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This paper presents an experimental study on a new
concept of a surface defect detection method, in
which surface defects will be detected by monitoring
a change in heat flow between a micro thermal sen-
sor and a smoothly-finished measuring surface such
as magnetic disks, sapphire substrates and so on. In
the proposed method, the micro thermal sensor is de-
signed to detect surface defects without any contacts in
between them. Since the change in heat flow across the
gap is utilized, the method is expected to find out both
the convex and concave defects. Searching for the pos-
sibility of the non-contact surface defect detection by
the micro thermal sensor, in this paper, a simple heat
transfer model is established to estimate the change in
heat flow due to the change in gap between the measur-
ing surface and the sensor surface. Some basic exper-
iments are also carried out by using prototype micro
thermal sensors, each of which is composed of a pair
of electrodes and a thin metal film resistor, fabricated
on both the silicon and glass substrates.

Keywords: surface defect detection, micro thermal sen-
sor, heat flow

1. Introduction

Demands on precision industrial components having
smoothly-finished surfaces such as silicon wafers, optics
and magnetic disks for information storage, are contin-
uously increasing [1, 2]. In the semiconductor industry,
one of the most important indexes is a technology node,
which represents the smallest size of the fabricated pat-
tern in the products. The technology node of the very
large scale integration (VLSI) is predicted to be 10 nm
by 2020 [3]. With the continuous shrinkage of the fea-
ture size on a wafer surface, the tolerable size of a surface
defect is getting smaller and smaller, as well [3]. In the
other industries such as data storage [4], smooth surface
finishing with less defects are also desired.

In the process of surface defect inspection, at first,
defect detection will be carried out, followed by a de-
fect classification by using measuring instruments such
as scanning electron microscopes (SEMs) or atomic force

microscopes (AFMs). Since the SEMs and AFMs have
limited field of view in a high-resolution mode, exis-
tences of surface defects need to be found out by a highly-
sensitive detection method in advance of the defect classi-
fication. One of another requirements for the defect detec-
tion is that surface defects are preferred to be detected in a
non-destructive way regarding the following defect clas-
sification. For the defect detection, optical methods have
often been used so far [5, 6]. A laser scattering method,
which is one of the optical methods, has a high sensitiv-
ity and can detect defects with the size of several-ten nm.
However, it becomes more difficult for the method to de-
tect defects when the defect size gets smaller and smaller,
since the intensity of scattered light becomes too weak
due to the Rayleigh scattering limitation [7]. It is therefore
desired to develop a new detection method that can over-
come the limitation of the laser scattering method, and a
lot of efforts has been made so far [8–10].

In responding to the background described above, a
new concept for the surface defect detection employing
a micro thermal sensor has been proposed [11]. The
proposed method has been designed in such a way that
the thermal sensor scans over a measuring surface while
keeping a constant gap between them, and finds out the
existence of defect by detecting heat generated in the
contact in between them. Some basic experiments have
shown that the possibility of the micro thermal sensor de-
tecting a contact with an object with the size of several-
ten nm [12, 13]. However, as can be expected, this strat-
egy could give damage to both the defects and the sensor
surface. Another drawback of the strategy is that defects
with concave shape cannot be detected.

To overcome the drawbacks of the above mentioned
method, a new strategy for surface defect detection, in
which heat flow in between the sensor surface and a mea-
suring surface is utilized to detect surface defects, is pro-
posed in this paper. To verify the possibility of the pro-
posed method, theoretical calculation is carried out based
on a simple heat transfer model simulating the interface
between the micro thermal sensor and a measuring sur-
face. In addition, prototype micro thermal sensors are
fabricated, and some basic experiments are also carried
out.
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 (a) (b) 

Fig. 1. A schematic of the defect detection by the micro
thermal sensor; (a) the previously proposed method relying
on contact detection [12], (b) a method proposed in this pa-
per.

