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the sensor, readout noise in the sensor,
nocise in the electronics that amplifies and digitizes the
sensor output signal{s), and noise from external
zslectronics including drivers and controllers that gets
coupled into the signal.
[Q006] Typically inspection systems used in the
semiconductor industry are designed Lo inspect a large area
{such as the entire surface of z 300mm or 450mm diameter
gilicon wafer) very quickly, in scome cases in one minute or
less. Thus the time spent collecting the signal from any
one small area of the article being inspected, such as the
area corresponding to a single pixel on the sensor, must ke
very short, in many cases much less than Ims.
[Q007] Increasing the Intensity of the light used to
iliuminate the article being inspected can increase the
signal level relative to the noise. However high power
densities from the i1llumination are not only expensive To
generate, but they also can degrade the optics of the
inspection system and may damage the article being
inspected,
10008} An important limitation of prior art CCD sensors

and

driving circuil

20. This figure i1llustrates the timing of the signal
readout from a CCD. 1110 represents the ocutput voltage of
the sensor as a function ¢of time. 1101 represents the
sensor outpult voltage resel clock voltage as a funciion of
time. The vertical axis represents voltage in arbitrary
units and the horizontal axis represents Time. The
vertical scalings of the output voltage 1110 and the reset
clock voltage 1101 are not egqual. The vertical
offset in the figur tween the ocutput voltage 1110 and
the reset clock veoltage 1101 is simply for clarity and does
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e

from > reference level 1115 to the signal
level such as 1117 cr 1119,
[0010] In Figure 20, the signal in the first pixel is

N
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and the signal
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Correlated Double Sampling (CDS)
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signal voltage
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example,
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~to-noise ratio, -

ke

DISCLOSURE
resent

em and

by an image sensor are binned (combined)
being transmitted as outpult signals on the
outpul sensing nodes {(also referred to as
ions}, and in which an analog-to-digital

is controlled to sequentially generate tTwo

le of the sensocr’s reset clock signal). T

onn 1s particularly beneficial during the

n-patterned (bhare) wafers, where very low
from the un-patterned wafer produces

und noise, so signal-to-ncoise ratios are
ned by senscr noise characteristics. The
rs recognized that the very low surface

background nois image d
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ng reguired for bare wafer inspection (1.
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r inspecting wafers with films on their
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surface. The inventors also recognized that {he accuracy
of the image data could be significantly improved by

. 1 - 7 TN e Fi T o~ g

generated by the ADC between each reset of the image
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reset clock noise components (i.e., nois
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fTime the output buffer is reset) to digital image data
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enerated by the ADC, the signal-to-noise ratio of

high speed un-patterned wafer
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inspection could be greatly improvec By combining charge
binning with reduced reset clock noise, the present
invention facilitates lLow rescolution/high speed inspection
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corresponding image sensor coutput signal multiple times

{i.e., controlling the ADC to generate multiple “dup

vertically binning may be performed by transferring two or

before transferring the summed signals to a shift register.

Horizontal binning may ke performed by transferring twoe or

O

more analcg image data values from the shift register int
an outpul buffer before transferring tThe combined charge in
the output buffer to the output sensing node. If ths

background signal level 1g low encough relative to the fuil

well cagpacity of the output buffer , horizontal and
vertical binning may be used at the same time. Recause the

nultiple (duplicate) digital image data values are
generated while the same combined charge is present in the

output buffer, similar to the output binning process

mentioned above, The multi-sampling process generates
multiple digital data values during each cycle of the reset

clock signal. The duplicate digital image data values are
then averaged using downstream data processing, thereby
effectively reducing the noise below thalt of any

nt measurement {since the noise alwavys has a
component that is uncorrelated kbetween samples). That is,

the multi-sampling preocess utilizes time gained during

the analog image data

values ({(captured charges) Lo sample each sensor ocutput node

tiple times, wheresby noise influences are reduced

owing down system operations, for example, by way

binning and multi-sampling processes described above m

|..x
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utilized together {i.e., by utilizing wvertical binning
- s - " 4 - e AT e S ~ o NI
before progressive transfer to the output sensing node,

process). In all of the exemplary embodiments, binning of

with high spatiazl resoclution and high signal-tco-nocise ratioc
while overcoming the disadvantages assoclated with prior

art approaches used for high-speed bare wafer inspection

[0018] An exemplary inspection system is described that

includes the modifications mentioned above. This

inspection system includes an illumination scource, optics

The sample 1s supported by a stage, which moves relative to
the optics during the inspection. The detector is
configured to receive reflected or scattered radiation from

.
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radiation ontoe the detector. The detector includes one or

nerein.,
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nore 1mage sensors driven in the manner descr:

In one embodiment, at least one image senscor 1s a Time

integration {(TDI) sensor. The TDI sensor converts

sensor converts the detected radiation into electrical
charges. In another embodiment, the image sensor is

reconfigurakble such that multiple pizels can ke read out

10
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independently. The pixel sensor converts the detected
n any embodiment, the
methods and circuits described kelow are used to improve

the sgignal-to-noise ratio of the signal.

[0019] The exemplary inspection system may include one
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or more illumination path:
different angles of inci
angles and/or with different wavelengths and/or

polarization states. The exemplary ilnspection system may
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and/or to different polarization states. The exemplary
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inspection system may

circuits on two sides that are used to read out htwo

syastem may include an electron-bombarded image sensor,

[0020] An exemplary method of inspectiing a sample

described. The method incliudes directing and focusing

Tion from an illumination source onto the sample. The

]

sample is supported by a stage, which moves relative fo the

optics during the inspection. The method further includes

using optics to collect, direct, and focus radiation

[
.

0]

eflected or scattered by the sample onto a detector. T

4

detector includes one or more image sensors. In one
embodiment, at least one lmage sensor 1s a Time-delay
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further includes shifting electrical charges within the
sensor In synchrony with the motion of the stage. In
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from more than one pixel may be accunmulated in an output

an output sensing node. In another embodiment, at

least one

i

image sensor 1s a pixel sensor that converts radiation into

an electrical charge. The pixel sensor comprises an output
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charges from multiple

radiation detections. In both cases, an ADC is driven fto
generate multiple digital data wval during each cycle of

the reset clock signal utilized to reset the image sensor’s

[0021] Circuits for controlling, driving and/or reading
out a time-delay integration image sensor, a line sensor,
or a pixel sensor with an output in each pixel are

described. The circuits comprise a generator th
T

generates clock and reset waveflorms that x

coup led 1nto the sensor ﬂu.tf and allow the si gnadl from
nuitinle nixels AT MU EIN e 3 Inagse ofF fthe =7 ol ey
maLtiplie PiXels, OCr MULTiPLe rezadlndgs O cne same pl Ly TO

[0Cz22] Methods for controlling, driving and/or reading
out a time-delay integration image sensor, a line sensor,

or 2 pixel sensor with an cutput in each pixel are

Q.
0]
n
@]
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,_l .
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Q
.

i These methods include generating clock and
reset waveforms that reduce the noise coupled into the

sensor output and allow the signal from multiple pixels, or

BRIEF DESCRIPTION OF THE DRAWINGS
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[0023] Figure 1 is a block diagram depicting a
J ( J

simplified inspection system for inspecting a sample using

an lmage sensor and an ADC according to an exemplary

generalized embodiment of the present invention.

[0024] Figures 1A, 1B and 1C are partial block diagrams
depilicting simplifled Ilmage caplture and 1ma transfer
operations performed by the inspecticon system of Fig., 1

FO025] Figures 2(A), Z2(F
2(G) are partial b

system of Fig. 1 during sample inspection using a single

[0026] Figures 3 (A}, 3(8B), 3(C) and 3{(D) are partial
block diagrams depicting the inspection system of Fig. 1
during sample inspection using an output binning process

according to an exemplary embodiment of the present

[
@}
t
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b

are partiazl block diagrams depi ing the inspection system

inspection using a multi-sampling
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process according to another exemplary empbodiment of the

[0028] Figure 5 illustrates an exemplary inspection

system 1n accordance with an embodiment of
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[0030] Figure 7 illustrates an exemplary inspection
system with normal and obligue i1llumination in accordance
with vet another embodiment of the present invention.
[0031] Figure & illustrates an exemplary inspection
system with bright-field and dark-field illumination
chann
present invention.
F0032] Figures 9A and 9B i
waveforms for the clock signa
and methods described herein.

[0033] Figure 10 illustrates an exemplary e

-

bombarded image sensor in accordance with an embodiment of

[0034] Figure 11 illustrates an exemplary waveform in

accordance with an embodiment of the invention described

10036} Figure 13 illustrates exemplary clock waveforms
used to read out an image sensor and the resulting sensor

waveform, in accordance with another

+

embodiment of the invention described herein.

0037} Figure 14 illiustrates an exemplary sensor cutpt

-
et
o
ot

signal waveform and The corresponding pixel signals

obtained by using two possible embodiments of the present

N

SEh

s

O

6]

{

[0038] Figure 15 illustrates an exemplary output

-
.

signal waveform and the resulifing pixel signals, in

accordance with an embodiment of the invention desc
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[0039] Figure 1¢ illustrates an exemplary sensor oubtp

s
e
o
o

signal waveform and The resu
accordance with another embodiment of the invention
described herein.

[0040] Figure 17 illustrates an imaging apparatus in
accordance with one embodiment of the present invention,
comprising an image sensor, analcog-to-digital conversion,
digital signal processing, a digital control unit that

controls the tTiming and the data acguisition for the whole

VR B . ~ L L o ey
an exemplary senscr output signal waveform and the

in accordance with embodiments of

,___.
.
¢
L
e}
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resulting pixe
the present invention.
[0042] Fig

1 1
comprising multiple pixels with cone output per pixel in

accordance with an embodiment of the invention described
herein.

