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DARK-FIELD INSPECTION USING A LOW-NOISE SENSOR 

RELATED APPLICATIONS 

[0001] 	The present application claims priority to U.S. 

Provisionplication Ser. No. 	62/205,309, 	filed August 

1  4 	_ -, 	20, 

[0002] 	The present atolication is relatec to U.S. 	Patent 

Application 14/2 Ja r  424 	iow U.S.Patent 	9,347,890), 

entitled "A Low-Noise Sensor and.an inspection System. Using 

a Low-Noise Sensor", 	filed 	y Brown et al. 	on May.  8, 	2014, 

U.S. 	Patent Application13/792,16h 	entitle._ "BACK- 

ILLUMINATED SENSOR ed_TH BORON LAYER" 	filed 	Nern et al. 

on March 10, 	2 13 	U.S.Patent Application 13/7 0 	3 	5 

entitled 	TMECTRON-BOMBARE JD CHARGE-COUPLED DEVICE AND 

INSPECTION SYSTEMS USING EBCCD DETECTED S", 	filec by Chuang 

et al. 	on December 10, 	2012, 	U.S. 	Patent Application 

14.096,911, 	entitlec 	METH D AND APPARATUS FOR HIGH SPEED 

ACQUIc T ON .cil MOVING IMAGES USING _ U1jSED 	uLUMINATION" 

filed by Brown et al. on December 4, 	2013 which claims 

priority to U.S. 	Provisional Application 61/735,427, 	files 

by Brown et 	al. 	on December 	10, 	2012, 	U. S. 	Patent 	8, 624, 	. 971 

entitled, 	"ID' SENSOR. MODUI ES WITH ICCAI 	, D DRIVING AND 

SIGNAL PROCESSING CIRCUITRY FOR. HIGH SPEED INSPECI_ON", 

filed by Brown et al. 	on October 7, 	2009, 	U.S. 	̀ublishec 

PatentApplication L/. 	11/0073982, 	„it 	2 "INSPECTION 

SYSTHM I.] INC BACK SIDE ILHUMINAI L 	- NEAR SENSOR", 	A. .A.led by 

Amstrong et ai. 	on May.  25, 	2007, 	U.S. 	Paient 	7,607 	309 B2,  

entitlec "Continuous clocking of I I sensors", 	issued to 

Brown 	on October 27, 	2009, 	U. S. 	Patent 7,952,0 53,  

entitled "A f P, flUS FOR CONTINUOUS CLOCKING 	F IDI SENSORS" 

issued t.o Brown et al. 	on May 31, 	201.1, 	and. U.S. 	Patent 
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8,754 972 B2, 	entitled `j INTEGRATED MU.  'I-CHANNEL ANALOG 

FRONT END AND DIGITIZER FOR HIGH SPEED IMAGING 

APPL CATIONS", 	issued to Brown et al. 	on 	une 17, 	2014. All 

these applicatip 9 anc patents are incorporate 	by 

referenceherein. 

BACKGROUND OF THE DISCLOSURE 

Field of the Disclosure 

[0003] 	The present application relates to image sensors 

suitable 	for sensing radiation at visible, 	ultraviolet 	(Ur' 

deep UV (DUV), vacuum UV (VUV), 	extreme UV 	EUV), X- av  

wavelengths, 	anc for sensing electrons, 	and to methods for 

operating such image sensors. 	The sensors are particularly 

suitablefor use in dark-field inspection systems including 

those used to inspect photomasks, 	reticles, 	and 

semiconcuctor wafers. 

Related Art 

[0004] 	The integrated 	ircuit. industry.  requires 

inspection 	_ 	v', 	increasingly higher sensitivity to 

detect ever small_r defects and particles whose sizes may 

be smaller than 20 nra. 	Those same inspeo 	J 	tools need to 

be capable of 	etecting 	:ge 	efects such as scratches and 

water marks, which may have dimensions ranging from less 

than 1 pm to multiple mm, 	and of measuring _he wafer.  

surface roughness or haze whichmay haWe a peac-to-valley 

amplitude of a 	few nut or less than. 1 n.m.. 

[0005] 	Small parLicles, 	small cefects, 	_ w contrast 

defect, and low-amp]. tuce roug mess scatter light only very 

weakly. 	In order to detect small defects or particles on 

photomasks, 	reticles, 	and. semiconductor wafers, 	low—noise 

	

sensors are requirec. 	Sources of sensor noise include cark 
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current within the sensor, 	reado , 	noise iY 	the sensor, 

noise in the electronics that amplifiesand digitizes the 

sensor o out signal(s), 	anc noise from external 

electronics including drivers and co trollers that gets 

coupled into ,ne 	Ignal 

[0006] 	Typica 	I 	inspection 	-iysLems used. in tlei.e 

semiconductor industry are resigned to insoect a large area 

(such as the entire surface of a 3 Omm or 450mm diameter 

silicon wafer) 	very quickly, 	in some cases in one minute or 

less. 	Thus the time spe- 	collecting the signal 	om  any 

one small area. of the article being inspected, 	such as 	'e 

area corresponding 	single pixel on the sensor, must be 

very' short, 	in many cases much less than ims. 

[0007] 	Increasing the intensity of the light used to 

illuminate the 	- 	_c e being inspected can increase  the 

signal level relative to the noise. 	However high power 

densities from _one illumination are not only expensive to 

generate, but they 	o can degrade the optics of the 

inspection system and may.  damage the i-A• 	,_„ e being 

inspected. 

[0008] 	An import a^ 	limitation of prior artCCD sensors 

and driving circuits can be aporeciated ay studying Figure 

20. 	T1-. 	figure 	illustrates 	L 	ring of 	L 	- 	-I oigna,_ 

readout from 	CCD. 	1110 reoresents the output oltage OE 

the sensor as a function of time. 	110_ represents 	_one  

se.  sor oa put voi,age reset 	♦cloc< voi 	age as a fu 	J 	of 

time. 	The verticalaxis represents voltage in arbi 	:ary 

units and the horizontal axis represents time. 	The 

v rtical scaling 	of t e output voltage 1110 anc 	, e res , 

cloc .< voltage 1101 are not nece sarily equal. 	The verti 	a 

offset .in the figurebetween the output voltage 111.0 and. 

for   the reset clockvoltage _101 is simply 	clarity anc does 
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not A r.ply that one voltage must be more positive or more 

negatv 	A— the 	er. 

[0009] 	The reset clock 11,1 resets the output voltage 

1110 so that the 	c 	for the next pixel can be output. 

When the reset c=_ock 1101 	As high 	( 	„ ve) 	as shown 	L, 

11 u ' 	the output charge from the priorpixel is discharged 

that the output signal settle. down to the reset level 

shown as 1'15.Voltage 11 0 illustrates several practical 

issues 	_ at can 	egrace the signal-to-noise ratio and 

accuracy of the output_ sig.  , 	, 	CCD image sensors, 

particularly when the sensor is operated 	high speed as 

is recuired for inspection anc metrology aoplications in 

semiconcuctor and relate 	indus ries. 	K e ii 
 the reset  C,lock 

11 1 switches from a low volts.ge 	flan. voltage as shown •. 	_, 	_, 

1103, 	some of that voltage swing is coupled to the 

outp , signal aecause the reset transistor is necessarily 

physically locatec on the CCD adjacent to the output 

sensing node. 	This coupling destabilizes the output signal 

asshown at il 	Furthermore when the reset clock goes 

low as shown at 11 4, 	that hig_ 	to-low transition is 

similarly coupled to 	ale output signal and cestabilizes the 

output g 	, 	as shown. at 1114. 	After some time, 	the 

outpu. signal settles down and stabi 	lzes at the reset 

level shown as 1115. 	When the charge from a pixel is 

transferred to 	_ C.--,  output, 	the voltage decreases from  the 

reference le v7eA. 	(because the 	.g , 	comprises electrons and 

is, 	hence, 	a negative charge) 	to a. level such as 	1 	17. 	In 

Figure 20, 	level 1- 17 represents the voltage corresponding 

to a saturated pixel, 	i.e 	maximum sign 	and level  1119 

represents tine voltage corres on ding co a signal level 	at - 

nc; 	sig' 	ican ly less 	t. i-A— 	the maximum_ 	A „ho.  gh not 	shown, 

typically there will be some settling time after he 
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transition A.rom the reference level 	111.5 to the signal 

:.evei 	such as 	1117 	or 	1119. 

[0010] 	in Figure 20, 	the signal in the first oixel is 

Proportional to the difference between voltages 1117 and 

1115, 	and. the signal in the secondpixel is proportional to 

the difference between voltages 1.1 	and 1 	19. 	Usua .1 

Correia ec Double Sampling 	(CDS) 	is used to measure the 

differencebetween the reference voltage 1115 and the 

signal voltage such as 1117 and 1119. 	Correlated Dout 

Sampling is a wepl- 	lown technique and is desc ibed, 	for 

example, 	by J.R.Janesick, 	"Scient 	_ Charge-Coup ,_ 

Devices", 	SP 	E 	Press, 	2001, 	pt. 	.Jrs,r;,-30 	L 

[0011] 	As can be appreciate& fromFigure 	when 

signal needs to be read. out 	, 	high b peed, 	suchas a speed 

ol. abo t 10 MHz or more, 	there is only a. c; ort 	L 	ne for the 

outp , voltage 1. 10 to settle tothe reference voltage 1 15 

and the signal voltages such as 1117 and 1119. 	For example 

at 50 MHz, 	-Ae 	i,opal t.ime for one pixel s 20 ns. 	The 

reset clock pulses must necessarily be mu; n shorter than 

this of 	, 	rise anc 	fall times of, 	at most, 	1--2 ns. 	Such 

short Pulses with fast rise and fall times necessarily 

cause 	signi 	lcant debLabil 	, 	oza of 	Lle of.,Jput 	signal. 

Oniy a few ns are ava i1_ able for the output voltage to 

settle. 	In some cases, 	the signal may not have enough time 

to i 11 	stabilize, 	leading to analog image data values 

(captured. charges) 	having low signal-Lo--J se ratios due, 

in part, 	this reset clock noise component. 	In the case 

of un-oatterned 	(bare) 	or monitor wafer inspection, 	read 

noise from an imaging sensor ma 	be the limiting system 

noise source. 	That As, 	higher resolutionsampling 

smaller ef=fective pixel size) 	by the 	tlaging sensor, 	can, 

in some cases, 	unnecessarily rec lace system performance. , 
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[0012] 	Therefore, 	a. need. arises for an image sensor 

capable of detecting low lig:t. levels at h gn speed v\ith 

high spatial resolution and high signal---to--noise ratio, 	yet  

overcoming true above cisacva 	_ages. 