2. Non-Contact Surface Defect Detection
2.1. Principle of the Proposed Method

A schematic of the defect detection method previously
proposed by the authors is shown in Fig. 1(a) [12]. In the
method, a micro-sized thin metal film, which experiences
a change in electrical resistance with the deviation of its
temperature, is employed as the micro thermal sensor. In
this paper, as shown in Fig. 1(b), a major modification
is made in the concept for the defect detection. One of
the major differences in the new method is that the sensor
detects a change in heat flow between the sensor surface
and the measuring surface, rather than detecting the heat
generated in the contact between the sensor surface and
a defect on a measuring surface. In the same manner as
the previous method, a gap is placed between the sensor
surface and a measuring surface arranged in parallel with
each other, while a relative motion is given in between
them. Since the sensor temperature becomes higher than
that of the surroundings due to the Joule heating by the ap-
plied bias voltage, heat flows across the gap. As long as
the gap is kept constant as shown in Fig. 2(a), the system
is in thermodynamic equilibrium, and the sensor temper-
ature will be kept constant, as well. However, when the
sensor scans over a defect, the rate of heat flow deviates
with the change in gap, resulting in the change in sensor
temperature as shown in Fig. 2(b). In the case of pro-
truded defect, the heat flows faster since the gap becomes
smaller, resulting in the decrease in the sensor tempera-
ture. On the contrary, when the sensor scans over a re-
cessed defect, the heat flows slower, resulting in the in-
crease of the sensor temperature. By detecting the change
in electrical resistance of the sensor due to the deviation
of its temperature, both the recessed and protruded defects
are expected to be detected without any physical contacts
between the sensor and the defects.

It should be noted that the proposed concept is different
from the scanning thermal microscope (SThM) [14, 15]
mainly designed to investigate the thermal property of the
measuring target. Its field of view is typically limited to be
smaller than 100 μm×100 μm, and is therefore not suit-
able for surface defect detection. In addition, although
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Fig. 2. Expected behavior of the heat flow at the gap be-
tween the sensor and substrate surfaces; (a) in thermody-
namic equilibrium, (b) in the case of passing over surface
defects.

Fig. 3. A heat transfer model at the sensor-substrate gap.

similar thermal sensors utilized for displacement mea-
surement can be found in literatures [16, 17], the micro
thermal sensor employed in this paper is different in its
usage and its apparatus fabricated on a substrate in a mi-
crometric size. Furthermore, in the proposed method, the
gap to be set between the sensor and a measuring surface
is on the order of sub-micrometer, and is quite smaller
than that in the similar thermal sensors [17].

2.2. Theoretical Calculation on the Heat Flow
The rate of heat flow across the gap is estimated based

on a simplified heat transfer model, a schematic of which
is shown in Fig. 3. In the model, the sensor surface and
a measuring surface are treated as flat plates arranged in
parallel with each other, while a constant relative veloc-
ity U is applied in between them. Due to the Joule heat-
ing, the temperature of the sensor is higher than that of
the surroundings, and depends on the heat balance in be-
tween them. In the proposed defect detection method, the
gap h between the sensor and the measuring surface is
kept constant; in this case, the sensor is in thermodynamic
equilibrium and thus the sensor temperature is constant.
However, when a defect exists in the gap, the sensor is
no longer in thermodynamic equilibrium, and the sensor
temperature will be changed.

In this paper, as the first step of the investigation on the
heat flow at the gap, the change in heat flow by the defect
is expressed as the variation of gap h. Both the sensor and
the measuring substrate are assumed to have uniform tem-
perature distribution T1 and T2, respectively. In the model,
laminar flow of viscous fluid is assumed across the gap
since the defect detection will be carried out by scanning
the sensor over the measuring surface with a constant gap
h and the constant relative velocity U . By including a
mean free path λ , the energy equation at the gap can be
expressed as follows [18, 19]:

ρCPu
∂ T
∂ x

+ρCPv
∂ T
∂ y

−u
∂ p
∂ x

− v
∂ p
∂ y
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= k
∂ 2T
∂ z2 + μ

{(
∂ u
∂ x

)2

+
(

∂ v
∂ y

)2
}

. . . . (1)

where the parameters ρ , CP, p, k, μ , and T are the den-
sity, the specific heat at constant pressure, the pressure,
the thermal conductivity, the viscosity, and the tempera-
ture of the air, respectively. The parameters u and v are
the velocities of sensor along the X- and Y -directions, re-
spectively, with respect to the measuring surface given as
follows:

u = U
(

1− z+aλ
h+2aλ

)
, v = 0 . . . . . . (2)

where a is the constant related to the momentum accom-
modation coefficient [18]. By including the Navier–
Stokes equations shown in Eq. (3), Eq. (1) can be rewrit-
ten as Eq. (4):

