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Abstract: In this study, we investigate the sensitivity properties of YBa2Cu3O7-δ thin films with
a 15◦ tilting angle in relation to heat flux density. The films were prepared using the laser pulsed
deposition (PLD) technique, and their characteristics were evaluated using various techniques,
including X-ray diffraction (XRD), transmission electron microscopy (TEM), atomic force microscopy
(AFM), and infrared steady-state and laser transient calibration systems. The YBa2Cu3O7-δ films
prepared in this study were found to be of good quality, exhibiting a single-phase structure with strict
(001) orientation. Both the substrate and film diffraction peaks were sharp and consistent with the
step-flow growth mode, indicating high crystalline quality. Ultra-high sensitivity in the range of 0 to
100 kW/m2, the maximum sensitivity is 230 µV/(kW/m2), and an uncertainty is only 3%. According
to the infrared steady-state heat flux calibration system test, when the single output power of the
quartz lamp array is 0.2 kW, 0.3 kW, 0.4 kW and 0.5 kW, the maximum output voltage is 0.19 mV,
0.41 mV, 0.63 mV and 0.94 mV, respectively, indicating that the output voltage of the sensor increases
with the increase in heat flux, showing a good linear characteristic, and the fitting linearity is 0.99.
Through the test of the laser transient thermal current calibration system, the sensors are found to
have excellent response–recovery characteristics at 500 kHz and 1000 kHz fiber laser frequencies, and
the maximum voltage output is 8.83 mV and 9.09 mV, respectively. Moreover, the component has
excellent repeatability, and the maximum measurement error is only 1.94%. Our findings demonstrate
the potential of YBa2Cu3O7-δ thin films for use in heat flux sensing applications.

Keywords: PLD; YBa2Cu3O7-δ thin film; heat flux density; Seebeck effect

1. Introduction

Heat flux measurement technology is widely used in the defense industry. With the
rapid development of modern aerospace, engines, and industrial manufacturing, there is an
increasing demand for rapid measurement of heat transfer fluids [1–5]. Hypersonic vehicles
face severe aerodynamic and aerothermal problems when flying at high speeds for extended
periods in adjacent space and atmosphere. This phenomenon creates a high-temperature
boundary layer on the vehicle’s surface and places immense thermal loads on the vehicle’s
structure and materials, affecting the vehicle’s structural safety and lifespan [6–11]. In
addition, the engine of a hypersonic vehicle experiences a complex excitation structure,
combustion pulsation, and oscillation in the supersonic combustion chamber. The local heat
flux in the combustion chamber can easily reach an order of magnitude of 100 W/cm2, caus-
ing a significant thermal shock in the combustion chamber [12,13]. Therefore, timely, rapid
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and accurate information about the heat flow and its distribution on the external surface of
equipment is very important when it comes to finding solutions and countermeasures.

The traditional measurement of heat flux density on the surface of an object uses a
thin-film thermopile heat flux sensor, but its response time is in the millisecond or sub-
millisecond range. The reason for their relatively long response time is that they require a
thermoresistance layer, which has a small thermal diffusion coefficient and a large thickness,
to establish a temperature difference. However, the sensitivity and response time of the
device conflict with each other. Reducing the thickness of the thermoresistance layer can
decrease the response time, but it also significantly reduces sensitivity. Therefore, achieving
both high sensitivity and a fast response time in this technology is challenging [14–18].
Transverse thermoelectric effect (TTE) electronic devices are a new type of device that
has been developed in recent years [19–22]. The Seebeck effect principle is still used in
transverse thermoelectric devices. However, when the Seebeck coefficients of the material
differ significantly in the ab-plane and c-axis directions of the crystal and there is an angle
of inclination of the material, the Seebeck effect produces different electric fields in the x,
y, and z directions of space. H. Lengfellner et al. [23] epitaxially grew high-temperature
superconducting YBa2Cu3O7-δ films on a c-axis tilted SrTiO3 (100) single-crystal substrate.
They concluded that the c-axis tilted YBa2Cu3O7-δ epitaxial film is equivalent to many
atomic layer-scale thermocouples stacked in series. When light/heat is applied to the
surface of the film, a temperature difference is generated along the thickness direction and
a voltage signal is obtained. In the same year, Jenkins et al. and Zhang et al. compared
the heat flux sensitivity performance of the YBa2Cu3O7-δ, LaCaMnO3, LaPbMnO3, and
LaSrCoO3 material systems [24,25]. They also compared the transverse thermoelectric
properties of YBa2Cu3O7-δ films of different thicknesses, and found that at a thickness
of 700 nm, the sensitivity was 6.9 µV/(kW·m2) with a response time of less than 0.3 µs
and a response frequency of 700 kHz. When the film thickness was reduced to 10 nm, the
response time reached the order of ps, offering great potential for high-frequency applica-
tions. In 2022, Chen et al. designed a high-frequency responsive heat flow sensor with a
maximum sensitivity of 14.25 µV/(kW/m2) using LaCaMnO3 material [26]. Compared to
conventional sensors, transverse thermoelectric devices have several advantages, such as
being able to modulate the dimensionality of the material independently to meet practical
needs, having a wide spectral response range (from far infrared to ultraviolet), a large
heat flux measurement range (10~108 W/m2), and fast response times (up to 1 ns) [27–29].
Therefore, the use of materials with transverse thermoelectric effect for the design of highly
sensitive and fast response heat flow sensors is of significant research value.

