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Abstract
This paper presents the design, fabrication and testing of an improved thin-film thermal converter based
on an electro-thermally excited and piezo-resistively detected micro-bridge resonator. The resonant thermal
converter comprises a bifilar heater and an opposing micro-bridge resonator. When the micro-bridge res-
onator absorbs the radiant heat from the heater, its axial strain changes, then its resonant frequency follows.
Therefore the alternating voltage or current can be transferred to the equivalent DC quantity. A non-contact
temperature sensing mechanism eliminates heat loss from thermopiles and reduces coupling capacitance
between the temperature sensor and the heater compared with traditional thin-film thermal converters based
on thermopiles. In addition, the quasi-digital output of the resonant thin-film thermal converter eliminates
such problems as intensity fluctuations associated with analogue signals output by traditional thin-film ther-
mal converters. Using the fast-reversed DC (FRDC) method, the thermoelectric transfer difference, which
determines the frequency-independent part of the ac-dc transfer difference, is evaluated to be as low as
1.1 ·10−6. It indicates that the non-contact temperature sensing mechanism is a feasible method to develop
a high-performance thermal converter.
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1. Introduction

The most accurate method for transferring alternating voltage or current to the equivalent DC
quantity is using thermal converters (TCs) [1–3]. They can be divided into four types: single-
junction thermal converters (SJTCs) [4], 3D multi-junction thermal converters (3D MJTCs) [5],
thin-film (or planar) thermal converters (FMJTCs) [6–10] and semiconductor root mean square
(RMS) sensors [11]. Thin-film thermal converters are today’s most accurate standard for pre-
cise measuring the RMS of AC quantities in a frequency range of 10 Hz–1 MHz. A typical
thin-film thermal converter based on thermopiles comprises a heater and a thermopile [12]. The
heater and hot junctions of the thermopile are placed on the top surface of a stress-compensated
sandwich membrane; cold junctions of the thermopile are placed on the silicon substrate act-
ing as a heat sink [6–10]. The ac and dc voltage (or current) are applied sequentially to the
heater and heat it. The temperature sensor senses the temperature field. As the output signal
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of the temperature sensor is identical, the dc voltage (or current) is the RMS of the ac volt-
age (or current). The nearly periodic structure of the thermal element results in a constant tem-
perature along the bifilar heater, reducing the ac-dc transfer difference caused by the Thomson
effect.

The coupling capacitance between the heater and the hot junctions of thermopiles and the heat
conduction of the heater from the thermopiles to the substrate are the main sources of thermo-
electric transfer difference. A feasible way to solve these two problems is to utilize non-contact
temperature sensing [13]. The non-contact temperature sensing method can minimize the detri-
mental effects caused by thermal and electrical shunt paths in conventional thermal elements [14].
The ac-dc transfer difference caused by coupling capacitance can be remarkably reduced. It the
potential for greater accuracy over a wide frequency range, faster response time, and improved
dynamic range over conventional planar thermal elements. However, the reported non-contact
film thermal converters are only simple combination of a heater and a commercial temperature
sensing element. The ac-dc voltage transfer differences of the non-contact thermal converters
are as high as 20× 10−6 to 50× 10−6 for a thermal converter with infrared-transmission fibre
coupling [15] and 140× 10−6 for a thermal converter with radiometric sensing at 1 MHz [16].
However, these methods of non-contact temperature sensing techniques have not received much
attention to date.

Minimizing the thermoelectric transfer difference of a thermal converter must reduce the ca-
pacitive coupling between the heater and the hot junctions of thermopiles and eliminate the heat
conduction of the heater from the temperature sensing element to the substrate. In the previous
work, our study team proposed a prototypical resonant thermal converter consisting of a heater
and a micro-bridge resonator placed side by side on one chip [17]. Since the micro-bridge res-
onator is not directly opposite to the heater, only a small part of the heat of the heater is conducted
to the bridge resonator. This defect causes a lower temperature sensitivity of the bridge resonator
and a larger thermoelectric transfer difference of 2.8×10−6 ∼ 9.1×10−6 at the frequency range
of 102 ∼ 104 Hz exhibited by the thermal converter. In this paper, an improved non-contact thin
film thermal converter based on a micro-bridge resonator and an opposite heater is proposed to
measure the thermoelectric transfer difference.

