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Abstract—Temperature is an essential parameter in the
silicon-based micro electro mechanical system (MEMS) fabri-
cation process, and the uneven temperature distribution on a
wafer surface could significantly impact the whole fabrication
process. This research aims to observe the wire bonding
system’s heating process from 30 °C to 110 °C. A temperature
sensor network consisting of multiple fiber Bragg gratings
(FBGs) is proposed for real-time wafer surface temperature
monitoring. The temperature points measured by FBG sen-
sors are used to construct the temperature distribution of the
entire wafer surface, enabling tracking of the hotspots during
the heating processes. Additionally, a comparative analysis
of the FBG sensor network’s results was conducted using

those gathered by infrared thermal imager and thermocouple (TC) sensors. The results indicate the existence of a
temperature gradient along the wafer’s surface in the radial direction, with a maximum temperature difference of 11.94
°C and the temperature distribution taking the shape of approximate concentric circles. The FBG sensor network offers
a clear and intuitive illustration of the wafer’s surface temperature distribution during heating, providing real-time
responses. Therefore, the proposed temperature measurement network based on FBG sensors can effectively monitor
the temperature defects on the wafer surface during the MEMS process.

Index Terms— Fiber Bragg grating (FBG), in situ wafer temperature measurement, temperature field reconstruction.

. INTRODUCTION

AFER temperature is a crucial factor in silicon-based
micro electro mechanical system (MEMS) manufac-
turing, and temperature measurement errors are relatively
common in many processes. Even slight temperature varia-
tions and inhomogeneity in the MEMS fabrication process
can impact the final chip performance. For instance, in the
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chemical vapor deposition (CVD) process, precise temperature
control is related to the deposition quality of the thin film [1].
In the physical vapor deposition (PVD) process [2], the adhe-
sion between the film and the substrate depends mainly on the
process temperature. In the atomic layer deposition (ALD) pro-
cess [3], temperature inconsistencies can significantly impact
the conformality of the deposited film. Moreover, in the
rapid thermal process (RTP), ensuring the repeatability and
uniformity of the temperature effectively reduces the wafer
warpage and slippage to improve product yield [4], [5]. In the
photolithography process [6], [7], the chemical amplification
resist used in the DUV photolithography process is particularly
sensitive to temperature changes. In summary, the tempera-
ture affects almost the entire MEMS manufacturing process.
Hence, real-time and accurate wafer temperature monitoring
becomes pivotal in meeting the requirements of manufacturing
high-performance MEMS chips and obtaining higher temper-
ature control accuracy in the process equipment.

The current wafer temperature monitoring methods are
mainly divided into two types: noncontact measurement and
contact method. Noncontact temperature measurement meth-
ods include radiation temperature measurement [8], reflectivity
temperature measurement methods [9], infrared transmission
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temperature measurement [10], refractive index and radia-
tion combined temperature measurement [11], polarization
transmission method [12], [13], interferometric temperature
measurement [14], [15], infrared thermography temperature
measurement [16], [17], and acoustic method [18]. The most
widely used radiation temperature measurement method is
based on Planck’s blackbody radiation law and requires
accurate measurement of the emissivity of the wafer before
measurement. The latter mainly refers to the use of thermocou-
ples (TCs) [19], [20], [21], [22], [22], reactive resistors [23],
and transistors [24], [25] as temperature sensors. Multiple
sensors are formed into a sensor array on the wafer surface
and connected to the external temperature of the process
equipment via electrical wires to obtain the 2-D temperature
field distribution. However, these electrically based contact
wafer temperature measurement methods have several prob-
lems, including sensitivity and baseline drift caused by Joule
heating and the elimination of microroughness on the surface,
requiring a constant current and voltage to be continuously
applied to the sensors.