SUMMARY OF THE DISCLOSURE 

[0013] 	The present invention is cirected to an 

inspection system and methoc in which analog image cata 

values captured by an image sensor are binned (combined) 

before or while being transmitted as output signals on the 

image sensor's output sensing nodes 	(also referred to as 

floating ciffusions), 	and in which an analog-to-digital 

convert r 	ADC) 	5 controlled to sec., 	lually generate two 

or more corresponding digit, 	image data values between 

each reset of the image sensor's output sensing node 	.e., 

auring each cycle of , 	sensor's reset clock signal). 	The 

present invention is particularly beneficial curing the 

inspection of un-p Lterned 	(bare) 	wafers, where very low 

surface scatter from the un-patierned wafer produces 

minimal oackgrounc noise, 	so signal--to---noise ratios are 

largely determined 	sensor noise characteristics. 	The 

present inventors recognized that the very low surface 

scatter and low background noise produces analog image data 

alues 	(,_ e., 	charges caoturec by the pixels) 	that may be 

binnec 	(suitimec together/combined) 	before or in _one image 

se.  sor's output sensing node suchthat charges  frolnn 

mud 	ip e pixels can be simultaneously.  converted. by the A. : 

whereby an image sensor caoapie 	performing the higher 

resolution imaging required for bare wafer inspection 	.e. 

wafer 	c ' 	no 	lm ontheir surface) 	can also be 	, ilized 

to perform hign speed. lower resolution imaging preferred, 

for example, 	for inspecting wafers it 	films on their 
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surf ce. 	The inveniors also recognized. that 	le accuracy.  

or the image da• a could be signifi i-A— 	improved. by 

increasing the numoer of clqi al image cata 	clues 

generated by the ADC between each reset of t e image 

senor's ou t -put buffers . 	That is, by reducing the rat o of 

reset clock noise components 	(i.e., 	noise generated. each 

time the output suffer 	reset) 	digital image data 

alues generatec by the ADC, 	he si nal to-noise ratio of 

image data generated curing high speec un-patterned wafer 

inspection could be greatly.  improved. 	By combining charge 

binning with reduced reset clock noise, 	the present 

invention facilitates 	T  resolution/high speed inspection 

operations capable of detecting low light levels at high 

, 	ed with high signal 	o-noise ratios in a way that 

adi 	itates bare wafer inspections 	1.1e avoiding the 

drawbacks 	prior art aoproac d 	Moreover, 	oecause the 

present invention effectively re—tasks image sensors that 

are otnerw se capable of high-resolution inspections  

operationstypicallyrequired for post 	:ocessing wafers, 

the present invention facilitates multi-Purpose inspection 

systems that can be ,, lizec for a wide raige of inspection 

oper 	J s, 	thereby allowing a user to select between 

inspection speed and sensitivity as required. 

[0014] 	The present invention is cescribec with reference 

to exemplary sample inspection me hods 	(embodiment 	That 

utilize various approaches 	for driviAg 	(i.e., 	(( , 	illnq ___,_..„1  

by way of clock, 	reset and control 	- gnaks) 	an image sensor 

such that multiple analogimage \a J_ 	values 	(i.e.charges 

cap arec by the image sensor's pixels) 	are 9 stematically 

transferred. and. binned 	' 	summed together_ and 

simultaneously stored) 	before and/or in the image sensor's 

output sensing note during each cycle of an reset clock  
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signal, 	and. also uti I- 	various approaches for generating 

multi: 	„., digital data v- .ues during each cycle of the reset 

ClOCk signal. 

[0015] 	According to an output binning process 	(first 

exemplary embodimeLL of the invention) , 	the image sensor  i.s 

driven to sequential 	y 	e. 	one at a. time) 	transfer 

analog image data 	lues o 	the image sensor's ol 	cut 

sensing node between eacn reset, wherepy 	echarge stored 

on ....ale output sensing node incrementally increases with 

each -.., 	Jg image data values transfer 	In addition, 	the 

ADC is driven to convert_ analog out u, signals generated 1 

accordance v 	b 	the progressively increasing stored charge 

after each analog image data value is transferred onto 

outpt 	sensing node, 	thereby generating 	, 	least some 

dlgitakdata values that are free from tle reset c ock 

noise component descriped a pve. 	in one embodiment, 

shift register is utilized to transfer _h 	analog analog image 

datasignals opt.o the outpu. L, sensing node according to 

timing set 	7  shift register ,_, lock signals, 	as the shift 

register clock signals are generated at a higher frequency 

than 	e reset clock signal such L at mu-tip_i_ 	analog image 

data values are transferred onto 	L le (DJ. put sensing node 

during each cycle of 	e reset c ock c; gna.,_. 	Downstream 

digital signal processing is then utilizes, 	for example, 	to 

ca_i_culate final 	(e.g., 	r) 	image values by way of 

determining a dif erence between each sequenti-ally 

generated analog out.pu.toutput signals. 

[0016] 	Accor _Lng to a multi-sampling embodiment of the 

invention, 	the effect of output buffer reset noise is 

reduced. by way of vertically and/or 	Drizon 	lly binning 

mu, •„I 	captured. charges before c; i 1. t. ing the combined 

charges onto he outout sensing node, 	then sampling the 

8 
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corresponding image sensor output signal multiple times 

(i.e. 	control i g 	le ADC 	generatemultiple "dupli -- 

digita 	imagedata values for the same corresponding analog 

output Signal1 	associated with a given combinec charge) . 

Vert , lly binniAg may be performed by transferring two or 

more rows 	analog image data. values onto 	.xel buffers 

oefore transferring the summec 	sigi-le 	s.o a shift register. 

Horizontal binning may 	performed by transferring two or 

more analog image data values from _ eshift register into 

an output buffer before transferring the combined. charge in 

the out ,,, '1„ 	- 	to the output sensing node. 	If the 

oackgrounc signal level is low enough relative 	the full 

wellcapacity of t e output buffer 	horizontal and 

ver, 	cal binning may ,,./ 	used at the same time. 	Because  the 

mu,,,' 	ie 	(dupllcaLe) 	digital image data values are 

generate( 	while the same 	mbined charge is Present in the 

output puffer 	similar to the output 	inning process 

me.  ,, 	Jned above, 	Live, multi-sampling process generates 

mud 	ip o digital data values during each cycle of the reset 

clock signal. 	The duplicate cigi al image rata values are 

then averaged using downstream rata processing, 	thereby 

effectively reducing the noise below that of: :any 

independent measurement 	(since the noise always'as a 

component that is uncorrelated between samples). 	That is, 

the multi-sampling process utilizes time gained during 

J i 	J :L-.  al and/or vertical binning of the analog image data 

values 	captured cha:ges) 	to sample each sensor out „,, node 

signal multiple times, wherecy noise influence's are reduced 

without slowing down system operations, 	for example, 	ti flv ,, , 

of averaging the d p icated digital data values. 

[0017] 	In 	et  a other exemplary embodiment, 	the output 

binning and multi-sampling processes described above may be 

9 
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, 	1.zed together 	(1 	e., 	by util Azing vertical binning  

bL fore progressive traisfer to 	le ou put sensing node, 

and/or performing mui 	sampling of each analog output 

value generate d in accordance with 	ale output binning 

process 	all of ,ne exemplary embodiments, binning of 

image data. is _ ilized ,o reduce e e tronic noise in wa b 

that facilitate detecting _ow light levels at high sceec 

with high spatial 	resolution anc high signal-to-noise ratio 

while overcoming the cisacva 	_ages associated with prior.  

art approaches used for high-speed bare wafer inspection 

operations. 

[0016] 	An exemplary inspection system is described that 

includes the mocirications mentionec above. 	̀his  

inspection system includes all illumination source, 	opt „ 

and a 	stector. 	Tne opt c 	are configured 	dire t a 	i 

focus radiation from he illuminati 	source on-' o a samp e. 

The sample is supporte 	by a stage, whichmoves relative to 

the optics during the inspection. 	detector 

conf.gured to receive reflected. or scattered radiation from 

the sample, wherein the optics are further configured to 

collect, 	direct, 	anc focus the reflectec or scattered 

,flH,  iva 	J 	onto tale detector. 	The detector includes one or 

more image sensors driven in the manner described herein. 

In one embociment, 	at least one image sensor is a time 

delay integration 	(T .11) 	sensor. 	TheTDIsensor converts 

the detected radiation 	in L 	electrical charges. 	The 

electrical charges are s 	ifted w „ilin the se sor in 

synchrony with , c motion of the stage. 	In another 

embodime ,, 	the image sensor is a line sensor. 	The  lire 

sensor converts the detected radiation into electrical 

charges. 	In another- embodiment, 	the image sensor is 

reconfigurat r,  such that multiple pixels can be reac out 

10 
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independently. 	The pixel sensor conver-t: ; the detected 

radiation into elec„ric 	charges. 	 embodiment, 	tle 

methocs and circuits cescribec 	)eloto. are used to improve 

the signal-to-noise ratio of L 

[0019] 	The exemplary inspection system may include one 

or more illumination pathsilluminate the sample from 

different angles of incidence and/or cifferent azimuth 

angles anc/or with cifferent wavelengths anc/or  

polarization states 	The exemplary inspection system may 

include one or more collection paths that collect r_adi.a.tion  

reflected or scattered 	the sample in different 

directions anc/or are sensifive to cifferent wavelengths 

and/or.  Lo different polarization states. 	The exemplary 

inspection system may include a TDI sensor wii 	readout 

circuits on two sides that are used to read out two 

different signals simultaneously. 	The exemplary inspection 

system may i•clude an electron-bombarced image sensor. 

[0020] 	An exemp ary met od. of inspecting a sample 

LALilJzing one of the inspection systems men ioned  above is 

described. 	The methoc includes directing and focusing 

radiation from an illumination source onto the sample. 	The 

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

optics during the inspe Lion. 	The met od further includes 

using optics to collect, 	cire t, 	and focus raciation 

reflectedor.  scatterec 	the sampi 	onto a det ctor. 	The 

detector includes one or more image sensors. 	In one 

embodiment, 	„ 	least one image sensor 	c.  _ 	a. 	c.tme- 	_ 

integration 	(TDI) 	sensor. 	The TDI sensor converts the 

detectec raciation into an electrical charge. 	The _net god 

fur 	ler includes shifting electrical 	, ges 	:1 	the 

sensor l' syncnrony with the mo ion or the stag. 	III 

another emoodiment, 	as, least one image sensor is 	line 
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sensor. 	The line sensor convert: ; the detected radiation 

into an electrical cndrge. 	In 	._ 	embodlmen 	, 	charges 

from more than one pixel may be a cumulatec in an output 

buffer of the image sensor before being read out by way of 

an output sensing node. 	In another embodiment, 	at least one 

image sensor is a pixel sensor 	A 	converts radiation into 

an electrical charge. 	The pixel sensor comprises an ol tout 

sensing node configured to accumulate charges from multiple 

radiation dete_tions. 	In both cases, 	an ADC is driven to 

generate multiple digit' 	data values during 	cycle of 

the reset clock signal utilized. to reset the image sensor's 

output sensing noce. 

[0021] 	Circuits for controlling, 	driving and/or reading 

out a time-delay i-m_egration image sensor, 	a line sensor, 

orpixel sensor wdth an output in each pixel are 

descriced. 	The circuits comorise a generator that 

generates clocK and reset waveforms that reduce the noise 

coupled into 	Lne sensor out ..). 	and ( 	low the 	sg -, 	from 

mud 	ip e pixels, 	or mu 	ip e readings 	the same pixel 

oe accumulas,ec in the sensing node 	f the image sensor 

before 	ing read out. 

[0022] 	Methods for conc.rolling, 	driving and or reading 

out a time-delay integration image sensor 	line sensor, 

or a pixel sensor with an output in each pixel are 

des,  scribe d° 	These methods include generating clock anc 

reset waveforms that reduce the no se coupled. into L'e 

sensor output and al ow the signal 	:am mud 	ip e pixels, 	or 

multiplereadings of the same Pixel, 	to oe accumulas.ec in 

the sensing node of the image sensor before being read oat. 

BRIEF DESCRIPTION OF THE DRAWINGS 
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[0023] 	Figure 	is a bloc< diagram depict ng 

simplified inspection system for inspect ng a samp e using  

an image sensor and an ADC according to an exemplary 

generalized embodiment of the present invention. 

