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In order to estimate the multi-layer surface profile and to detect the inter-layer surfaces defects, gated wavefront sensing approach has
been proposed in the previous works [1, 2]. However, the proposed methodology measures the wavefront that has been distorted by its
prior surfaces (reflected wavefront) or post surfaces (transmitted wavefront). Analysis has to be performed to estimate the multi-layer
wavefront sensing by taking into consideration the multi-layer surfaces condition. For reflected wavefront, the bottom layer(s) wavefront is
(are) being distorted twice via separate interface points while traveling back to the lenslet arrays through our observation for the slope and
phase measurement. The subsequent reconstructed surfaces are not accurate and corrected. Thus, a discrete layer correction technique for
the surface reconstruction has been proposed to enhance the reconstruction accuracy by using the upper/top layer’s wavefront information.
This paper discusses on the case of 2-layer system, where the reflected wavefront from the bottom layer has been distorted and its surface
reconstruction has been corrected. The results show that the distortion is significant and the correction is deemed necessary for industrial
application such as in wafer warpage inter-layer profile estimation.
[DOI: http://dx.doi.org/10.2971/jeos.2013.13034]
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1 INTRODUCTION
Semiconductor manufacturing processes require excellent
surface flatness even during the early stage of the process.
With the increasing gate density of 3D IC, Very Large Scale
Integration (VLSI) designs and Ultra Large Scale Integration
(ULSI) design, defects on a wafer surface or sub-surfaces are
more likely to cause failures of chip production and lower
yields, which is a significant problem considering the substantial financial investment in fabrication plants.Nevertheless, it
is essential for semiconductor manufacturing to measure and
control the topography of wafer surfaces at nanometer scale.
In-plane geometrical defects on wafer surfaces extending
laterally in the millimeter range and in vertically in the
nanometer ranges are of increasing importance (enhancement
of aspect ratio). It has been a severe yield limiting factor
in future generation technologies due to this particular
challenge. Thus, the wavefront sensing can be used for
wafer inspection [1]–[4]. Raymond et al. [5] used a high
performance Shack-Hartman sensor to analyze the wavefront
of a beam of light reflected from a silicon wafer surface.
By translating the wafer to analyze small portions of the
wafer in each camera frame and then continuously piecing
the frames together, sub-millimeter spatial resolution can be
retained while rapidly analyzing large apertures. Nutschet et
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al. [6, 7] applied wavefront sensing technique to determine
the flatness on bare and patterned wafer surfaces.
Other than the wavefront sensing approach, there are a few
methods of non-destructive wafer surface inspections such as:
dark-field inspection [8], reflectometry [9]–[13], ellipsometry
[14]–[17], interferometry [2],[18]–[20] and second-harmonic
generation [21]–[23]. In terms of the topographic analysis, not
much has been done to find the interface of the second or the
sub-layer of the material. Most of the tests focused on measuring the surface flatness for the first interface on the outermost
surface of the material. The difficulties of deriving the second
layer and its bottom interface are due to the lack of information given by the reflectance/transmittance of the light wave
after it has propagated between the interfaces.
Lately, multi-layers wafer and integration is technically possible with the latest 3D IC technology. However, the researches
using wavefront sensing techniques above do not address
the inter-layer or multi-layer surface profile estimation or defect detection. Recently, Tuohy et al. [1] and Wang et al. [2]
proposed depth-resolved and time-resolved wavefront aberrations estimation using a coherence-gated Shack-Hartmann
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wave-front sensor respectively for general inspection purpose. However, they assumed that the multi-layer wavefront
has not been distorted much by its inter-layer optical path.
Specifically, the root cause analysis of wafer defect morphology will require actual 3D profile of the sub-layer defect from
the early stage to the final product of the processes. Therefore,
we propose a correction of surface reconstruction that propagates in the discrete layered medium. In order to describe the
theory in its preliminary form, this paper reports the single
dimension-2 layer system for a typical gated wavefront sensing setup. The objective of this research is to introduce the
reconstructed surface correction that is needed in the gated
wavefront sensing applications and its subsequent reconstruction works.

simulated in the earlier paper, but with acoustic strain pulses
[34]. Fujiwara et al. [16] demonstrated a total of four different
silicon layers that are estimated in the ellipsometric test and
the thickness obtained is compared to the TEM results, with
marginal errors. Various layer estimations have been tested
and the relative thickness of the layers was evaluated using
the novel ellipsometric approach. This will allow them to retrieve the defect features/markers from its subsequent layers
indirectly. Therefore, it is obvious that the multi-layer profile and surface evaluation is in higher demand recently, both
in the industry application as well as in the fundamental research. However, none of them considered the distortions that
will result in the absolute errors in the multi-layer surface reconstructions.

