CHIP DEFECT DETECTION DEVICE AND DETECTION METHOD

TECHNICAL FIELD
The present invention relates to the technical field of integrated circuit (IC)

fabrication and, in particular, to an apparatus and method for die defect detection.

BACKGROUND

Super Moore’s law and other concepts have led the transformation of the
integrated circuit (IC) industry from an era where higher process nodes are pursued to a
brand new era where chip packaging techniques are relied on. Wafer Level Packaging
(WLP) is notably advantageous over traditional packaging in package size
miniaturization and process cost reduction. Therefore, WLP is considered as one of the
critical technologies that support the continuous development of the IC industry.

WLP includes majorly a number of processes such as Pillar/Gold/Solder Bump,
RDL (Redistribution Layer) and TSV (Through Silicon Via). In order to achieve a
higher yield of chip fabrication, defect inspection of the chip needs to be performed
throughout the whole packaging process. Earlier apparatus for this purpose focused on
the detection of two-dimensional (2D) surface defects like contaminants, scratches and
particles. With higher requirements being imposed on process control, there is an
increasing demand for inspection of three-dimensional (3D) surface characteristics such
as bump height, RDL thickness and TSV depth.

Conventional 3D die measurements can hardly meet the requirements of whole

wafer scanning inspection due to low accuracy and efficiency levels.

SUMMARY OF THE INVENTION
It is an object of the present invention to present an apparatus and method for die

defect detection so as to address the low-accuracy and low-efficiency issues with
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conventional apparatuses.

To solve the above technical problem, in one aspect of the present invention, there
is provided an apparatus for die defect detection, comprising: a light source unit for
emitting light of at least two wavelengths; a beam splitter for splitting the light emitted
by the light source unit into a first portion and a second portion, the first portion
reflected by a die surface under inspection and thereby forming a detection beam; a
reference unit having a surface configured to receive the second portion of the light and
thereby form a reference beam; and a detection unit for receiving the detection beam and
the reference beam, wherein the reference beam crosses the detection beam at an angle
and thus forming interference signals on a sensing surface of the detection unit, and
wherein a defect parameter of the die surface under inspection is determined based on
the interference signals.

Optionally, the detection unit may comprise at least one detector for detecting the
interference signals.

Optionally, the detection unit may comprise a plurality of detectors, each
configured for the detection of light with a corresponding one of the wavelengths.

Optionally, the detector may be implemented as a complementary metal oxide
semiconductor or charge-coupled device image sensor.

Optionally, the reference unit may comprise a reflective element having a surface
for receiving the second portion of the light and forming the reference beam, wherein
the surface of the reflective element is inclined at an angle with respect to a vertical
direction perpendicular to the die surface under inspection.

Optionally, the light emitted by the light source unit may have two wavelengths,
wherein intensities, detected by the detection unit, of light with a shorter wavelength and
of light with a synthetic wavelength generated from the two wavelengths respectively

satisfy:



[ = cos[z—” 2z +x- sinﬁ)j
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where: I1 represents the intensity of light with the shorter wavelength 4;; I
represents the intensity of the light with the synthetic wavelength generated from the
two wavelengths 41 and A2; 6 represents an angle at which the surface of the reference
unit is inclined with respect to a vertical direction perpendicular to the die surface under
inspection; z represents a height of a measurement point on the die surface under
inspection; and x represent a horizontal position of a sensing pixel in the detection unit.

Optionally, the light with the shorter wavelength A, may determine a resolution of
the apparatus for die defect detection, with the light with the synthetic wavelength
generated from the two wavelengths determining a vertical measurement range of the
apparatus for die defect detection, wherein the resolution and the vertical measurement
range of the apparatus for die defect detection are given by the following equations:

Ro=41/2/SNR;

Zo=As/2,

where: Ro represents the resolution of the apparatus for die defect detection; SNR
represents a signal-to-noise ratio of the apparatus for die defect detection; Zo represents
the vertical measurement range of the apparatus for die defect detection; and As
represents the synthetic wavelength generated from the two wavelengths 41 and A».

