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Miniature quartz crystal-resonator-based thermogravimetric detector2
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In this work, a new design for a microheater combined with a quartz crystal microbalance (QCM)
array for thermogravimetric analysis is presented. Each QCM consists of two electrodes to excite
thickness-shear-mode vibrations and one microheater to increase the temperature on the crystal back-
side. In addition, all the electrode pads are patterned on the crystal backside, making the design of the
QCM compact and user-friendly. Finally, the proposed QCM array was employed to separate ethanol
from methanol. This was successfully achieved via thermal desorption spectra calculated by differ-
entiating the frequency changes. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894385]
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Because of their ability to detect very small mass13

changes, quartz-crystal microbalances (QCMs) have been14

widely used for deposition and gas monitoring, immunoas-15

says, and electrochemical analysis.1 The use of QCMs offers16

two advantages: (i) they help in studying the interactions17

between biomolecules without using molecular fluorescent18

probes, and (ii) they detect actual mass changes. The immo-19

bilization of a target molecule on the QCM surface is the20

essence of using QCMs as chemical sensors for molecular21

recognition, because the QCM itself (both quartz and gold22

electrode) has inherently nonspecific interactions. Thus, com-23

plex biomolecular systems have been used to build sensing24

films. In this regard, the use of a multichannel QCM is neces-25

sary for sensing unknown chemicals.2 This, however, makes26

the sensing system too large, because the signal-processing27

procedures to identify unknown chemicals are usually very28

complex. Furthermore, an array of QCMs with sensing films29

is needed for estimating chemical species. In order to solve30

these problems and achieve an efficient and optimal appli-31

cation of a QCM-based sensor technology, two different ap-32

proaches can be adopted: (i) the combination of QCM with33

gas chromatography, and (ii) the use of QCM supported by34

a thermogravimetric analysis. A simple method based on gas-35

chromatography separation and detection with a QCM was re-36

ported by Rocha-Santos et al.3 This method represents a fairly37

inexpensive alternative to Gas Chromatography-Mass Spec-38

troscopy (GC-MS) for environmental monitoring, and ensures39

a high selectivity, by adjusting coating materials inside the40

tube. However, because a column is needed, miniaturization41

is a serious limitation of this method. This problem can be42

solved by preconcentrating the sample in a coating material43

on the QCM surface. Thus, by heating the material, the actual44

mass changes can be estimated as a function of the temper-45

ature. Thermogravimetric analysis using a QCM as the de-46

tector (TGA-QCM) has been shown to have great potential47

in overcoming this limitation. Recently, a new TGA-QCM-48

based approach has been reported by our groups,4 which uses49

the QCM as a detector for thermogravimetric measurements.50

Each measurement was carried out by subtracting the fre-51
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quency changes before and after heating the QCM within 52

a chamber. Although the QCM ensured a high performance 53

for the analysis of heterogeneous samples on the microgram 54

scale, its assembly procedure is complex, because electrode 55

pads are needed on both sides. However, this can be consid- 56

ered a secondary issue compared with the method based on 57

the microcantilever-type mass sensor. In fact, the overall fab- 58

rication of the QCM is simple. Although the complexity of the 59

procedure still needs to be reduced, TGA-QCM has been suc- 60

cessfully used for lightweight-mass sensing in space mission 61

tests,5 and it is expected to be used for nanoscale measure- 62

ments as well. 63

In this study, we proposed a new QCM design to resolve 64

the above problem. As a demonstration of the method, we 65

tried to separate methanol from ethanol. Methanol is a toxic 66

material, but it is difficult to separate it from other alcohols. 67

Furthermore, the separation of ethanol from other substances 68

is useful for alcohol-breath testing. 69

Typical QCMs have electrodes on both sides of the crys- 70

tal for exciting the TSM vibration. The use of electrodes on 71

both sides of a wafer is not convenient for film coatings or 72

mounting on a cell. In order to develop a new QCM that al- 73

lows researchers to use an electrode for various purposes, we 74

previously proposed a backside-excited QCM.6 This sensor 75

is considered as a sort of lateral field excited sensor.7 In this 76

study, we used a similar approach to combine a microheater 77

line as a part of the QCM. 78

Figure 1 displays a schematic diagram of the proposed 79

TGA-QCM. The wafer is an AT-cut quartz crystal with a 80

thickness of 100 μm; the diameter of the wafer is 12 mm. 81

The thickness of the gold electrodes is about 100 nm. The 82

electrode was obtained with an evaporator (VPC-260, UL- 83

VAC Technologies). All the microheater lines and electrodes 84

were patterned on one side of the wafer; a circular electrode, 85

with a diameter of 2.5 mm, with no pads, was patterned on 86

the other side. The circular electrode was used to coat a sens- 87

ing film. In our methanol-ethanol experiments, the micropar- 88

ticles of the activated carbon (with a mean diameter of 6 μm) 89

were deposited with photoresist on the circular electrode of 90

QCM2. To reduce the thermal stress caused by the differ- 91

ence in the thermal expansion coefficients, the diameters of 92

the electrodes were configured to be the same size for both 93
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FIG. 1. Scheme of the proposed TGA-QCM.

