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Abstract—This paper describes an augmented reality
(AR)-aided smart sensing technique for in-line condi-
tion monitoring of insulated-gate bipolar transistor (IGBT)
wafers. A series of signal processing algorithms are
applied for enabling sensor intelligence. Based on electro-
magnetic infrared–visible fusion (IVF), a supplementary pal-
pable three-dimensional thermography layer is integrated
with an IGBT wafer in real world environment. Before the
IVF, independent component analysis is implemented to
identify defects in the wafer. The proposed AR-aided smart
sensing technique enhances user’s perception and inter-
action between the industrial systems and the surround-
ing world. In contrast to conventional sensor techniques,
it provides nondestructive testing and evaluation based
high-throughput in-line condition monitoring method. The
advantages of noncontact and time efficient of this smart
sensing technique potentially bring huge benefit to yield
management and production efficiency. AR-aided smart
sensing can improve the productivity, quality, and reliabil-
ity of power electronic materials and devices, as well as in
other industrial applications.

Index Terms—Augmented reality (AR), eddy current
pulsed thermography, IGBT, nondestructive testing, smart
sensing, wafers.

I. INTRODUCTION

A S THE core element of power electronic devices, the qual-
ity of insulated-gate bipolar transistor (IGBT) dies is cru-

cial for the reliability and life cycle of the power electronic

Manuscript received November 21, 2017; revised May 5, 2018, July 13,
2018, and October 10, 2018; accepted November 22, 2018. Date of pub-
lication January 1, 2019; date of current version May 31, 2019. This work
was supported in part by the U.K. EPSRC under Grant EP/J012343/1
and in part by the China NSFC under Grant 6152780147. (Correspond-
ing author: Gui Yun Tian.)

K. Li, X. Chen, C. Tang, and N. Wright are with the School
of Engineering, Newcastle University, NE1 7RU Newcastle upon
Tyne, U.K. (e-mail:, k.li3@ncl.ac.uk; c.xiaotian1@newcastle.ac.uk;
c.tang2@newcastle.ac.uk; nick.wright@newcastle.ac.uk).

G. Y. Tian is with the School of Engineering, Newcastle University, NE1
7RU Newcastle upon Tyne U.K. and also with the School of Automation
Engineering, University of Electronic Science and Technology of China,
Chengdu 611731, China (e-mail:,g.y.tian@uestc.edu.cn).

H. Luo, W. Li, and X. He are with the College of Electrical Engineer-
ing, Zhejiang University, Hangzhou 310027, China (e-mail:, luohaoze@
163.com; woohualee@zju.edu.cn; hxn@zju.edu.cn).

B. Gao is with the School of Automation Engineering, University of
Electronic Science and Technology of China, Chengdu 611731, China
(e-mail:,bin_gao@uestc.edu.cn).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2018.2886775

systems [1]–[3]. With the rapid development of more electric
human transport applications, such as more electric airplane and
consumer hybrid/pure electric vehicles, the standards of qual-
ity and reliability of power electronic dies have been raised to
an unprecedented level [4]. However, due to the weak global
economy, governments pull back on spending in areas such
as public transportations and renewable energies [5], [6]. This
fiscal austerity makes IGBT producers meet the challenges of
improving performance, quality, and reliability of the products,
while simultaneously meeting the pressures of increasing cost
for renewing industrial equipment along with fewer govern-
ment contracts and grants [7]. Based on current process and
techniques of IGBT wafer manufacturing, one of the best op-
tions for manufacturers is to reduce defects that affect yield in
the fabrication facilities, or fabs is to apply higher performance
sensor systems [8]–[11]. With the new control strategies and
higher precisions, better resolutions of the electrical parameters
of the product wafer can be obtained with the sensor systems.
However, they cannot provide any physical information of the
defects; it is hard to evaluate the types of defects, which affected
the electrical performance of the semiconductor dies. The final
stage of IGBT wafer fabrication is the quality inspection, which
is before assembly and packaging to power devices. The product
wafer contains an array of identical circuits called dies. Sensors
are employed to scan and test each die to confirm that they are
fully functional and free defects. Any unqualified die would be
rejected and marked with a black ink dot in the middle of the
surface. Before getting into the further assembling stage, these
defective dies should be discarded after dicing. Unfortunately,
the productivity of fabs is strongly limited by current sensing
technologies for IGBT wafers. In other words, the sensing tech-
nology is the bottleneck of the productivity in IGBT industry. It
is urgent to develop a smart sensor system to release the through-
put capability of other manufacturing stages in the industry.

Currently, two main categories of the sensor are employed
for inspection and testing of IGBT wafers, respectively. The
first category is the optical-sensor-based microscopy technology
employed for inspecting the surface contamination on wafers
[12]–[15]. There are two typical systems for contamination de-
tection under this category that are optical imaging inspection
in both bright-field (BF) and dark-field (DF) modes, and op-
tical scattering scanning in the DF mode. In essence, the BF
mode evaluates the specular beam of the incident light, which
is reflected by the wafer surface, and the DF mode evaluates
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Fig. 1. IGBT wafer on test rig prepares for electrical probing.

scattered illumination/laser, which is the light scattered to areas
outside the specular beam due to material properties and defects
topographies. In the optical inspection, a defect can be detected
on one die under test (DUT) by comparing it to its neighbors.
Any abnormal features would be extracted and become candi-
dates for defects review in the later process. The second sensor
category is electrical-based probing technology for testing the
electrical parameters of product wafers [16]–[21].

