Ca;;3sMnO3  thin  film at different temperatures

(T =294,50, 16 K)

trally broad and flat response over a wide range of tempera-
tures from RT to 16 K. A has a slight variation with wave-
length, which is mainly due to two factors. One is the laser
absorption coefficient depending on wavelength. To improve

(T =294, 50, 16 K). Square symbols represent experimental data, and
the solid lines represent the best linear fitting

the uniformity of laser absorption, some nanotechnologies
can be employed, such as some nanostructures fabricated
on the film surface [47—49]. The other is the hot-carrier ef-
fect, which makes Aj decrease in UV region because the
hot carriers can lead to an energy loss of the laser. Fur-
thermore, Fig. 5 depicts that, at each wavelength, A, de-
creases with temperature. Since Sap — Sc and ¢o depend on
temperature, Eq. (3) can be written as A, o¢ (Sap — Sc)/co.
Therefore, for the Lay/3Ca;/3MnO3 thin film, (Sap — Sc)/co
decreases with temperature. To obtain better temperature
performance, the SCE thin films with nearly temperature-
independent (Sap — Sc)/co can be selected.

In addition to temperature, different substrates also influ-
ence the properties of SCE thin films due to the strain effect.
On the one hand, it can influence the 7. of an HTS thin film,
e.g., T, can be 85 and 55 K for the Bi;Sr,CaCu;0g, thin
films grown on an NdSrAlO4 and a LaSrAlO4 substrate, re-
spectively [50]. Consequently, substrate can be used to ad-
just the operating temperature range of an HTS thin-film
laser detector. On the other hand, it was observed that the
LITV signals in Laz3Ca/3MnO3 thin film can be enhanced
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by the compress strain introduced by LaAlO3, rather than by
the tensile strain introduced by SrTiO3. Therefore, LaAlO3
substrate is more preferable for LCMO thin-film laser detec-
tors [51].

The peak-voltage-type La;3Ca;3MnOj3 thin-film laser
energy meter reported here possesses great advantages over
other conventional devices. Firstly, it has ns-order response
and spectrally broad (from IR to UV) and flat response. It
is known for the semiconductor detectors, though they have
ns- or ps-order response, that they suffer the narrow band
and nonuniform spectral response due to quantum effect.
While for common thermal detectors, although they have
spectrally broad response, their response is usually ms-order
since a thermal equilibrium process is required. Secondly, it
operates over a wide range of temperatures from RT to 16 K.
While the bolometers based on SCE thin films only perform
well near 7, most commercial laser energy meters only op-
erate at RT. Thirdly, it is based on anisotropic Seebeck effect
and can generate thermoelectric voltage signals; therefore,
it is an energy-saving device; in contrast, most bolomers
need a constant bias current to sense the resistance change.
Fourthly, it can measure both DC and AC signals, while the
pyroelectric detectors can only response to AC signals [6,
40, 52]. At last, it can perform in situ real-time measure-
ments.

5 Conclusions

A high-performance peak-voltage-type Laj;3Cai;3MnO3
thin-film laser energy meter has been developed based on
the anisotropic Seebeck effect. The device has great advan-
tages over other conventional detectors, such as ns-order
response and spectrally broadband (from IR to UV) and
flat response over a wide range of temperatures from RT
to 16 K, in situ real-time measurement and energy savings,
and can be a useful replacement for the commercial pyro-
electric power/energy meter. To sum up, by taking the rep-
resentative Laj;3Ca;,3MnO3 thin film as an example, we
have presented the great potential of SCE systems for de-
veloping next-generation laser detectors and laser energy
meters based on the anisotropic Seebeck effect.
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