Optionally, the light emitted by the light source unit may have three wavelengths,
denoted respectively as A1, A2 and A3, wherein the detection unit comprises a number of
superpixels, each of the superpixels comprising a plurality of pixels, each of the pixels
configured to measure the intensity given by:

I(x, y) = A} + B} + 2ABicos (6, ,, + @) + A] + B} + 2A,B,cos (0, ,, + ,)

+ Al + B} + 2A,B,cos (6, 5 + ¢;)



where: (x, y) represents a coordinate of the pixel; Bi, B2 and Bs represent
coefficients of the wavelengths 41, A2 and 43 of the light in relation to their transmission
and reflection thereof;, A1, A2 and As represent coefficients of the wavelengths A1, A2 and
A3 of the light in relation to reflectance of the die surface under inspection; @1, @2 and @3
represent initial phases of the wavelengths 41, 42 and 43 of the light; I(x, y) represents the
intensity detected by the pixel at the coordinate (x, y); and 6y,; represents an angle
between light with the wavelength A; of the light reflected back from the reference unit
and light with the wavelength A; of the light reflected back from the die surface under
inspection, measured by the pixel at the coordinate (x, y), where i=1, 2, 3.

Optionally, the defect parameter of the die surface under inspection may be
determined by an FFT algorithm.

Optionally, the apparatus may further comprise an objective lens for magnifying
the die surface under inspection, wherein the objective lens is disposed between the
beam splitter and the die surface under inspection.

In another aspect of the present invention, there is provided a method for die
defect detection using the apparatus for die defect detection as defined above. The
method comprises:

emitting a light of at least two wavelengths by a light source unit;

splitting, by a beam splitter, the light produced by the light source unit into a first
portion and a second portion, the first portion reflected by a die surface under inspection
and thereby forming a detection beam, the second portion forming a reference beam
through a reference unit; and

detecting, by the detection unit, interference signals generated by the detection
beam and the reference beam, and determining a defect parameter of the die surface
under inspection.

The apparatus and method for die defect detection of the present invention is

capable of 3D measurement of a die with improved accuracy and efficiency by
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analyzing interference fringes formed by light of different wavelengths and is suitable

for the detection of large dies.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 schematically illustrates how an apparatus for die defect detection
according to Embodiment 1 of the present invention works.

Fig. 2 shows interference signals resulting from light of two wavelengths
emanated from a light source in the apparatus according to Embodiment 1 of the present
invention.

Fig. 3 is a diagram schematically showing an optical path of light emanated from
the light source in the apparatus according to Embodiment 1 of the present invention,
which is of a single wavelength.

Fig. 4 is a diagram schematically showing an optical path of light emanated from
the light source in the apparatus according to Embodiment 1 of the present invention,
which is of three wavelengths.

Fig. 5 schematically illustrates how an apparatus for die defect detection
according to Embodiment 2 of the present invention works.

In these figures: 10, a light source unit; 12, a fiber optic cable; 20, 71, 72 and 73,
mirrors; 11, 31, 32 and 33, lenses; 40, 721, 731, 921 and 931, beam splitters; 41, a
reference beam; 42, a detection beam; 50, an objective lens; 60, a die; 70, a reference

unit; 90, a detection unit; and 91, 92 and 93, detectors.

DETAILED DESCRIPTION

The core idea of the present invention is to scan a planar surface of an object
under inspection with light beams of different wavelengths and form interference fringes
on a detector by using reference optical paths. A phase analysis on interference fringes

as interference signals enables 3D measurement of the surface under inspection.
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Particular embodiments of the present invention will be described in greater detail
below with reference to the accompanying drawings. Features and advantages of the
invention will be more apparent from the following detailed description, and from the
appended claims. Note that the figures are much simplified and may not be drawn to
scale, and their sole purpose is to facilitate easy and clear explanation of the
embodiments.

Embodiment 1

Reference is now made to Fig. 1, a schematic illustration of how an apparatus for
die defect detection according to Embodiment 1 functions.

The apparatus for die defect detection essentially includes a light source unit 10, a
reference unit 70, an objective lens 50, a detection unit 90, a beam splitter 40, a mirror
20 and a number of lenses.

The light source unit 10 is configured to produce light of certain wavelengths,
which is then reflected by the mirror 20 onto a lens 31 and passes through the lens 31 to
reach the beam splitter 40. The beam splitter 40 splits the light beam into two portions.
A first portion is guided by the objective lens 50 onto a surface of a die 60 under
inspection and reflected by the surface of the die 60. The reflection then propagates, as a
detection beam 42, successively through the objective lens 50, the beam splitter 40 and a
lens 33 and arrives at the detection unit 90. A second portion enters the reference unit 70
and reflected back therefrom to form a reference beam 41 which then successively
passes through a lens 32, the beam splitter 40 and the lens 33 and also arrives at the
detection unit 90. The detection and reference beams 42, 41 cross each other at an angle
0 and thus form interference fringes on the detection unit 90. A phase analysis may be
then performed on the interference fringes to infer a height of the surface under
inspection.