The rest of the paper is structured as follows: Section 2 highlights the general setup of a Gated Shack-Hartmann (GSH)
wavefront sensing in time domain. Section 3 introduces the
analytical model of the time gated wavefront sensing in a discrete interface medium. This is followed by a novel algorithm
to compensate the multi-layer discrete medium effect for the
wavefront that travels through the upper surfaces. Section 4
presents the results of the model by using 2-layer medium as
the example. Section 5 concludes the results and findings.

In order to time the gated multi-layers and apply the correction as proposed, we propose a system that consists of four
major components, namely: pulsed laser, gated camera, optical assembly to align and guide the wavefront propagation
and the Shack-Hartman lens arrays with its scanning stages.
This paper proposes the correction needed at current gated
wavefront system. However, the theory and setting of this research can be extended into various femto-second wavefront
detection problems due to its nature of application in wafer
inspection. This is a separate issue as it may involve nonlinearity of material effects that is not the focus in this paper.

2 THE GATED SHACK-HARTMANN (GSH)
WAVEFRONT SENSING IN
MULTI-LAYERED DESCRETE MEDIUM
The initial usage of the Shack-Hartmann Wavefront Sensor
(SHWS) is in astronomical imaging. The application of this
sensor in metrology, ophthalmic imaging and other research
areas has been widely explored [1, 24, 25] since it is made
available in the market due to the advancement of technology.
Specifically, it is used to measure aberrations on the corneal
surface [26] and the lens of the eye. From [4, 6], a typical wavefront sensing was illustrated that the reflection of a given surface is sampled in an array form. A deviation of the points
from the centre of its respective grids indicates that the reflection has taken place on an uneven surface. Centroiding is used
to measure such deviations. The array of points is known as
the gradient of the wavefront of the surface received by the
sensing device. The experiment by Raymond et al. [5] showed
that the performance of the SHWS is very close to that of the
interferometer.
The camera shuttering is also important in current research, as
it captures the position of the light pulse when it propagates
between the interfaces. Another advantage of these sensors
is that they are less complex and less expensive compared to
the interferometry. The calculation of reflection/transmission
characteristics of a stratified material is explained and highlighted by various researchers [16],[27]–[33]. However, there
are certain limitations on the calculations as the scattering and
absorption that has not been taken into account during the
process.
Various simulations have been done to predict the behavior of
the light rays in a stratified material. A variation of reflectance
changes over time in different multi-layered materials was

At current stage, we will focus on the correction technique
that is essential for the subsequent research using the gated
system as described below. For simplicity, as shown in Figure 1, only the Shack-Hartmann lenslet array, gated camera
and collimating lenses are involved in the measurement. The
system is based on the design from recent researches [5, 24]
but it is coupled with a gated camera/sensor [35] to measure
the time necessary for the light to propagate within the interfaces. It is assumed to be (but not limited) non-interferometric
wavefront sensing approach, that only discrete reflection or
diffraction was observed at the interface.
The calibration targets are machined to the desired accuracy.
It consists of the light source and the collimator, a prism, well
defined focusing lens, the testing specimen and the wavefront
sensing assembly (e.g. Shack-Hartmann). Before the measurement, the calibration of the system should be carried out in
multiple stages. Typical wavefront measurement steps are carried out for the gated system, except the reflectance is timed
against its time of flight as well as its intensities profile. In
femto-second laser, the non-linearity of the material might be
a key consideration in future work. Thus, we limit the paper to
introduce the correction technique due to the wavefront distortion in the priori discrete medium. The femto-second issues
and optimization of wavefront estimation to achieve maximum accuracy will be addressed in future works.
The intensities of each reflectance (time gated of the layer reflectance) are then compared to its background images (captured before the testing sample is in place). The gate timing can be delayed and adjusted continuously to capture the
frame/beam array returned from the surface of the material
for each time interval. The gated timing of the camera represents the time of flight (in this paper, a single scattering reflec-
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vided that the wavefront is flat and orthogonal to the axis of
traveling. The light will then pass through a series of components that are separated by a distance of half a pulse length
for every optical element along the light path, r:
r=

vt0
.
2

(1)