To address these issues, this study proposes using fiber
Bragg gratings (FBGs) as temperature sensors arranged on
the wafer surface. Although the FBG has been widely used
in many temperature measurement scenarios in the following
fields, such as lithium battery temperature monitoring [26],
[27], [28], IGBT module temperature monitoring [29], [30],
[31], and power transformer winding temperature measure-
ment [32], [33], FBG sensors can be coated and fabricated in
combination with various materials to improve their sensing
performance in a particular area. For example, [34] mentions
that combining FBG sensors with thermoplastic polyurethane
(TPU) materials can extend the application of FBG sensors
for gait-assisted wearable device instrumentation outside the
clinical setting. In [35], FBG embedded in silicone rub-
ber diaphragms was used to detect the liquid level of JET
A-1 aviation fuel, and its performance was four times bet-
ter than in previous studies. In [36], a pH-sensitive layer
made of polyaniline (PANI) was deposited on the surface
of a tapered single-mode fiber and a D-type plastic fiber
to achieve a reproducible and repeatable pH sensor with
insignificant temperature and ionic strength cross-sensitivity
effects. Mishra et al. [37] coats the surface of optical fiber with
materials such as lead, indium, copper, aluminum, and PMMA
to achieve the improvement of temperature sensitivity of
FBG sensors, among which PMMA has the best sensitization
effect. Applying FBG sensors to wafer surface temperature
measurement maximizes their benefits, such as small size,
nonconductivity, resistance to electromagnetic interference,
and multipoint measurement.

This article focuses on improving the coverage rate of the
temperature sensor network on the wafer surface by increasing
the number of sensors. To achieve this, two temperature
measurement wafers (TMWs) utilizing FBGs as temperature
sensors are fabricated. The linear temperature measurement
wafer (LTMW) concentrates on the central temperature of
the wafer, which is made up of 20 FBGs. The LTMW is
easy to fabricate, but due to its small number of sensors,
the wafer surface edge distribution reconstruction accuracy

Incident Light Transmitted Light
\ )

‘Bragg Grating

@ ).Brugg i} zne[//l

Fig. 1. Measurement principle of the FBG temperature sensor.
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is poor when performing temperature field reconstruction.
To improve the accuracy of temperature field reconstruction,
the fan-shaped temperature measurement wafer (FTMW) was
fabricated to focus on the overall surface temperature of
the wafer, consisting of 54 FBGs. The wafer temperature
measurement experiment platform is constructed using a wire
bonding system. By utilizing the Gauss radial basis function
(GRBF) algorithm, a temperature field that can respond to
the spatial-temporal temperature distribution on the wafer
surface is constructed. The FBG sensor network’s results are
compared using data gathered by infrared thermal imager
and TC sensors to illustrate the validity of temperature field
reconstruction. The proposed TMW system has high accuracy
and can effectively respond to the temperature distribution
on the wafer surface, providing valuable data for temperature
control in MEMS processes.

[I. DESIGN AND FABRICATION OF TMW
BASED ON FBG ARRAY

A. Temperature Sensing Principle of FBG Sensors

As Fig. 1 shows, the FBG operates as a reflective filter
inscribed in the optical fiber core through periodic perturba-
tions of reflectivity along the fiber’s length. When broadband
light enters the core, only light that matches the FBG is
reflected while the rest is transmitted. The reflected wavelength
and the Bragg wavelength are determined by the phase-
matching condition. The resonance condition can be expressed
as the Bragg wavelength that satisfies the mode coupling
theory

AfBragg = 2nefrA (1

where n.fr is the fiber propagation mode’s effective refractive
index and A is the grating period.

The wavelength reflected by an FBG is determined by the
grating period and the effective refractive index of the fiber
core. FBG sensors are susceptible to environmental changes,
especially in temperature fields. Due to the thermal expansion
of FBG and the thermooptical effect, the grating period and
effective refractive index of FBG change, leading to a shift in
the center wavelength of the FBG. The amount of wavelength
shift is directly proportional to the temperature change and
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can be expressed as follows: TABLE |
CENTRAL WAVELENGTHS OF THE FBGS ON THE LTMW
Alpragg _ 2 A% + neff% ) ) Optical  FBGI FBG2 FBG3 FBG4 FBGS
AT oT oT fiber (nm) (nm) (nm) (nm) (nm)
1 1531.053  1535.001  1538.861  1543.045  1547.130
Substitute (1) into (2) 2 1531.067  1535.032  1539.068  1543.079  1546.951
3 1531.044 1535011  1538.860  1543.015  1546.909
1 oner 1 9A 4 1531.060  1535.066  1538.886  1543.064  1546.954
AN =4 )2 AT. 3
Bragg (neff aT A aT) Bragg (3)
The amount of Bragg wavelength change is related s | el
to the temperature change of the FBG, and the
temperature-dependent change in the FBG period is thought T
to be much smaller than the temperature-dependent change in
the effective refractive index, as (o = (1/negr) (Oner/0T) > BERE
€ = (1/A)(QA/IT)). a is called the fiber thermooptical 11T
coefficient (~0.55 x 1079/°C), and B is called the linear EEEE
coefficient of thermal expansion (6.1 x 1079/°C). The
relationship can finally be described as follows:
i i 4
AAfBragg = (a+ ";:)AfBraggAT« 4) (a) (b)