The advantage of probing method is to measure multiple elec-
trical parameters of each die in high sensitivity; however, the
testing efficiency is low. For a modern 6-in IGBT wafer, the test
procedure normally costs at least 1-2 h; multiple probing cards
are required to increase testing efficiency, but this would have
resulted in much higher cost. Since the DUT is IGBT, it requires
the sensors to delivery and suffers from high voltage and high
current for evaluating the electrical performance of the DUTs.
The electrical parameters of power device include two cate-
gories, static characteristics (SCs) and dynamic characteristics
(DCs). Fig. 1 shows an IGBT wafer prepared for conducting
SC testing. SCs include three voltage parameters (V(BR)CES ,
VCE(ON) /VCEsat , and VGE(th)), and two leakage current pa-
rameters (ICES and IGES ). Unqualified V(BR)CES and VGE(th)
provide information of doping defects during the manufacturing
process. Unqualified VCE(ON) /VCEsat , ICES , and IGES are im-
portant indicators of any mechanical defects inside of the IGBT
dies [22], [23]. Compared to SCs, DCs are more attractive to
both manufacturers and end consumers since they can simulate

the dynamic switching behaviors in intricate working conditions
of realistic scenarios. Unfortunately, the IGBT wafer/die cannot
be tested in DCs before packaging/assembly.

In recent years, with the remarkable development of smart
sensors, the traditional sensing techniques have changed dramat-
ically. Pagani et al. proposed world’s first contactless sensing
system named ElectroMagnetic Wafer Sort (EMWS) for radio-
frequency identification (RFID) wafer testing [24]. EMWS de-
livers power and communicates with the RFID antenna chips
through electromagnetic (EM) waves. The test pads on dies can
be removed; it enables significant miniaturization of the RFID
chips. This EM -based sensing technique enhances the quality
and reliability of low-power RF circuits with the advantage of
contactless. This benefit enables high testing parallelism, and it
reduces the test cycle and increases yield with high-throughput
capability.

According to the technologies and research works mentioned
above, it can be inferred that EM sensing is a possible tech-
nique that can be used to overcome the challenges that the
conventional methods have failed to demonstrate. However, the
EMWS system is only capable for testing low-power circuits.
Hence, it is valuable to investigate a new and smart sensing
technique for both inspection and testing of high-power semi-
conductor materials and capable of high-throughput capabil-
ity. Thanks to the emerging internet of things-based sensing
techniques, real-time fault diagnosis, and monitoring becom-
ing a more realistic method for inspecting the industrial ap-
plications [25]–[27], there are up to 600 processes in semi-
conductor device manufacturing; the technique is even more
important in the semiconductor industries. Here we propose an
AR-aided smart sensing system for in-line condition monitor-
ing of IGBT wafers. A series of signal processing algorithms
are applied for enabling sensor intelligence. Based on infrared–
visible fusion (IVF) in EM thermography, an in-time supple-
mentary palpable three-dimensional (3-D) thermography layer
is integrated with an IGBT wafer in real-world environment.
Although the automation of wafer sensing systems has been
a growing emphasis during the past decade, the fabs are still
strongly dependent on experienced operators and engineers;
the human fatigue and mistakes are always an important is-
sue that affects yield [28]. AR technology can dramatically
enhance the perception and interaction between operators and
industrial systems as well as the surrounding world. The rest
of this paper is organized as follows. The physical principle of
the sensor system and the proposed methods are introduced in
Section II. IGBT wafer inspection and the testing result are
shown in Section III. IVF and AR are demonstrated in Section
IV. The conclusion is examined in Section V.

II. PRINCIPLE OF THE SMART SENSING SYSTEM

To empower the sensors intelligently, a series of signal pro-
cessing algorithms are applied to output the required sensing
results. The theoretical background of the EM thermography
sensing system is introduced. In order to characterize the inside
property of IGBT dies, one of independent component analysis
(ICA) is applied for investigation.
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Fig. 2. Proposed AR-aided smart sensing system.

A. EM Thermography

The EM thermography system diagram is illustrated as a part
in Fig. 2. A pulse signal from the function generator triggers
infrared (IR) camera both to start recording the thermal video
and simultaneously switch ON the induction heater to intro-
duce inductive heating in the semiconductor wafer. Normally,
the thermal videos are recorded for 1 s, which includes two
stages, 200 ms for induction heating and 800 ms for cooling.
The recorded thermal video is then transmitted to a PC for vi-
sualization and postprocessing, including defect identification
and electrical/thermal property evaluation.

In general, high excitation frequencies will lead to a high
thermal contrast (or high-temperature rise). The time-domain
information will allow the derivation of defect profile informa-
tion. The system has a quoted rise time (from the start of the
heating period to full power) of 5 ms, which was verified experi-
mentally. Water cooling of the coil is implemented to counteract
direct heating of the coil. The SC7000sc is a FLIR IR camera
and has an actively cooled detector with a maximum frame size
of 640 × 512 on a 1.5–5.1 μm InSb detector. The camera has a
sensitivity of <25 mK and a maximum full frame rate of 383 Hz.
With the option to increase the frame rate with windowing of
the image, the frame rate is set as 1000 Hz in the experiments.