2. Structures and process

2.1. Structure of improved film thermal converter

The improved film thermal converter comprises a micro-bridge resonator and an opposing
bifilar heater. The length and width of the micro-bridge are 1000 µm and 100 µm, respectively.
The length and width of the bifilar heater are 950 µm and 100 µm, respectively. The bridge
resonator and the bifilar heater are fabricated on different silicon wafers and assembled together
by the eutectic bonding process. The Ni24.9Cr72.5Si2.6 heater is placed on SiO2/Si3N4 bilayer
films and covered with a 0.42 µm SixNy film. The bifilar structure of the heater can effectively
reduce the thermoelectric transfer difference caused by the Thomson effect [18]. The micro-
bridge consists of a 0.6 µm silicon dioxide film, a 0.25 µm Si3N4 film deposited by low pressure
chemical vapor deposition (LPCVD) and a 0.42 µm SixNy film deposited by plasma-enhanced
chemical vapor deposition (PECVD). The configuration of developed resonant thin-film thermal
converter is shown in Fig. 1.
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Fig. 1. The configuration of developed resonant thin-film thermal converter.

2.2. Fabrication process of heater

1. The fabrication process of the heater starts from (100) oriented, n-type silicon wafers.
The wafers are cleaned and thermally oxidized in the first step. The thickness of silicon
dioxide is 0.6 µm. Then, a 0.25 µm Si3N4 film is deposited by low pressure chemical
vapor deposition (LPCVD) at 1053.15 K, as shown in Fig. 2 a.The compressive stress of
the SiO2 film is compensated by the tensile stress of the Si3N4 film.

2. An 89 nm thick Ni24.9Cr72.5Si2.6 film is deposited by the radio frequency (RF) magnetron
sputtering technique on the front surface. Bifilar heaters are patterned and etched in ammo-
nium ceric nitrate solution. The Ti/Au metallization system is used as wires and bonding
material placed on the ambitus of chip. The wafers are annealed at 400 ◦C in N2 atmo-
sphere for 30 minutes to strengthen adhesion between the Ti/Au film and the Si3N4 film,
as shown in Fig. 2b.

3. A 0.42 µm SixNy film used as a passivated layer of the heater is deposited by the plasma-
enhanced chemical vapor deposition (PECVD) process on the front side of wafers. The
SixNy film on the pads is patterned and etched by inductively coupled plasma (ICP) dry
etching, as shown in Fig. 2c.

4. Openings below the heater are patterned and etched. Using the silicon dioxide and silicon
nitride films as mask, the silicon beneath the heater is etched away in 40% KOH solution
to 30 µm and then etched by ICP dry etching, as shown in Fig. 2d.

2.3. Fabrication process of micro-bridge resonators

1. The fabrication process the micro-bridge resonator starts also from (100) oriented, n-type
silicon wafers. A 0.6 µm silicon dioxide film and a 0.25 µm LPCVD Si3N4 film are de-
posited sequentially on both sides of the wafer, as shown in Fig. 2e.

2. A 0.65 µm polysilicon film is deposited by low pressure chemical vapour deposition
(LPCVD) at 893.15 K. Boron ions are implanted in the polysilicon film. The implanta-
tion energy and dose are 80 KeV and 1.7×1015 cm−2, respectively. The implanted boron
atoms are activated in nitrogen at 1223.15 K. The doped polysilicon film is patterned and
dry etched to form polysilicon resistors at the middle of resonant beams for driving the
resonant beams and – at the clamped end of resonant beams – to detect the vibration.
A 0.8 µm aluminium film is deposited on the front side of the wafers by DC sputtering
and patterned for the electrical connection. The pads connected to the heater are placed
on the silicon frame, insulated by SiO2 and Si3N4 films. Peltier heat will, therefore, be
short-circuited. Then, the wafers are annealed at 450◦C in N2 atmosphere for 30 minutes
to form a good ohmic contact between the Al and doped polysilicon films, as shown in
Fig. 2f.
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3. A 0.42 µm SixNy film used as a passivated layer of polysilicon resistors is deposited by
the plasma-enhanced chemical vapour deposition (PECVD) process on the front side of
wafers. The SixNy film on the pads is patterned and etched by ICP dry etching, as shown
in Fig. 2g.

4. The bridge along the <110>direction is patterned on the front side of wafer. The SixNy film,
Si3N4 film and SiO2 film in the groove are etched by ICP dry etching. A window below
the bridge is patterned on the backside of the wafer. Anisotropic wet etching through the
window is carried out in KOH solution to thin the wafer to 30 µm while protecting the
front side in a mechanical chuck. A 0.47 µm amorphous silicon film is deposited on the
backside of wafers for eutectic bonding with an Au film on the micro-bridge resonator
chips. Then, the beams are released by the reactive ion etching (RIE) process, as shown
in Fig. 2h.