It can be seen that the change in the Bragg wavelength
of FBG is directly linked to the variations in temperature.
Moreover, it is possible to calibrate the correlation between
temperature and wavelength to suit a particular FBG sensor.
This enables an accurate measurement of the temperature value
based on the reflected Bragg wavelength.

B. Design and Fabrication of FBG-Based TMW

This study used a single-mode fiber manufactured by
Beijing SmarsTek Company, and the fiber grating array was
fabricated using the traditional phase mask method [38], [39],
[40]. The inner diameter of the fiber core is 80 wum, and
the cladding diameter is 110 wm. The sleeve thickness is
400 pum, and the material adopts freely expanded polyimide.
To satisfy the requirement of the wafer surface temperature
monitoring, two types of surface-mounted fiber grating wafers
were designed: linear and fan-shaped. The LTMW consists of
a wafer substrate and four optical fibers. SY-40 epoxy resin
is used to fix the optical fibers on the wafer surface, and five
FBGs are arranged uniformly on each optical fiber to monitor
the temperature in the central part of the wafer. The central
wavelengths of all the FBGs are shown in Table I, and the
schematic and prototype of the LTMW are demonstrated in
Fig. 2(a) and (b). A serial number (i, j) represents the sensor
matrix, where i represents the number of fibers in which the
FBGs are located, and j represents the serial number of sen-
sors on the same fiber where the FBG is arranged according to
the central wavelength from minimum to maximum. In order
to improve the temperature field reconstruction accuracy, the
number of sensors arranged on the wafer surface is increased,
and the coverage area of the optical fiber on the wafer surface
is expanded. The illustration of the FTMW structure can be
found in Fig. 3. It comprises a substrate wafer and 15 optical
fibers with 54 FBG sensors. The central wavelengths of these
FBGs are listed in Table II, and their serial number follows
the rules mentioned above.

Fig. 2. Schematic of the linear-shaped FBG temperature measurement
wafer. (a) Wafer with sensors’ serial numbers. (b) Diagram of the
prototype.

Fig. 3. Schematic of the fan-shaped FBG temperature measurement
wafer. (a) Wafer with sensors’ serial numbers. (b) Diagram of the
prototype.