∂ p
∂ x

= μ
∂ 2u
∂ z2 ,

∂ p
∂ y

= μ
∂ 2ν
∂ z2 ,

∂ p
∂ z

= 0 . . . (3)

ρCPu
∂ T
∂ x

+ρCPv
∂ T
∂ y

= k
∂ 2T
∂ z2 + μ

[(
∂ u
∂ z

)2

+
(

∂ v
∂ z

)2
]

. . . . . (4)

Now the influence of last term in Eq. (4) is negligibly
small. By applying the boundary conditions described as
Eq. (5), the sensor temperature T at x = 0 can be derived
as Eq. (6):

T (0) = T1 +bλ
∂ T
∂ z

∣∣∣∣
z=0

,T (h) = T2 −bλ
∂ T
∂ z

∣∣∣∣
z=h

(5)

T (z) =
T2 −T1

h+2bλ
z+T1 +bλ

(
T2 −T1

h+2bλ

)
. . . (6)

where the parameter b can be calculated as follows:

b =
2(2−σT )γ

σT (γ +1)Pr
. . . . . . . . . . . . (7)

In these equations, the parameters γ , σT , and Pr are the
ratio of specific heat, the thermal accommodation coef-
ficient, and the Prandtl number, respectively [18]. From
Eq. (6), the heat flux q across the gap h can be calculated
as follows:

q = −k
∂ T
∂ z

= −k
T2 −T1

h+2bλ
. . . . . . . . (8)

The rate of heat flow Q from the sensor surface to the
measuring surface can therefore be expressed as follows:

Q = Aq = −kA
T2 −T1

h+2bλ
. . . . . . . . . (9)

where A is the effective area of sensor surface. Fig. 4
shows the calculated rate of heat flow as a function of the
gap h. In the calculation, the parameters summarized in
Table 1 are applied to Eq. (9). Q is also calculated for
the case with the sphere-shaped substrate surface having
the tip radius of 20 μm, on the assumption that Eq. (9) is
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Fig. 4. Estimated rate of heat flow at the gap.

Table 1. Parameters for estimating the rate of heat flow.

Parameter Symbol Value Unit
Temperature of the
measuring surface T2 293 K

Thermal accommo-
dation coefficient σT 0.80 –

Prandtl number Pr 0.719 –
Ratio of specific heat γ 1.4 –
Thermal conductivity k 2.76×10−2 Wm−1K−1

Mean free path λ 4.0×10−8 m
Relative velocity U 5.0×10−5 m/s
Effective area of sen-
sor surface A 2.5×10−11 m2

also valid for the case. As can be seen in the figure, Q
increases with the decrease of gap h, and is on the order
of several-ten μW when h is set to be smaller than 3 μm.
By employing the thermal sensor whose sensitivity is high
enough to detect the change in rate of heat flow on the or-
der of microwatts or better, the existence of a defect at the
gap is expected to be detected. It should be noted that fur-
ther detailed investigation is required by including the in-
fluence of temperature distribution on the sensor surface,
while considering the size of a defect.

3. Basic Experiments

To confirm the possibility of detecting a change in
the rate of heat flow across the gap by the micro ther-
mal sensor, some basic experiments were carried out.
Fig. 5 shows a schematic of the developed setup for the
basic experiments. The employed micro thermal sen-
sor was composed of a thin film chromium, which acted
as a temperature-sensitive resistor, and a pair of elec-
trodes [12]. All the sensor structures were prepared on
a silicon substrate having an insulation layer (SiO2) on
its top surface. The fabricated micro thermal sensor was
mounted on X-, Y -, and Z-piezoelectric (PZT) stages hav-
ing a positioning resolution of 1 nm along each axis. A
displacement sensor was embedded to each of the PZT
stage. The micro thermal sensor was integrated into a
bridge circuit to monitor the change in its electrical re-
sistance. To simulate the gap between the sensor surface
and a measuring surface, in this study, a micro-probe [20]
with a tip radius of 25 μm was employed. In the ex-
periments, the sensor surface was firstly brought into con-
tact with the probe tip. The sensor surface was then re-
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Fig. 5. Schematic of the experimental setup.