When an alternating EM field is excited and interacts with an
electrically conducting object, an eddy current is induced inside
and flows through the conductor. The energy dissipated in the
material is converted into heat. This is the process of induction
heating or Joule heating. According to Joule’s first law

Q = I2 · Re · t (1)

where Q is the amount of induction heat, I is current, Re is the
amount of electric resistance present in the material, and t is the
amount of time of the heating process. The relation of current
density and electric field is

J = σ · E (2)

E = ρr · J. (3)

Equations (2) and (3) are substituted into (1) to obtain the
following equation:

Qe =
1
σ
|J |2 =

1
σ
|σ · E|2 (4)

where ρr = 1/σ is the resistivity; this directly resembles (1).
We can see that the local electrical conductivity σ of the DUTs
is the key parameter, which determines the local EM heating
when the excited EM field is uniform across the sample surface.
According to the energy conservation and Fourier’s law of heat
conduction, the EM heat source term Qe in the heat equation
implemented by

Qe = ρ · Cp
∂T

∂t
+ ∇ · q (5)

q = − k · ∇T (6)

where ρ is the solid density of DUTs, Cp is the solid heat capacity
at constant pressure, k is the solid thermal conductivity, and it
describes the relationship between the heat flux vector q and the
temperature gradient �T, which is Fourier’s law of conduction.
Finally, we can have the inductive heating by substituting (6)
into (5)

Qe = ρ · Cp
∂T

∂t
−∇ · (k · ∇T ) . (7)

The subsurface gate runner metallization is the main defect
mechanism of the IGBT wafer under test in this paper. As (4)
indicates that the electrical conductivity of the material plays
a very important role in induction heating. Like most of the
other thermography-based nondestructive testing and evaluation
(NDT&E) techniques, EM thermography identifies and local-
izes defects by searching the “hot/cool spots” in the thermal
patterns. The aim of utilizing the IR thermal camera in this case
is not to measure the temperature, but to extract the contrast
in the thermal map to evaluate the abnormal thermal responses
generated by the defects. Based on these two points, the induc-
tion heating is stronger at defect locations due to eddy current
concentration, which is affected by the variations in local elec-
trical conductivity. This would provide high contrast between
defects and nondefective areas in thermal maps. As shown in
(7), the thermal conductivity influences the thermal information
captured by the camera, especially in the heat diffusion stage,
which resulted in different temperature profiles in the thermal
pattern. More detailed information can be found in [29].

Based on the above considerations, the induction heating pro-
vides a unique advantage than other heating methods in this case,
which is it mainly induces heating in metal layers rather than
silicon materials, and the defects we are interested in mainly
exist in the metal layers.

B. Independent Component Analysis

To illustrate the thermal responses in different layers, the ICA
method is used for separating and visualizing hidden defects in
thermography. As one of ICA methods, the multichannel mor-
phological component analysis (MMCA) has been widely used
in thermography applications. In this paper, it is applied to deal
with the sparse and independence property of the IGBT wafer.
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Fig. 3. IR images of IGBT wafer. (a) Raw data from the IR camera. (b)
Wafermap of subsurface defects.

The technique is used for detecting and separating the influ-
ences of different layers and their combined information in IR
images. Because of different transient thermal behaviors exist,
as discussed in Section II-A, the inside multilayer structures of
IGBT dies in the wafer can be identified and separated by cal-
culating the cross-correlation of the estimated mixing vectors.
MMCA learning algorithm searches for the linear transforma-
tion to make the components statistically independent to achieve
the separation of the different layers in the IGBT structure. The
advantage of the sparse representation of multichannel data in
large overcomplete dictionaries to separate features in the data
based on their morphology makes it capable to detect abnormal
inside the IGBT dies. Because the amount of informational data
at the target area is very small compared to the whole IR im-
age, the defects in IGBT dies meet the sparse property criterion
very well. The measurement IM can be written as a multiplying
of estimated decorrelation matrix XMMCA and mixing matrix
MMMCA plus noise

IM = MMMCAXMMCA + Nnoice . (8)

The row vectors of IM , XMMCA , and MMMCA are ip , xp ,
and mp (p = 1, . . . , P ), respectively. Each xp can be described
as xT

p = Φpap with an overcomplete dictionary Φp and a sparse
representation ap .

The estimation of and MMMCA is governed by the following
equation [30]:

{M̂MMCA , X̂MMCA}
= arg min

MM M C A ,XM M C A

‖I′M − MMMCAXMMCA‖2
Fro

+
∑

p

λp

∥∥xpΦ+
p

∥∥
1 (9)

where ‖M‖2
Fro = trace(MT M), here “Fro” denotes the Frobe-

nius norm. Φ+
p

is the updated Φp in the next iteration; λpdenotes
the sparse parameters and ‖xpΦ+

p ‖1 forms the L1-norm regu-
larization. From (9), by minimizing the objective function with
respect to xp when mp is fixed, it can be derived as

xp =
1

‖mp‖2
2

[mT
p Im − λp

2
sign(xpΦ+

p )Φ+T
p

mp =
1

‖mp‖2
2

ImxT
p (10)

where Im = IM − ∑
p ′ �=p mp ′xp ′ . The MMCA algorithm is

presented in [31, Section II].