Fig. 2. The fabrication process of the thermal converter based on a micro-bridge resonator. a)–d) the fabrication process of
the heater; e)–h) the fabrication process of the micro-bridge resonator; i) the bonded resonant thin-film thermal converter.
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2.4. Gold-amorphous silicon bonding process

The amorphous silicon at the backside of the micro-bridge resonator chip and the Au film on
the front side of the heater chip are bonded together with the eutectic bonding process. An Ar
plasma pre-treatment is carried out to remove contaminants and 1:50 HF solution is used to re-
move any native oxide at the surface of amorphous silicon before the bonding process. The Au-
amorphous silicon eutectic bonding process is performed in a vacuum chamber with a vacuum
degree of 10−3 Pa. The bonding temperature and pressure are 430◦ and 0.75 MPa, respectively.
A cross-section view of the bonded resonant thin-film thermal converter is shown in Fig. 2i. Scan-
ning Electron Microscope (SEM) images of the developed resonant thin-film thermal converter
are shown in Fig. 3.

Fig. 3. SEM images of the fabricated heater (left) and micro-bridge resonator (right).

3. Detection mechanisms

The first-order flexural resonance frequency of a micro-bridge resonator is [19]:
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where: L, h and ε are the length, thickness and axial strain of the micro-bridge and ν , E and ρ
are Poisson’s ratio, equivalent Young’s modulus and density of the material.

The sensitivity of the micro-bridge resonator to the absorbed heat power (P) can be calculated
as [20]:
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Assuming that the length between two clamped ends remains constant after the bridge ab-
sorbs the heat radiation of heater, the axial strain of the micro-bridge can be expressed as:

ε = ε0(α −αsi)∆Tav(P), (3)
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where ε0 is the original axial strain of the micro-bridge resonator arose in the fabrication process
and is the average thermal expansion coefficient of materials composing the micro-bridge.

α =
∑αiEihi

∑Eihi
. (4)

∆Tav(P) is the average temperature elevation of the micro-bridge due to the heat radiation
from the Ni24.9Cr72.5Si2.6 resistor. Fig. 4 shows the original temperature distribution (∆T1) of
the micro-bridge under 1 mW alternating excitation power at the excitation resistor and 9 mW
Joule heat generated at the Wheatstone bridge. The temperature of the micro-bridge rises to ∆T2
if a 10 mW heating power is applied to the Ni24.9Cr72.5Si2.6 heater. The temperature elevation
(∆T2 −∆T1) reduces the axial tensile strain or increases the compressive strain of the micro-
bridge resonator, thereby changing its resonant frequency.

Fig. 4. The temperature distribution of the micro-bridge along the length direction.

4. Thermoelectric transfer difference

4.1. Testing system based on fast reversed DC-source

The thermoelectric transfer difference determines the frequency-independent part of the ac-dc
transfer difference. It has been widely measured with a FRDC source [21–24]. The fast reversed
DC-experiment (FRDC) provides an independent and simple means of evaluating thermoelec-
tric effects in any type of thermal converter constructions, but with a sub-ppm level of uncer-
tainty [24]. This method is based on the fact that the modification of the temperature distribution
along the heater due to the Thomson and Peltier effects depends on the direction of the dc current.
If the current reverses, the modification will be built-up in the other direction, which spends some
time due to the thermal time constant of the converter. With increasing the reversing frequency,
the change of temperature caused by thermoelectric effects is reduced to zero.

The test system based on a computer-controlled FRDC source to measure thermoelectric
transfer difference of the resonant thermal converter consists of a signal generation module, a
thin film thermal converter, a constant temperature platform and a signal processing and data
acquisition module [17]. A block diagram of the system is shown in Fig. 5. The signal genera-
tion module includes an FRDC source and a field-programmable gate array (FPGA). The FRDC
source consists of two identical reference voltage sources A and B that are alternately opened
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Fig. 5. The computer-controlled testing system based on a fast reversed DC-source.

and closed to reduce the power loss caused by the voltage polarity reversal. The FPGA controls
the closing and opening of the switch array to generate the FRDC and CPDC (Chopped DC)
signals alternately applied to the heater. The thin-film thermal converter is placed on the constant
temperature platform to keep its temperature constant, thereby reducing the impact of ambient
temperature on the thermoelectric transfer difference. The thermostatic platform based on a ther-
moelectric cooler (TEC) thermostat ADN8830 chip is used to maintain the temperature of the
thermoelectric converter varying within ±0.01◦. The closed-loop self-excited and oscillating cir-
cuit [25] enables the micro-bridge resonator to operate in a self-oscillation state. The Agilent
34401A 6 1/2 digit multi-meter is used to collect the output frequency of the resonant thermal
converter and to transfer the frequency to a virtual frequency meter programmed by LabVIEW
via RS232 serial communication interface.