[0024] 	Figures IA, 	IB and 1C are pa.r_ti,A bloc< diagrams 

depicting simp_ified image capture and image transfer 

operations performed by the inspection system of ._ 	g. 	.1 

wring a sample inspection ooeration according to an 

exemplary embodiment of the present invention. 

[0025] 	Figures 	2(A:), 	2(B;-,2(c) 	2 	2(,), 	2(F) 	and 

2(G) 	are partial 1,, ock diagrams depicting the inspection 

system of Fig. 	1 curing sample inspect on using a singie 

pixel processing. 

[0026] 	Figres 	n 	EB), 	3(C) 	and 	3(D) 	are 	par 	. . 1  

block diagra= depi 	ing the inspection s stem of Fig. 	1 

during sample inspection using an output binning process 

accorcing to an exemplary embodiment of the Present 

inven 	.on. 

[0027] 	Figures 	4(A), 	ii (C) -,i \ 	f 	 . -r18 	4 (7 	f 	and. 	(F) 

are partial clock diagrams depicting the inspection system 

of Fig. 	1 during sample inspection using 	multi-sampling 

process according to another exemp 	, y embodiment of the 

present intent ion. 

[0028] 	Figure 	illustrates an exemplary inspection 

stem in a cordance with an embociment of t e present  

inven lon. 

[0029] 	Figures 6A. and 6B illustrate a.n exemplary 

inspection system with line illumination and one, 	or more, 

collection channels in accordance with another.  embociment 

L 	.he present invention. 
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[0030] 	Figure 7 illustrates an exemplary inspection 

system 	normal and oblique 1 	lumination in accorcace 

with yet another embociment of the present invention. 

[0031] 	Figure 8 illustrates an exemplary inspection 

systom 	bright-field and dare-field illumination 

channelsin accordance w „ 	a fu.ther embodiment of the 

present invention. 

[0032] 	Figures aA anc 	111 	prate  exemplary criving 

waveforms for the clocK signals in , e systems, 	circuits 

and methods described 	herein. 

[0033] 	Figure 10 iLustrates an exemp ary e e Lron- 

oombar ed image sensor in a. cor ance of , 	an embociment of 

the invention described -P- rein. 

[0034] 	Figure 	IL illustrates an exempla y waveform in 

accordance 	an embodiment of t.h.e in.vent.ion described 

herein. 

[0035] 	Figure 12 ilitstrates exemplary clocK waveforms 

used 	L 	read (,„. 7., 	image sensor and Lne resulting sensor 

out u„ signal waveform, 	in accordance with an embodlment flf 

theinvention described herein. 

[0036] 	Figure 	illustrates exemplary clock waveforms 

used tn read out 	Image sensor and the result' g sensor 

output signal waveform, 	in accordance with another 

emoodiment of the invention descrioed herein. 

[0037] 	Figure 14 illustrates an exemplary sensor output 

signal waveform and the corresponding pixel signals 

obtained by using two possible embodiments of the present 

invention. 

[0038] 	Figure 15 illustrates an exemplary sensor outpu, 

signal waveform and. the r esuA Ling pixel signals, 	in 

accordance 	an embodiment of the i.n.vent.ion described 

herein. 

14 



WO 2017/031013 	 PCT/US2016/046938 

[0039] 	Figure 	1_6 iLustrates an exemplary sensor 	outp 

signal waveform and the resul ing pixel signals, 	in 

a corcance v 	, 	another emoodiment of the invention 

described _here in. 

[0040] 	Figure 17 illustrates an imaging appara us in 

accordance with one embodiment of the present rover ion, 

comprising an image sensor, 	analog---to---digital conversion, 

digital signal processing, 	a 	cr.i al control unit that 

controlsThe Liming and the data acquisition for 	hew. 	i flo_Le 

apparatus, 	and an external unit for 	at a processing, 

storage and. con rol. 

[0041] 	Figure 18 illustrates an exemplary clock signa 

an exemplary sensor output sign 	waveform and 

resulting pixel signals, 	in accordance [ti' 	embodiments of 

the present invent, ion. 

[0042] 	Figure 19 ill 	,rates an exemplary image sensor 

comprising multiple pixels with one output per pixel in 

accordance ith an embodiment of 	-le invention descfibed 

he  

[0043] 	Figure 	)(m. illustrates tyoical reset clock and 

signal waveforms used with 	,rior art inspection 	tems, 

sensors and. electronics. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0044] 	The present invention relates to an imorovement 

in sensors anc 	_he circuits and methocs for 	iriving 

cu Lr lling and/or reading out sensors for semiconduc or 

inspection systems. 	The following description is presented. 

to enable one of or inary skill in the art to make anc use 

the invention as provided in the context of a Pa-,±cular 

application and. 	',- requirements. 	Various modifications  to 

the preferred. embodiments \Ail 	1  be apparentthose with 
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11 in the art, 	and the general princ _tp._ es defined herein 

may be applied -Ho a ler embodlmen 	Therefore, 	P 

Present inventi 	is not i tended to be limitec to the _ 

particular embodiments shown and cescribec, but is to be 

accorded the w .dest score consistent with the principles 

and. novel features herein ddscloseo. 

[0045] 	Fig. 	1 is a block diagram depicting a simplifiec 

system 100 for insseciing a sample S using an image sensor 

110 and an analog-to-cigital converter 	(ADC) 	150 according 

to a. generalized embodiment of „ile 	reser' 	invention. 

System 100 	i 	e udes a radiation source 101 	(e.g., 	a laser) 

and an optical system 103 configurec to direct raciation DR 

onto sample S, 	and configured to direct receivec 	(e.g.,  

reflected)radiation 	RR. from an Amaged regionIR of sample 

u onto image sensor 11 	. 	As e 	lined below, 	image 

sensor 110 generates analog output signals OUT1 to OUTN 

that are conver,ec into digital image data values rDx by ADC 

150. 	System 100 also includes digital 	g ;_ processing 

(DS 	) 	and externalprocessing 	(EP) 	circuit 160 that receive 

and processes digital image data values Dx in the manner 

described below in order to generate final image data 

values D (S 	) , 	ing generator circuit 170 that generates 

clock, 	reset a 	i control 	mignals  utilized. to control t, l l.? 

operations of image sensor 110 anc ADC 150, 	and digital 

control circuit 180 , 	ilized to generate other control 

signals utilized t.,c) co 	rol ADC 150 and DSP/EP circid, 	160. 

Those s il ed in the artwill recognize that tile operation 

of system 100, which is described below with reference to 

certain exemplary embodiments, 	is greatly simplifiec herein 

for brev 	,y. 

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

sensor 110 includes multiple pixels arrangec in pixel 

16 
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groups 	_.A._-_.to 	111-N, 	and opt 	ca.-_system 103 	is 	configured. 

such 	-- por t, ions of received radiation RR received from. 

sections Si to SN of imaged region IR are directec onto 

corresponding pixel groups 111-1 to 11_-N of image sensor 

110. 	Each 	ixel group includes an associated group of 

pixels disposed. in multiple rows and multiple co umns. 

For example, 	pixel group 111.1 includes pixels Pil 	P24,  

where pixels Pil anc P21 refine 	(form) 	an associated top_ 

row of four rows, 	and pixel 	Pli, 	P12, 	P13 anc 	D14 are 

disposed in a leftmost column of two columns. 	Note that 

image sensor group 1 	1 	1 	is depicted as including four rows 

and two columns merely to simplify the following 

description -- in a practical image sensor.  useful 	hig 

tispeed inspection application, 	each pixel group wolf 	d 

typically comprise between twao and 16 columns, 	and between 

one row 	(i.e. 	as 	in a line sensor) 	and a few thousand rows. 

The pixels of pixel groups 1

4

11-1 to 111-Nare co figured in 

cooper e 	J 	with optical sysem 103 to capture and store 

corresponding analog image data values 	(charges) 	having 

values 	(charge amounts) 	determines by the amount of 

radiation received from a corresponding section of imaged 

region IR during each imaging operation performed by system 

100. 	For example, 	at a given mome.  t wnen imaged region IR 

is oriented relative to sample S as shown in Fig. 	eacn 

pixel P11 to P24 of pixel group 111 1 cap 	ires anc stores 

an -image data Va. ue 	(charge C) 	received by way of radiation  

por 	on RP1 from a correspon llig imaged. Legion section 

(e.g., 	the portion of sample S cisoosed in the leftmost 

portion of imaged region IR) , 	thereby causing eachpixel 

Pil to_-'24  	Lo capture and siore a coi_responding charge C. 

the manner described oelow. 	At the adore 	imp, 	tle pixels 

of pixel group 1. 1- 	store image rata received by way of 
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radi a i- on p- ,- on R22 from a corresponding imaged region 

section 	which is adjacent to section Si. 	In t,his wav, 

radiation receivec from each section Si to SN of imaged 

region IR is thereby capture& by a corresponding pixel 

group 111-a to 111-N of image sensor 1'0 such that the 

pixels of image sensor 110 capture image data.from the 

entire p rtion 	_ 	sample 	" disposed within imagec 	region IR. 

Similarly, 	each aixel of each -pixel group stores image cata 

received from a corresponcing sub-section of each imaged 

region section. 

[0047] 	Referring to 	g. 	1A, 	pixels eil to P24 o1 	pixel 

group 111 _ receive corresooncing light oar -ons RP102 to 

'fl 15 reflected emittea from corresponding sub-sections  of 

section S1 of samplewhereby each 	ixel receives and. 

siores a. correspon ing c 	rge C1' 	Clio having an amount 

determinec by the amount of radiationreceivec curing a 

given time period. 	For example, pixel D11 cacaptures 

received radiation 	portion RP 1;2 	rom sub-sect 	)-- S102 of 

sample S, 	and generates/stores a correspondlng charge C1'2. 

Similarly, 	pixel P21 generate 	stores charge C112 in 

accordance with a radiaL. on amount associat 	2 with 

radi 	, 	., 	portionR112 received. from sub-section 3.12, 

pixel P12 generates/stores charge C103 generaies/stores 

charge C10, in accordance with raciation portion R103 

received from sub-sec tlon slc- 	etc. 

[0048] 	According to 	tip. 	,, y 	referred embodiment, 

system 100 performs scanning- type inspection operations 

during which the sample S is trans ated reastive tO optical 

system 1^3 and image sensor 110. 	Thecharges stored in 

mage sensor 110 are shifted in a coordinated manner such  

that captured. image data 	rom sampi 	S is transferred. along 

the columns of pixels of image sensor 110 in coor ination 
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with a. scanning movement of sample S. 	The coordinated 

movement of samp e 	and 	-'re  charges stored in image sensor 

110 during image capture anc image rata transfer operations 

is depicted in a simplified form in Fdgs 	to 1C, 	whic ii 

res Actively 	)w port 	)ns of c-q em 100 at sequential 

times 	tO, 	tl 	and t2 	lildica ed 	"100(L, 	", 	"100(t1)" and 

"100(t2)" in Figs, 	1A to 1C, 	respectively). 	Each of these 

figures shows an enlarged sectionS1 of sample S anc pixel 

group 111-1 of image sensor 110 	(other portions of sample S 

and system 100 are omitted forbrevity) . 	For explanatory 

purposes, 	sec: on S1 is divided into sub-sections S100 to 

S115, 	which corresoonc 	L.o acjacent minute regions of sample 

[0049] 	Fig. 	1A shows system 100 at an Initial tune tO 

when the optical 	system 	(not 	s own) 	is pos 	po ed. 	-..., ative 

to sample S such 	gat images region 1R( t0) 	encomoasses sub- 

sections 	102 to S115 of section 	As explainec above ,  

at this time radiation from sections 5102 to 5115 is 

directed 	pixel group X11-.1 	D 	way of radiation 	(light) 

portions RP102 to RP115, 	whereby pixels P11 	to P24 

respective 	capture/store chargP 	C102 to C115 based on 

the amount of received 	g t from sub-sections S102 to S1 5. 