 (a) (b) 

Fig. 6. Contact detection by the Au-coated micro-probe; (a)
typical variation of the bridge circuit output at the contact
detection, (b) repeatability of the contact detection.

tracted back from the contact point by the Z-PZT stage.
By referring the change in the sensor position along the
Z-direction, which could be detected by the displacement
sensor in the Z-PZT stage, the amount of the gap h could
be assured. To detect the contact between the sensor sur-
face and the probe tip, the micro-probe was sputtered with
gold, and was wired to another bridge circuit. Fig. 6(a)
shows a typical bridge circuit output at the contact detec-
tion. The sensor was made to approach the probe tip with
a step of 10 nm along the Z-direction. As can be seen in
the figure, the contact was successfully detected by the de-
veloped system. Ten repeated measurements were carried
out. The peak-to-valley repeatability in the detected Z-
directional sensor displacement at the contact was 30 nm.

Following the verification of the repeatability of con-
tact detection, another experiment was carried out. Fig. 7
shows a schematic of the experiment. After adjusting the
gap h between the sensor surface and the tip of the micro-
probe, the sensor was moved along the Y -direction while
being kept stationary along the X- and Z-directions so that
the micro-probe could scan over the sensor surface. Three
scanning paths (a), (b), and (c) in the figure were chosen
to observe the variation of sensor output. Fig. 8 shows the
results. In the experiment, the amount of the gap h was
set to be 1000 nm, 500 nm, 100 nm, and 10 nm. In partic-
ular, attention was paid to carry out the scan immediately
after setting the gap h in the case of h = 10 nm. As can
be seen in the figure, larger amplitude of the output signal
was observed when the probe was closer to the center of
the effective area on the sensor surface. In addition, the
change in sensor output became larger with the decrease
of the gap h. The sensor could even sense the probe scan-
ning with the gap of 1000 nm when the probe scanned

Fig. 7. Micro-probe made to scan over the sensor surface.
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Fig. 8. Variation of the output signal from the sensor when
the micro-probe scanned over the sensor surface along the
paths (a), (b), and (c) shown in Fig. 7.

over the center of the effective area. These experimental
results verified that the developed micro thermal sensor
could detect an object passing over its surface by detect-
ing the change in its electrical resistance induced by the
change in the rate of heat flow across the gap.

4. Detection of the Periodic Patterns

The experiments were then extended to detect periodic
micro patterns. Regarding the application of the proposed
method to carry out surface defect detection over a large
surface area, the sensor is expected to be held above the
sliding/rotating measuring surface, while keeping a cer-
tain amount of gap in between them. However, it was dif-
ficult for the previously fabricated thermal sensors to be
placed above the measuring surface, since wiring points
on the electrodes were placed on the same surface as the
sensor element and were obstacles to making the effec-
tive area of the sensor surface to approach the measuring
surface. To solve this problem, major modifications were
made in the newly developed thermal sensor, a schematic
of which is shown in Fig. 9(a). The first modification was
that one of the pairs of opposite sides of the upper face
of the sensor substrate was chamfered so that the wiring
points on the electrodes could be recessed from the top
surface of the thermal sensor. The second modification
was that a glass plate was employed as the sensor sub-
strate instead of the silicon wafer so that the gap between
the sensor surface and the measuring surface could be
measured by using optical instruments. It should be noted
that the developments of the optical instruments will be
carried out as future work. As can be seen in the fig-
ure, the thermal sensor was successfully fabricated even
on the glass substrate by using the same fabrication pro-
cess as the silicon wafer. Fig. 9(b) shows the comparison
of the sensor sensitivity. In the same manner as the pre-
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(a) (b) 

Fig. 9. Thermal sensor fabricated on a glass substrate;
(a) photograph of the fabricated sensor, (b) comparison of
the sensor sensitivity.