The light emitted from the light source unit 10 has at least two wavelengths and is

preferred to have good coherence and directivity. The wavelengths of the light may be
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chosen according to the desired height measurement range and resolution.

For the sake of convenient explanation, examples are given below with the light
from the light source unit 10 respectively having two and three different wavelengths.

In case of the light unit 10 using two wavelengths, denoted respectively as 41 and

A2 (A2>A1), the following two functions may be solved:

I, = cos[z—ﬂzr--2(2+ X sin@)] (1a)
I,= cosH—ig -Z—EJ -2z+x- sin&)} = COS[ZE% 2z+x- siné’)} (1b)

where, z represents a vertical position (or height) of a measurement point on the
surface under inspection, x represents a horizontal position of a pixel on a sensing
surface. Eqn. (1a) describes an interference signal corresponding to the wavelength 4.
That is, I; represents the intensity of light with a shorter-wavelength (41) measured by

the detection unit. Eqn. (1b) describes an interference signal corresponding to a

synthetic wavelength A, = by generated from the two wavelengths A1 and Ao.

2 1

That is, I, represents the intensity of light of a synthetic-wavelength measured by the
detection unit. As shown in Fig. 2, the profile of I; represents global variation of the
height of the surface under inspection in the Z-direction (e.g., in the wide range of -1s/4
to As/4 as shown), while the profile of I represents local vibrations in the Z-direction (Az
in small ranges). Thus, the wavelength 4; determines the resolution of the system, i.e.,
Ro=41/2/SNR (where, SNR represents the signal to noise ratio of the system), and the
synthetic wavelength As determines the vertical measurement range of the system, i.e.,
Zo=2s/2.

In case of the light unit 10 using three wavelengths, denoted respectively as 41, 42
and A3 (13>4>L1), interference signals resulting from components of these three

wavelengths can be represented by following 11, I» and I3:
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I, = cos[zﬂq—” 2z+x- sinH)J (2a)

F(Zﬂ' 2r
I, = cos
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—

1 1 2 : Ay + A A =244, . }
I, =cos| 271l —+—-— |- 2(z+x-sin® | = cos| 2722 2 .20z +x-sin@)
o (ﬂq A /12] } [ Ay

(2¢)

In the system employing the three wavelengths, 11 determines the resolution of the

system, i.e., Ro=A1/2/SNR (where, SNR represents its signal to noise ratio), the synthetic

wavelength 4 = Lol determines the vertical measurement range of the

L A+ A4, 204,
system, i.e., Zo=As/2.

Based on relevant knowledge in the art, the detection system may be extended to a
larger number of wavelengths.

Reference is now made to Fig. 3, a diagram showing an interferometric optical
path in a scenario where the light is of a single wavelength A. In this case, the detection
unit 90 includes one detector 91, and the reference unit 70 includes one mirror 71. As
shown in the figure, the die 60 is placed with its surface under inspection being
horizontal, and the mirror 71 is inclined at an angle & with respect to the vertical
direction so that interference fringes are formed on the detector 91. The detector 91 may
be a photoelectric detector (e.g., a complementary metal oxide semiconductor (CMOS)
or charge-coupled device (CCD) image sensor). Interference signals derived from the
interference fringes formed by the detection and reference beams 42, 41 on the detector
91 can be expressed as Eqn. (3). In order to solve a vertical height z of a single
measurement point on the surface under inspection, a series of superpixels are provided
on the detector, each consisting of mxn pixels (i.e., m rows and » columns of pixels, e.g.,

5x5 pixels) in correspondence with an optical resolution of the objective lens 50.
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I(x,y)=A} +B +2A B cos (6

x,¥,1

+A2+BI+2A Bcos (6,,,+p)