This paper presents a study on YBa2Cu3O7-δ thin films deposited at a 15◦ tilted angle
using laser pulsed deposition (PLD). The structural, morphological, and defect properties of
the samples were characterized using XRD, TEM, and AFM techniques. The sensitivity and
reliability of the sensor were evaluated through IR steady-state heat flux and laser transient
heat flux calibration systems, which enabled effective assessment of the performance of
the transverse thin-film heat flux sensor. Furthermore, the mechanism underlying the
YBa2Cu3O7-δ heat flux sensitivity is discussed.

2. Experiment
2.1. Materials, Reagents and Devices

The raw materials used in this study were Y2O3 (99.99%), CuO (99.99%), and BaCO3
(99.99%) powders. The following equipment was employed: a pulsed laser deposition
(PLD) system, an integrated program-controlled high-temperature furnace (SXC-5-16),
electronic balance (JT2003 type), a vacuum pump (SHZ-D), a TH1963 digital multimeter, a
self-assembled infrared thermal assessment platform, and a fiber laser test system.
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2.2. Material Synthesis

YBa2Cu3O7-δ polycrystalline targets were prepared following the chemical reaction
equation reported in the literature [30–33] for the starting materials Y2O3, CuO, and BaCO3,
which produce the final product YBa2Cu3O7-δ:

Y2O3 + 4BaCO3 + 6CuO + 1 − δ/2 O2↑ = 2YBa2Cu3O7-δ + 4CO2↑ (1)

The raw materials used to prepare the YBa2Cu3O7-δ were Y2O3, CuO, and BaCO3
powders, weighed in a molar ratio of 1:2:3, pre-fired at 900 ◦C, re-pressed after cooling
to room temperature, and then subjected to secondary sintering at 950 ◦C for 15 h before
being cooled to room temperature.

YBa2Cu3O7-δ/LaAlO3 (001) films were prepared at a substrate temperature of 750 ◦C
with a dynamic oxygen pressure of 40 Pa, set pulsed laser output energy of 350 mJ, and
pulse frequency of 4 Hz during deposition. The films were then annealed at an annealing
temperature of 550 ◦C, annealing oxygen pressure of 1 × 105 Pa, and annealing time of
1.5 h [34].

The heat-flux-sensitive element was fabricated by first growing a 100 nm-thick Ni/Pt
metal electrode at each end of the film using magnetron sputtering. A diamond-like carbon
(DLC) film was then grown on the surface of the sensitive element to protect it from the
effects of oxygen and water vapor in the air.

2.3. Characterization

The materials were characterized and tested as follows. X-ray diffraction (XRD)
analysis was performed using an X’Pert MPD Pro X-ray diffractometer from Panaco, The
Netherlands, with a copper (Cu) target, an emission slit (DS) of (1/2)◦, a scattering slit
(SS) of 0.04◦, a receiving slit (AAS) of 5.5 nm, and a scanning range of 3–80◦. Atomic
force microscopy (AFM) was performed using a scanning probe microscope (SPI 3800N,
Seiko, Tokyo, Japan) in atomic force mode (AFM). Transmission electron microscopy (TEM)
was conducted using a scanning electron microscope (Libra 200FE, Zeiss, Oberkochen,
Germany) [35].

The steady-state infrared heat flux calibration system comprises 30 parallel quartz
lamp heaters with a spacing of 2 cm and a quartz lamp filament heating length and tube
length of 660 mm and 760 mm, respectively. The lamps are equipped with a maximum
heating power of 150 kW, resulting in a heat flux density of about 160 kW/m2 in the
uniform zone. The heat flux accuracy is controllable and less than 3 kW/m2 on the surface
of the test piece. To ensure the sensor absorbs the heat flux stably, the top surface of the
sensor is coated with high-temperature black body paint before testing. A constant back
surface temperature of the sensor is maintained by circulating cooling water through a
pump to remove excess heat from the system. The sensor’s output signal is connected to a
PC for recording in the data acquisition system [36]. Before the test, the sensor is allowed
to reach thermal equilibrium with the ambient environment.