C. Calibration of FBG-Based TMW

The temperature calibration is carried out for two TMWs
before the experiment to improve the measurement accuracy.
The calibration platform is shown in Fig. 4, which consists
of an optical spectral analyzer, a high-precision FBG demod-
ulator, a high-precision constant-temperature water bath, and
a high-precision PT100 thermometer. It is calibrated at the
temperatures of 35 °C, 40 °C, 50 °C, 60 °C, 70 °C,
80 °C, and 90 °C, respectively. In Fig. 5, the central wave-
length of the FBG sensor on the LTMW drifts linearly with
temperature variation. It can be seen that the temperature
resolution of the FBG sensors is 9.98-12.22 pm/°C. Fig. 6
shows the central wavelength shift of the FBG sensor on
the FTMW. It can be seen that the temperature resolution
of the FBG sensor is 9.92-10.15 pm/°C. The correlation
coefficient is all greater than 0.99, and the above results
demonstrate the excellent linearity of the FBG sensors on both
TMWs.
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TABLEII S e
CENTRAL WAVELENGTHS OF THE FBGS ON THE FTMW e —
Optical FBG1 FBG2 FBG3 FBG4 FBGS oD v B e R a
fiber (nm) (nm) (nm) (nm) (nm)
1 1536.156 / / / /
2 1529.897 1533.064 1536.114 / /
3 1539.040 1542.168 1545.088 / / 0.6 - 15
4 1554188 1557.175  1560.134  1563.163 / Fos I i3
5 1554.177  1557.178  1560.129  1563.024 / = i 12
6 1529.811 1533.127 1536.088 1539.354 / .E 0.4 I ‘f&g’-" . 0%
7 1529.930  1533.188  1536.156  1539.179  1542.185 03l g s
8 1545.028  1547.977  1551.046  1554.075  1557.042 g vr T E
9 1545347 1548129  1551.064 1554176  1557.207 U — =
10 1542.192 1545.097 1548.113 1551.201 / g 0.1
11 1542.170 1545.070 1548.101 1551.036 /
12 1530088 1533.179  1536.144  1539.143 / 0 .
13 1539.150 1542.266 1545.174 / / 30 40 50 60 70
14 1530.018 1533.163 1536.132 / / Temperature(°C)
15 1548.299 1551.217 / / /
Fig. 6. Sensitivity of the FBG sensors on each optical fiber in the range
S of 35 °C—90 °C.
e High-precision N
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i | TABLE Ill
! RIS ©L__| I T KEY SPECIFICATION OF THE EQUIPMENT USED FOR EXPERIMENTS
! I
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Fig. 4. Schematic of the experimental setup for fiber Bragg grating
temperature sensor calibration.
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Fig. 5. Sensitivity of the FBG sensors on each optical fiber in the range
of 35 °C-80 °C.

D. Construction of the Wafer Temperature Heating
Monitoring Experiment Platform

A set of corresponding experimental platforms for moni-
toring the wafer temperature heating process is built using
the wire bonding system, as shown in Fig. 7. It consists of
the wire bonding machine and its heating temperature control
equipment, a multichannel thermometer, TCs from Omega
Engineering Inc., a FBG demodulator, TMWSs, and a PC,
of which the critical parameters of the equipment are shown
in Table III. The heating platform provides a heating range of

Repeatability: £1pm
Temperature Range:
-20°C-1000°C
Accuracy: £2°C or 2%
Thermal sensitivity
(NETD):
<0.05°C@30°C
8 Channel
Thermocouple
Temperature Range:
200°C-1300°C
Accuracy:0.2%+1°C

Thermal camera Fluke Tix580

Multi-channel
thermometer

ApplentInstrument
AT4208

PC HP Demodulator software

30 °C-110 °C, the PC is responsible for collecting temperature
data after demodulation, and the Fluke infrared thermal imager
is used to measure the temperature distribution on the wafer
surface at different center temperatures. The TCs are affixed
next to the FBG using Kyowa CC-33A Cyanoacrylate resin
glue and cured for one hour to ensure measurement accuracy.
The TC is used to compare and evaluate the accuracy of the
FBG measurement.

E. Reconstruction of Wafer Surface Temperature Field
FBG sensor can only obtain a point temperature. In this
article, for the wafer surface core region and the overall
region to design two TMWs, the number of sensors up to
20 and 54, it is still unable to intuitively respond to the
temperature distribution of the entire wafer surface, so it is
necessary to reconstruct the temperature distribution of the
wafer surface through the temperature field reconstruction
algorithm from the sparse measurement data.  This article
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Fig. 7. Schematic of the experimental setup for temperature monitoring using FBG measurement wafer during the wire-bonding process.

TABLE IV
MAXIMUM TEMPERATURE DIFFERENCE FOR EACH FBG
WITH THE SAME SENSOR SERIAL NUMBER

FBG serial number Difference in temperature

C)
@0 6.301
(1,2) 2.136
1,3) 1.660
(1,4) 0.426
(i,5) 0.954
120 — — - — —
FBG(1,1) FBG(1,2) FBG(1,3)  + - FBG(1,4)= + FBG(1,5)
FBG(2,1) FBG(2,2) FBG(2,3)+ « « » FBG(2,4)== + FBG(2,5)
FBGG,1) FBG(3,2) FBGB33): -+ - FBGB3,4)== + FBG(3,5)
FBG(4,1) FBG(4.2) FBG(4,3): - + - FBG(@d4)== + FBG(4,5) L 2 € 6F ‘v-
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Fig. 8. Thermal behavior of different FBG sensors on the linear-shaped
temperature measurement wafer.

uses the Gaussian radial basis function algorithm to reconstruct
the wafer surface’s temperature field. The radial basis function
belongs to the multivariate function, a class of radial distance
as a variable set of basis functions for the spatial location
and temperature of the two points on the wafer surface. Then,
the Euclidean distance between the two points T; (x;, y;) and
Ti(xj,yj)is

Rar = V=) + i = 32 ©)

(xij,yi) e R",i=1,2,..., N is a set of discrete points in 2-D
space. Corresponding function values are T; = f(x;, yi) € R,
i=1,2,...,N.