+¢,)+A2 +B. +2A,B,cos ( O ,2+0,) 3)

where: x=1, 2,..., m; y=1, 2, ..., n; I(x, y) represents the optical intensity incident
on the pixel at the x-th row and the y-th column in one of the superpixel; Bi, B2 and B3
represent coefficients of the wavelengths A1, 42 and 4z of the light in relation to their
transmission and reflection in the reference optical path, the coefficients determinable
by calibration; A1, A2 and Az represent coefficients of the wavelengths A1, A2 and A3 of
the light in relation to reflectance of the surface under inspection; 6s,,1, 6,2 and Ox,3
represent phase changes of the wavelengths A1, A2 and A3 of the light at the sensing
surface, respectively, wherein the “x,y” parts in their subscript indices correspond to the
coordinate of the pixel on the sensing surface, and the “1”, “2” and “3” parts correspond
to the wavelengths 41, 42 and A3, respectively, and wherein @’s in Eqn. (3) are not
necessarily related to the angle @ at which the mirror 71 is inclined with respect to the
vertical direction; and @1, @2 and @3 represent phases of the wavelengths A1, 12 and 43
induced by the vertical position z of the surface under inspection, respectively. For each
of the mxn superpixels, mxn equations can be obtained. For each measurement point,
P1+03-2¢02, p2-¢1 and @) can be sequentially solved using a phase retrieval algorithm
such as FFT, and the height z can be calculated according to:

=9
z= A @)

Referring to Fig. 4, in a scenario where the three wavelengths are 11=560 nm,
42=630 nm and A=719.5 nm, respectively. Assuming the signal-to-noise ratio of the
system is SNR=20, the vertical measurement resolution of the system can be obtained as
Ro=560/SNR=28 nm and vertical measurement range of the system as Zo=518 pum. In
this case, the light of the three wavelengths is coupled by a lens 11 to a fiber optic cable
12 and propagates therein down to the lens 31. Here, the fiber optic cable 12 serves in

lieu of the mirror 20. In this Embodiment, interference signals derived from the light of



three wavelengths are detected using the single mirror 71 in the reference unit 70 and
the single CCD or CMOS image sensor in the detector 91. When different measurement
points on the surface under inspection have different heights z, the superpixels will
capture different interference signals and the heights z can be obtained from a phase

analysis on phases of the signals.

Embodiment 2

Reference is now made to Fig. 5, a schematic illustrating how an apparatus for die
defect detection according to Embodiment 2 works. The apparatus for die defect
detection of Embodiment 2 differs from that of Embodiment 1 in that interference
signals derived from A1, A2 and A3 are detected by respective three mirrors 71, 72, 73 in
the reference unit 70 and respective three detectors 91, 92, 93 in the detection unit 90.
The three mirrors in the reference unit are inclined at angles 61, &> and 0; with respect to
directions perpendicular to directions of incidence of the respective reference beams,
and 01, 6, and & are individually set to different values so that periodicity distribution of
the interference fringes can be adjusted. The three detectors in the detection unit 90 are
provided to eliminate crosstalk between the interference signals derived from the three
wavelengths and thus improve SNR performance of the system. In the figure, 731, 721,
921 and 931 each denotes a beam splitter. The beam splitter 731 is reflective to the
wavelength 11 and transmissive to the wavelength A2 and A3. The beam splitter 721 is
reflective to the wavelength A2 and transmissive to the wavelength A3. The beam splitter
921 is reflective to the wavelength A2 and 43 and transmissive to the wavelength A1. The
beam splitter 931 is reflective to the wavelength A2 and transmissive to the wavelength
A3.

With the apparatus for die defect detection of Embodiment 2, the above Eqns. (3)
and (4) may also be used to calculate vertical positions of the surface under inspection in

a similar manner to Embodiment 1. A higher SNR can be obtained in accordance with
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Embodiment 2 compared to Embodiment 1.

In summary, the apparatus for die defect detection of the present invention is
capable of 3D measurement of a die with improved accuracy and efficiency by
analyzing interference fringes formed by light of different wavelengths and is suitable
for the detection of large dies.

The embodiments disclosed herein are described in a progressive manner, with the
description of each embodiment focusing on its differences from the other embodiments.
Reference can be made between the embodiments for a detail description of any feature
common or essentially common to them. As the system keeps the same features as the
method, a description of the system is relatively simplified, and reference can be made
to the description of the method for details in the system.

The description presented above is merely that of some preferred embodiments of
the present invention and does not limit the scope thereof in any sense. Any and all
changes and modifications made by those of ordinary skill in the art based on the above

teachings fall within the scope as defined in the appended claims.
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CLAIMS

1. An apparatus for die defect detection, comprising:

a light source unit for emitting light of at least two wavelengths;

a beam splitter for splitting the light emitted by the light source unit into a first
portion and a second portion, the first portion reflected by a die surface under inspection
and thereby forming a detection beam;

a reference unit having a surface configured to receive the second portion of the
light and thereby form a reference beam; and

a detection unit for receiving the detection beam and the reference beam, wherein
the reference beam crosses the detection beam at an angle and thus forming interference
signals on a sensing surface of the detection unit, and wherein a defect parameter of the
die surface under inspection is determined based on the interference signals.