[0043] Figure 20 illustrates typical reset clock and
signal waveforms used with prior art inspection systems,

senscors and electronics.

DETAILED DESCRIPTION OF THE DRAWINGS

0044 ] The present invention relates to an improvement

controlling and/or reading out senscors for semiconductor

inspection systems. The follc
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gkill in the art, and the general principles defined herein

may be applied to other embodiments. Therefore, the

to a generalized embodiment of the present invention.

and an optical system 103 configured to direct radiation DR

ured to direct receivw
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reflected) radiation RR from an imaged region IR of sample
100 onto image sens 11
sensor 110 generates analog output signals QUTI to QUTN

that are converted into digital image data values Dx by ADC

]
'

50. System 100 also includes digital signal proce

o

{(DSP) and external processing {(EP) circuit 160 that receive
and processes digital image data wvalues Dx in the manner
described below in order to generate final image data

170 that generates

te control the

50, and digital
controel cilrcult 180 utilized tTo generate cother control
signals utilized to control ADC 150 and DSP/EP circult 160,

3 T 7 S o S T P - o o b 3 g
ed in the art will recognize that the operation

of system 1008, which is described below with reference to

certain exemplary embodiments, is greatly simplified herein

[0046] Referring to the upper portion of Fig. 1, image

sensor 110 includes mulitiple pixels arranged in pixel
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groups 111-1 fto 111-N, and optical system 103 is configured
such that portions of received radiation RR received from
secticons 31 to SN of imaged region IR are directed onto
corresponding pixel groups 111-1 to 111-N of image sSensor

110, Each pixel group Includes an asso
pixels disposed in multiple rows and o

I
\/'\A,

ed group

maltiple columns.

For example, pixel group 111-1 includes pixels P11 to P24,
where pixels P11 and P21 define {(form} an associated top
row of four rows, and pixels P11, P12, P13 and P14 are
disposed in a leftmost column of Two columns. Note that
image sensor group 111-1 is depicted as including four rows
and two columns merely to simplify the following
degcription -~ in a practical image sensor useful in high-
speed inspection application, each pixel group would
typically comprise between two and 16 columns, and between
one row (i.e., as in a l1ine sensor) and a few thcousand rows
The pixels of pixel groups 111-1 to 111-N are configured in
cooperation with optical system 103 to capture and store

corresponding analog image data values (charges); having
valiues (charge amounts) determined by the amount of
radiation received from a corresponding sechtion of imaged
region IR during each imaging operation performed by system
100, For example, at a given moment when imaged region IR
is coriented relative o sample S as shown in Fig. 1, e=ach
pixel P11 to P24 of pixel group 111-1 captures and stores
an image data value {(charge C) recelved by way of radiation
porticn RPL from a corresponding imaged region section S1
{e.g., The portion of sample S dispcsed in the leftmost
portion of imaged region IR}, thereby causing each pixel
P11 to P24 to capture and store a corresponding charge C in
the manner described below. At the same time, the pixels
of pixel group 111-Z2 store image data received by way of

~J
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ding imaged region

1 Ty - T e - p
St In this way,
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ecelived during a

P11 captures
sub-section S102 of
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onding charge C102.
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rred embodiment,
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0 in coordination
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with a scanning movement

regpectively show portions of system 100 at seguential

times t0, tl and tZ ({indicated by “100{tC)}”, “100(tl)” and

of sample S and pixel

{

1 xe
group 111-1 ¢of image senscr 110 (other portions of sample 3
100 are omitted for brevity). For explanatory
purposes, section S1 1s divided into sub-sections S100 to

ljacent minute regions of sample

[0049] Fig. 1A shows system 100 at an initial fime tO

respectively capture/store charges C102
the amount of recelved light from sub-sections 3102 to S115
[0050] Fig. 1B shows system 100(tl}) after movement of

sample S relative to the coptical system (not shown) causes
imaged region IR{tl) to move incrementally upward {(i.e., 1in

I vt TV e T ooy e oo - - o) - P 3 -
direction D) relative to sample S, whereby imaged regilon

4 of section 351.

-3

e

This relative motion may ke achieved, for example, by
moving sample S in a downward direction in Fig. 1A while
keeping the optical systems and sensor stationary.
Referring to the rig

ht side of Fig. 1B, at the same time

imaged region IR is moved incrementally i

a

direction D, and
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for transmission on ocutput sensing node 145, By

N

continuously driving image sensor 110 in coordination with

movement of the optical system relative to the sample in

mar e R T P e PEEES -, fnb
The manner described above with reference to ¥igs

5]
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analog image data is continuously captured during the

scanning-type inspection operation performed by system 100.
[0052] Referring again te Fig. 1, image sensor 110 also

registers 130-1 to 130-N and cutput circuits 140-1 to 140-N

configured to transfer analog image data values captured by

ADC 150. DNote that each of these circuits is ds
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pixel buffers 120-1 to 120-N

)/

ude twe charge storage cells Bl and B
that receive and buffer (temporarily store) one row of
analog image data values transferred in parallel from pixel
groups 111-1 to 111-N. Similarly, st
130-N include two storage cells R1 and R2 respectively
configured to receive and buffer anaiog image data values

N

transferred in parallel from buffers 120-1 to 120-N, and

circuit {e.g., output circuit 14¢-1) ma
optional cutput buffer 141 configured to receive and buffer

analog image data values recelved from an assoclated shi

output transfer gate 143, output sensing node 145, and an
outeut driver 147 configured to generalte an asscoclated
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buffer control circuit 173, output circuit control circuit

181 and a DSP/EP mode control circuit 183. These various
clrcuits are depicted as being reconfigurable by way of
user-supplied control data that cause timing generator 170
to generate clock signals CLK1 to CLKS and reset clock

signal RET, and cause digital control circuilt 180 to

signal PC in a manner that controls image sensor 110, ADC

5

1 et T /T T T e N w1 e by T T R T L - 4=
150 and DSP/EP circuit 160 such that these circuits operate
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t one of single pilxel process
166, output binning process 167 and multi-gample process

168 during the given fime period (note that blocks 166-168
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r example,
generates two or more clock
signals CLK1 that control the image capture and charge
shifting operations of pixel groups 111i-1 to 111-N in

accordance with mode control data stored in memory location

171A. In a similar manner, pixel buffer control circuit
173 generates clock signals CLK2 that contrel the charge

buffering operations of buffer circuits 120-1 to 120-N

according to mode control data stored in memory location

z
1734, shift register control circuit 175 generates clock

signals CLK3 that control the operation of shi
stored in memory location 17bA, output control circuit 177

signal RST that control the operation of cutput control
1

23
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depict inspection operations performed by inspection system
100 when configured to perform single pixel processing 160,
Figs. 3(A} to 3(D} depict systematic shifting ¢f analog

image charges from image senscor 110 fte ADC 150 when systen

100 is configured to perform oufput binning process 167,

o~ 2 " TN p v Y ~ 4 ~ ~ e . “ 1 2 4 £ -1
and Figs. 4(A) to 4(F} depict systematic shifting of analog

100 is configured to perform multi-sampling processing 168.

a manner similar to that described above with reference to
Figs. 1A, 1R and 1C. For brevity, the exemplary operations
are described with reference only to analog image data

values (charges) generated in pixel group 111-1 at a given

continuously simultaneously genserated and processed in the
described manner before and after the exemplary operations,
and simultanecusly performed in the other pixe
image sensor 110, In additicon, for brevity, the figures
only depict charges and clock, reset and control signals

utilized during relevant portions of the exemplary

performed simultaneously and other image processes as 1f

performed sequentially. In a practical implementation, the
precise timing of the image processes may differ from that

described, where some of The depicted simultanecus

(i

some oOf

processes may
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the depicted sequential processes may be performec

substantially simultanesousliy.
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addition, ADC

signals to store output

example, on a capacitor in CDS
alternatively digitized by anal

and stored as digital value D10
of memory circuit 162. Next, a
output circuit 140-1 is driven
transfer analog image data valu
to output sensing node 145, the

voltage 0Z

of charge C24, and ADC 150 is d
convert output voltage 024 into

STOY i3 L IYLi?mOIB— CatTlion
As indicated at the bottom of F
a CDS (final) image data wvalue

by wa

T been performed

]
<l

time

@]

P
RST

circult
clrcuit

transfer

to output
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way of associlated control
analog value O(INIT), for
circuit 152, or,

og-to-digital converter 154
in a memory location 162-1

g indicated in Fig. Z{(E),

by clock signal CLK4 to

e C24 from output buifer 141
reby generating output

4 corresponding to the level

riven, for example, o

that is
62

-2 of memory circuit 1
ig. 2{(E), in one embodiment,

Ol

y of ¢

to initial

-
Nl
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“ -
1
L

gsignal OUT1 having a voltage 024 corresponding to the level

of charge Cl4, ADC 150 is driven, for example, Lo convert
output voltage 014 into a digital wvalue D21 that is stored
in a memory location 162-2 of memcory circuit 162, and then
a CDhS image data value D{(S14) is generated by determining a
difference between digital values DZ0 and DZ1. BAs
evidenced by the conversion of the first row to digital

values (described akove), a characteristic of the single
pixel process is that output sensing node 145 is reset
between each analog image data value (e.g., between charges
C24 and Cl4;.