III. IGBT WAFER INSPECTION AND TESTING

The raw IR image of the IGBT wafer at the maximum heating
transient is shown in Fig. 3(a). Fig. 3(b) shows the thermal
pattern of IGBT wafer after applying the MMCA algorithm
introduced in Section II-B. It revealed the inside defects of
IGBT semiconductor wafer, as shown in Fig. 3(iii). International
Rectifier manufactured the IGBT wafer used in this paper. The
wafer model is IRGC75B120KB; static electrical testing has
been conducted after being manufactured.

As seen from the visible image of IGBT wafer shown in
Fig. 1, black ink dots are marked on the defective IGBT dies.
The unqualified parameter of this wafer is the VCE(ON) /VCEsat ,
ICES , and IGES , which means the defective dies are suffered
from inside mechanical failures. The mesh geometry of the
IGBT dies shows metallization layer of the gate runners. A gate
runner structure in defect-free IGBT die is shown in Fig. 3(i):
the two health IGBT dies show a clear and tidy mesh pattern.
The higher temperature shown in the intact mesh represents the
cross-sectional area of the metal via; the gate runner via shows
slightly lower temperature response, and low-temperature re-
sponse areas are the emitter of the IGBT, which have no induc-
tion heating generated on them. Fig. 3(ii) shows two defective
IGBT dies, which are identified by the electrical probe sensing.
The mesh geometry is destructed, vast areas of hot spots are il-
lustrated, which may indicate that the isolation layers are failed
due to mechanical defects inside the dies. The destructed mesh
structures are found in all the defective IGBT dies identified by
the static electrical testing. To compare with the traditional elec-
trical probing, as shown in Fig. 1, the IGES results of Fig. 3(ii)
are 3.16E–07A and 2.59E–07A, and 3.30E–09A and 4.15E–
09A are for Fig. 3(i). It shows that the IGES presents much
higher values of the defective dies than those of health dies that
are identified by the method proposed in this paper. The test
condition is VGE at 30 V; the failure criterion is set to 50 nA.
All the ink-marked dies shown in Fig. 1 have different degrees
of blurred mesh pattern and large areas of hot spots. Moreover,
some of the qualified IGBT dies that passed the electrical testing
also illustrate slight destructive and blurry mesh pattern in the
thermal image. There are three possible reasons for this phe-
nomenon. The first one is that all the power electronic devices
have quite considerable electrical redundancy. For example, the
IGBT wafer used in this paper shows the minimum VCES is
1200 V in the datasheet, and the customers employed it at or
less than 1200 V, but normally, it can survive at least 1400 V of
VCES . The IGBT dies passed electrical testing and show that de-
fective areas in the thermal image can survive for 1200 V VCES ,
but may not have much more redundancy than other defects free
dies. The second reason is that those dies showed qualified static
electrical parameters but may fail in dynamic electrical testing
after they are assembled. Finally, even the dies can be qualified
by both SCs and DCs testing; the dies may tend to be fatigued
easier and severe than the defect-free dies.
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Fig. 4. Feature points researching and corresponding. (a) Feature
points of the IR image. (b) Feature points of the visible image.

The test results show that the EM thermography is very ef-
fective for chip characterization. Since the technique employed
both electrical and IR thermal information for sensing material
property changes, in these two testing conditions, it demon-
strates better sensitivities than traditional sensing technologies.

IV. INFRARED–VISIBLE FUSION AND AUGMENTED REALITY

AR is a technique that layers computer-generated sensory in-
put atop an existing reality to make it more informative through
the ability to interact with it. Here, the EM thermography of
the wafer inside defects is supplemented to a live direct view
of operators or engineers who perform the inspection and test-
ing of IGBT wafers. In this case, the augmentation is more
attractive since the IR image can provide invisible but important
information of DUT properties. To achieve the AR function of
in-line condition monitoring of IGBT wafers, a palpable 3-D
thermographic layer needs to be generated and overplayed to
the existed surrounding environment. Since the operators need
to inspect both IR information and the visible objects, it re-
quires the view of the physical environment and targets with
high-level accuracy and precision. The most important mea-
sure of an AR system is the integration of the augmentations
with the real world. Based on the precise correspondence be-
tween the IR images and visible images, IVF can be imple-
mented. Then the fused sensory output is integrated into the
point cloud to transform into the 3-D layer. It can significantly
improve the perception of the IGBT semiconductor wafer in-
spectors and further to improve the efficiency and the inspec-
tion throughput. The speeded-up robust-features (SURF) [32]
is a robust local feature detector and descriptor for a different
vison-based application; it uses the integral images for image
convolutions to sharply reduce the number of operations for im-
age convolutions. In machine vision, it is mainly used for image
registration and 3-D reconstruction. To achieve precise IVF, the
scale- and rotation-invariant detector and descriptor, SURF is
applied for finding corresponding points between the IR image
and visible image of the IGBT wafer. Fig. 4 shows the feature
points detected in the IR image and visible image respectively.
It takes around 5.4 s for feature matching between thermal and
visible images both with 256 × 256 pixels in MATLAB using
SURF, on a Windows computer with Intel Core i7-7500U CPU.

The SURF interest point detector detects that those points
have the scale and location information of feature points, and
then generate local descriptor using SURF method and global

Fig. 5. Feature corresponding between the IR image and visible image.

Fig. 6. Affine mapping for IR and visible images.

descriptor from the edge image. The two descriptors are com-
bined with weightings to form the final descriptor for each in-
terest point. The final descriptor is applied to the two images
and they are matched by their pairwise Euclidean distance. The
initial matching is refined with the random sample consensus
algorithm to get the final matching [33]–[36]. Those feature
points, which can be corresponded to each other or matched to
the feature descriptor properties, are corresponded and shown
in Fig. 5.