sides of the wafer. The diameter of the electrodes for excit-94

ing the TSM was fixed as 2.1 mm. The line width of the em-95

ployed microheater lines is 0.1 mm. Furthermore, the micro-96

heater lines were patterned with 0.1-mm space at the outside97

of the electrodes on the backside. The oscillation frequen-98

cies were measured by a universal counter of 2-channel in-99

put type (E53131A, Agilent technology). The resonance fre-100

quency employed in this study is about 16.2 MHz. The Q101

factor was about 4 1000. A DC power supply (Source meter102

2410, Keithley) was used for the sensor heating.103

The AT-cut quartz crystal has been shown to have a suit-104

able temperature coefficient of frequency (TCF); however,105

TCF becomes less optimal at temperatures much higher than106

room temperature. This is because of the frequency change,107

which significantly increases with temperature. To minimize108

the frequency drift caused by the TCF, we used a reference109

QCM (QCM1). This methodology can be also employed to110

cancel a potential thermal stress induced by the temperature111

gradient within the TGA-QCM chip. Thus, the use of a QCM112

array on a single chip was employed to successfully remove113

frequency fluctuation induced by unknown factors. We have114

demonstrated this for sensing photocatalytic reactions under115

UV radiation.8116

The proposed sensor was evaluated as a mass sensor. A117

mass loading (AZ P 4600, AZ Electronic Materials) was ap-118

plied to one of the QCMs. Figure 2 shows the results of the119

mass loading test (up to 22.5 μg). A linear relationship be-120

tween the mass of patterned photoresist and the frequency121

was observed. The sensing QCM (QCM2) acts as a separated122

mass sensor, and the response (80 ± 4 pg/Hz) was found to123

be in agreement with the theoretical value (78 pg/Hz) calcu-124

lated from the Sauerbrey equation.9 In contrast, the frequency125

FIG. 2. Frequency responses of TGA-QCM for mass loading.

change of the reference QCM (QCM1) under mass loading 126

test was negligible. This confirmed that QCM2 can act as a 127

mass sensor independently of QCM1. 128

Figure 3 shows a linear relationship between the temper- 129

ature changes of the electrode and the power consumption for 130

the fabricated TGA-QCM. This allowed us to estimate the 131

temperature from the applied power. Interestingly, the tem- 132

perature of the front side was found to be higher than that of 133

the backside by (10 ± 5) ◦C at 150 ◦C. This finding can be 134

explained from the heat loss of the quartz plate exposed to air 135

between the microheater line and the electrodes patterned on 136

the backside. The heating from the backside is also ideal from 137

a viewpoint of an anisotropic thermal expansion coefficient 138

of the quartz crystal. In particular, when the surface temper- 139

ature of the sensor became about 150 ◦C, 3σ was found to 140

be 2.9 Hz, which corresponds to 0.2 ng from the Sauerbrey 141

equation.9 Figure 4 shows the photograph and thermal images 142

of the temperature-elevated QCM. In particular, the system 143

was characterized by an emissivity of 0.8, a power consump- 144

tion of 0.59 W, and temperatures of about 150 ◦C for both 145

the QCMs. The temperature distribution was uniform for both 146

QCM1 and QCM2. This confirmed that the electrode pads for 147

the electric interconnection were well designed to reduce the 148

heat loss from the sensing electrodes. Figure 5 shows the dif- 149

ferences in the thermal desorption spectra versus the speed of 150

FIG. 3. Temperature changes of TGA-QCM versus power consumption.
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FIG. 4. Photographs of the fabricated TGA-QCM (a) and thermal images at
the power consumption 0.59 W (b).

the voltage rise applied to the microheater. In these measure-151

ments, samples were not coated on the QCM. The measured152

temperature ranged from 25 ◦C to 150 ◦C. For space and/or153

smell sensor applications, 125 ◦C is typically considered an154

optimal temperature. These spectra were calculated by dif-155

ferentiating the frequency changes during the temperature el-156

evations. The optimized speed was determined to be below157

0.02 V/s.158

To evaluate the performance of our method, the sensor159

was employed to distinguish between methanol and ethanol.160

The sensor was set up in a chamber (20 ml) and the oscil-161

lation frequencies were measured by a universal counter of162

2-channel input type. To gradually heat the sensor, the ap-163

plied voltage was programmed to increase by 0.02 V/s. The164

saturated methanol and/or ethanol gases were introduced into165

the chamber and adsorbed on the carbon microparticles. Fre-166

quency changes were then monitored to check the adsorption167

process. Before introducing the gases, the sensor was heated168

up to 150 ◦C to remove other possible adsorbed gases (alco-169

hols, water, etc.) for the initialization of the sensor.170

FIG. 5. Thermal desorption spectra measured for different speeds of voltage
rise.

FIG. 6. Frequency responses (a) and calculated thermal desorption spectra
(b) for methanol, ethanol, and methanol/ethanol mixed gas.

Figure 6(a) shows the frequency responses measured by 171

using the proposed TGA-QCM for methanol, ethanol, and a 172

gas mixture of ethanol and methanol (4/1 v/v). Unfortunately, 173

it was not easy to identify a change caused by desorption. To 174

resolve this problem, the frequency responses were differenti- 175

ated as a function of time; the differentiated value was defined 176

as thermal desorption spectra (Figure 6(b)). A peak in the des- 177

orption rate (Hz/s) was measured for each gas, which con- 178

firmed that our proposed TGA-QCM can distinguish between 179

methanol and ethanol. Different responses were measured be- 180

cause methanol has a lower boiling point than ethanol. 181

In summary, for the first time, a unique QCM array com- 182

bined with a single microheater for use in thermogravimet- 183

ric analysis is proposed. The proposed sensor is compact 184

and easy to assemble. Its use presents no particular difficul- 185

ties, because no electrode pads were patterned on the sens- 186

ing side. The proposed QCM is expected to be used for 187

thermal-desorption spectroscopy measurements of substances 188

adsorbed on nanomaterials such as carbon nanotubes. 189
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