[0059] Once the last analog image data value has been
transferred either tTo cutput buffer 141 or to cutput

nsing node 145, an additional row of data 1s shifted

X
®

downward for processing. For example, as indicated in Fig.

R2 of shift register

shifted into output circuit 140-1 for

to 3(D) depict the operation of systen

] TV e 4 . s SR N [N PN - N by b e iy I -
100 (Fig. 1) when configured by way of control data to
perform output binning process 167 (Fig. 1). To simplify

the description, the same charge designations {i.=s., Cil to
C24%y utilized in the descripftion of single pixel processing

are also utilized in this example. Note that the output

binning process includes image capture operations that are

identical to those described above with reference to Figs.,

A AN P 2 - —~ k] T e I R ]
2(A}) to imade CcCapilure operatlions

7

[N
'\,:\
e

o
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-
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o

h

O

[

o
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=y

o

assoclated with Figs. 2{(A) to 2(C) are omitted below for
brevity. That 1s, the description of the output binning

process illiustrated in Figs. 3{A) to 3{(D) begins with
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captured analog image data values Cl4 and €24 already

transferred within image sensor 110, as indlcated in Fig.

2(C), where Fig. 3(A) depicts a subseguent charge transfer
performaed in accordance with tThe outpult binning process aft

[O0681] Referring teo Fig. 3(A), according to an aspect of

\ A

the output binning process, image sensor 110{t31l) is driven

to sequentially transfer two analog image data values (i.e,

C24 and Cl4) onto output sensing node 145 such that output
sensing node 145 stores a first analoyg image data value
iod (i.e., referring to Fig. 2 (A),

sensing node 145 at ftime t31l), and

R T e I ~ e Gl bl e WVT AL D A e TR

sum of charges Cl4 and C24, indicated as “Cl4+C247 in Fig.
(DY) durinc = second t o Note NER{ o e =Yoo rh T to the
3(D})) durling a second time period {i.e., subseguent to the
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driven using clock signal CLK4 to transfer analog imagde
data value Cl4 Into oubtput sensing node 145 while analog

image data value C24 remains stored on cutput sensing

3

-

noade

[0062 ] Aoccording to this exemplary embodiment, output
binning involves contrclling ADC 150-1 to generate a first

period while one charge is stored on output sensing node
145, and then generating a second corresponding digital
output value during a subsequent (second) time period when
a sum of tTwo charges are stored on cutput sensing node 145,

analog image data values (i.e., the

Fig. 3(B) depicts controlling ADC 1506-1 to generate a first

.

corresponding digital cutput data value {(i.e., D11) during
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first time period {(time t32} while only charge C24 1is

stored in memory location

}._.\
[€)
N
J
C
-
-
s
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=
O
=
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}._.\
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N
=
[®)
purt
W
!
oy
w
ot

the two digital image data values {(i.e., DLl and Di2)
stored in memory 162 at the end of the second time period
were generated after the cutput buffer reset shown in Fig.
[0063] According to the exemplary embodiment, downstream
digital signal processing is utilized to calculate
individual pixel values using the progressively generated
digital image data values. For example, after calculating

CDS image data value D(324) by way of subtracting reset

above with reference to Fig. Z{(E), and shown alsc in Fig.

3(B}), CDS image data value D(S814) 1s then calculated
determining a difference between data values D12 and D11,

as indicated at the bottom of Fig. 2(D). In other

depicts

Note tThal
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identical to those described above with reference to Figs.
YUY = y ! p T I YN . - - -111 e

28y and Z{RB), and therefore these image capture !

initial analog image data Lransfer operations are omitted

sampling process begins with captured analog image data
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ues already transferred within image sensor 110 at time
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41 in accordance with the multi-sampling process.

[0087] According to a first aspect of an exemplary

before being passed to shift register 130-1. Fig. 4(A)
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buffers Bl and BZ after charges Cl4d and C24 were

transferred as described above with reference to Figs. 2{A)
stored in pixel buffer Bl and summed charge C23+C24 is

S - PR A ] 1M T d T 4 A ey A am A =l
pixel buifers Bl and B2 facilitates transferring

above with reference to Figs. 2(A) to 2(G) (i.e., clock
signal CLK1 can be generated at a higher frequency).
00681 In one embodiment, tThe subseguent transfer of

ad charges to output sensing node 145 for conversion to
digital image data values is similar to that utilized in
the single pixel process described above., Referring to Fig
(B}, at time td2 pixel buffer circuit 120-1 is controlled
ock signal CLK2 to transfer summed charge CLl3+C1l4 from

pixel buffer Bl to register R1 of shift register 130-1, and
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Lo transTer summed charge C23+(
register RZ. AL the same tinm

resulting in c¢harge Cl1 ftransfe
pixel P14, charge C21 transferri
P24, and charges ClZz and CZZ tr
and P24 to pixel buffer 120-1.,

shift summed charge C13+C14
and to transfer summed charge C

ot g
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rr

LS}
n

1

g
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pixel buffer B2 into
tical transfer moves
down one row
from pixel P13 to
om pixel P23 to pixel
rring from pixels P14

eferring to Fig. 41(C), at

by clock signal CLE3 to

register R1 to register R

+C24 from register RZ fo
time, output
k signal RS

output signal OUT1 is converted to generate initial digital
image data value D10, which 1s stored in memory location
162-1 of emory 162. Referring to Fig. 4(D), at time t4d4
summed C2Z3+C24 is transferred from output bufifer 141 to
output sensing node 145, thereby generating a corresponding
output signal QOUT1 corresponding to summed charge C{23+24; .
[0069] According to ancother aspect of the multi-sampling
process, ADC 150~1 is contrelled to generate multiple
digital output data values during the given time period
based on the same summed charge stored in output sensing
node 145 (i.e., such that a first corresponding digital
output data 1s generated during a first portion of the
given time period, and a second corresponding digital
output value 1s generated during a second portion of the
given time pericd). Referring to Fig. 4{D), summed charge
C23+C24 1is stored output sensing node 145 for a given time
period, and analog cutput signal OUTI has a value 0(23+24)
corresponding to the summed charge CZ3+CZ4 during this time
period. During a first porticon of this time period, ADC
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150-1 is controlled by way of clock signal CLKLS such that
output signal CUT1 is stored or converted as set forth

N

above, whereby az digital output value D
1

I_\
|_..l
P.J
)

generated that
62~2 of memory 162. During a
subseqguent second portion of this time period, ADC 150-1 is

P ~ A e 1] TNy N7 N ~ 3 ~ ~ 3 Ay ey ) TWE ~ ~} Ty ey A
agaln controlled by way of clock signal CLKS such that

ocutput buffer reset described above with reference to Fig.
4(C)y, and before a subseguent reset described below with
reference to Fig. 4(E). Downstream digital signal

processing may then be utilized, for example, to determine
final digital image values Ly way of averaging the
duplicate digital image data values. For example, CDS

{524) may be generated by way

image values D11 and Di2, and then calculating an average

£ +h 5 adiusted val o T ther embodiments digital
OL The TWO adjusted vailes. I othery emopoGlments, 1gita
Iatan wraliieaae 11T and D12 mav b e T a I ovrd ettt oa Ay _—
data values D11 and D12 may be averaged without adjustment,

or processed using other methods known in the art.
[0070] In the disclosed embodiment, referring tce Fig.

4(E}, output sensing node 145 is reset to the initial value

et
N
L

after digital data values are generated for charges C23 and
gignal CLK3 to transfer summed charge C13+C1
buffer 141. Referring to Fig. 4/{(¥), output circuit 140-1

is controllied by way of c¢lock signal CLE/

compined charge C13+14 from output buffer 141 onto output
sensing node 145, thereby generating analog output signal
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binned. More binning of t
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r three horizontal pixels may be
he data alliows more time for data
ADC to digitize more than twice

e .

ls regarding the present

ided with reference to various
ge sensor types that may be
present invention, and to

s regarding use of the present
tings.

ates an exemplary inspection

Or neasure

O { o]
such as a wafer, reticle, or photomask. Sample 3 1s placed
on a stage 10227 teo facilitate movement To different regions
of sample 3 underneath optical system {(optics); 103A. 3Stage
102A may comprise an X-Y stage ¢or an R-8 stage. In scme
cmbodiments, stage 102A can adijust the height of sample S
during inspection to maintain focus. In other embodiments,
an cbijective lens 10b5A of optics 103A can be adijusted to
maintain focus.

[0074] An illumination scurce 101A may comprise one QY
mere lasers and/or a broad-band light source. ITllumination
source 101A may emit DUV and/or VUV radiation as emitted
raciiation ER. Optics 103A is configured to direct tted
radiation DR toward and focus directed radiation DR on
sample 5. Optics 103A may also comprise mirrors, lenses,
and/or beam splitters configured using technigues known in
the art. Portions of directed radiation DR that are
reflected or scattered from sample S are collected,
directed, and focused by opti 103A as redirected
radiation RR onto an image sensor 110A, which is mounted
within a detector assembly 106A,
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[0075] Detector assembly 106A includes image
and an ADRC 1508 that are configured and operate

gscribed herein to implement at least one of the methods
described herein for driving, controlling or reading out
analog image data captured by image sensor 110A. Image

sensor 110A may include a two-dim

\
—
]

Slonal array sensor or a

D

cne~dimensional line sensor. In one embodiment, ths

digital image data values Dx ocutput from image sensor 110A
and ADC 15C0A are provided to a computing system 107A, which
stores and processes digital ilmage data values Dx in a

manner consistent with the exemplary embodiment

instructions 10%A, which in one embodime:
carrier medium 108A.
[0076] In one embodiment, i1llumination source 101A may

be a continuous source such a

S
plasma light source, or a CW laser. In another embodiment,

illumination source 101A may be a pulsed source such as a

mode—locked laser, a Q-switched laser, or a plasma light
source pumped by a O-switched laser. In one embodiment of
inspection system 100A incorporating a Q-switched laser,

the image sensor 110A i1s svynchronized with the laser pulses

n this emboediment, the image sensor may operate in a TDI
mode during the laser pulse and then may read cut the data
iple

puts on both sides of the sensor in

(00771 One embodiment of inspection system 100A

illuminates a line on sample S, and collects scattered

1/ ~ 7 I 3 T e A 1 I [ R, /o S
and/or reflected light in one ¢or more dark-Ifield and/or
bright-field collection channels. In this embodiment, tThe

L [

image sensor 110A may include a line sensor or an electron-

bombarded line sensor.