The laser-based transient heat flux calibration system employs a YDFLP-100-M7-M-R
fiber laser, capable of generating an average output power of over 100 W, with a maximum
pulse energy of 1.5 mJ and adjustable frequency ranging from 1~4000 kHz. The pulse width
can be set at 2~500 ns, while the output power instability is maintained below 5%. The
laser is water-cooled during operation, and its output pulse frequency is measured using a
high-speed photodetector [37]. The signal conditioning and acquisition system amplify,
filter, and acquire the signal, with a maximum sampling frequency of 300 kHz.

3. Results and Discussion
3.1. TEM Analysis of Thin Films on Tilted Substrates

The morphology of the YBa2Cu3O7-δ films on tilted substrates was studied via trans-
mission electron microscopy (TEM), and the results are presented in Figure 1. At a magnifi-
cation of 6 × 106, Figure 1a shows the typical layered crystal structure of the YBa2Cu3O7-δ
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thin film. At a higher magnification of 15 × 106 in Figure 1b, the layered crystalline struc-
ture of the YBa2Cu3O7-δ thin film is more pronounced. However, the image also reveals
the presence of crystal structure defects (shown in red boxes), which are closely linked to
the thermal, electrical, and device properties of the film.

Figure 1. High-resolution-transmission electron microscopy image of YBa2Cu3O7-δ thin film on
LaAlO3 single-crystal substrate, (a) 6 × 106 magnification image, (b) 15 × 106 magnification image.

3.2. θ-2θ Linkage Scans of YBa2Cu3O7-δ Thin Films on Tilted Substrates

The X-ray diffraction image of the YBa2Cu3O7-δ thin film is presented in Figure 2. The
pattern reveals that the film is highly uniform in orientation and of pure phase. Only (001)
crystal plane diffraction peaks of the YBa2Cu3O7-δ film appear, except for the LAO (001)
substrate diffraction peak. This indicates that the film is single-phase and strictly (001)
oriented, i.e., stacked along the c-axis between the film faces and epitaxially along the c-axis
of the substrate [38–40]. The relatively sharp diffraction peaks of both the substrate and the
film are a positive indication of good crystalline quality.

Figure 2. XRD θ-2θ scan pattern of YBa2Cu3O7-δ/LaAlO3 (001)/15◦ film.

3.3. AFM Morphological Features of Thin Films on Tilted Substrates

The AFM surface morphology of the YBa2Cu3O7-δ/LaAlO3 (001) films on tilted sub-
strates (5 × 5 µm) is presented in Figure 3. The tilted films exhibit a uniform step pattern
and uniform orientation in the face with layer-by-layer advancement in the tilted direction,
consistent with the step-flux growth mode. Island-like grains are distributed on the step
surface. The step width on the substrate surface decreases with the increase in the tilt
angle, resulting in a denser step distribution and more sites for preferential inhomogeneous
nucleation of the incident incremental particles at the step corners [41,42]. This results in a
denser and more homogeneous step pattern compared to films on untilted substrates.
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Figure 3. AFM images (5 × 5 µm) of YBa2Cu3O7-δ/LaAlO3 (001) film with tilted angle 15◦ film.

3.4. Calibration of the Devices

In the graphite plate device shown in Figure 4a, the graphite sheet is heated by the
water-cooled electrode to reach a high temperature. Two sensors are placed symmetrically
on both sides of the graphite sheet. One is a standard sensor calibrated by the absolute
method as the reference standard for the test sensor, and the other is a sensor to be cal-
ibrated [43,44]. Figure 4b shows the calibration curve of the device within the range of
0~100 kW/m2. It can be seen that the curve shows good consistency, the sensor internal
resistance is ~25 Ω, the ambient temperature is 23± 3 ◦C, the relative humidity is <70%, the
uncertainty is ±3%, and the sensitivity is 230 µV/(kW/m2). Compared with other similar
heat flow sensors, the obvious advantages and improvements of the device we prepared are
shown in Table 1. The sensors we designed not only possess high sensitivity, but also high
uncertainty. In addition, we also studied the maximum and minimum application range of
the device, which greatly improves the application of the device in practical industry.