Where t0 is the mean traveling time for a round trip to and
from the surfaces, and v is the speed of light in the working condition. For simplicity, Busck’s [38] approach is adopted
to estimate the range of pixel data from the gated timing to
achieve sub-micron accuracy.
The focusing lens L will focus the collimated beam on the
testing surface. The reflected wave-front will travel in modulated/pulsed mode. Using Busck’s approach, the mean target
wavefront distance can be estimated from the wafer top and
bottom surfaces, the wavefront reconstruction will be developed for the full top and bottom wafer surface by Southwell
approach. This paper will not repeat Southwell and Busck
methods, but highlight the compensation technique that can
be used to identify the upper and bottom (2 layers system condition) wavefront.
The proposed system is a multi-layer wavefront sensing similar to the system proposed by Tuohy et al. [1], generally. However, compared to their system, the design is simpler and there
will be fewer parts, thus cutting overall cost of the product.
On top of that, only direct measurement is necessary in this
system, whereas for the interferometry, some complex calculations including processing interferometric data are needed.
In addition, the proposed system is less sensitive to vibrations
[5] compared to their setup. Therefore, no extra algorithms to
remove vibratory components are required in the phase output.

3 THE CORRECTION TECHNIQUE FOR
GSH WAVEFRONT SENSING (2 LAYERS
CASE)

FIG. 1 Gated wavefront sensing system setup for 2 layers case.

tion is considered) of the particular layer wavefront reflection
(for reflection case). On each interface, the respective coordinates and gradients are then fitted to a 3D surface by using
Least Squares Method and Southwell’s approximation [36].
The advantage of the proposed gated wavefront sensing is
the simplicity of configuration and real-time processing ability
for multi-layer discrete medium explicitly. Traditionally, the
Shack-Hartmann wave-front sensor uses an array of microlens to dissect the incoming wave-front into segments [4] to
create focal spots on a CCD array [37]. From the detection of
these spots and consecutive integration of the displacements
across the focal plane, the shape of the wavefront can be estimated.
The wave-front measurement is split into two parts, namely:
range estimation, and wave-front reconstruction. The collimator and light source can be designed in any configuration pro-

The profile of the light field intensity on a multi-layered system can be estimated using Abeles’ Matrix Method [39]. It
should be noted that the discrete condition can be applied to
stratified layered condition if each layer is treated with higher
number of Abeles’ transformation [40]. The wavefront propagation in multi-layer structure is investigated based on Fresnel formalism. The Fresnel formalism is obtained by applying
Snell’s law of refraction at all interfaces of wafer model (see
Figure 2).

n j sin θ j = ni sin θi .

(2)

Assume that there are N layers between medium 0 and
medium N + 1. Thus there is a total of N + 2 media. In general, i.e., at nth layer, there is an incoming and a reflected wave
on the left side.
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width is set to equal to the pulse length, the Shack-Hartmann
wavefront sensor samples the incident wavefront from different interfaces at its time-of-flight gating. The wavefront is spatially sampled and focused by lenslet array on the camera.
The wavefront from different surfaces can be distinguished
based on the range estimation [39]. The front surface is reconstructed. We can estimate the internal coordinate using recursive algorithm to reconstruct the other layer surface. In this
case, the wavefront from different layers can be detected and
the respective surfaces can be reconstructed.
The multi-layer surface reconstruction algorithms (2 layers
case) flowchart is shown in Figure 3. Considering a flat wafer
which has a perfect internal structure, we assume that Layer
2 is wafer and the medium in Layer 1 and Layer 3 is air (see
Figure 4). The wavefront propagates through the wafer with
angle θ1 . Once it hit the interface 1, it will reflect as r1 . Simultaneously, the transmitted wave will continue the propagation.
Once it reaches the interface 2, part of the beam will be reflected and travels back to interface 1. Yet again, part of the
beam will be transmitted through the interface as t1 . This process will go on till the transmittance t N + 1.

FIG. 2 (a) Illustration of Snell’s law of refraction at an interface between materials
(b) Reflections and transmissions in a given n layer.

γn+1 and ξ n+1 are transmitted (for γ0 , it will be incident
wave) and reflected wave on layer n + 1 (not shown in Figure 2, for multi layered case, they are projected to be exit/enter
at the right hand side). Let us omit the phase part from
Abeles’s method. This relation can be expressed as:




γn
ξn



γ0
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en
=M
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1
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(6)
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n N +1 cos θ N +1
| t s |2 ,
n0 cos θ0

Tp =

R s = |r |2 .

n N +1 cos θ N +1
| t p |2 .
n0 cos θ0

The relation between θ2 and θ4 is
θ2 − β 2 = θ4 + β 2

or

θ4 = θ2 − 2β 2 .