[9%]
i
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[0078] Another embodiment of inspection system 100A
illuminates multiple spots on sample S, and collects
scattered and/or reflected light in one or more dark-field
and/or bright-field cecllecticn channels. In this

embodiment, image senscor 110A may include a two-dimensional

S
[0079] Additional details of
inspection system 100A can be found in U.S. Published

27 by Vazhaeparampil et al., entitled

/00
“TDI Sensor in a Darkfield System”, published on April

2016, U.S. Published Application 2013/0016346 entitled

“WAFER INSPECTION SYSTEM”, published on January 17, 2013 by
Romanovsky et al., U.3. Published Patent Application

2009/0180176, by Armstrong et al., which pub

16, 2009, U.s. Published Patent Application 2007/0002465 by

1N

Chuang et al., which published on January

- G { g antitled “Wafer dnepection” by Zhs oAl
" 181,079 entitle afer inspection Ast:e v
8,891,079 entitled “Wafler inspection” by Zhao et al.,

patent applications are incorporated by reference herein.
F0080]1 Figures 6{A) and 6{(B} illustrate aspects of dark-
field inspection systems that incorporate the circuits
and/or methods described herein in accordance with other

exemplary embodiments of tThe present invention. In Figure

6(A), illumination optics 201 comprises a

generatling light Z02 that is focused by a mirror or lens
203 into a line 205 on surface of a wafer or photomask
sample; 211 belng 1nspected Collection optics 210

ight scattered from line 205 to z sensor 215 using

lenses and/or mirrors 212 and 213. An opitical axis 214 of

40
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collection optics 210 is not in the illumination plane of

[

ine 205, In some embodiments, optical axis 214 is
approximately perpendicular to line 205, Sensor 215
comprises an array sensor, such as a linear array sSensor.

- — e - = - N~ N B o N VNS i P T e o -
One, or more, of the circuits and/or methods described

1 e o e s o~ - g . SO W ; oy o - " ~ -
herein are used to drive, control or read out sensor 2

ot
Q
Hh

[0081] Figure ©(B) illustrates one embodiment
muitipie dark-field collection systems 231, 232 and 233
tantially similar to collection
optics 210 of Figure 6{A). Col

in combination

similar to illumina

ot
i_.(
O
3
O
T
mi
I_J -
@]
u
[
C
i._A
O
Hh
]
I_J
O
IC
]

A N Ty o~ ~ 1 ~t S <7 S o) el D 3y . -
o (A) . fach collection system 231, 232 and 233 incorporates
one, or more, of the circuits and/or methods described
herein to drive, control or read oul 1ts sensor. Sanmple

b - 3 5 3 - o ~ - S Xe R 2 p
inspected underneath the ocptics. Stage 221 may comprise an
X-Y stage or an R-8 stage, which preferably moves

substantially continuously during the inspection to inspect

=2 e h s -

r0082] More details of inspection systems in accordance

with the embodiments illustrated in Figures 6(A) and ¢(B)

can be found in U.S5. Patent 7,525,649 to Leong et al., and

n
[0083] Figure 7 illustrates an inspection system 300

configured to detect particles or defects on a sample using

both normal and oklique illumination keams. In this

JUN= IO - - S 7o T e 4 - - P T,
contfiguration, a laser system 330 provides a laser bean

Y al 7 3 o AN > N1 ey ey b oy i - ~ N P vy P 3 -
301, A lens 302 focuses beam 301 through a spatial fililterx

303. Lens 304 collimates the beam and conveys it to a

41
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system 400 configured as an inspection system with bright-
field and dark-field inspection modes s
incorporate two 1lluminat
broad-band light illumination module 420,

[0086] In a dark-field mode, adaptation optics 402

surface being inspected. A mechanical housing 404 includes
an aperture and window 403, and a prism 405 to redirect th
laser along the optical axis at normal Iincidence to the

surface of a sample 408. A prism 405 also directs the

specular reflection from surface features of sample 408 cut

of objective 406. Objective 406 collects light scattered
by sample 408 and focuses 1t on a sensor 40%8. Lenses for

be provided in the general form of a
catadicptric objective 412, a focusing lens group 413, and
a tube lens secticn 414, which may, optionally, include a
zoom capability. Laser 401 may be a high-repetition-rate

ed laser, such as a mode locked laser, or a CW laser.
Foos7] In a bright-field mode, a broad-band illumination
module 420 directs broad-band light to a beam splitter 410,

which reflects that light towards focusing lens group 413

and catadioptric cbijective 412. Catadioptri

V-e'
-
9]
@}
o
i
D
P
ot
r
5

illuminates sample 408 with the broadband light

that is reflected or scattered from the =zample is collected

o
9]
N

J
<
9]
—
e
i
i
N
®
o
-
(oD
[0
{1
s
)
h
O
@]
jan
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=

—

illumination module 420 comprises, for example, a laser-
pumped plasma Light source or an arc lamp. Broad-band

illumination module 420 may alsce include an autoe-focus

system to provide a signal to control the height of sample
408 relative to catadioptric cbijective 412,

43
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[0088] One or more of the circuits and methods described

or read oubt sensor 409,

reference herein.

[00BS] Figure %A illustrates exemplary waveforms in
image capture and image data transfer operations using
technigques similar to those depicted in Figs.
Fach waveform represents the voltage of a signal (such as a
clock or output signal) as a function of time. The
vertical axis represents voltage in arbitrary units and the
horizontal axis represents Time. The vertical scales of
the different signals are not necessarily equal. The

vertical offsets in the figure befween tThe different

veltage is more positive or more negative than another.
Waveforms 901, 902 and 803 represent the voltages of a
three phase vertical clock as a function of time. Each
clock waveform is substantially 120° shifted in phase with
respect to the other clock waveforms. These vertical
clocks can perform the function of CLK1 in Fig. 1 that
causes the charge stored in one row of pixels to be
transferred to the next row, and the last row to be

transferred to the pixel buffer 120-1 in Fig. 1. Note that

and other clock signals for driving CCD image Sensors can

be found in U.S. Patents 7,952,023 and 7,607,302 cited

above. Although the clock waveforms are deplicted as sine
waves, obther waveforms such as trapezoidal or square waves

]
QL
1
=
N
<
o
h
O
-

may be us: rm 904 represents the voltage of the

63}

aVe
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clrcult, then the reset level will be subtracted from the
output signal before digitization. If the reset signal
level and the ocutput signal are digitized separately, tThen
the subtraction can be performed by a processcor as
explained above.

(00821 Figure 9B illiustrates exemplary waveforms in
image capture and image data transfer operations using

techniques similar to
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f
voeltages of a three phase vertical clock as a function of
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ical clocks can perform the functioc
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of CLKLI in Fig. 4 that causes the charge stored in one row
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stored in the last row to be transferred to the pixe

o
jw
W
(D
e
I_\
N
<
i
P
3
=]
P
}._A
-
=y
®
@]
O
3
@]
.
N
O]
o]
ot
@]
oy
[63]
I~
Q
D
~+
=
W
-}
D
e
s
e}
O
=

one row of pixels To the next, and from the last row of
pixels to pixel buffer 120-1 is depicted in Fig. 4(A). As
noted abkove, the vertical clock could be a two-phase,
three~phase or four-phase clock; other waveforms such as
trapezoidal or square waves may be used. Waveform 904R
represents the voltage of the line clock as a function of

fime. This line clock can perform the function of CLKZ in
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slgnal samples per pixel before digitlization. If the reset
o3 g 2y T eavral = I R N TE L I I B PR
signal level and both ocutput signal levels are

separately, then the subtraction can be performed by a

operations performed for each pixe

[

example in 165{(168) in Figs. 4(D) and 4 (F)
0

F01L00] The examples of Figs. 4 and 9B illustrate the

simple multi-sampling case in which for each pixel a single
sample and digitization are performed for the reset signal
level, and two samples and digitizations are perfcrmed for
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more than one sample and digitization for the resel slignal
b N ) - 4o - o oy vy ] " P 3 UL S SIS iU T Y
level, and two or meore samples and digitization for the

outeput signal levels,
[0101] Figure 10 illustrates an exemplary electron-

fE.

bombarded image sensor system 70 n this embodiment, the

whole assembly can be contained in a sealed tube 7

v

sensitive electron-bombarded image sensors, this window
preferably comprises a very pure grade of guartz, fused
silica or alumina (sapphire). In some preferred

embodiments, the outside surface of the window is coated
with a UV anti-reflection coating. Such a coating might
comprise a single laver of a low index material such as MglFa,
or might comprise a multi-layer coating.