Figure 4. (a) is a schematic diagram of the device calibration test system by graphite flat plate heating
method, and (b) is the calibration curve of the device in the range of 0~100 kW/m2.

Table 1. Comparison of the sensitivity and uncertainty of our designed sensor with other similar
sensors.

References [8] [16] [20] [26] This Work

Sensitivity (µV/(kW/m2)) 127 60 7.12 14.25 230
Uncertainty (%) - - 4 - ±3
Resistance (Ω) 291 - - - 25

Measuring Range (kW/m2) - - - - 1 × 102~2 × 105

3.5. Steady-State Heat Flux Calibration Facility

The steady-state heat flux calibration facility is depicted in Figure 5. It comprises a
quartz lamp array, control system, data acquisition system, and cooling water circulation
system. This system provides heat flux densities ranging from 0 to 160 kW/m2, with a
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control accuracy of 1 kW/m2. The required heat flux density is obtained by adjusting
the power of the quartz lamp array, and the prepared heat flux sensitive components are
tested for their response and sensitivity. The response test and sensitivity calibration of the
prepared heat flux sensitive elements have been performed [45–47]. To ensure accurate
measurements, the HFS-4 heat flux sensor from OMEGA, Stamford, CT, USA, was used as
the standard heat flux sensor. Both the standard heat flux meter and the MEMS thin-film
heat flux sensor were mounted symmetrically with the center of the quartz lamp in the
middle. The heat flow from the quartz lamp will be directed vertically to the surface of the
device. It was assumed that both heat flux sensors measured the same heat flux density,
disregarding differences between the quartz lamps and deviation in the measurement
position of the two heat flux sensors.

Figure 5. Schematic diagram of steady-state heat flow calibration facility. The arrows represent
the vertical transfer of heat flow to the sensor surface, which we have illustrated by marking the
red position.

Figure 6a–d illustrate the time-dependent output voltage curve of the heat flux sensi-
tive element when the individual power of the quartz lamp array is 0.2 kW, 0.3 kW, 0.4 kW,
and 0.5 kW, respectively. As observed from the graphs, the output voltage initially rises
quickly to a maximum value, then decreases gradually before stabilizing. The maximum
output voltage values are 0.19 mV, 0.41 mV, 0.63 mV, and 0.94 mV in ascending order.

Figure 6. (a–d) show the V-T variation curve of the output of the heat flow sensor when the power of
a single quartz lamp array is 0.2 kW, 0.3 kW, 0.4 kW and 0.5 kW, respectively.

Figure 7a presents the V-q curve of the output voltage of the element as a function
of heat flux. It shows that the output voltage of the designed sensor increases linearly
with increasing heat flux density by applying different heat flux densities through the
steady-state heat flux calibration facility [48]. The sensitivity of the sensor is obtained
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through linear fitting and is found to be 10.9 × 10−6 V/(kW/m2). This sensitivity is almost
constant for different heat flux values and temperature environments, as evidenced by a
fitted linearity of 0.99. Figure 7b demonstrates the repeatability characteristics of the heat
flux sensitive element. It indicates that the element exhibits good repeatability, and the
error increases with increasing heat flux density, with a maximum error of only 1.94%.

Figure 7. (a) The output V-q curve of the heat flow sensor, (b) the repeated characteristic curve of the
heat flow sensor.

3.6. Transient Heat Flux Calibration Facility

Figure 8a depicts a schematic diagram of the laser-based transient heat flux calibration
facility, where a fibre laser serves as the heat flux source and its output is modulated by
a voltage signal control module. The laser beam is collimated and focused on the surface
of the sensor through an optical system, while the output signal of the heat flux sensor
is acquired and processed using a signal conditioning acquisition system [49,50]. The
V-T curve for a laser frequency of 500 kHz, set at 6% nominal irradiance, is presented in
Figure 8b, and the V-T curve for a sample irradiated at 1000 kHz is shown in Figure 8c.
Both figures demonstrate excellent response recovery characteristics.

Figure 8. (a) The schematic diagram of the laser transient heat flow calibration facility, (b) the V-T
dynamic curve under the irradiation of the laser frequency of 500 kHz, (c) the V-T dynamic curve
under the irradiation of the sample laser frequency of 1000 kHz.

Figure 9 shows the repeatability curve of the device under irradiation at a laser
frequency of 1000 kHz. The YBa2Cu3O7-δ sample exhibited excellent repeatability with a
noise of 4.5 µV at room temperature and a maximum voltage output ranging from 7.66 mV
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to 7.92 mV, as shown in the order of 7.69 mV, 7.73 mV, 7.82 mV, 7.85 mV, 7.87 mV, and
7.90 mV.