4.2. Measuring principle

The FRDC source controlled by FPGA outputs sequentially four different signals [17], named
FRDC(1), CPDC(+), CPDC(−) and FRDC(2), as shown in Fig. 6. Each signal is generated by
switching between stable dc levels and zero potential. For the FRDC(1) and FRDC(2) signals, the
voltage is alternately reversed in the positive and negative polarity. The CPDC(+) and CPDC(−)
signals have a constant output level except for brief transitions to zero.

Fig. 6. The output signals of the FRDC source.

In order to measure the thermoelectric transfer difference, the four signals FRDC(1),
CPDC(+), CPDC(−) and FRDC(2) are sequentially applied to the heater. The duration and in-
terval of each signal is 2 minutes. The amplitude of the FRDC and CPDC signals applied to
the heater is 2.333 V, which corresponds to a heating power of 10.12 mW. The output resonant
frequency of the resonant thermal converter for 5 kHz FRDC and CPDC signals applied to the
heater is shown in Fig. 7. The resonant frequency of the micro-bridge resonator decreases by
73.6 Hz when the PRDC or CPDC signals are applied to the heating resistor. The relative shift
of resonant frequency is 350 ppm/mW, while the relative frequency shifts of the early device
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[17] is only 220 ppm/mW. It shows that the novel thermal converter has a higher temperature
measurement sensitivity.

Fig. 7. The output frequency of the resonant thermal converter for 5 kHz FRDC
and CPDC signals applied to the heater.

The thermoelectric transfer difference is calculated as:

δ =− fFRDC − fCPDC

n fCPDC
, (5)

where: fFRDC is the average resonant frequency of the bridge resonator when the FRDC(1) and
FRDC(2) signals are applied to the heater, respectively; fCPDC is the average resonant frequency
when the CPDC(+) and CPDC(−) signals are applied, respectively and n is a normalized index
that indicates the characteristics of the input–output responses of a thermal converter. As shown
in Fig. 8, the normalized index can be determined from a curve of the resonance frequency shift
(∆ f ) of the micro-bridge resonator and DC voltages (V) applied to the heater and then fitted in
the equation ∆ f = kVn. The normalized index value is about 1.907, which is larger than that
of a traditional the early thermal converter (n = 1.59). It shows that the frequency shift of the
bridge resonator is larger for the same input voltage, thus the thermal converter presented in
this paper has a greater temperature measurement sensitivity, although the distance between the
temperature sensor and the heater increased from 70 µm to 375 µm.

Fig. 8. The resonant frequency shift of the micro-bridge resonator
for voltages applied to the heater.
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4.3. Measuring results

Thermoelectric transfer differences of the resonant thermal converters at different frequen-
cies are shown in Fig. 9. The thermoelectric transfer difference of this resonant thermal con-
verter is 1.1× 10−6 ∼ 5.4× 10−6 in a frequency range of 102∼104 Hz. Compared with that of
2.8×10−6 ∼ 9.1×10−6 of the early thermal converter [17], the improved resonant thermal con-
verter reduces the thermoelectric transfer difference mainly because the micro-bridge resonator
is opposed to the bifilar heater. This structural improvement causes that the new device has a
higher temperature measurement sensitivity.

Fig. 9. Thermoelectric transfer differences of the resonant thermal
converters at different frequencies.

Figure 10 shows the frequency response of the resonant thermal converter when a 2.333 V
step voltage is applied to the heater. It indicates that the time constant of the improved reso-
nant thermal converter is about 460 ms. Compared with the 280 ms of the thermal converter
developed in the previous work [17] and 25 ms of traditional thin-film thermal converters based
on thermopiles without silicon obelisk [26], the time constant obviously increased because of a
greater distance between the micro-bridge resonator and the heater. The improved time constant
will reduce the ac–dc transfer difference at low frequencies [26–27].

Fig. 10. The frequency response of the resonant thermal converter.
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5. Conclusion

This paper presents an improved thin-film thermal converter based on a micro-bridge res-
onator. Compared with earlier thermal converters, the improved resonant thermal converter com-
prises a bifilar heater and an opposing micro-bridge resonator. Owing to this structural improve-
ment, the new device exhibits three following advantages: (1) the temperature measurement sen-
sitivity is increased from 220 ppm/mW to 350 ppm/mW. (2) The thermoelectric transfer differ-
ence is reduced from 2.8×10−6 ∼ 9.1×10−6 to 1.1×10−6 ∼ 5.4×10−6 at a frequency range
of 102 ∼ 104 Hz. (3) The greater distance between the micro-bridge resonator and the heater
increases the time constant, reduces the ac-dc transfer difference at low frequencies and reduces
the coupling capacitance between the heater and the temperature sensor. Further optimization of
the device structure is underway and will be reported in the future.
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