(9)

(3c)
(3d)

From the assumption on smallness of surface roughness, we
have the approximation
sin β i ≈ β i , cos β i ≈ 1,

(3e)

i = 1, 2, 3.

(10)

As shown in Figure 4, by taking the projection of x1 , x2 , to x3 ,
the expansion of (7) − (9) with substitution in (10) and (11),
we have

For s-polarized and p-polarized incident light, we obtain
Ts =

As mentioned by the Snell’s law of reflection in Equation (2)
with (i = 1, 2, 3, 4, 5), n5 = n1 , n4 = n2 are considered for
2 layer case. As top surface location x1 , the Snell’s law will be
considered along the tangent surface taking into consideration
the following relations of the roughness angles β i 0 s on various
layers reflection:

(4)

n1 (sin θ1 − β 1 cos θ1 ) = n2 (sin θ2 − β 1 cos θ2 ),

(11)

(5)

n2 (sin θ2 − β 2 cos θ2 ) = n3 (sin θ3 − β 2 cos θ3 ),

(12)

Here we propose a reconstruction correction technique by retrieving multi-layer wavefront information using the range
gated system as shown in Figure 3. After the camera gate
13034- 4
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FIG. 4 Multiple reflections in an arbitrary wafer layer (two layers case as an example)
of refractive index n2 .

FIG. 3 Multilayer wavefront reconstruction algorithm flowchart (2 layers case) with
proposed correction technique.

From (12) − (14), we have that

β3 =

4 SIMULATION RESULTS

β1 =

n1 sin θ1 − n2 sin θ2
.
n1 cos θ1 − n2 cos θ2

(14)

β2 =

n2 sin θ2 − n3 sin θ3
.
n2 cos θ2 − n3 cos θ3

(15)

n1 sin θ3 − n2 sin θ2 + 2n2 β 2 cos θ2
.
n1 cos θ5 − n2 cos θ2

(16)

We shall further make smallness assumption on θi 0 s:
sin θi ≈ θi , cos θi ≈ 1,

i = 1, 2, 3, 4, 5.

(17)

(15)(17) shall then be further reduced to
β1 =

n1 θ1 − n2 θ2
,
n1 − n2

(18)

β2 =

n2 θ2 − n3 θ3
,
n2 − n3

(19)

n1 θ5 − n2 θ2 + 2n2 β 2
.
n1 − n2

(20)

β3 =

For location x3 ,the exit wavefront can be derived from (19)
and (21), we have that
1
( n θ − ( n1 − n2 ) β 1 ),
n2 1 1

(21)

1
( β 3 (n1 − n2 ) − (n1 θ5 − n2 θ2 )).
2n2

(22)

θ2 =

β2 =

Given the refractive index indicates n1 , n2 ; β 1 , β 3 can be reconstructed from the first wavefront. Incoming wave is assumed
to be non-interferometric and collimated wavefront with incident angle θ1 . θ2 can be obtained from (13), θ5 can be reconstructed from the second wavefront, then we are able to
estimate the surface waviness of interface 2 which is the slope
β2 .

From Figure 4, it is clear that the wavefront that passes
through upper layer(s) will be distorted (at least twice) due
to the discrete surface interfaces. If the wavefront distortion
was not corrected, the reconstructed bottom wavefront might
carry the upper surface information even in very low surface
variation condition. In order to simulate and visualize the condition, the randomly generated wavefront are reconstructed
using Xu algorithm [41]. The slope data are extracted to make
both top and bottom surface identical. The same surface profile is used to ease the explanation of the simulation result as
we should obtain the same surface profile from both corrected
and un-corrected case.
For reflected wavefront that has been distorted (top and bottom), the simulation result of two layers discrete medium reconstruction without (blue) / with (red) the proposed correction technique (cross section) is compared with the ideal simulated surface. Figure 5(a) shows the cross section of ideal simulated surface before distortions have happened.
This profile was computed from the wavefront measurement using Southwell [37] approach. It is observed that the
lower surface was reconstructed with top surface information as the gated wavefront of the bottom surface has suffered from top surface deviation. Subsequently, the correction
using Equation (21) and (22) of the surface wavefront was
reconstructed using our proposed compensation technique.
From Figure 5(b), we can see that the absolute error is much
smaller after using the proposed correction technique. The results show that the correction can achieve 2 order of absolute
different from the layer variation in vertical scale. This is because the reconstructed profile has been heavily distorted by
the upper layer profile. The corrected surface (bottom layer)
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