Fig. 10. Experimental setup for detecting grating patterns.

vious experiment, the micro-probe was made to scan over
the thermal sensor fabricated on the glass substrate, while
monitoring the variation of output signal from the sensor.
As can be seen in the figure, the amplitude of the output
signal became large. Since the thermal conductivity of
the glass was far lower than that of the silicon wafer, the
sensor temperature was increased even the same level of
bias voltage was applied, resulting in the increase of rate
of heat flow across the gap and the improvement of the
sensor sensitivity.

Figure 10 shows a schematic of the developed experi-
mental setup, in which the newly fabricated thermal sen-
sor was employed to detect grating patterns prepared on a
silicon wafer. The thermal sensor was mounted in a sensor
holder, which was held stationary in the setup. The grat-
ing, which was a measuring target of the experiments, was
mounted on a multi-axis stage system composed of X-, Y -,
and Z-PZT stages and a two-dimensional tilt stage. The
tilt stage was employed so that the grating substrate could
be aligned to be parallel with respect to the sensor surface.
In the same manner as the experiments described in the
previous section, the micro thermal sensor was integrated
into the bridge circuit. Fig. 11 shows a closed up image
of the gap between the sensor surface and the grating sur-
face. In the experiments, the sensor was held stationary,
while the grating was moved along the X-direction by us-
ing the X-PZT stage. Due to the influence of the grating
tilts with respect to the sensor surface, it was difficult to
precisely control the amount of the gap h in between them.
The gap h was therefore coarsely adjusted to be approxi-
mately 2 μm. As the grating patterns, three types of devel-
oped line photoresist patterns, the parameters of which are
summarized in Table 2, were employed. Fig. 12 shows
the variation of the output signal from the thermal sen-
sor observed with the grating patterns of types (a), (b),

 

Fig. 11. Schematic of the sensor-measuring surface interface.

Table 2. Grating patterns employed in the experiments.

Type of Period Width Height
grating [μm] [μm] [μm]

(a) 15 7 3.2
(b) 20 10 2.2
(c) 30 15 4.0
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Fig. 12. Observed output signals from the sensor when
scanned over the gratings (a), (b), and (c) in Table 2.

and (c) in Table 2. It should be noted that linear compo-
nents in the output signals, which were due to the grating
tilts with respect to the sensor surface, were eliminated
in the figure. In each case, variation of the output signal,
whose period well agreed with that of the measured grat-
ing patterns, was clearly observed. From these results, it
was verified that the developed thermal sensor could de-
tect micro-pattern structures by detecting the change in
its electrical resistance, which was induced by the change
in rate of heat flow at the gap between the sensor surface
and the measuring surface. Meanwhile, the amplitudes of
output signals observed in Figs. 12(a), (b) and (c) did not
agree with the heights of grating patterns shown in Ta-
ble 2. One of the main reasons of this discrepancy was
considered to be due to the poor tilt angle adjustment of
the sensor with respect to the grating surface. In addition,
the height profiles of the grating patterns having rounded
edges on the top surfaces could have influenced the sensor
outputs.

It should be noted that, in this paper, efforts have been
made to search for the possibility of detecting micro ob-
jects on a measuring surface in a non-contact manner
by using the developed micro thermal sensor. For the
achievement of high resolution surface defect detection,
it is necessary to establish methods for controlling the
amount of the gap and the tilts between the sensor and
a measuring surface, which will be carried out as future
work.
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5. Conclusions

A new concept of a surface defect detection method,
in which a change in heat flow between a micro thermal
sensor and a measuring surface is utilized to find out ex-
istences of surface defects, has been proposed. A sim-
ple heat transfer model simulating the sensor-measuring
surface interface has been established to estimate the rate
of heat flow in between them, and it has been revealed
that the rate of heat flow on the order of several-ten mi-
crowatts detectable by using the developed micro thermal
sensor can be expected when the gap is set to be smaller
than a few micrometers. To search for the possibility of
the micro thermal sensor for detecting an object in a non-
contact apparatus, some basic experiments have been car-
ried out. Experimental results have confirmed that the de-
veloped sensor can sense an object on a measuring surface
by detecting the change in its electrical resistance induced
by the change in the rate of heat flow. Furthermore, line
patterns with micrometric periods have also successfully
been detected by using the sensor fabricated on a glass
substrate.
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