The value of the function or any point on the unknown
space—temperature function can be expressed as a linear com-
bination of radial basis functions

N
T(x,y) =D wigi(x,y) (6)
i=1
where N is the number of interpolation points, w; is the coeffi-
cient to be determined, and ¢; is the radial basis function. This
article chooses the Gaussian function as the basis function,
which takes the form

R2

p=e & N

where R is the Euclidean distance between two discrete points
in 2-D space, and c is the shape parameter of the radial
basis function. After the shape parameters are determined, the
system of equations is obtained by substituting the temperature
data obtained from measurements

T = w. ®)

After solving for the matrix of coefficients to be determined,
T (x, y)—the value of the temperature function at any point in
space—can be approximated by interpolation using Gaussian
radial basis functions.

I1l. RESULTS AND ANALYSIS

The wire bonding system is used to heat the LTMW with
a temperature range of 30 °C-110 °C. The demodulator
sampling rate is set to 1 Hz, and the heating time is 3600 s.
The temperature of the wafer is measured using various
sensors, and the results are shown in Fig. 8. The overall trend
of the temperature is toward convergence, and the gradient
of the temperature rise gradually decreases until it stabilizes.
The results of each FBG measurement with the same sensor
number were compared, and the maximum temperature dif-
ference of FBGs with the same sensor number is shown in
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Fig. 9. Comparison between the temperature variation monitored by FBG sensors and Thermal couple sensors. (a) Optical fiber 1. (b) Optical fiber

2. (c) Optical fiber 3. (d) Optical fiber 4.
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Fig. 10. Thermal behavior of different FBG sensors on the FTMW.

Table IV. The minimum temperature value was obtained from
the first FBG on each fiber, and the maximum temperature
difference was 6.301 °C, indicating that the lower half of the
wafer is near the notch and has a temperature defect region.

On the other hand, the temperature difference on the upper
half of the wafer is much smaller, and the temperature of the
same-numbered FBG tends to be the same, indicating a more
uniform temperature distribution in the center of the wafer and
the upper half. The results of comparative TC measurements
are shown in Fig. 9(a)—(d). The temperature measured by the
exact number of FBG is significantly higher than the TC. For
example, the maximum temperature difference between the TC
and FBG sensor of serial numbers (4,5) is 11.345 °C at 3600 s,
and temperatures measured by FBGs are significantly higher
than those by TCs. The FBG measurement result is more
accurate and closer to the temperature set by the temperature
controller of the wire-bonding machine.

To obtain a broader range of wafer surface temperature
distribution data, the above experiments are repeated using
FTMW, the results of which are shown in Fig. 10. At 3600 s,
the lowest temperature on the wafer surface is measured as
101.23 °C for FBG (8,1), which is located at the wafer notch,
and the highest temperature was measured as 113.17 °C for
FBG (8,3), which is situated in the center of the wafer. The
trend is consistent with the measured results of LTMW. Signif-
icant temperature differences between sensors are distributed
radially across the wafer surface; the highest temperature is
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(b) Middle part of the wafer. (c) Right part of the wafer.

in the center of the wafer, and it is gradually reduced to the
edge of the wafer.

The maximum temperature difference is 11.94 °C. At the
same time, FBG (7,5) for the wafer surface temperature of the
second lowest point is 103.27 °C, indicating the temperature
defects in this region. Due to the large number of wafer
surface temperature FBG sensors, the (2,2) (4,2) (4,4) (6,3)
(8,3) (8,4) (8,5) (10,3) (12,2) (12,4) (14,2) FBGs are selected
for the comparison with TC measurements, as shown in
Fig. 11. The sensors are divided into three regions: left half,
center, and right half. The FBG and TC sensors arranged
on the left half of the wafer surface find that the maximum
temperature difference of 9.881 °C occurs between sensor
groups numbered (4,4).