[0050] 	Fig, 	19 shows 	system 1n0( 	.) 	after movement of 

sample 	relative to the optical system 	(not shown) 	causes 

images region IR(L1) 	to move incrementally upward 	(i.e., 	in 

ddrecti)' 	2 	rela t  A 	to sample 	hereby imaged region 

1_R. (t1_) 	encompasses 	sum sections Si 	1 	to  Si 	4 of sect on 

This relative motion may be acnievec, 	for example, by 

moving sample S in a downward direction in 	a_g. 	_, 	\ ile 

ceeping the opti a 	systems and. sensor stationary. 

Referring to the r ig1 t. side of Fig. 	1B, 	at tle same time 

imagec region IR is moved incrementally in cirection D, 	and 
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.mage 	sensor 	1 .0 	is 	simultaneo., 	y driven 	(1.,e., 	controlled. 

) 	way of clock, 	reset and other control signals described 

below) 	suchthat , e analog image 	ata values 	(i. 

charges C1 2 to C115) 	are generated and systematically 

transferred from pixels P11 to P24 toward. outpuL sensing 

node 145. 	Specifically, 	as imaged region IR(t?) 	shifts to 

encompass suo-sections S101 to 5114, 	image sensor 110 is 

driven to shift charges C1C 	to 0115 downward, whereby 

charges C102 to C114 are shifted from pixel 	Pli -23 to 

p_ixe s P12-P24 	(as lAdicated by the curved dashed. arrows in 

Fig. 	1E) 	and charges ClO„ and 01.15are shifted out of 

pixel group ill 	for transfer 	output sensing note 145 

in the manner described below. 	Note _hat the downward 

sh2, 	ting of charges 	:1 2 	o C114 is coordinated wdth the 

	

movement of imaged region IR (t 	sucn that each or these 

charges cont nues to be influenced by radiation received 

from the same sub-section of sample S as at time 	That 

charge 	;1O2r 	which is now 	tored in pixel P12, 	is 

influenced 	radiation por lon RP102 transmitted from sub— 

sec ' 	5102. 	Note also that suo-sections 101 anc 	1 	1, 

which are effectively added to imaged region IR(t1), 

transmi 	radiation portions RP 01 and 	' 11, 	respectively, 

that aretransmitted Y,yw y of the optical system 	(not 

shown) 	to pixels Pll anc 	1 	. 

[0051] 	Fig. 	1C shows system 1 	0(t2) 	after an additional 

incremental movement in ddrection 	of ,,le imaged region  IR 

of sample Srelative to the optimsystem ( ot shown) 

causes imaged region IR(t 	) 	encompass suo-sections S100 to 

S113 of section Si. 	Similar to that 5 gown in Fig. 	13, 

mage sensor 11.0 is driven t.o systematically trans fer 

charges 0101 t.o Cll_ 	downward from pixels P11 to P24, 	and. 

to transfer charges 0104 anc C114 out of pixel group 111-1 

2.0 



WO 2017/031013 PCT/US2016/046938 

for transmission 	on outptt sensing node 145 	By. 

continuousJ 	driving image sensor 110 in coordination wdth 

movement of the optical system relative to the sample in 

the manner described above with reference to 	g 	lA to _ 

analog image data As continuously captured during the 

scanning- type inspection operation performed by 	sis.em 100. 

[0052] 	Referring again to pig. 	1, 	image sensor 110 also 

includes optional pixel buffers 120-1 to 120-N, 	shift 

registers 130 _ to 130-N and output circuits 140-1 t 	_40-~- 

configured to transfer analog A.mage data values captured spy 

the pixels t.o output sensing node 145 for transmission t.o 

ADC 150. 	1\ 	te , dt each of these circuits is descriped in 

accordance with the two columns in eaci pixel group of the  

simplified embodiment. 	Thus, 	pixel buffers 120-1 to 120-N 

respectively include two charge storage ce.r1 	31 and 32 

that receive anc buffer 	(temoorarilv store) 	one row of 

analog image cata values transferred in parallel from pixel 

groups 111-1 to 111-N. 	Simi_arly, 	shift registers 130-1 to 

)-N include two s orage cells R1 and R2 respective y 

configurec to receive and buffer analog image data values 

transferred in parallel from buffers 120-1 	to 120.-IN, 	anc 

con igured 	, 	shift the analog image data 	,lu 	in series 

to associated. outT,A„ circuits 140- 	to 140-N. 	Each output 

circuit 	output cir uit 140- 	may include an 

optional output buffer 141 configured to receive and buffer 

analog image data values received. from an associated shift 

register 	(e.g., 	shift register 130-1), 	and aiso incl. des an 

output transfer gate 143, 	output sensing note 145 	anc an 

output critter 147 configurec to generate an associated 

analog output signals OUT1 	OUTN using Known tecAniques. 

The operations of optional pixel buffers 120-1 to 1.20-N, 

2 1 
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she, 	t registers 	130-1 	to 	130-HT arid.output circuits 	1=10-1 	to 

140-N are described in greater de. ail below. 

[0053] 	ADC 	50 induces multiole analog- 	digital 

converter units 150-I to 150- T that respectivelyconvert 

analog output signals OTT 1 to OUTN 	n_, 	corresponding 

digital output values Px that are then 	:ansferred to 

DSP/EP 	- rcuit 160. 	As indicated by unit 	eachunit 

	

to 1`;0---N includes a correlatec 	ouble ,sampling anc 

sample-anc-hold circuits 	(CDS/Sii.) 	152 co __gured to Pass a 

corresponding analog ( , clout signal 	( 	g. , 	output 	g ' 7., 

OUT1 ) 	to a. converter circuit154. 

[0054] 	DSP/EP circuit 160 includes a memory circuit 162 

including multiple cigital registers 	(e.g., 	registers) 	1/2- 

162-3 configured to receive and store dig_ 	al image 

data. values Dx for processing by way of microprocessor 	' ) 

165. 	Accorcing to an asoect of the oresent invention,  

microprocessor 165 is _o __gl red to Perform one or more 

data processing operat 	)-- accorddng ,u out u, b nning 

process 167 described below with reference to Figs . 	3 (A) 	to 

3(1) , 	and multi sampling process 168 cescribec below with  

reference to -Figs4 (A) 	to 4 (I) . 	In one embodiment, 	timing 

generator 170 and digital controA circuit 180 are 

configured such that system 100 is selectively'  

reconfigurat e t 7  way of operator commands to Perform 

during 	given time period one of a conventional 	(singl_ 

pixel) 	rocess 166, 	which 	rJ described 	) low wi t 	reference 

to Figs . 	2 (A) 	to 2 (G) , 	or one of output binning process 167 

and mui 	samp_ 	ig process 168, whi 	are descrioed oe] ow 

with reference 	Figs 	3 (A) 	to4 (1). 	For purposes of 

grap ically depicting the reco 1 lgur .,„functionality of 

system 100, 	the functional. circuitryof timing generator 

17 	is cepicted 	sing a pixel control circuit 171, 	a pixel 
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buffer control circuit 173, output„Circuit control circuit  

7, 	and a ADC crntrol c_ rcu 	179 	and dlgitai co trol 

circuit 180 is cepicted to include a memory control circuit 

181 and a DSP/EP modecontrol circuit 183. 	These various 

circuits are dep 	:ted as being reconfigurable by way of 

user-supplied control data that cause timing generator 170 

to generate clock signals C- K1 to CLK5 anc reset clock 

signal R T, 	and cause digital control circuit 180 to 

generate memory control signal MC and processor control  

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

20 and. DSP/7n circu 	L 	160 s,A_1 that 	Llese circuits operate 

in accordance with a selected one of single pixel Process 

166, 	output binning process 167 and mul i sample process 

68 during tine given , me period 	(note that blocs 166-168 

in 	ng. 	1 are graphical depictions of alternative operating 

softwar  e programs executec by processor 16R 	anc are not 

intenced to represent separate hardware). 	-fbr example, 

pixel control circuit 171 generates two or more cloc< 

signals CLK1 	lat control the image capture and. charge 

shifting operations of pixel groups 111 	to 111--N in 

a cordance with mode control data storec in memorT„ location 

171A_ 	In a similar manner, pixel buffer control 	_rcu: 

3 generates clock signals CiK2 	- 	conirol the c.harc,e 

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

accorcing to mode control data stored in memory location 

173A 	shi t register control circuit 175 generates__ock  

signals CLK3 	at co 	L1 01_ the operation 	- 	ift register 

Circuits 1.30-1 to 13..£ 	accorcing to mo e control data 

stored in memory location 175A 	output control circuit 	/7 

generates out 	J., circu: 	J_k. 	g. 	, 	C 	KA 	and reset Clock  

signal RST 	' t co trol the operation of o tput Con.t1ol 

circuits 1 0 1 	140-N accorcing to moce cont 	)1 	ata 
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tored in memory locations 177A. and. 177B, 	and ADC co 	r 

circuit 	-3. ge.  _rates clock signals CLK5 	-- 	con 	:ols 	the 

timing of analog-to-digital 	conversion ooerations of ADC 

circuits 150-1 to 150 N accorcing to mode co trol data 

s ored iil memory locat 	)-- 	179A. 	Similar 	y, 	digital control 

circuit 180 controls digi al data storage and transfer 

operations of memory circuit 162 in accorcance Faithcontrol 

data stored in memory location 181A, 	anc moce control 

circuit 183 controls 	operations Performed by micro- 

processor 165 in a cordance with mode c( ' 	ol data stored. 

in memory.  location 183A, whereby final image data. values 

D(Sxx) 	are generatec in accorcance Faithone of processes 

166 to 168 	_ at is cetermined by , e moce control data 

value siored in memory location 183A. 	Each of tae  clock, 

reset and. control signals is generated according t.o the 

corressoncing currently- Lorec control cata such that image 

sensor 110, ADC 150 and DSP/E 	160 operate in the manner.  

describe( 	be ow. . 	Those skill , in the art will recognize 

that the various control circi its and co trol signals 

depicted in Fig. 	1 are greatly simol _-ed for Purposes of 

description, 	anc 	that the functions and control signals 

, 	lized i 	the desc ip 	pn below.  are 	J. ilized solely for 

purposes of describing the  prese' 	invention, 	and. are 	pt 

intencec to limit the apoencec claims unless otherwise 

spe ifled in 	Le claims. 