[0102] Coated on the inside surface of the window, or

)
js3)
ot

e
placed immediately adjacent to tl inside surface, is

Y
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photocathode

substantially similar to any photocathode material known in

photocathode may compri one or more alkalil metals such as
cesium, and/or may comprise a semiconductor such GaN, Gals,

or silicon. Photocathode 704 can be held at a negative

LR 1 o £ B R, -
cositioned near The pottom surface of sealed tube

5. In some embodimer
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approximately 500 V; in other emboediments, 1t may be a few
ndred volts or approximately 1000 V., In preferred
embodiments, negative voltage 703 1s between 100 V and 1500
V.
[0103] Solid-state image sensor 702 can be a thinned CCD
or CMOS image sensor criented so that the electrons impinge
first on its kack-side surface. The pback-side of solid-
state image sensor 702 includes a laver of boron deposited
aver of the image array as
described in references cited herein. n some embodiments
a thin (few nm) laver of a conductive material, such as a
refractory metal, 1s deposited on the boron laver to

prevent charge-up of the sensor surface. A refractory

...... P

etal such as titanium, tungsten, tantalum, rhodium,

e
v

ruthenium, vanadium or chromium, has advantages compared

with non-refractory metals because refractory metals’

electrong, and they are relatively resistant to oxidation

at room temperature. In scome embodiments, solid-state

id-state image sensor 70Z comprises a

n other

o}
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emerge from the photocathode. A gap of 1-2 mm or more i

necessary because of the large potential difference
o)

rhotocathode and the image sensor allows a smaller gap to
<o L S N L T A N I .
be used. Furthermore, the lower energy of the electrons

within the solid-state image sensor,
[C107] The low energy of the electrons arriving at
solid-state image sensor 702 means tThat tThe probabili of

lid-state image

[
QO
D
t
r-jJ
®

alectrons arriving at solid state image sensor 702 is not

=

enough to generate X-rays from the silicon, thereby
avolding the generation of spuricus signal in nearby pixels

of image sensor 702

’ﬂ
,‘-
jon
[a3)
&)
i

[0108] Collisicns of low energy electrons with

generate fewer lons as compared with high energy e

Furthermore, due to the low potential difference ketween

ions will have less kinetic energy when tThey strike the
photocathode and will ablate less photocathode material.
(01089} Additional details of electron-bombarded image

sensors that can be incorporated into the electron-

JE
'

bombarded image sensor system 701
ication 13/710,3215, entitled “ELECTRON-BOMBARDED
CHARGE-COUPLED DEVICE AND INSPECTION SYSTEMS USING EBCCD
DETECTORS”, filed by Chuang et al. on December 10, 2012,
and incorporated by reference herein. A photocathode

structure suitable for use in electron-bombarded image

n

ensor system 701 is descriked in U.S. Patent Application



WO 2017/031013

T
H
S

h
!
L

OCATHOD

-’
H
L

NC

9)e!

\]

"

=

FElectron—-b se

ombarded image

for use the circuits

the circuits

ax

[O0111] XEmp

accordance one embodiment of the

the

voltage

5 1202 and

5 A
17t
[P

O

ensor cutput nods,

transt

@]

d icular to

1

area

=
[@

wotion

PCT/US2016/046938

lala)

Iy LICO

N
be

I
~

rovisional

al.

= on

oy
L

s«

£y

low levels.

light

lary waveforms

.
H
[

")

present inve

fers the charx

ey

i

o~
S

al axis
zontal

~
£

n

ignal

G

horizonta

L signal

the



P

L 10.C

more

1TV
or

T

le

el

C

PCT/US2016/046938

introd

simply
nolise

the

of

se

au:

—~
L

S

B
A

fan

ime pericd.
mancs

o

.

EvS
AL

ixel

A=Y

]

o
erfo

-
a
[t

b
D

<

n
vy
Ve

Lea

rith
sensor

i

WO 2017/031013

which

and
the

-

1

node.

-y
4

naoc

nine

si

i
LS
il

i

C

sen
be

y17
[GIUAN

he

IS

1

=

pixe

Py
S

|2

cac

At}

It
i

fro

arge

+ Ty -
1L

o~
S

nal

ig

o
e}

o

JEN -
[ ]
2

L

O
signal

oo
<

P

VT

o
J

al

srizonte
wavef

I

[a)
1L

f

O

3

&

o

56

pha

1te

}
o

43

5

eadout

4~
1

o
e}

11
iue

~

“d

12
¥

~

+

L

om

L

waveform

level 1212.

+he
ne

=

o

ignal

.

S
a

P



WO 2017/031013 PCT/US2016/046938

clocks 1202 and 1203 transfers the charge from each pixel.
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14, 1215, 1216 represent the ocutput signal

which 1s proportional to the charge in the correspondlng
pixel. The amount of charge in each pixel can be
reconstructed from the difference between the ocutput signal

Thus, the charge in the first pixel can be reconstructed

charge in the second pixel can be reconstructed from the

1
Under this readout scheme, each pixel signal except for the

first pixel after reset will thus be free of the

5
1
L

interference introduced by the reset pulse, and will have

.

more time to settle for efficient, low noise readout

[0114] This readout mode is enabled by the physical
properties of a typical image sensor output node (such as
sensor output node 145 shown in Fig. 1), which features a
small fleoating diffusion capacitance that holds the charge

the horizontal clocks. In Typical

ot

transferred onto 1t by i

o

3

ing conditions, physical effects such as leakage of

(_..

operat

L\

charge carriers from the sensor substrate that can

ischarge the floating diffusion when charge is held onto

Q.

it for long times (such as milliseconds or longer), are
typically occurring with time constants that are much

longer than the time needed to read out seaveral pixel
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output structure to fully complete the re
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e Interva 0 g typically allowed for the sensor

read cut the next line.
FO1171 In the embodiment of the present Invenltion
iliustrated in Figu 12, the reset pulse 130> is applied
to the sensor output sensing node during time interval 130
after the data from a line of pixels has been fully read
out, and before the data from The next line of pixels are
transferred to the horizontal serial reglster. The sensor
output voltage 1310 will exhibit the typical glitch 1311
due to the reset pulse, which will cause instabiliity to the
signal and introduce ncise. However, by anticipating the
reset pulse well in advance of the falling edge 1302 of
line clock 1301, which will transfer the data from the next
line of pixels, the output voltage will have a relatively
long time to settle to a stable level 1312, before the
pixel data are clocked out. In typical operating conditions
the reset clock 1305 may be anticipated by a few ns to a
few tens of ns before the transfer ¢f charge from a line of
pixels con the falling edge 1302 of line clock 130C1.
Subsequently, at each cycle of horizontal clocks 1306 anc

by

R I
.
1307

i/, the signal charges from the pixels in the line are
transferred to and accumulated on the floating diffusion
capacitance at the sensor output sensing node. The signal
in each pixel can be reconstructed by the difference
between the voltage level corresponding to that pixel and
the reference voltage level 1312, which as explained zbove
will be fully settled after reset and thus more Immune to
interference from the reselt operation. In the illustration
in Figure 12, the signal in the first pixel may be
reconstructed from the difference between voltage level

60
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the readout electronics. After the pixel data for a number
of desired lines has been transferred to the horizontal
serial register and clocked to the cutput sensing node

floating diffusion after the initial reset pulse 1430

C
-
jo%)

second resel pulse 1431 may be applied fto the outpu

o - H I - S T AT o £ oy e, 41 N o A e
DGTEE»JJ]Q node and the transfer of data from another set of

rizontal clock 140¢ in Figure 13 are illustrated
as square waves, In practice, the fast rising and falling
edges of sguare clocks may cause glitches {(not shown) in
the image sensor output signal, in

the signal and possibly affecting nolse performance

According to other embodiments of the present invention

the horizontal clocks may be driven by substantially

J

sinusoidal voltages, as mentioned above in the description
of Figures 2A and 9B. This minimizes the horizontal clocks
ground return currents, and prevents gl
s improving the image sensor noise
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sinusoidal clock voltages will have a phase delay of 180°.
This phase value is the optimal phase difference between