A total of 24 corresponding points have been detected and
matched to each other, shown as the green circles in the IR im-
age and the yellow stars in the visible image. Actually, only four
matched feature points would be enough for the IVF. In this case,
with many more mathced pairs, the precise fusion correspond-
ing can be guaranteed. With 24 matched feature points detected,
the transfer matrix generated can highly fit to the affine trans-
formation for the image mapping. Fig. 6 shows the mapping
result after affine transformation. In this technique, an initial
affine transform matrix is formed by randomly choosing sev-
eral matched pairs. Then other matched pairs which fit with the
matrix are used to iteratively refine it. After the image map-
ping, the scale and orientation of both IR and visible images ex-
actly correspond. Considering it to be reader-friendly, the IVF is
performed in a simple background; we have applied a mask to
cut the IGBT wafer from both IR and visible images, as shown
in Fig. 7. In the realistic scenario of IGBT wafer inspection,
the mask for the visible image is unnecessary since the AR
elements would only be the thermal layer, which is limited to
the wafer area. The IVF image using this match result is shown
in Fig. 8. Both visible information and thermal information
are presented in it which is generated using the wavelet fusion
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Fig. 7. IGBT wafer images. (a) IR image. (b) Visible image.

Fig. 8. IVF with different ratio. (a) 9:1. (b) 1:9.

Fig. 9. 3-D IR image integrated in point cloud overplayed on the visible
image.

algorithm [37]. In detail, the final matching is used to estimate
the transform matrix from one image to another, finally merging
them with wavelet decompositions at level 5 using Symlets 4
wavelet (sym4) by taking the maximum of absolute value of the
coefficients [36]. The ratio of IVF can be adjusted from 0 to
10 based on the inspecting application. Fig. 8(a) shows that the
ratio of IVF is 9:1 and Fig. 8(b) is 1:9. In the real application, the
operators can adjust the ratio in-time to meet the best perception
requirement.

Since the fusion results are not intuitive, to achieve a better AR
effect, a 3-D layer of thermographic is overlaid on the visible
image of the IGBT wafer, as shown in Fig. 9. Both IR and
visible images are embedded into the point cloud to build the 3-
D model of IVF. The actual IGBT wafer samples are static on the
inspection bench or the wafer handler in the realistic scenario,

the variable in AR processing is the position of the inspector.
With the previous image registration and correspondence, the
scale and orientation of the augmented 3-D thermal layer can be
adjusted to fit the operator vision field in the live direct view. Any
point in Fig. 9 is scanned and registered in the point cloud; the x-,
y-, and z-axis indicate the position of the IR–visible-fused pixels.
For the purpose of illustration, the distance between the IR
image and visible image are separated for 100 pixels in the
point cloud. However, in the realistic scenario, the two images
are stacked together and the 3-D IR information is overlapped
and highlighted above the visible image. Hence, the thermal
pattern is illustrated in a tomographic way; the defects can be
easily identified and graded by the inspectors.

In the AR image, the defects are highlighted with a higher
thermal response, and the locations are corresponded in the
visible image. Different levels of the defects can be directly
presented by adjusting the criteria of the quality requirement. In
this case, the chip channels and the calibration chips are sepa-
rated from the defects information, as shown in Fig. 9. Based on
the preimage processing steps shown in Figs. 4–8, the different
layers precisely correspond to each other; the AR image gener-
ated in the final stage can be illustrated from different angles to
meet the visualization requirements of the operators. With the
aid of the AR visualization, the efficiency of the wafer testing
could be significantly improved and the throughput of the wafer
manufacture ability could be realized considerably.

V. CONCLUSION

In this paper, an AR-aided smart sensing system for in-line
condition monitoring of IGBT wafers was proposed and investi-
gated. The IVF was performed and embedded into the 3-D point
that could generate a 3-D layer sensory augmented element atop
of the reality environment. The process of the AR-IVF-aided
IGBT inspection can be summarized as follows:

1) acquiring the visible image of IGBT wafer;
2) acquiring IR thermal image of IGBT wafer under

inductive heating;
3) processing thermal image to reveal subsurface defects of

IGBT wafer;
4) featuring mapping between thermal and visible images;
5) performing IVF with different scales depending on the

operator requirement;
6) embedding fused thermal features into the point cloud

to build the 3-D model and project the 3-D layer on the
visible layer of the IGBT wafer.

After a series of imaging processing and feature extracting,
the AR-aided IGBT wafer inspection system was constructed.

Compared to the traditional low-throughput sensing technolo-
gies, the proposed AR-aided smart sensing system can perform
the inspection of IGBT wafer on the time scale within 1 s in
an ideal condition. This rapid inspection capability enables the
in-line condition monitoring for the IGBT wafers in the fabs.
Currently, the AR-based IVF inspection technique for IGBT
wafer is just proposed and is in an infant stage. It cannot replace
the popular electrical tests at this moment for sure, but it can
be an assisting method for complementary or secondary inspec-
tions to improve the yield management. As described in this
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paper, the subsurface defects were investigated. With a deeper
investigation and research in this technique, the optimized sys-
tems in the future may inspect more types of other defects such
as pinholes and dislocations in semiconductor wafers.

ACKNOWLEDGMENT

The authors would like to thank S. Ding for her support during
the research project.