[0055] 	According to an aspectof the present invent ion 

ADC 1.50 is controlled such that two or more analog image 

data values are converted to cigi al image rata values 

during eachcycle of reset clock signal 	-'.ST 	.e.,between 

each reset of out 	J.L 	sensing node 145 of eacn out 	at 

circuit 140- 	to 140-N). 	Referring to pixel group 111-1 in 

Fig. 	1, 	analog image rata values Cll to C24 are 

2.4 
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respective y generated in pixels1 to P24, 	and are then 

systematical 	transferred to out ,_,,, sensi 	g node 	45 for 

transmission to ADC _510 as analog output signal =1, 	and 

ADC 150 converts analog output signals 01.111 to digital data 

v, i_aes Dxx that are stored in memory 162 f:or 	,rther 

processingb y  DSP /EP 160. 	As described. below.  with 

reference to Figs. 	2(A) 	to 2(G) 	when system 100 is 

configured to -perform conventional single pixel processing 

(block 166 iii Fig. 	1) , 	each analog image data value C11 to 

C24 s individually transferred to cu_iput bufrer 1-:1 and 

from output buffer 141 to output sensing node 145 for 

conversion to a corresooncing digital image data value by 

ADC 15 	i bebetween each reset of output sensing node 145 

,_ 	Output sensing node 145 	reset to 	, 	iniL 	, 	, ue 

(reset 	_,'arge state) 	reset clock signal R T after each  

analog image data value Cll to C24 is transmitted as outout 

signal 01311). 	In 	-,rast, 	when 9 stem 100 is configured 

to perform e2, ner output binning process 167 	(as described 

below.  with reference to Figs. 	S (-) 	t.o 	3 	) 	or multi- 

sampling --, ocess 	168 	(as described below v't., 	reference to 

Figs. 	4 (A) 	to 	i_ 	), 	u,tput sensing node 145 is utilized 	to 

selectively simultaneously sum 	(store) 	two or more analog  

image data values, 	and ADC 150--1 is co Lro led 	generate 

two or more digital image values during each cycle of reset 

clock signal RST, 	whereby system 100 optimized for 

detecting low light level 	athigh speed ‘Nit'  aiigrl spatial 

resolution and high signal-to-noise ratio, 	thereby 

overcoming the disadvantages of conventional aopraaches.  

[0056] 	The present invention will now be described with 

reference to simplified. exemplary emboddmen 	, .., 	il ,_ ng 
, 

part 	block diagra= showdng portions 	 *,,, inspecLion 

system 100 	(Fig. 	1). 	Specifically, 	Figs. 	2(A) 	to 	2(G) 
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depict inspect i.on operations performed by inspection system. 

100 when configured to perform single pixel processing 16 

Figs. 	2 A) 	3(D) 	cepict sy tematic shifting of a alog 

image charges from image sensor 110 to ADC 150 when system 

100 is configured. to perform output binning process 167, 

and. Figs. 	4(A) 	.o 4(F) 	depict systematic shifting o1ana (pa _ 

image charges from image sensor 110 to ADC 1 .0 v 	en system 

100 is configured to perform multi-sampling processing 168. 

During _one inspection operation associates with each 

example, 	sample S is moved and light is cb ,, nuous y 

collected and transferred for conversion to digitaldata in 

a manner similar to that cescribec aoove 	th reference to 

Figs. 	13 anc 1C. 	For brevity, 	t 	exemplary operations 

are described with reference only.  to analog A .age data. 

va ues 	(charges) 	generated in pixel group 11 -i at a. given 

initial moment, with the uncerstanding brat charges are 

continuously simultaneously generated and processed in _ 

described. manner before and after the exemplary operations,  

and. s.im.ul'taneousl_y performed 11 	the o'er pixel groups of 

image sensor 110. 	In audition, 	for orevity, 	the figures 

only de i t charges and clocK 	reset anc control 	a l s  

utilized during relevant portions of L le exemplary 

operations. 	Note that tle figures, 	for desc 	t •, 	Te 

Purposes, 	generally depict some image Pro esses as if 

performed simultaneously and other image processes as if 

performed. sequentially. 	In a practical implementation, 	the 

precise timing of the image processes may. differ_ 	from that 

de, 	ribed, where some of the cepicted simultaneous 

processes may be performed at different times 	and some of 

the depicted sequentialprocesses may be performed 

substantially simul aneous 
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[0057] 	Figs. 	2 (A) 	to 2 (C) 	d pict 	.mage capture and 

_-_nit" 	charge transfer operations commoilly utilized 	the 

single pixel, 	output binning anc multi-sampling processes 

described below, 	and are performec using techniques similar 

to those known .in the art. 	Fig. 	2(JO 	show; system 1,0(t0) 

.e., 	system 100 a 	time tO) 	whenpixels P11 to P24 

pixel group 111- 	are positionec tO receive respective 

radiation portions from a sample 	(not shown) , 	and generate 

corresponcing analog image data values 	(charges) 	C 	1 to C24 

in the manner described above. 	Fu 	example, pixel 	1 is 

	

positioned to receive radiation portion RP'1, 	thereby.  

caoturing/storing charge C11. 	Similarly, 	pixel P12 

cap ares/stores charge C. 2 in response 	received 

radiationportion R212, pixel P13 captures/rtores charge 

C13 in response to received r diation por lon RP 3, 	and 

pixel P14 captures/stores charge 	:14 in response 

received radiation portion RP14. 	Fig. 	2 (B) 	depicts system 

100(t11) 	at subsequent,ime t11 after the sample has moved 

incrementally in relation to image sensor 110 and the 

optics 	(not shown) , 	and pixel buffer 1 1-1 is driven to 

shift charges C11 to C24 in the manner cescribec above with 

reference to F 	1A to 1C 	Speci 	cally,image sensor 

110 is driven by c ock sig' 	CLK1 to shift c, 'rges C 1 to 

C24 downwarc, whereby charges Cll to C23 are shiftec from 

pixels 	D11 D23 to pixels P12 	24 	(as indicatec by the 

curved dashed. arrows in Fig. 	2 (B) ) 	and charges C14 and C24 

are shifted out ofpixel group 1 	1 	1 and into charge 

orage cells B1 and B2 	pixel buffer 1 n ±. 	At thesame 

time, 	clock signal CLK2 transfers any pre-existing charges 

in , 	are storage cells B1 and B2 to storage cells R1 and 

nn R2 	shirt register. 	130-1 	(thistransfer is not shown as 

the ore-existingcharges are not pertinent to the current 
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explanation). 	Note that 	e dow-ward shii_ting 	f charges 

C11 to C23 is coordinated. with tie movement 

corresponding imaged region 	(not shown) 	such that each of 

these charges 	inues to be influenced 	radiation 

received from the same sub-section of the inspected sari: 

(not shown.). 	That is, 	charge C11, 	which is now stored in 

pixel P12, 	is influenced by radiation portion RP11, 	whi 

is now directed onto pixel P12. 	Similarly, 	diation  

portions RP12 and RP I3 are shiftec downward and directed  

onto pixels P13 and P14, 	respe 	- vely. 	Fig. 	2 (C) 	depicts 

system 100 ( 	1  1) 	subsequent time t12 after charges 	I 

and C24 are shifted out of pixel buffer 120- 	by way of 

clocK signal CLK2 such That these charges are transferred 

into storage cells R1 and R2 of sh2, t register 130-1. 	AS 

depicted 1. 	Fig. 	2 (C) 	this transfer may he do e 

simultaneously 	', 	a vertical transfer simil - 	that  

depicted in Fig. 	2(B) 	that transfers charges C13 and C23 

into pixel buffer 120- 

[0058] 	Figs. 	2 (D)((G) 	depict the subsequent 	-amsfer 

and conversion of a row of a °jog image data values 	(i.e. 

charges C14 and C24) 	into corresponcing digital data values 

utilizing well known correlated. double sampling 	(CDS) 

techniques. 	As depicted 1 	Fig. 	2(D) 	at time 	,, 3 shift 

register 130---1 is driven by clock signal CLK3 to shift 

charge G24 from storage cell R2 of shift register 130 _ 

into output buffer 141. 	At approximately the same tune, 

out 	„,, 	sensing node 	145 is caused to reset 	 .,,- way of 

actuating reset signal RST, 	whereby an initial 	(reset) 

charge value stored on output sensing node 145 generates a 

corresponding out u'._sit-JIG 	OUT1 	by way of 

amplification by driver 147) 	having an .initial 	(reset) 

analog value 0(INIT) 	corresponding to charge INIT. 	In 
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adddtion, ADC 150 	driven by way of associated control 

signals to store output signal analog value 0 TNA.T) , 	for 

example, 	on a capacitor in CDS circuit 152, 	or, 

alternatively digitized by a-c -og-to-cig-  tal converter 154 

and stored asdigit: l value D10 in a. memory. 	J ation 162-1 

of memory circuit 	162. 	Next, 	as 	i Idica. ed. in. Fig 	2 (E) 

output circuit 140---1 is driven by clock signal CLK4 to 

transfer analog image data value C24 from output buffer 141  

to output 	,:, ising node 14R 	thereby generating output 

signal OUT1 haying a. voltage 024 corre s_,ond.ing to the level 

of charge 	and ADC 150 	ft riven, 	for example, 	to 

convert output voltage 024 into a digital 	lue Dll that is 

stored in a memory location 162-2 of memo 	circuit 162. 

As indicated at the bottomof Fig. 	2 (E) 	in one embodiment,  

a CDS 	inal) 	image data. value D (S24) 	for a corresponding 

sup-sect on of the sample 	(not shown) 	is L en generated by 

deturmining a 	Lference between cigital values D10 anc D11, 

which 	performed, 	.g. 	by way of cu r iling 

microprocessor 165 using instructions associated 

single pixel --, ocess software 166 	(i .e. , 	if the subtraction  

has not been performed in the CDS cir „it) . 	Asdeoictec in 

Fig. 	2 ( 1) f 	at time 	- 	axift register 	13:-1 	is 	again driven 

by 	Loci( sign 	CLK5 to shift charge 01_4 from storage c.e11 

R2 into output buffer 141, 	output sensingno e 145 is again 

reset by reset clock signal RS'_-' to initial 	c 	ge INIT f 	and 

ADO 150 	driven, 	e.g. f 	to digitize and store output 

	

signal OUT1(i.e ., 	signal vaiue 0 ( 	NiT) ) 	as digital- ue 

D20 in 	memory location 	(e.g., 	location 162-1) 	- memory 

circuit 162. 	At time t6, 	as inci mated in Fig. 	2 (0) , 	output 

cir uit 140-1 	again dri en by 	J 	.g 	, 	( :K4 to 

trans, er a 	-1o(i. 	image data value C14 	:on. out 	5.,, 	)uf f 	- 	141 

to output sensing no e 145, 	thereby generating 	tout 
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signal °DTI ha. v7 i 	g a voltage 024 correspondi 	g ,L 	the level 

of c -idrge C14, ADC 150 is driven, 	for example, 	convert 

outp , voltage 	)14 into a digital value D21 that is store, 

in a memory location 1 62-2 of memory circuit 162, 	and then 

a CDS 	image data. value D(S 4) 	1s generated by deter ining a. 

difference 	)etween d.gital values D20and -fl 	As 

evi enced by the conversi 	of , e fir , row to digital 

alues 	(descrised 	)ove) 	a characteristic of the single 

Pixel process _ 	t at output sensing node 145 	D reset 

between each analog image data value 	(e.g., between charges 

C24 	and. C14). 

[0059] 	Once the last analog image rata 	lue nas seen 

transferred either to output buffer 141 or to output 

sensing anode 145, 	an addit 	J a 	row of data is shifted 

downward for processing. 	For example, 	as indl -ted in 	' 

2(), 	the next row of charges C13 and C23 are shifted into 

storage cells Ri and R2 of shift register 130 _. 	Charges 

C23 and C13 ;gill be shift, A into oLcput circuit 	4 - 	for 

generation of CDS image data values in 	'e manner described 

above for charges C24 and C14. 