Figure 9. Repetition response curve of the component under 1000 kHz laser frequency irradiation.

3.7. Mechanism Analysis

The heat flux sensitivity properties of YBa2Cu3O7-δ are attributed to its unique layered
structure. The structure features alternating stacks of conductive (CuO) and weakly con-
ductive layers (BaO, CuO, and Y layers) along the c-axis direction, resulting in anisotropic
thermoelectric transport properties in the interfacial (parallel c-axis) and intrafacial (per-
pendicular c-axis) directions [51–53]. Additionally, the Seebeck effect is present in the
anisotropic material, where the adjacent layers can be regarded as a thermocouple pair
and their intersection as a thermocouple contact. The layers in the YBa2Cu3O7-δ structure
are arranged at intervals, similar to many thermocouple pairs connected in series, thus
conferring high sensitivity to heat flux [54,55].

Thermal irradiation of the top surface of YBa2Cu3O7-δ thin-film material generates
a temperature gradient along the z-direction, which is perpendicular to the plane of the
film. This gradient produces a voltage signal in the x-direction and a transverse thermal

potential parallel to the film surface [56,57]. The transverse thermal potential
⇀
E can be

expressed using the Seebeck tensor
⇀
S and the temperature gradient ∇T as [58]:

⇀
E =

⇀
S∇T (2)

If the c-axis of the film is not aligned with the temperature gradient direction, the
⇀
S

tensor is transformed by a matrix of the form [59]:

⇀
S =

Sxx 0 Sxz
0 Syy 0

Szx 0 Szz

=


Sab cos2 αc + Sc sin2 αc 0
(

sin 2αc
2

)
(Sab − Sc)

0 Sab 0(
sin 2αc

2

)
(Sab − Sc) 0 Sab sin2 αc + Sc cos2 αc

 (3)

The Seebeck tensor components of the crystal in the c-axis and in the ab-plane perpen-
dicular to the c-axis are denoted as Sc and Sab, respectively.

The equation for the peak signal in c-axis tilted epitaxial films is derived from
Equations (2) and (3) as [60]:

Ux =
l

2d
sin(2αc)(Sab − Sc)∇Tz (4)

The effective measurement length along the x-axis is denoted by l, while the sensitive
film thickness is represented by d. To generate a transverse voltage signal, the c-axis of
the film must not be oriented at an angle of 0◦ or 90◦ with respect to the normal [61]. The
expression for Ux reveals that increasing the tilt angle θ of the film can boost the transverse
voltage signal Ux of the device [62]. In addition, reducing the film thickness d within a



Coatings 2023, 13, 1610 9 of 12

certain range can also enhance the voltage Ux by elevating the temperature gradient, while
decreasing the thermal capacity of the film can shorten the response time of the device [63].
Consequently, these findings demonstrate that thin-film transverse thermoelectric devices
can achieve high sensitivity and fast response times without increasing the device size, thus
overcoming the principle that the response sensitivity and response time of conventional
thin-film thermo-resistive devices cannot be combined simultaneously [64].

The thin-film transverse thermoelectric effect-based heat flux sensor exhibits high
sensitivity, a fast response time, and stable performance at high temperatures, making it an
effective solution for achieving ultra-fast heat flux detection. It is capable of meeting the
demanding testing requirements of aerospace and high-energy laser fields [65].

4. Conclusions

This study demonstrates that the tilted YBa2Cu3O7-δ films, prepared via PLD tech-
nique, exhibit high crystallinity with sharp and strictly (001) oriented diffraction peaks,
which is consistent with the step-flow growth mode. The device has ultra-high-sensitivity
characteristics in the range from 0 to 100 kW/m2, with the maximum sensitivity of
230 µV/(kW/m2) uncertainty of ±3%, which is significantly better than the similar in-
dex. According to the infrared steady-state thermal current calibration system test, when
the single output power of the quartz lamp array is 0.2 kW, 0.3 kW, 0.4 kW, and 0.5 kW, the
maximum output voltage of the prepared heat current-sensitive element is successively
0.19 mV, 0.41 mV, 0.63 mV, and 0.94 mV, indicating that the sensor output voltage increases
with the increase in the heat flow. The sensor demonstrated remarkable response recov-
ery characteristics at both 500 kHz and 1000 kHz fiber-optic laser frequencies. The laser
transient heat flux calibration system measured maximum voltage outputs of 8.83 mV
and 9.09 mV, respectively. Moreover, the sensor exhibited exceptional repeatability, with a
maximum measurement error of 1.94%.
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