the two clock signals. In accordance with embodiments of

relative phases that differ by a few degrees from the above

electronics and the image sensor, such that the clock

signals arrive at the active circuits ¢f the image sensor



PCT/US2016/046938

ment

2

0d

B

methodolo

m

P

yasible

-
-

Figure 14

WO 2017/031013

[0124]
present

& 1 O
I @] 0 w “ o 0 42
9] 18] 4+ )] @ ) 42 M 8 @ 98]
I R e B c o O wm D W - Q T M ~
M0 NN W WM D I & & T [ TR R [ TR O B i+ ™M O
@ 4 U QW == 4l © QA (O R e e T — X
- i o o g G [ONEE = O E o T 6 B o O B o N o O T o B O N ¢ Wy e
(o) ~ v 0 P - 42 O o G (S — o (OIS [oF
IS L o R o o @ e T © = O o i e e 0]
(0 I s T ) N0 S WY © PR o ¢Coon oy ¢ L w o Eo TN N B SR B« B A o B ¢ - G
B [ @] 8] S0 - 4 8 S (@] - i} o O] © (G [QV @
(O R & >0 0] b4 - VIR I R o o T —i o 1] [ - R R
I N & TN O B = w3 0 U iy wooom O o T ] - W 0
a O — T M o — M It “ @ g 0] 43 = o 0]
a O, T N = B T O B o B S ORS O e D <
o [T woo o A O o woon o >N g = g0 g % T ~ 4
W) Q oo @ 0} =3 4 I [T I S A e B O, - ~ 0] [ ] O v
-~ . ¢ v -4 4 — g W [T (B B B N Y, @ =4 = M
o 4+ -] o B . @ O @ ~ O a O 64 @] o} o3 Q = 1 [E9] @]
i o] S0 — U N g > w o o (ORI & [OR o) I o B B
o N B = R o B B = EE R B BT S B o A E S SRR ) B S T T = A e
Te] O 0 O C G S = A It 0] 0 @ o} @) B =4 o] — - “« O
R, oo o4 0 . (GRS - B T I ) I o R
= Q O O [0 e o] @ woo—= o~ e+ & i © 0 © Y I o = W0
- B o |G O J > (O @ (O O O ~ [ R o QO O (ORI To B
0 S B 3 Q4w O T O L L s = B R U o~ 0
= B by ] 18} ] 0] o 4 D el @ @] 3 3 [ @ 5 U iel
o @ £ o T8 o400 Y = 4o oy B >y Oy W A o Q@ o g
o oW (S I (s B = (RN ORNETS B © e ¢ = © L0 o~ o
[ & © [ONEETS| 0] e R 43 )] Q@ 0] = Oy O] 4 4 S8 4 4 e Oy O]
! S o83 e 192} (S . S =T e I o g S ] == o b -~
(2 T TR (R () B o @ © s Uy R T T S & SR Vs B O 4 3 Q@ W
U ORI Q 5 -4 U e C 0] 0 0] & Q [T B> o O o e
@ @ W © 4 g o ¢ on oA @ R . I w0 10
o > @ a o v [} [ B by o B (O 0] 0] O =R 5 [
Y [ I O o) [« (OB “ - o} 1o T T — ¢ 2 o Y o T 0 o
[( T T == A B O N & N O S o S & N O B © PR e T3 0, ®© - O o v o oun 9o -
o O n o 0 = e i3 0] o o4 Q o PO = I o 4 [T
[ @ @] @] a o] ) [} 18] @ 0O o o QL B (OS] g [ORES] v
™ g O w U o= e U S X o ™ o oH+H 2 0 > oW o~ W 0O
i 1] )] ] oW o0 &4 o o} = e >N G I 0] [ R © ] > e
Qs b o Q 13 © [ O O o= — 0] z © = Q
O I R e - &4 b4 ~ 0 e O O o« g [@2 I~ 3 W) -
- O @ o, o o>y U Y QO I ® B 2 O N (IR O I [O TN (s BN
o, > ol 3 (O W e @ O +J o} o L T O 5o} 9} -
u] Q = ¢ L S ] e ] 9] e © O = - EE [V TS S0
[ORE o o KO T T | T 0 o wn QO [ @ @] @ © e
oo O A O 0] o R N O B N e S S e g > @
IR = [T o6 TN I S a2 L - 4 SR S 2o a G I o O ~
[O2BRT] n g oun @] @) o (2 T = & — 0] + w0 4 9] [@J IR e QU @] & 0
[ BT B R e O R o R G . = S O B O T & OIS © [ ST R o N 6 S 4 a © v
a 19} & oo o e > 0 e 0} = 0 2 - @ e}
- + [(AR ) LR O [0} (O f®] +J O R o ~ w4 AN
= - = n ] o [ R’ o 9] = [£8] [ORE ] @] O 42 o 4 [ 0] wooo-H —
- o B G N () & [ B G I HE O B G B () B o R B o EE S R (s B 8 o= g -~ ¢ U 9 ®© -
93] N, T Sy fol O] [ 4 = o] ] d = o — oo [oF — 4 @] @ 4 <t
IS 18] G, & [ I O, @ (o)) ih] (o1 o I O TRt (@I [ 9] [GTE S I
Q) 3 QG Q O] Q@ 0] O @] O] 3] [42] o -H [ — =] e [ 3 jm} 0] = © — [Ee]
=T © S R SR W o A = S U R O VIR B /2 TN ¢« B S S 7, DYt NS SO T & TR © TN > R ¢S BN © TR () B

embodimer



WO 2017/031013 PCT/US2016/046938

of pixels or lines of pixels, as large as practically
allowed by the sensor full well or by the dynamic range of

ronics, may be used between reset
operations with the methodologies described herein. In
practical applications for very high speed sensors, each
sensor output tap may typically have between about 2 to
akbout 16 pixels.

[0125] In cne embodiment of the present inventicn, the

signal read out for each pixel will be equal to the amount

[

of charge that has been accumulated on the sensor floating

diffusion between fThe reset operation and the time at which

of charge collected by the same pixel, plus the charge

accunulated on the flecating diffusion during the previous

pixel other than the very small charges that result from

nolise fluctuations. The signal for each pixel 1s determined
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Pl¥el 1LTsell, and ne rererence voitade ilevel 1oVo as

measured on the output waveform after the reset operation

The signal for the first pixel will thus be egqual to the
difference between voltage level 1510 and the reference

reference voltage 1503, and correspond to the charges

collected in the second pixel plus the charge collected in

60
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1 the signal for the third pixel will be

e
equal to the difference between voltage 1512 and the

et

reference volitage 1503, and correspond to the char
collected in the third pixel plus the charges collected in

the first and in the second pixels; and so on for all the

(0126} The methodology illustrated by plot 1520 may be
f

those originating for example from small background levels,

a.¢g. the haze due to incoherent light sce

rough surface of a bare wafer being inspected. When most of
the pixels contain small, gquasi-constant signals, the
nolseless integration of charge performed pixel by pixel at
Che sensor floating diffusicn enables a more efficient

detection of the background signals above the sen

®

keep accumulating and are more likely to be detectable than
within a single pixel reading. At the same time, 1if a
gignal larger than background is present within the group

2

of pixels being read out in between resets, for example

B s

originating from particle
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gignal, e.g. from a particlie on the wafer being inspected.
h}'l .t_.

The presence of the background signals 1s enhanced by their

being integrated
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2as1ly detectable above the senscor noise floor. The

particle signal can still be resolved by the signal

(0127} In another embodiment ¢f the present invention,
the signal read out from each pixel is determined by

applying a modified Correlated Double Sampling

_J
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T
n

n
pa
[
f—i
jan
16}
t
=
w
ct

ftechnigue. This methodology is d
which applies the methodology to the exemplary output

a)

signal waveform 1501. 1531 is the reference voltage which

corresponds to zero signals, 1.e. no charge is present in &
pixel other than the very small charges that result from

noise fluctuaticons. The sign
=]

the volitage level 1510 measured at tThe readout time of the

eference voltage level 1503 measured

h
i
-

3
62}
T
o

e

Qo
o
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the other pixels after the first one,

voltage level measured on the ocutput signal waveform at the
pixel readout time, and the voltage level measured for the

previcous pixel. The sign

level 1511 and voltage level 1510; the signal Iin the third
pixel will be determined by the difference between voltage

— hy

remaining pixels keing read out after reset, and until

ancther reset 1s applied. In the example of output signal
.. o o7 e 4y PR T A S WA 3o T 5 g on 1y [ -
waveform 1501 and plot 1530, the signal 1532 from a
f
T g . Jjatortad LT + A Y P ~ 1 1.
particle being detected on the fourth pixel is clearliy
raegolved above the smaller background signals in all the

particularly suited for low noise imaging of wafers with
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~
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large pixel to pixel variations or rned wafers: the
1 are resolved individuall

e
while retaining the benefits of Correlated Double Sampling

pixel samples is kepht as short as a single pixel readout
time.

01281 Figure 15 illustrates anocther embodiment of the
present invention, in which the methodclogy described

ierein is used for the detection of signals from particles

e
]

or other defects that are located between two image sensor
pixels instead than on a single pixel. The vertical axis

represents voltage in arbitrary units and the horizontal

and the vertical offsets between them are simply for

clarity and do not imply that one voltage 1s more positive
or more negative than the other. Similarly to the
description of Filgure 14 above, 1601 is an exemplary sensor

output signal voltage waveform; after a reset clock at a

y the glitch 1602, the waveform settles
zvel 1603, and ten pixels are
subsequently read out. 1620 plots the pixel signals as

measured from the accumulation of the charge signals for

consecutive pixels, where each pixel is assigned the sum of

all the previcus pixels. 1630 plots the pixel signals as

1 r
which the signal for sach pixel is determined from the
difference between The voltage sampled at the time of
ixel itself, and the voltage sampled for

X
the previcus pixels {(or, in the case of the first pixzel,
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“he difference between the voltage 1610 sampled for

first pixel and the reference voltage 1603 sampled

after reset). 1621 and 1631 are the reference volitages for

plots 1620 and 1630, respectively, which correspond to zero

signals, i.e. no charge 1is

the

[0130] While most pixe

from

eXain
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accu

signals 1632 ar
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present in a pixel ofther than
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s contaln small signals coming
umination or noise fluctuations,

signal from a single particle or defect situated

etween two pixels (the fourth and the fifth pixel in this

ple) will appear as voltage variations larger than

background that are sampled con both pixels, as voltages
1

nstructed as signals 1622 and 1623 in the charge

mulation methodology illustrated by plot 1620, or as
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1] Figure 16 illustrates another embodiment of the
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in which the methodology described

in is used for the detection and measurement of small

arable with the readout noise level of an ilmage senscor.
vertical axis represents voltage in arbitrary units and
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is lower than the readout noise level. In a wafer
L - 2 . 7 FUNL TR ~ ot o e . N P ST e ey 1 N
inspection system, this can occur when a uniform, low

for example to the haze generated by inccherent light
scattering from the wafer surface roughness. In embodiments

of the present invention, it i1s important fto detect the

e
presence of the background and measure ifts amplitude. In
the example of Figure 16, 1t 1s evident from plot 1730 that
Correlated Double Sampling is not adequate to do so, as the
prixel signals thus reconstructed will not be detectable

-

above the noise floor 1732 of the readout electronics.

been read out. Further, the charge accumulation methodology
aliows the measurement of the average intensity of the

background signal, by sampling tThe total charge sum 1723

dividing this wvalue by the number of said pixels.