[0060] 	Fig,. 	3(A) 	to 	de i t the operation of sys 	Hra 

100 	1) 	when con,}_gored oy way of control data to 

perform output binning process 167 	(Fig. 	1). 	To simpli 

the degcristlon 	the same charge resignations 	(i.e., 	_11 to 

-in 	utilize 	in L 	cescription of single pixel processing 

are also utilized. in this example. 	Note that the output 

binning process includes image capture operations that are 

icentica 	to those cescribec above vJi b 	reference to 7  gs. 

W 	to 2(C), 	and therefore the image capture operatio 	) 

associated wi 	Figs. 	2 	A 	to 2 C) 	are omitted below for 

brevi t. y. 	That is, 	the description of the out,uL 	inning 

orocess illu Lratec 	in Figs 	3(A) 	to 3(D) 	segins with _ 

30 
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captured 	analog A.mage data. values C14 and C24 alreac y.  

transLerred veithin image sensor 110, 	a s indicated. in Fig. 

2 (C) , 	where Fig. 	3 (A) 	deoicts a suosequent charge transfer 

performed in accordance with the output binning Process at 

a time 	L, 	1that 	suoseguent to 	.me t12 	F 	n 	,\ \ 

	

c;  ; 	. 

[0061] 	Referring to 	g 	3(A) 	according to an aspect of 

the output binning process, 	image sensor 110(t31) 	is criven 

to secuentially transfer two analog image cata values 	(i.e., 

-,, 	and C14) 	onto output sensing node 145 such _ at output 

sensing node 145 stores a first analog image data va_Lue 

duri 	g a first 	ime period(i.e.,referring to 	3(A:) 

charge 	4 is storec on sensing 	145 at time t31) 	anc 

stores a sum of the two analog image data values 	(i.e., 	the 

sum of charges C14 and C24, 	indicated as "C14 C24" 	' 	Fig. 

i) j 	during a second. time period. 	.e., 	sub equent to 	le 

first time period). 	Specifically, 	output suffer 140---1 	is 

driven using clock 	- g -.1 1 	CLKA to transfer analog image 

ats. value C14 into out ,At sensing node 145 while analog 

image data. value _ 	I remains stored on output sensing node 

145 	(i.e. 	output sensing node 145 was not reset of s,er 

generating digital cata value 	11 corresponcing to charge 

C24). 

[0062] 	According tothis exemplary embodiment, 	output 

binning involves controlling ADC 150---1 to generate a first 

corresponcing digital output cata Value during a _irst time 

period while one charge,T L 	stored. on output sensing node 

45 	and then generating a second corresponding digital 

output value curing a suosequent 	(seconc) 	time period when 

a sum of twocharges are storea on output sensing node 145. 

This aspect 	i 	Thstrated in Figs. 	(B) 	and 3(D), 	where 

Fig. 	3,B) 	depicts cont.rolling ADC 150-1 	to generate a first 

corressoncing digital output c ata value 	(i.e. 	DL 1) 	during 

31 
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first time period 	(J1me t32)while only charge C24 

st.or.ed on output sensing node 145, 	and rig. 	3 (F))depicts 

controlling ADC i 	to generate a seconc corresponding 

digital output data value 	(i.e., 	D12) 	during second time 

period t34 depicted in 	J. 	2 	while the sum of charges _, 	- 

C14 and. 24 is stored on output sensing node 145. 	Digital_ 

output value D11 is 	orec in memory location 162---2 in , c 

example of r 	g. 	3(B), 	and Fig. 	3(D) 	shows digital value D12 

storec in memory lo( at _on 162-3 of memory 162. 	Note (flat 

the two digital image data values 	DI 1 and DI2) 

stored in memory' I 	at the end of the second time period 

were genera ec after the output suffer reset shown in Fig. 

:A) 

[0063] 	According t o the exempla y embodiment, 	downstream 

digital signal processing is uti 	ized to calcu 	'- 

individual pixel values using the Progressively generated 

digital image data values. 	For example, 	after calculating 

CDS image data value D(S24) 	by way of subtracting reset 

data value D10 	:on. data value D1.1 	e. 	as described 

above with reference o Fig. 2(E) 	anc shown also in 

CDS image data value D(S14) 	is then calculated 

determining a difference between datavalues D12 and D11, 

as indicated at the bottom of Fig. 	3(D). 	in other 

emoodiments, 	i al 	ata values D10 to 	12 	, 	be utilized 

for other purposes, 	such as 	ilizing the calculated 

difference; 	to determine the reset c __oct. noise component 

generated at each reset 	output buffer 141. 

[0064] 	Fig. 	3(B) 	depicts the transfer to the output 

sensing node anc digitization of charge C24. 	Fig. 	3 (C) 

depicts the transfer of charge C14 to the output buffer 141. 

Note that, 	l 	con 	- 	the corresponding step shown in 

Fig. 	2' 	), 	there is no reset operation at this step. 	This 
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allows more time for the s_i_gnal to settle 	aLter the 

transLer to the output sensing node depicted in Fig. 	3(B). 

The digitization of output 024 	om charge C24 may 	done 
, 	_ at 	time 	t32 	as 	depicted in 	Fig. 	3 (B 	Alc:,1 Jaye LA,c..-,,, 	c_., 	a 	little 

until a. time between L32 and t33. 

[0065] 	According to an aspect of the out LA„binning 

crop ess, 	the rate at 	Mich outout sensing node 145 is reset 

to initial value INIT is equal to two or more cycles of 

shift register 	lock signal CLK3. 	T•at is, 	analog image 

rata  values are serially 	'Nferred 	m7.  way.  of shift 

register 13 	1 into output circuit 140-1 such that one 

analog image cata 	lue is transfe rec 	s.o output., sensing 

node 145 during each cycle of shift register 	lock 	al  

CLK3 	(i.e. 	output„circuit clock sign: 	CLKA is the same as 

shift register cpo-: 	signal 	CL 	). 	For example, 	1_gs, 	3(A) 

and 3(C) 	cepictthe transfer of analog image rata values 

C24 and C14 such Lnat charge C24 is transferred onto output 

sensing node 145 during a first cycle of salift register 

clock signal CLK3 	(as depicted in Fig. 	3(A)), 	and charge 

C14 is transfe rec onto output sensing noce 145 during a 

next secue tial cycle of shift register clocK 	signal CLK3 

(as depicted in Fig. 	3(C)) 	Because two analog Image data. 

va 	ues („, 	4 	and C14 	are 	,n. 	-vn out,, 	Puff 	- 	141 	for 

just the one reset aeration cepic 	-d in F gs. 	3(A), 	the 

exemplary embodiment shows that the rate at which output 

sensing node 145 is reset to initial value INIT is equal to 

two or more cycles of shift register ,_A o-k signal CLK3. 

[0066] 	Figs. 	4(A) 	to 4(F) 	cepict the operation of system 

100 	(Fig. 	when co figurec by way of control cata to 

perform mu 	-sampling process 168 	Fig. 	1) 	Note 	at  the 

mu,„ -samp ing process begins by performing image capture 

and initial analog image cata transfer ooerations that are 
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identical to 	..hope descr bed above wit{-: reference to 'Re s. 

2(A) 	and 	(B) 	and therefore these image capture and 

initial analog image rata transfer operations are omitted 

below for brevity. 	That is, 	;he cescription of the multi- 

samp ing process begins with captured analog image data 

values a read 	transferred w1-thin image sensor 110 at time 

tli 	as 	insi ated 	in Fig. 	2(3) 	anc 	Fig. 	4(A) 	cepicts a 

sussequent charge transfer performes at a subsecuent time 

t41 	accordance with _ e multi-sampling process. 

[0067] 	According to 	first aspect of am exemplary 

embodiment of the mu ,, -samp ] 	g process, 	mu ,,i 	_e_ pixel 

charges 	(anal 	image data values) 	are "vertically" sinnes 

in pixel buffers 31 and 32 of pixel buffer.  circuit 120-1 

before being passed. toshift register 1.3r -1. 	Fig. 	4(A) 

shows the transfer of charges C13 and. C23 into pixel 

buf.e 	El and 32 aft__ charges C14 and C24 were 

transferred as described above wits 	reference to 	zp. 

and 2 	whereby summed 	(combined) 	charge 	3+C14 is 

stored.i 	pixel buffer El and summed charge C23+C24 is 

ores in pixel suffer 32. 	Note that binning combines 

charges in pixel bu=fers 31 and 32 facilitates transferring 

charges out of pixel group 111 -1 at a fasterrate than 

could. be achieved. using the si g e transfer rate descr bed 

above with reference to Figs. 	2(A) 	o 2(G) 	,,_ e., 	clock  

signal CLK1 can be generated at a higher.  frequency)  

[0068] 	In one embodiment, 	Jhe subsequent transfer of 

summed charges to output sensing node 145 for conversion to 

digital image data values is similar to that utilized in 

the single pixel process descrisea above. 	Referring 	„i g. 

B) , 	at time t42 pixel buffer circuit 120-1 is cos 	illed 

by 	lo- K. sign al CLK2 to transLer summed charge C 3 	14 from 

pixel suffer 31 to register R1 of shift register 1 0 1, 	and 

34 
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to tr; -nr-fer summed charge C23+C24 from pixel bu fer B2 into 

regis er R2. 	At 	ge same time, 	a vertical transfer moves 

all the charges in pixel group 111--1 cown one row, 

resulting in charge C11 transferring from pixel P13 to 

pixel P14, 	c 	7.,.-ge C21 transferring from pixel P23 to pixel 

P24, 	and charges („, 	and . 22 transferring from pixels PIA 

and P24 to pixel buffer 120 	_L. 	Referring to 	4(C), at 

time 	qi 	shift 	register is criven ov 	lock 	i 	rT 1-7") 	;-- di 	1 ,1_;1\-) 	Lo 

shift summec charge C13+C14 from register R1 to register 

and to transfer summed charge C23+C24 from register R2 to 

out „,, 	uff 	- 111. 	At approximatelythe same time, 	out,„,, 

sensing node 145 is reset by way of reset clock signal RST 

to store initial 	c 	ge value ±NIT, 	and the corresponding 

outpt 	g. , 	OUT1 is con,erted tn gener , 	in 	lgital 

image data value D10, which is stored in mem=y location 

162 	of memory 162. 	Referring to 	i(D), 	at time t44 

summec C23+C24 is transferred from output buffer.  141 to 

output sensing node 145, 	thereby generating a corresponding 

output 	- gnai OUT" 	corresponding to summed charge C(23+ 

[0069] 	Accor _Lng to another aspect of the multi---sampling 

process,ADC 150-1 is conLrollec to generate multiple 

digital outpu, 	data values during the given time 	riod 

based. on the same summed charge stored in out,ut sensing 

node 145 	(.e., 	such that a first corresooncing digital 

output data is generated curing a first portion of

{ 

 the 

given time period, 	and a. second corresponding dig 1. 

out „,, value is generated during a. second portion of the 

given time period). 	Referring to Fig. 	4 D) , 	summed charge 

C23+C24 is stored output sensing note 145 for a given time 

	

period, 	and. analog output signal OUT1 has a vaiue 0(23+2) 

corresponding tothe summed charge C23+C24 during this L ne 

	

oerioc. 	During a first oortion of this time period, ADC 
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1 50-i 	controlled. b•T way of cloc 	signal CLK5 such 	a 

output signal OUT1 is stored or co verted as set forth 

above 	whereby a 	,_ al outout 	lue Dll is generated 	_ at 

is stored in memory location 162-2 of memory 162. 	During a 

subsgpen 	second. port 	Dv' of 	-xis time 	_riod, 	ADC. 150-1 	is 

again core  controlled be 	wav of clock signal CL K5 such that 

output signal OUT1 is again stored or converted to generate 

digital output value D12 that is stored in memory location 

162-3Or memory 1624Note _hat the two digital image data 

values 	e 	Dll and. D1, ) 	stored. in memory.  162 at the end 

of the given 	(first) 	time period were generated. aft 	- the 

output buffer reset described above with reference to Fig. 