REFERENCES

[1] J. Ebrahimi, E. Babaei, and G. B. Gharehpetian, “A new multilevel con-
verter topology with reduced number of power electronic components,”
IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 655–667, Feb. 2012.

[2] A. Myaing and V. Dinavahi, “FPGA-based real-time emulation of power
electronic systems with detailed representation of device characteristics,”
IEEE Trans. Ind. Electron., vol. 58, no. 1, pp. 358–368, Jan. 2011.

[3] V. Smet et al., “Ageing and failure modes of IGBT modules in high-
temperature power cycling,” IEEE Trans. Ind. Electron., vol. 58, no. 10,
pp. 4931–4941, Oct. 2011.

[4] Y. Tsuruta, Y. Ito, and A. Kawamura, “Snubber-assisted zero-voltage and
zero-current transition bilateral buck and boost chopper for EV drive
application and test evaluation at 25 kW,” IEEE Trans. Ind. Electron., vol.
56, no. 1, pp. 4–11, Jan. 2009.

[5] A. Froggatt and M. Schneider, “Nuclear power versus renewable energy—
A trend analysis [Point of View],” Proc. IEEE, vol. 103, no. 4, pp. 487–490,
Apr. 2015.

[6] M. P. Fanti, W. Ukovich, and R. Uzsoy, “Guest Editorial Special Section
on emerging advances in logistics systems: Integrating remote sensing,
IT, and autonomy,” IEEE Trans. Autom. Sci. Eng., vol. 13, no. 4, pp.
1420–1421, Oct. 2016.

[7] Y. Hou and J. Zhong, “Challenges ahead: Currents status and future
prospects for Chinese energy,” IEEE Power Energy Mag., vol. 10, no.
3, pp. 38–47, May-Jun. 2012.

[8] M. Freed, M. Kruger, C. J. Spanos, and K. Poolla, “Autonomous on-
wafer sensors for process modeling, diagnosis, and control,” IEEE Trans.
Semicond. Manuf., vol. 14, no. 3, pp. 255–264, Aug. 2001.

[9] T. Rim et al., “Electrical characteristics of doped silicon nanowire channel
field-effect transistor biosensors,” IEEE Sensors J., vol. 17, no. 3, pp. 667–
673, Feb. 2017.

[10] H. Lee, Y. Kim, and C. O. Kim, “A deep learning model for robust wafer
fault monitoring with sensor measurement noise,” IEEE Trans. Semicond.
Manuf., vol. 30, no. 1, pp. 23–31, Feb. 2017.

[11] M. Koyanagi, T. Fukushima, and T. Tanaka, “High-density through silicon
vias for 3-D LSIs,” Proc. IEEE, vol. 97, no. 1, pp. 49–59, Jan. 2009.

[12] H. Cheng, H. Chen, and B. W. Mooring, “Accuracy analysis of dynamic-
wafer-handling robotic system in semiconductor manufacturing,” IEEE
Trans. Ind. Electron., vol. 61, no. 3, pp. 1402–1410, Mar. 2014.

[13] D. Tsai, I. Chiang, and Y. Tsai, “A shift-tolerant dissimilarity measure for
surface defect detection,” IEEE Trans. Ind. Informat., vol. 8, no. 1, pp.
128–137, Feb. 2012.

[14] E. Bitincka, G. Gilardi, and M. K. Smit, “On-wafer optical loss measure-
ments using ring resonators with integrated sources and detectors,” IEEE
Photon. J., vol. 6, no. 5, pp. 1–12, Oct. 2014, Art no. 6601212.

[15] D. Tsai and J. Luo, “Mean shift-based defect detection in multicrystalline
solar wafer surfaces,” IEEE Trans. Ind. Informat., vol. 7, no. 1, pp. 125–
135, Feb. 2011.

[16] M. Freed, M. Kruger, C. J. Spanos, and K. Poolla, “Autonomous on-
wafer sensors for process modeling, diagnosis, and control,” IEEE Trans.
Semicond. Manuf., vol. 14, no. 3, pp. 255–264, Aug. 2001.

[17] J. Li et al., “An electromechanical model and simulation for test process
of the wafer probe,” IEEE Trans. Ind. Electron., vol. 64, no. 2, pp. 1284–
1291, Feb. 2017.

[18] E. F. Scarselli, L. Perilli, L. Perugini, and R. Canegallo, “A 40 nm CMOS
I/O Pad design with embedded capacitive coupling receiver for non-
contact wafer probe test,” IEEE Trans. Circuits Syst. I: Regular Papers,
vol. 62, no. 7, pp. 1737–1746, Jul. 2015.

[19] Y. Liu, T. Luk, and S. Irving, “Parameter modeling for wafer probe test,”
IEEE Trans. Electron. Packag. Manuf., vol. 32, no. 2, pp. 81–88, Apr.
2009.

[20] K. R. Skinner et al., “Multivariate statistical methods for modeling and
analysis of wafer probe test data,” IEEE Trans. Semicond. Manuf., vol. 15,
no. 4, pp. 523–530, Nov. 2002.

[21] B. Tunaboylu, “Power delivery performance of probe test systems for
semiconductor wafers,” IEEE Design Test, vol. 33, no. 6, pp. 72–76, Dec.
2016.