2. The apparatus for die defect detection of claim 1, wherein the detection unit
comprises at least one detector for detecting the interference signals.

3. The apparatus for die defect detection of claim 2, wherein the detection unit
comprises a plurality of detectors, each configured for the detection of light with a
corresponding one of the wavelengths.

4, The apparatus for die defect detection of claim 2, wherein the detector is
implemented as a complementary metal oxide semiconductor or charge-coupled device
image sensor.

5. The apparatus for die defect detection of claim 1, wherein the reference unit
comprises a reflective element having a surface for receiving the second portion of the
light and forming the reference beam, the surface of the reflective element inclined at an
angle with respect to a vertical direction perpendicular to the die surface under
inspection.

6. The apparatus for die defect detection of claim 1, wherein the light emitted by
the light source unit has two wavelengths, and wherein intensities, detected by the
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detection unit, of light with a shorter wavelength and of light with a synthetic

wavelength generated from the two wavelengths respectively satisfy:

[ = cos[i—” 20z+x- sinB)J ;

2T 27w . A, -4 . }
1, =cos|| =—-— |- 2(z+x-sin® | =cos| 27— -2(z+x -sin@) |,
’ Kﬂ« ,12] } [ A,

where: I) represents the intensity of the light with the shorter wavelength A;; I
represents the intensity of the light with the synthetic wavelength generated from the
two wavelengths A1 and A2; @ represents an angle at which the surface of the reference
unit is inclined with respect to a vertical direction perpendicular to the die surface under
inspection; z represents a height of a measurement point on the die surface under
inspection; and x represents a horizontal position of a sensing pixel in the detection unit.

7. The apparatus for die defect detection of claim 6, wherein the light with the
shorter wavelength A1 determines a resolution of the apparatus for die defect detection,
with the light with the synthetic wavelength generated from the two wavelengths
determining a vertical measurement range of the apparatus for die defect detection, the
resolution and the vertical measurement range of the apparatus for die defect detection
given by the following equations:

Ro=41/2/SNR;

Z0=As/2,

where: Ro represents the resolution of the apparatus for die defect detection; SNR
represents a signal-to-noise ratio of the apparatus for die defect detection; Zo represents
the vertical measurement range of the apparatus for die defect detection; and As
represents the synthetic wavelength generated from the two wavelengths A1 and As.

8. The apparatus for die defect detection of claim 1, wherein the light emitted by
the light source unit has three wavelengths, denoted respectively as 41, A2 and 43; and the

detection unit comprises a number of superpixels, each of the superpixels comprising a
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plurality of pixels, each of the pixels configured to measure an intensity given by:
I(x,y) = A} + B} + 2A;Bcos (8, ,, + @) + A] + B; + 2A,B,cos (0, , + @,) |

+ A} + B + 2A:Bcos (6, ,; + ¢y)

where: (x, y) represents a coordinate of the pixel; B;, B> and Bs represent
coefficients of the wavelengths A1, 42 and A3 of the light in relation to transmission and
reflection thereof; A1, A2 and Az represent coefficients of the wavelengths 41, A2 and 13 of
the light in relation to reflectance of the die surface under inspection; @1, @2 and @3
represent initial phases of the wavelengths 41, 42 and 43 of the light; I(x, y) represents the
intensity detected by the pixel at the coordinate (x, y); and 6y, represents an angle
between light with the wavelength A; reflected back from the reference unit and light
with the wavelength 4; reflected back from the die surface under inspection, measured
by the pixel at the coordinate (x, y), where i=1, 2, 3.

9. The apparatus for die defect detection of claim 8, wherein the defect parameter
of the die surface under inspection is determined by an FFT algorithm.

10. The apparatus for die defect detection of claim 1, further comprising an
objective lens for magnifying the die surface under inspection, the objective lens
disposed between the beam splitter and the die surface under inspection.

11. A method for die defect detection using the apparatus for die defect detection
as defined in any one of claims 1 to 10, the method comprising:

emitting light of at least two wavelengths by a light source unit;

splitting, by a beam splitter, the light emitted by the light source unit into a first
portion and a second portion, the first portion reflected by a die surface under inspection
and thereby forming a detection beam, the second portion forming a reference beam
through a reference unit; and

detecting, by a detection unit, interference signals generated by the detection
beam and the reference beam, and determining a defect parameter of the die surface

under inspection.
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