C) , 	and before a subsequent reset described below with 

reference to 'Re 	 Downstream digital signal 

processing may 	len be utilized, 	for exampie, 	to de ermine 

final digital image 	lues by way of averaging the 

duplicate digital image data values. 	For example, 	CDS 

image data values 	S23) 	and D(S24) 	may be generated 	m7.   way 

of s Aptracting initial value D10 from each of duplicated 

image 	lues D1 and D12, and then calculating an average 

of L 	two adjusted 	A ues. 	In ogler embodiments, 	digital 

data values Illi. and. D12 may be averaged. without ad ustme 	, 

or processed using other me 	lods known in the art. 

[0070] 	In the disclosed embodiment, 	referring to Fig. 

1(E), 	output sensing node 145 is reset to the initial value 

after digital_ data values are generated for charges C23 and 

C24, 	and while s -11.t register 13' 	is control ed by clo-. 

signal CLK3 to transfer summed . 	ai_ e C13+C14 into outout 

buffer.  141. 	Referring to Fig. 	4(F), 	output circuit 140 	1 

c.  control-1 	A by way of cloc< signal CLK4 to 	,r, sfer 

combined charge Cl3+14 from output_ burfer 141 onto output 

sensing node 145, 	thereby generating analog outputsignal     
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OUll having 	, ne 0(13+1 	) 	correspon 1 g Lc the summed 

charge C 3- 	14. 	ADC 150-1 is then act.Uated by way of clock 

signal CLK5 	( ig. 	the manner described apove 

generate duplicate digital output 	1 ue 	D21 and D22 curing 

different portions of the time period during w ich summed. 

charge C1 +14 	c stored on output sensing node 1 	, 	and. 

then downstream digital signal processing is utilized, 	for 

example, 	to determine final digital image values D(S13) 	and 

D(S14) 	way of averaging _ -2,  duplicate digital image  data 

values. 	Referringto the central portion of Fig. 	4 (F p, 

during t.h.is time another vertical transfer, 	similar to t.h A- 

deoicted in Fig. 	4(B) 	aerformed causing summed charges 

Cil C12 and C21+ 22 to 	transferred from charge storage 

cells B1 and B2 of pixel buffer 120-1 into shift register 

130-1. 

[0071] 	Although the above description of an exemplary 

embodimen 	of the mul _ sampling process in,  ludea binning 

the image data two rows at 2 	.me and. digitizing 	-,-K , 

analog data value twice, 	these specific details were chosen 

to illy  illustrate the Principles and should not pe inter-preted 

as limiting the scope of t -2,  invention. 	F r example, 	'e 

mu, 	-sampling process may be used wi 	.11„ 	image binning if 

the vertical clock rate ' 	low enough 	-_ ative to the speed 

of the ADC. 	In another examp r,, horizontal binning may be 

used instead of vertical binning 	for example, 	summing 

analog pixel data in ot.,Jput buffer 141. 	In another example, 

ver ical and horizontal binning may be combi .ed. 	In 

another example, 	the multi---sampling process may take 

mul iple samples of both 	e reset value 0(INIT) 	and of the 

mage data. values. 	The average of 	ie multiple samples of 

the reset value may be computed and subtracted from the 

average of the image rata values. 	In another example, 



WO 2017/031013 PCT/US2016/046938 

three rows of image data or three _o r1  horizontal 	ixels may be 

binned. 	More binning of 	e data allows more time for data 

readout, 	thus enabling the ADC to digitize more than twice 

eachbinned image data value. 

[0072] 	Additional details regarding the 	reser't. 

invention IN' .1 now be provided w. L, 	reference to various 

inspection systems and image sensor types that may be 

modified to implement the :resent invention, 	and to 

additional 	specific details 	regarding use of 	L he ,Thrcic.:,:,r* ,._.,c__It_ 

inven 	)1 in p 	c 	cal setings. 

[0073] 	Figure 5 i lustrates an exemplary inspection 

system 1 . 0A conrpoured 	o inspect or measure a sample 

such as a wafer 	reticl 	or photomask. 	Sample 	is placed 

on a stage 1.2A. to 	icilitate mov. ement to different regions 

or sample 	underneath opt-cal system 	(op 	_._ 	103A. 	Stage 

102A may 	e prise an X-Y stage or an R-8 stage 	In some 

embodime 	L 	stage 102A can cac us L 	..,.ale height of sample S 

during inspect 	)-- to main 	1' focus. 	In other embodiments, 

an. objective lens A.05A of r 	tics 1 3A can be aoi 	sted to 

maintain focus. 

[0074] 	An illumination source 101A may comprise one or 

more lasers and/or a broad-band. light source. 	Illumination 

so rce 101A may.  emi 	DUV and/or VUV radiation as emitted 

radiation ER. 	Optics 103A is conr oured to dire 	emitted 

radiation DR toward and focus directed radiation DR on 

samT. 	Opt.ic:s 	103A. may 2 	o comprise mir 	Jps, 	lenses, 

and/ orbeam splitters configured usingtechniques known in 

the art. 	Portions of dire ,L ed radiation DR that are 

reflected or scattered from sample 	are collectdd, 

directed, 	and focused by optics 103A. as redirected 

radiation RR onto an. image sensor 110A, which is moue 	ed 

within a cetector assembly 106A. 
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[0075] 	Detector assembly 106A. inc ndes  image sensor 

and an ADC 150A that are configured and operated as 

descrioed herein to implement at least one of the methocs 

described herein for criving, 	controlling or reading out 

analog image data captured by A.mage sensor 1IOA. 	image 

sensor 110A. may include a two-dimensionalarray sensor or a 

one dimensional line sensor. 	In one embociment, 	the 

digital image data values Dx outout from image sensor 110A 

and ADC 150A are provided to a computing system 107A 	which 

s ores and 	rocesses d g_i_ al image data valuesDx in a 

manner consistent with 	he exemplar'?  embodiments described 

herein. 	Computing system 107 is configured ay program 

insinstructions 109A, which in one embodime , are stored on a 

carrier medium 108A. 

[0076] 	In on.e embodiment, 	illumination source 1 LA. may 

be a continuous source such as an arc lamp, 	a laser-oumpec 

plasma light source, 	or a 	A laser. 	In another embodime L 

illumination source 101A zna.y be a pulsed source such as a 

mode-locked. laser, 	a (2-switched laser, 	or a plasma. 1 ght 

so rce pumoed by a 0-switched laser. 	In one embociment 	_ 

inspection 9 7Stella 100A incorporating a (:),-switched laser, 

the 	image 	sensor 110A. is 	synch:roll 	ed with the 	laser pulses 

In 	vi.s embodlmen 	the image sensor may operate in a TDI 

mode curing the laser guise and then may readout the data 

through multiple outputs on both sides of the sensor in 

between laser puses. 

[0077] 	One embodlment of inspection system 100A 

illuminates a line on sampleand collects scatterec 

and/or.  reflectec light in one or more aark Li, 	c anc/or 

brig , 	leid collection charmed 	In this embodiment, 	tale 

image sensor 11.OA. may include a line sensor or an electron- 

bombarded line sensor. 
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[0078] 	Another embodiment of inspection system _,.00A 

il uminates mu „n 	spots on sampi 	S, 	and co lects 

scattered and/or reflected lightone or more dark fie _ 

and/or bright-field collection 	_flannels. 	In this  

embodimen - 	image sensor 1- 0A may include a two-dimensional 

array.  se.  sor or an e ectron-bombarded two aamensionai array 

sensor. 

[0079] 	Additional 	ils of 	rious emoodiments of 

inspection system 100A can be found in U.S. 	Publishea 

Application2016/009 7727 by Vazhaeparambil et al., 	en 	', 	A 

"TDI Sensor in a Darkfie 	i System", 	published 	onApril 

2016, 	U.S. 	Publishes Application 2013 001 346 entitled 

"WAF'E'R INSPECTION SYSTEM",pun ishec on January 	2013 by 

Romanovscy et al 	U.S. Published Paten 	Appiication 

2009/018 	176, 	by Armstrong et al., 	which A,  . . blished on Ju 

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

Chuang et al., 	which published on January 4, 	2007, 	U.S. 

Paten_ 	8,891,079 	entitled. "Wafer 	inspection" by Zhao 	et 	, 

U U.S. 	Patent 5,999,310, 	Shafer et 	al., 	which issued on 

December 	7, 	1999, 	and U.S. 	Patent 	7,525,649 	Leong et 	al., 

which issued on April 28, 	2009. 	:1 of these patents and 

pater 	ap li ations are incorporated 	,y reference hei_ein. 

[0080] 	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 embod.imeants of trine pr_eseant invention. 	In Figure 

6(A:), 	illumination opt cs 201 comprises a 	u- 	system 220 

generating light 202 that is _ 	used by a mirror or lens 

203 into a line 205 on surface of a wafer or photomask 

((sample, 	211 being inspected. 	Col_e 	i 	J 	optics 2_0 

directs light scattered from line 205 to a sensor 21 1-  using 

lenses  and/or mirrors 212 and 213. 	An optical axis 214 of 
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llection opt_ , 	210 	no, 	1 	the illumination 	, e of 

_._i 	_ /L.-- 	In some embodiments, 	optical 	axis 	14 	is 

approximately perpendicular to line 205. 	Sensor 215 

comprises an array sensor, 	such as a linear array sensor. 

One, 	or more, 	of 	-le circuits and/or methods described 

herein a -e used. to drive, 	control or read out sensor 2 p. 

[0081] 	Figure 6(B) 	illustrates one emoodiment of 

multiple earl--field collection systems 231, 	232 and 233, 

each collection system substantially similar to collection 

optics 2_0 	f Figure E4A). 	Collection 	ys ems 2' 	2.2 and 

233 may be used. in combination w „illumination opt. _ 

substantially similar to illumination optics X01 of Figure 

6(A). 	Each collection system 231, 	232 and 233 incorporates 

one, 	or more, 	of the circu, 	and/or rc.ethods described 

herein 	dr_.- tile, 	control or read o 	, 	its sensor. 	Sambie 

211 is = 	-Portec 	tape z21, 	which moves the areas to be 

inspected underneath , 	,ptics. 	Stage 221 may comprise an 

XI- 	̀age or 	-.„ 	- 	st-ge, 	'i.ch preferably moves 

substantially con' :_r:ruous1_y continuouslyduring the inspection 	inspect 

large areas of the sample with minimal read time. 

[0082] 	More cetails of inspection systems in accordance 

wdth the embodiments illustr Jed in Figures 6(A) 	and 6(B) 

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

U.S. 	Patent 6,608,676 to Zhao et al. 	ooth of which are 

incorporated 	reference hereln. 

[0083] 	Figure 7 illustrates an inspection system 300 

configured to detect particles or defects on a. sample using 

oath normal and oblique illumination beams. 	In this 

cortigurati 	a laser 9 stem 	- 	Provices a laser 	a 

301 	A. lens 302 focuses beam 301 through a spa 	' 	fi 	Jer 

303. 	Lens 304 collimates the beam and conve s it to a 

polarizing beam splitter 305. 	Beam splitter 305 passes a 
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first polarized. component to the normal illumination 

channel and a second. polarized component t.o the a. iique 

illumination channel, where the first and second comoonents 

are orthogonal. 	In a normal illumination channel306, 	the 

first polarized component As focused by.  optics 307 and 

reflected by a mirror 308 towards a surface of a sample 

309. 	The radia,ion scattered by sample 209 	'cm _ _ 	„  ch as a 

wafer or photomask) 	is collected anc focused by a 

Paraboloidal mirror 310 to a sensor 311. 