[0133] Figure 17 illustrates one embodiment of an

imaging apparatus implementing features and methodologies
described in the present invention. The apparatus includes
an Image Sensor 1810, whose output signa

digitized by Analog-teo-Digital Converters (ADCs) 1811. The

digital image data at the ouftput of the ADCs may be further

processed by Digital Signal Processors (DSPs) 1812, A
Digital Control section 1801 organizes the timing of the

A 3 = m T N ey PR - { TS ~ 2 - 1 Fa o NENE TS
controlling a Timing Generator (TG) section 1802 that
generaltes said signals or clocks. Clock sections may

comprise line contro
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1804, and reset clocks 1805. Clock sections 1803, 1804 and
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1805 may incliude circuits to buffer and amplify the digital
signals received from the Timing Generator 1802, so as to
ive Image Sensor 1810 using optimized voltages for the
clock signals. Clock secticons 1803, 1804 and 1885 may also
include circuitries and methods to modulate the clock
signals into waveforms of arbiftrary shape and time
relations between each other, so as to drive Image Sensor
1810 using optimized timing for the clock signals. Digital
Contreol section 1801 also generates signals needed to
control ADCs 1811 and DSPs 1812, determines the time

signals and the cl

Image Sensor 1810, and synchronizes the
as to acgquire the digital image data rea
and/or the digital image data processed

(01341 Digital Signal Processors {(DSP
receives digital image data from ADCs se
performs a plurality of cperations on it
limited to: comparing sald digital ge
predetermined threshold, and enabling or

flag depending on of th

determining the amplitude of background

o

o~
L)

d out by the ADCs
by the D3SPs.

s} section 1812
ction 1811 and

, Such as but not
data against a
disabling a date

e comparison;

signals by quickly

evaluating the sum of the signals accumulated for a
plurality of pixels or a plurality of lines of pixels read
out by the same output sensing node, using a methodology
gsimilar to the one illustrated in Figure 16 above;
determining the presence of signals of interest above
background, such as signals coming from particles or
defects on a wafer being inspected, and counting the number
of these occurrences within a plurality of pixels or =z
plurality of lines of pixels, or within the entire image
captured by the image sensor, using methodologies similar

14 and 1-

generating

5 above;
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and controlling feedback signals Lo Digital Control section

1801 that provide the possibility to dynamically change and

adapt the timing contrcel of Image Sensor 1810 and its

readout, comprising ADCs 1811 and DSPs 1812, depending on

2

the results of one or more of the functions and evaluations

occurrence of signals of interest is expected

driving Image Sensor 1810 so as to read ouft a larger number

vixels in between resets, In a manner similar to the one

pbed in the
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present invention. In ancther example, and also depending
on the amplitude or other features of the signals being

detected, DSPs 1812 may instruct Digital Control section

1801 to modify the timing of the imaging apparatus so as to
read a plurality of lines of pixels in between resets, in

Storage and Control. Section 1820 receives and stores
s from DSPs 1812 and/or
Digital Control section 1801, such as but not limited to

signals that identify the nature and format of tl

iy
(T
oF
o3}
—_
o
-
C
s

gsignals that determine if the data is valid or not and is
therefore to be permanently stored or not. Section 1820 may

also implement software that provides user interfaces to

74
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control the operation of the imaging apparatus, and manages
other functions such as retrieval and processing of image

[0137] Implementations of the imaging apparatus
7 may take varying forms. In preferred
embodiments, the Digital Control and Timing Generator

functions are performed within a Field Programmable Gate

2
-

Array (FPGA) device, while the ADCs and the DSPs may be

implemented by one or more

Specific Integrated
Circuits (ASICs).
[0138] Figure 18 illustrates another embodiment of the

present invention.
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imaging apparatus similar to the one described in Figure 17
bove, comprising an image sensor, its driving signals, and

Digital Signal Processors (DSPs) that evaluate the pixel

is a c¢lock signal that controls the ftransfer of pixel data

to the senscor output structure, in a manner similar to the

line clock described in Figures 12 and 13 above. 1910 ig an

exemplary output signal voltage waveform of the image
sensor. 1920 plots the pixel signals as measured from
output sig according to the charge accumulation

0
methodology introduced in Figure 14. The wvertica

represents voltage in a

1801, of output signal 1910 and of plot 1820 are not

13802 charge signa
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the sensor horizontal serial register; during this time,

the floating diffusion at the output sensing node is reset,

causing glitch 1911 in output signal 1910, which then
put] ) ] 4

settles at voltage level 1912, During time intervals 1903,
pixel data 1s transferred to the sensor horizontal serial
register, and charge signals read out from consecutive

ine

pizels in a
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heorizontal clocks not being shown in
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[0140] The accunulated pixel signals, reconstructed from

the difference between the voltage sampled for each pixel
and The reference voltage level 1812, are illustrated in

plot 1920. In embodiments of the present invention, the
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F0144] Figure 19 illustrates key features of an

,..4

exemplary image sensor comprising mul

accordance with an embodiment of the invention described

herein. Image sensor 2000 comprises an array of pixels 2001.
The 4x4 pixel array illustrated in Figure 192 1z for

imaging area and/or The pixel size. The two dimensions of

the image sensor need not be equal. Individual pixels 2001

raectangular or hexagonal. Each
output 2002, and multiple signals or electrical connections
such as gates, control signals, power supplies and ground.

For practical reasons, most or zill of these signals {ex
The pixel output signals) may be connected together between
neighboring pixels and may be driven from the edges of the

image sensor, where an electrical connection i1s more easily

made than if the signals were to be connected to each pixel

individually., Figure 19 shows only two such signals 2003
and 2004 as an 1llustration, but in a practical device

there may be more than two signa

[0145] In one embodiment of the present invention, each

pixel 2001 features a flcoating diffusion capacitance as its
output sensing node; the pixel driving signals, that may be

shared between neighboring pixels, comprise at least a

loating

diffusion. The charge accumulation methodology introduced

sensor 2000, with a
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timing diagram very similar to the one i1llustrated in
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Figure 11: a reset clock 1s appli
time intervals that encempass mu
pixel ocutput signal, while the
pixel 1is transferred tTo the pixe
before each sample. Using this
for an arbitrary number of trans

ccumu

J.
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te each only at

3
}
- o

pixe

ed eac y at
ltiple samplings of the
charge collected by said

1 output sensing node

methodology, charge signals

signal waveform which is immune from the interference
introduced by the reset clock, and thus enabling low noise

read ocut at high sample speed.

[0146] Similarly, other embodiments of the present
invention using image sensor 2000 may implement
methodologies such as those described in Figures 12, 14, 15,
16 and 18, where repeated samples of the outpul signal of
individual pixels may be performed between resets,

F0147] The wvariocus embodiments of the structures and
methods of this invention that are described above are
illustrative only of the principles of fthis invention and
are not intended to limit the scope of the invention to the
rarticular embodiments descrikbed. For example, an

arbitrary number of pixels or pixel sanples may be read out
after each reset operation in manners similar to the ones
depicted in Figures 11, 12, 13, 14, 15, 16, and 18, or an
arbitrary number of pixels read out by the same output
sensing node, or lines of pixels, may be read out between
resets in a manner similar to the one depicted in Figure 13.
Thus, the invention is limited only by the following claims
and their equivalents.
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Claims

1. A method of inspecting a sample using an image sensor and an analog-to-digital
converter (ADC), the image sensor including multiple pixels disposed in at least one
column and an output sensing node, the ADC being configured to convert analog output
signals on said output sensing node into corresponding digital image data values, the
method comprising: driving the image sensor such that a plurality of analog image data
values are generated in the multiple pixels, each said analog image data value
corresponding to a radiation portion directed onto said multiple pixels from a
corresponding region of the sample, said driving including systematically transferring
said analog image data values along said at least one column from said multiple pixels to
said output sensing node while translating said sample relative to said image sensor such
that each said analog image data value is shifted from a first said pixel to a second said
pixel in said at least one column in coordination with said corresponding region of the
sample, whereby said each analog image data value is influenced by said corresponding
radiation portion from said corresponding region during a first time period when said
each analog image data value is in said first pixel, and said each analog image data value
is influenced by said corresponding radiation portion during a second time period when
said each analog image data value is in said second pixel, and wherein said systematically
transferring is performed such that said output sensing node stores charge values
determined by said systematically transferred analog image data values and generates said
analog output signals in accordance with said stored charge values, wherein driving the
image sensor further includes periodically resetting the output sensing node to an initial
charge value according to a reset clock signal; and controlling the ADC to sequentially
convert one or more of said analog output signals generated on said output sensing node
into two or more said corresponding digital data values during each cycle of said reset
clock signal.

2. The method of claim 1, wherein driving the image sensor further comprises
transferring two or more analog image data values to said output sensing node during
each cycle of said reset clock signal such that a charge value stored on said output sensing
node includes a sum of said two or more of said analog image data values.

3. The method of claim 2, wherein driving the image sensor further comprises
sequentially transferring said two or more analog image data values to said output sensing
node such that said output sensing node stores a first said analog image data value during
a first time period, and said output sensing node stores a sum of said first analog image
data value and a second said analog data image value during a second time period, and
wherein controlling the ADC further comprises generating a first corresponding digital
output data value during said first time period, and generating a second corresponding
digital output value during said second time period.
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4. The method of claim 3, further comprising determining at least one digital image data
value by determining a difference between said first and second digital output values.