The maximum temperature difference between the (8,3)
sensors group is 13.161 °C in the middle region. The max-
imum temperature difference of the right side of the wafer
between the (14,2) sensor group is 12.288 °C. The tempera-
tures obtained from the FBGs are significantly higher than the
TCs, and the measurement results are more accurate and closer
to the setting of the wire bonding system. The measurement
accuracy of the FBG sensor is higher compared to TC. Also,
since the FBG sensor is wrapped in polyimide, for being in
an open environment at the same time, the TC dissipates
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Comparison between the temperature variation monitored by FBG sensors and Thermal couple sensors. (a) Left part of the wafer.

more heat, resulting in a more enormous difference in its
measurement results compared to the FBG sensor.

The temperature field reconstruction algorithm uses the
sparse temperatures obtained from the FBG sensor network
distributed on the surface of the FTMW to reconstruct the
temperature distribution on the wafer surface. Starting from
0 s, the wafer surface temperature field is reconstructed
once in 600 s intervals, and the temperature range is set to
25 °C-120 °C. The results are shown in Fig. 12(c), which
shows that the temperature distribution on the wafer surface
exhibits a gradual decrease from the center to the edges trend,
consistent with the sensors’ measurement results. Taking the
reconstruction results of the wafer surface temperature field
at 3600 s as an example, the upper and lower temperature
limits are rescaled to highlight a more specific temperature
distribution, and the results are shown in Fig. 12(b), which
are compared with the image taken with the infrared thermal
imager at the same time offered in Fig. 12(a). There are two
thermal defect areas: the notch and the left upper part of
the wafer. It indicates that the temperature distribution of
the wafer surface shows a gradual decrease from the center
to the edges, consistent with the measurement results. This
shows that the temperature field reconstruction algorithm can
correctly respond to the wafer surface temperature distribution.



17740 IEEE SENSORS JOURNAL, VOL. 24, NO. 11, 1 JUNE 2024
|| T = — Tl ddfect - — LT T — -
N e s e oI s U] TR PR IR o
I Hﬂ!
. Wafer’ s Outline .
. mxl
I Infrared thermal 106
. Comparison I
I 104
- mzi
| Thermal defect 180

75 5 0 75 . I
I X(mm) Alnm) Rescale ¥
@) colormap 120 |
110 '
100
90 |
o 80
70 I

60
50 I

e~ ——~—— 40
30 I
600 1200 1800 2400 3000 3600 &

. Time(s)
. © I
T N T Y T T 1Y 15T 397 79T T "o B S B
Fig. 12.  Temperature field reconstruction results and comparison with the wafer surface thermal image. (a) Wafer surface thermal image.

(b) Temperature field distribution on the wafer surface at 3600 s. (c) Temperature field distribution of the whole wire bonding heating process.

IV. CONCLUSION

To monitor the wafer surface temperature during the MEMS
process with high accuracy and to improve the temperature
control accuracy of the MEMS process, this article proposes a
sensor network of multiple FBGs to monitor the wafer surface
temperature distribution during the wire bonding process and
reconstruct the wafer surface temperature field distribution
based on the measurement point temperature data. For the
two TMWs fabricated in this article, heating experiments were
conducted from 30 °C to 110 °C. Although the LTMW has
the advantage of being easy to manufacture, its coverage
area is relatively small. Its temperature field reconstruction
accuracy is poor. In order to improve the sensors’ coverage
on the wafer surface, the FTMW was fabricated, and the
sparse temperature point data obtained from the FTMW mea-
surements were utilized to reconstruct the temperature field
on the wafer surface and compared with the results of the
infrared thermal imager measurements. The results show that
a law exists for monitoring the heating process of the wire-
bonding machine, namely, the radial distribution of the wafer
surface temperature distribution. The maximum temperature
difference is 11.94 °C. After comparing it with the thermal
imaging camera and TC comparison, it can be seen that
the reconstruction of the wafer surface temperature field is
better, and it can accurately identify the key areas where the
temperature defects occur. Hence, it is a promising method for
monitoring the temperature of the wafers.
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