[22] J. E. Cotter, J. H. Guo, P. J. Cousins, M. D. Abbott, F. W. Chen, and K. C.
Fisher, “P-type versus n-type silicon wafers: Prospects for high-efficiency
commercial silicon solar cells,” IEEE Trans. Electron Devices, vol. 53,
no. 8, pp. 1893–1901, Aug. 2006.

[23] E. Simoen, G. Eneman, P. Verheyen, R. Loo, K. De Meyer, and C. Claeys,
“Processing aspects in the low-frequency noise of nMOSFETs on strained-
silicon substrates,” IEEE Trans. Electron Devices, vol. 53, no. 5, pp. 1039–
1047, May 2006.

[24] A. Pagani, A. Finocchiaro, and G. Girlando, “Electronic device
for electromagnetic expansion and concentration,” U.S. Patent Appl.,
US20140347244 A1, Nov. 27, 2014.

[25] B. Akin, S. Choi, U. Orguner, and H. A. Toliyat, “A simple real-time
fault signature monitoring tool for motor-drive-embedded fault diagnosis
systems,” IEEE Trans. Ind. Electron., vol. 58, no. 5, pp. 1990–2001, May
2011.

[26] C. Shang, F. Yang, B. Huang, and D. Huang, “Recursive slow feature
analysis for adaptive monitoring of industrial processes,” IEEE Trans.
Ind. Electron., vol. 65, no. 11, pp. 8895–8905, Nov. 2018.

[27] D. Binu and B. S. Kariyappa, “A survey on fault diagnosis of analog
circuits: Taxonomy and state of the art,” AEU - Int. J. Electron. Commun.,
vol. 73, pp. 68–83, Mar. 2017.

[28] M. Wang and C. Huang, “Evaluating the eye fatigue problem in wafer
inspection,” IEEE Trans. Semicond. Manuf., vol. 17, no. 3, pp. 444–447,
Aug. 2004.

[29] K. Li, G. Y. Tian, L. Cheng, A. Yin, W. Cao, and S. Crichton, “State
detection of bond wires in IGBT modules using eddy current pulsed
thermography,” IEEE Trans. Power Electron., vol. 29, no. 9, pp. 5000–
5009, Sep. 2014.

[30] L. Cheng, B. Gao, G. Y. Tian, W. L. Woo, and G. Berthiau, “Impact dam-
age detection and identification using eddy current pulsed thermography
through integration of PCA and ICA,” IEEE Sensors J., vol. 14, no. 5,
pp. 1655–1663, May 2014.

[31] J. Bobin, Y. Moudden, J. Starck, and M. Elad, “Morphological diver-
sity and source separation,” IEEE Signal Process. Lett., vol. 13, no. 7,
pp. 409–412, Jul. 2006.

[32] H. Bay, A. Ess, T. Tuytelaars, and L. Gool, “Speed-up robust features
(SURF),” Comput. Vis. Image Understand., vol. 110, pp. 346–359, Jun.
2008.

[33] Z. Hossein-Nejad and M. Nasri, “An adaptive image registration method
based on SIFT features and RANSAC transform,” Comput. Elect. Eng.,
vol. 62, pp. 524–537, 2017.

[34] M. Saval-Calvo, J. Azorin-Lopez, A. Fuster-Guillo, and J. Garcia-
Rodriguez, “Three-dimensional planar model estimation using multi-
constraint knowledge based on k-means and RANSAC,” Appl. Soft Com-
put, vol. 34, pp. 572–586, 2015.

[35] X. Wu, Q. Zhao, and W. Bu, “A SIFT-based contactless palmprint verifica-
tion approach using iterative RANSAC and local palmprint descriptors,”
Pattern Recognit, vol. 47, no. 10, pp. 3314–3326, 2014.

[36] C. Tang, G. Y. Tian, X. Chen, J. Wu, K. Li, and H. Meng, “Infrared and
visible images registration with adaptable local-global feature integration
for rail inspection,” Infrared Physics Technol., vol. 87, pp. 31–39, 2017.

[37] G.Pajares and J. Cruz,“A wavelet-based image fusion tutorial,” Pattern
Recognit., vol. 37, pp. 1855–1872, 2004.

Kongjing Li (M’13) received the B.Eng. degree
in electronic engineering from the University of
Hull, Hull, U.K., in 2010, the M.Sc. degree in
electrical technology for sustainable and renew-
able energy systems from the University of Not-
tingham, Nottingham, U.K., in 2011, and the
Ph.D. degree in electrical and electronic engi-
neering from Newcastle University, Newcastle
upon Tyne, U.K., in 2017.

Since April 2018, he has been a Senior En-
gineer with Dynex Semiconductor, Ltd., Lincoln,

U.K. His research interests include reliability of power semiconductor de-
vices, SiC power module designs, sensor technologies, thermography,
and NDT&E techniques.



8204 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 66, NO. 10, OCTOBER 2019

Gui Yun Tian (M’01–SM’03) received the B.Sc.
degree in metrology and instrumentation and the
M.Sc. degree in precision engineering from the
University of Sichuan, Chengdu, China, in 1985
and 1988, respectively, and the Ph.D. degree
in nondestructive testing from the University of
Derby, Derby, U.K., in 1998.