5. The method of claim 2, wherein driving the image sensor further comprises driving a
shift register using a shift register clock signal such that one of said analog image data
values is serially transferred from said shift register to said output sensing node during
each cycle of said shift register clock signal, and wherein periodically resetting the output
sensing node to said initial value comprises resetting said output sensing node every two
or more cycles of said shift register clock signal.

6. The method of claim 2, wherein driving the image sensor further comprises
simultaneously transferring said two or more analog image data values to said output
sensing node such that said output sensing node stores a sum of said two or more analog
image data values during a first time period, and wherein controlling the ADC further
comprises generating a first corresponding digital output data value during a first portion
of said first time period, and generating a second corresponding digital output value
during a second portion of said first time period.

7. The method of claim 6, determining at least one digital image data value by
determining an average of said first and second digital output values.

8. A method of inspecting a sample, the method comprising: directing and focusing
radiation onto the sample; receiving radiation from the sample and directing received
radiation to an image sensor, the image sensor comprising at least a first pixel, a second
pixel and an output sensing node; driving the image sensor such that analog image data
values captured by the first and second pixels are sequentially transferred to the output
sensing node in accordance with at least one first clock signal, said analog image data
values being captured while translating said sample relative to said image sensor such that
each said analog image data value is shifted from the first pixel to the second said pixel in
coordination with a corresponding region of the sample, whereby said each analog image
data value is influenced by said corresponding radiation portion from said corresponding
region during a first time period when said each analog image data value is in said first
pixel, and said each analog image data value is influenced by said corresponding radiation
portion during a second time period when said each analog image data value is in said
second pixel, and wherein said driving is performed such that the output sensing node is
periodically reset in accordance with a reset clock signal, whereby a charge stored on the
output sensing node incrementally increases with each sequentially transferred analog
image data value; and generating digital image data values associated with the sample by
controlling a converter to digitize an output signal generated by an associated said
incrementally increasing charge stored on the output sensing node in accordance with a
second clock signal such that at least two digital image data values are generated between
each periodic reset of the output sensing node.
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9. The method of claim 8, wherein driving the image sensor further comprises
transferring two or more analog image data values to said output sensing node during
each cycle of said reset clock signal such that said two or more of said analog image data
values are stored simultaneously on said output sensing node.

10. The method of claim 9, wherein driving the image sensor further comprises
sequentially transferring first and second analog image data values to said output sensing
node such that said output sensing node stores a first charge value generated by said first
analog image data value during a first time period, and said output sensing node stores a
second charge value equal to a sum of said first analog image data value and said second
analog data image value during a second time period, and wherein generating said digital
image data values comprises generating a first digital output value during said first time
period by digitizing a first output signal generated in accordance with said first charge
value, and generating a second digital output value during said second time period by
digitizing a second output signal generated in accordance with said second charge value.

11. The method of claim 10, further comprising determining at least one digital image
data value by determining a difference between said first and second digital output
values.

12. The method of claim 9, wherein driving the image sensor further comprises
simultaneously transferring said two or more analog image data values to said output
sensing node such that said output sensing node stores a corresponding charge value
generated by a sum of said two or more analog image data values during a first time
period, and wherein generating said digital image data values comprises generating a first
corresponding digital output value by digitizing said corresponding charge value during a
first portion of said first time period, and generating a second corresponding digital output
value by digitizing said corresponding charge value during a second portion of said first
time period.

13. The method of claim 12, determining at least one digital image data value by
determining an average of said first and second digital output values.

14. The method of claim 8, wherein directing and focusing said radiation comprises
generating at least one of electromagnetic radiation and charged particles, and wherein
receiving said radiation comprises directing at least one of scattered radiation and
reflected radiation received from the sample to the image sensor.

15. The method of claim 8, wherein the image sensor comprises a plurality of pixels
disposed in a line, and wherein driving the image sensor comprises transferring a plurality
of analog image data values respectively captured by the plurality of pixels to the output

83



sensing node such that a total output signal generated by a sum of said plurality of analog
image data values is stored on said output sensing node when said converter is controlled
to digitize said output signal, whereby an associated digital image data value is generated
corresponding to said total output signal.

16. The method of claim 15, further comprising: comparing said associated digital image
data value with a predetermined threshold value; and transmitting said associated digital
image data value to one of a processor and a data storage device only when said
associated digital image data value exceeds said threshold value.

17. A system for inspecting a sample, the system comprising: an illumination source; an
imaging device comprising an image sensor including a plurality of pixels disposed in at
least one column and at least one output sensing node; optics configured to direct light
from the illumination source to the sample, and to direct light from the sample to the
imaging apparatus; at least one Analog-to-Digital Converter (ADC) configured to
generate digital image data values by digitizing corresponding output signals generated
on said at least one output sensing node; at least one Digital Signal Processor (DSP)
configured to receive and evaluate said digital image data values; a stage configured to
facilitate translation of the sample relative to the optics; and a digital control device
configured to generate clock, reset and control signals utilized to drive the image sensor,
the ADC and the DSP in coordination with translation of said sample by said stage such
that: a plurality of analog image data values are generated in the multiple pixels, each said
analog image data value corresponding to a radiation portion directed from a
corresponding region of the sample, wherein each said analog image data value is shifted
from a first said pixel to a second said pixel in said at least one column in coordination
with translation of said corresponding region of the sample, whereby said each analog
image data value is influenced by said corresponding radiation portion from said
corresponding region during a first time period when said each analog image data value is
in said first pixel, and said each analog image data value is influenced by said
corresponding radiation portion during a second time period when said each analog image
data value is in said second pixel; said analog image data values are systematically
transferred from said multiple pixels to said output sensing node in accordance with at
least one first clock signal; said output sensing node stores charge values determined by
said systematically transferred analog image data values and generates said analog output
signals in accordance with said stored charge values; said output sensing node is
periodically reset to an initial value according to a reset clock signal; and the ADC
generates at least two digital image data values between each periodic reset of the output
sensing node.

18. The system of claim 17, wherein the digital control device is configured such that a
number of said digital image data values generated between each periodic reset of the
output sensing node is determined by stored mode control data.
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19. The system of claim 18, wherein said at least one Digital Signal Processor (DSP) is
configured to compare each of said digital image data values against predetermined
condition value, and to generate one or more feedback signals in accordance with at least
one said comparison, and wherein said digital control device is configured such that said
stored mode control data is determined by said one or more feedback signals, whereby
said number of said digital image data values generated between each periodic reset of the
output sensing node is adjustable by way of said comparison between said digital image
data values and said predetermined condition value.

20. A system for inspecting a sample, the system comprising: an illumination source; an
imaging device comprising an image sensor including a plurality of pixels and at least one
output sensing node; optics configured to direct light from the illumination source to the
sample, and to direct light from the sample to the imaging apparatus; at least one Analog-
to-Digital Converter (ADC) configured to generate digital image data values by digitizing
corresponding output signals generated on said at least one output sensing node; at least
one Digital Signal Processor (DSP) configured to receive and evaluate said digital image
data values; a digital control device configured to generate clock, reset and control signals
utilized to drive the image sensor, the ADC and the DSP such that: a plurality of analog
image data values are generated in the multiple pixels, each said analog image data value
corresponding to a radiation portion directed onto said multiple pixels from a
corresponding region of the sample; said analog image data values are systematically
transferred from said multiple pixels to said output sensing node in accordance with at
least one first clock signal; said output sensing node generates said analog output signals
in accordance with one or more of said plurality of analog image data values; said output
sensing node is periodically reset to an initial value according to a reset clock signal; and
the ADC generates at least two digital image data values between each periodic reset of
the output sensing node, wherein the DSP is configured to measure an amplitude of
background signals by evaluating the output signals accumulated at said at least one
output node for a plurality of pixels read out in between reset operations; and wherein the
digital control logic is configured to vary the reset clock signal, based on feedback signals
received from the DSP, to change the number of said digital image data values generated
between each periodic reset of the output sensing node.

21. A system for inspecting a sample, the system comprising: an illumination source; an
imaging device comprising an image sensor including a plurality of pixels and at least one
output sensing node; optics configured to direct light from the illumination source to the
sample, and to direct light from the sample to the imaging apparatus; at least one Analog-
to-Digital Converter (ADC) configured to generate digital image data values by digitizing
corresponding output signals generated on said at least one output sensing node; at least
one Digital Signal Processor (DSP) configured to receive and evaluate said digital image
data values; a digital control device configured to generate clock, reset and control signals
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utilized to drive the image sensor, the ADC and the DSP such that: a plurality of analog
image data values are generated in the multiple pixels, each said analog image data value
corresponding to a radiation portion directed onto said multiple pixels from a
corresponding region of the sample; said analog image data values are systematically
transferred from said multiple pixels to said output sensing node in accordance with at
least one first clock signal; said output sensing node generates said analog output signals
in accordance with one or more of said plurality of analog image data values; said output
sensing node is periodically reset to an initial value according to a reset clock signal; and
the ADC generates at least two digital image data values between each periodic reset of
the output sensing node, wherein the DSP is configured to count the occurrences of
signals of interest above said background signals within a plurality of pixels read out in
between reset operations; and wherein the digital control logic is configured to vary the
reset clock signal, based on said count received from the DSP, to change the number of
said digital image data values generated between each periodic reset of the output sensing
node.
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