From 2000 to 2006, he was a Lecturer, Senior
Lecturer, Reader, Professor, and Head of the
group of systems engineering with the University
of Huddersfield, Huddersfield, U.K. Since 2007,

he has been with Newcastle University, Newcastle upon Tyne, U.K, as
a Chair Professor involved with sensor technologies. He is currently an
Adjunct Professor with the School of Automation Engineering, University
of Electronic Science and Technology of China, Chengdu. He has also
coordinated several research projects from the Engineering and Physical
Sciences Research Council, Royal Academy of Engineering, and FP7.
He also has a good collaboration with leading industrial companies such
as Airbus, Rolls Royce, BP, nPower, Network Rail, and TWI.

Xiaotian Chen received the B.Eng. degree in
electrical and electronic engineering from the
joint program between Nanjing Normal Univer-
sity, Nanjing, China, and Northumbria University,
Newcastle upon Tyne, U.K., in 2014. He is cur-
rently working toward the Ph.D. degree in elec-
trical and electronic engineering at Newcastle
University.

His current research interests include three-
dimensional reconstruction, thermal image pro-
cessing, and nondestructive testing.

Chaoqing Tang received the B.Sc. degree
in communication engineering from Southwest
University, Chongqing, China, in 2015. He is cur-
rently working toward the Ph.D. degree in electri-
cal and electrical engineering at Newcastle Uni-
versity, Newcastle Upon Tyne, U.K.

His research interests include compressed
sensing, modeling, and performance analysis
of wireless systems, physical layer security,
electromagnetic nondestructive testing, and mi-
crowave imaging.

Haoze Luo (M’15) received the B.S. degree in
electrical engineering and automation and the
M.S. degree in power electronics and power
drives from the Hefei University of Technol-
ogy, Hefei, China, in 2008 and 2011, respec-
tively, and the Ph.D. degree in power electron-
ics and power drives from Zhejiang University,
Hangzhou, China, in 2015.

He is currently a Postdoc with the Depart-
ment of Energy Technology, Aalborg University,
Aalborg, Denmark. From January to April 2015,

he was a Visiting Researcher with Newcastle University, Newcastle upon
Tyne, U.K. His research interests include high-power converters and re-
liability of high-power modules.

Wuhua Li (M’09) received the B.Sc. and Ph.D.
degrees in power electronics and electrical en-
gineering from Zhejiang University, Hangzhou,
China, in 2002 and 2008, respectively.

From 2004 to 2005, he was a Research In-
tern, and from 2007 to 2008, a Research Assis-
tant with GE Global Research Center, Shanghai,
China. From 2008 to 2010, he joined the College
of Electrical Engineering, Zhejiang University, as
a Postdoctor. In 2010, he was promoted as an
Associate Professor. Since 2013, he has been

a Full Professor with Zhejiang University. From 2010 to 2011, he was a
Ryerson University Postdoctoral Fellow with the Department of Electrical
and Computer Engineering, Ryerson University, Toronto, ON, Canada.
He has authored or coauthored more than 200 peer-reviewed technical
papers and holds more than 30 issued/pending patents. His research
interests include power devices, converter topologies, and advanced
controls for high power energy conversion systems.

Bin Gao (M’12–SM’14) received the B.Sc.
degree from Southwest Jiao Tong University,
Chengdu, China, in 2005, and the M.Sc. and
Ph.D. degrees from Newcastle University, New-
castle upon Tyne, U.K., in 2011, all in communi-
cations and signal processing.

He is currently a Professor with the School of
Automation Engineering, University of Electronic
Science and Technology of China, Chengdu,
China.

Xiangning He (M’95–SM’96–F’10) received the
B.Sc. and M.Sc. degrees from the Nanjing Uni-
versity of Aeronautics and Astronautics, Nan-
jing, China, in 1982 and 1985, respectively,
and the Ph.D. degree from Zhejiang University,
Hangzhou, China, in 1989, all in applied power
electronics and electrical engineering.

From 1985 to 1986, he was an Assistant Engi-
neer with the 608 Institute of Aeronautical Indus-
trial General Company, Zhuzhou, China. From
1989 to 1991, he was a Lecturer with Zhejiang

University. In 1991, he received a Fellowship from the Royal Society of
U.K., and conducted research in the Department of Computing and Elec-
trical Engineering, Heriot-Watt University, Edinburgh, U.K., as a Post-
doctoral Research Fellow for two years. In 1994, he joined Zhejiang
University as an Associate Professor. Since 1996, he has been a Full
Professor with the College of Electrical Engineering, Zhejiang Univer-
sity. He was the Director of Power Electronics Research Institute, the
Head of the Department of Applied Electronics, the Vice-Dean of the
College of Electrical Engineering, and he is currently the Director of the
National Specialty Laboratory for Power Electronics, Zhejiang Univer-
sity. His research interests include power electronics and their industrial
applications.

Dr. He was an IEEE Distinguished Lecturer by the IEEE Power Elec-
tronics Society in 2011. He is a Fellow of the Institution of Engineering
and Technology (formerly IEE), U.K.

Nick Wright received the bachelor’s and Ph.D.
degrees from Edinburgh University, Edinburgh,
U.K.

He is currently a Professor of Electronic Mate-
rials with Newcastle University, Newcastle upon
Tyne, U.K., and a Fellow of the Turing Institute.
He has led major projects on power semicon-
ductor devices, robotics, and AI. He has au-
thored more than 200 papers, contributed to
more than 10 patents, and made numerous con-
ference presentations. His research interests in-

clude electronic materials, power devices, and the applications of mate-
rials to robotics and artificial intelligence—particularly for manufacturing
and deep ocean exploration.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