[0084] 	In an oblique illumination channel 3"12, 	the 

second polarized component is reflected. by a beam 	ltter 

305 to a mirror 313 which reflects such seam through a 

na f-wave slate 314 and focused is„. 	optics 315 to sample 

309, 	idiation originating from Lle oblique 1 _lumina, 	orn  

beam in oblique channel 312 and scat ered by sample 	A 1 r m 

collected ay paraboloi _,l mirror 310 	focused to sensor 

311.Sensor 311 and L 	illuminated area 	(from the normal 

and oblique illumination channels on sample 309) 	are 

preferably at the foci of pa:abo 	Didal mirror 310. 

[0085] 	Paraboloidal mirror 310 collimates the scattered 

radiation from sample 309 into a collimated beam 316. 

. 	Llimated beam -16 is then focused. by an objective -17 and. 

througP an anayzer 318 to sensor 311 	Note that curved 

mirrored surfaces having shapes other than Paraboloidal , 

shapes may also be used. 	An instrument 320 can provide 

relative motion between the beams and. sample 309 so that 

spots are scanned across 	,lie surface of samp 	309. 	One or 

more of the circuits and methods described herein are used 

to drive, 	control or read out sensor 311o 	U.S. 	Paten t_ 

201,601, 	which issued. on March 13, 	2;;01 	and 

incorporated 	reference nerein, 	describes inspection 

system 300 in further detail. 
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Figure Billustrates an exemplary cataciostric imaging 

system 400 configured. as an inspection system. with bright- 

field an 	dark __ 	c insoection modes. 	System 400 may 

incorporate two illuminations sources: 	laser 41, 	and a 

broad-band L 	i lumination module 420. 

[0086] 	1n a dark-field mode, 	adaptation optics 402 

control the laser illumination beam size and profile on the 

surface  being inspected. 	A mechanical housing 404 includes 

an aperture and window 4C,  - 	and a prism 405 to recirect the 

aser along the optic, 	axis at normal in,..deuce to the 

surface of a sample 40$. 	A. prism 405 also directs the 

specular reflection from surface features of sample 408 out 

of objective 406. 	Objective 406 collects light scattered 

by sample 408 and focuses 	on 	sensor 409. 	Lenses for 

objective 406 can be 	rovided in the general form. of a 

catadioptric oojecti (m 412, 	a focusing lens group 413, 	and 

a tube lens section 414, which may, 	optionally, 	incluce a 

zoom capabil 	y 	Laser 401 m.,:y be a. high-repetition-rate 

pulsed laser, 	such as a mode locked. laser, 	or a CW laser. 

[0087] 	In a bright-field mode, 	a oroad---banc 	illy mination 

module 420 cirects broac-band light to a beam splitter.  4.  D, 

which reflects 	.t 	-fight towards focusing lens group 413 

and catadioptric objective 412. 	Ca*adi ptric object:-tile 412 

illuminates sample 408 v't., 	the broadband light. 	Light 

that 	reflect( 	or.  scatterec from the sample is collected 

by objective 406 	, 	i focused on sensor 409. 	Broad-band 

1 	umination mod le 420 comprises, 	for exampi 	a 	_ - 

sumpec plasma light source or an arc lams. 	Broa -banc 

illumination mocule 420 may also include an auto-focus 

system to provide a signal Lo co 	r- 1 the 	eignt of sample 

408 relative 	:o catadioptric objective 41 	. 

43 



WO 2017/031013 	 PCT/US2016/046938 

[0088] 	One or more of Le circu 	and methods described. 

herein are used to 	i ive, 	con rol or read. out sensor 409. 

em 400 is describec 	in ,_ rther cetail in U.S. 	Patent 

Nbs. 	7,345,825 anc 	7,817 A. 	0, 	which are incorporated 

referenceherein. 

[0089] 	Figure RA illustrates exemplary waveforms in 

image capture and image data transfer operations using 

techniques similar to those desictec 	in rigs. 	2(A) 	To 2(G). 

Each waveform represents The voltage of a signal 	(such as a 

cloc< or output signal) 	as a. runctioA of 	The 

vertical axis represents voltage in arbitrary.  unitsand. the 

horizontal axis represents time. 	The vertical scales of 

the different signals are not necessarily ecual. 	The 

vertical of sets :1 	the figure between 	-le diffe,en 

signals are simpl'y 	for ci rity and do not imply.  that o e 

ltage is more Positive or more negative than another. 

Waveforms 901, 	902 anc 903 represent The voltages of a 

three phase vertical clock as a function of time. 	Each  

clock waveform is substantially120' shifted 1r 	phase with 

respect to 	e other clock waveforms. 	These vertical 

clocKs can pnrform 	function of CLK1 in 	1 that 

causes the charge stored in one row of pixels to be  

transLerred 	Jhe next row., 	and the last row to Pe 

in transferred to the pixel buffe 	120 	g. 	1. 	Note _ a 

the vertical clock could 	a two-phase, 	ee-phase or 

four-phase c =_o 	de_,end.ing on the design of the pixels of 

the image sensor. 	More details on the use of sinusoidal 

and other clock signals for driving CCD image sensors  can 

be found 	in U.S. 	Patents 7,952,633 and 7 	607,309 cited 

above. 	Although Le 	J 	waveforms are d 	'.ct 	A as sine 

waves, other wave o= such as trapezoidal or square waves 

may be used. 	Waveform 904 represents the voltage of L .., 
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_Line 	J 	as a function of time. 	Tao-is line c lockcan 

perform the function of CLK2 in Fig. 	1 	' t causes the 

contents of Pixel suffer 120---1 to se transferrec to shift 

registers 	130 	_ 	(e.g.,as 	shown in Fig. 	2(C)). 	No vertical 

binning is performed, 	so once per cycle of the vertic-, 

clocks, 	the line clock of waveform 904transfers to 

contents of the pixel buffer to the shift register. 

[0090] 	Waveforms 905 and 906 represent the voltages of a 

two-chase horizontal clocK as a function of time. 	The two 

cloc< waveforms are substantially 180' out of phase with 

respect to or-, e, another. 	Note that depending on the design 

of theshift register, 	a L_ ree-phase or fair-phase 	lack 

could be used. 	The waveforms might be tracezoical, 	as 

shown, 	or might use a sine wave or distorted sine wave. 

These horizontal c ocks can perform the function of c- in 

Fig. 	1 	_ at causes the charges stored in , 	shift register 

to be transferred to 	rig L 	and the last 0 ift register 

to be transferred. to ,ne output buffer 141 	present), 	as 

indicated in 	lg. 	n'--. 	In the example shown 	L Fig. 	9A, 

the horizontal shift register comprises fog r registers, 	and 

the horizontal shift register is followed by an output 

buffer, 	so 	, 	-al of five clock cycles are needed to 

transfer al _l 	e charges 	.o the output.. 	igures 	2(A)-2(G) 

d.esictec a horizontal shift register comorising only two 

registers in order to 	Keep _ e figures simpler. 

[0091] 	Waveform 907 represents the voiJage of pane reset 

clock as 	_unction o n._ 	ime that can perform the function 

o 	RST in Figs. 	2(A) 	to 2(G). 	In this example, 	the reset 

clocK runs all ,_ 	time, 	even when no data is being reac 

out. 	Though no, necessarily required, 	i - 	convenient 

to prev en 	bid' 	I-up 	0 .'urge in the o tput se sing node 

when no data transfers are happening. 	Waveform 920 
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represents tale voltage of the sensor Output signal as 

ft h„, 	ion of 	time, 	e.g. 	01111 	in 	ilg. 	2(D) 	Note 	-t f 	in 

order to simplify the figure, 	the glitches anc instability 

on 	....ale1 	u,tput signal caused by 	lock transitions have been 

om tt„„. 	Each pixel is shown as having a difrerent out it 

voltage from the others. 	Waveform 	0 represents a trigger 

clock waveform 	the CDS garcware 	52 in Fig. 

sampi 	the reset signal ievel 	(i. 	the voltage 0(INIT) 

corresponcing to charge iNIT stored on output sensing node 

145 as shown, 	for example 	Fig. 	2(D)). 	The ver 	.cal 

tted lines connecting waveforms 910 and 92.0 	ndicate t.he 

actual reset signal levels sampled on 	Tg , output 	ave.orm 920 

for each pixel; 	for example, 	*1 - first trigger.  from 

waveform 910 samples reset 	grna.A. level 921 on waveform 920 

for the first pixel in the line 	(row). 	This 	followed by 

a similar trigger and sample for each of s..he subsequent 

pixels in the line. 	This trigger can cause 	ale reset signal 

level to be stored on a capacitor in tale CD3 circuit 	;see 

the Janesick re,erence c ted above), 	or 	„ can cause the 

analog- to-digita 	converter, 	i. 	in 	ig. 	1, 	to sample 

and digitize 	-le reset signal level. 	Waveform 911 

represents a trigger 	J 	‘ 	veform to 	ne sample-and- ol  J. 

(w:„ilin 	lr 	in 	Fig. 	1) 	and. 	analog-to-digipal 	co 	verper, 	i.e. 

,4 in 	 sample anc digitize the output signal. 

The vertical cotted line,, connecting waveforms _,11 anc 	920 

indicate 	-le 	, 	,_u al signal levels sampled. on out 

waveform 320 for each pixel; 	for example, 	the first trigger 

from waveform 911 samples the output signal level 922 on 

waveform 920 for , --, first pixel in the line. 	similar 

trigger and. samples are then issued. for each of the 

subsequent: pixels in the line. 	For each pixels 	if the reset 

signal level is stored on a capacitor within the CDS 
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cir(flii - 	Llen the reset level will be subtracted from the 

output signal before d:g 	ization. 	If the reset sign a1_  

level and the output si 	are digitized seoarate _ 	then 

the subtraction can be performed 	processor as 

explained. above. 

[0092] 	Figure 913 illustrates exemplary waveforms in 

image capture and image data transfer operations using 

techniques similar to those desictec 	in Figs. 	4(A) 	to 4(F). 

Waveforms performing a substantially similar function in 

Fig. 	9B as in Fig. 	9A are labeled. with the same number but 

with a letter B appended as a suffix. 	The waveforms will 

onlydescribed only to the extent necessary 	explain 

differences between Figs. 	9A anc 9B. 	Details not 

explicitA.y described may be assumed. to be substanciaAly 

simi_ 	- between the two figures. 

[0093] 	Waveforms 901B, 	902B anc 903B represent the 

voltages of a three Phase vertical 	lock as a function of 

time. 	As in Fig. 	each 	J 	waveform. is substantially 

120' shifted in phase with respect to the ot.her clock 

waveforms. 	These vertical clocks can Perform the function 

of CLK1 in Fig. 	4 that causes the charge stored in one row 

of pixel„ to be transferred. to 	e next row, 	and L 	,le c. 	ge 

siored in the lastrow to be 	a_ sferred t.o the pixel 

buffer 120-1 in Fig. 	1. 	The concurrent charge transfer from  

one row of pixels to 	next, 	anc from the last row of 

pixels to pixel buffer 120-1_ 	is depicted in Fig. 	4(A). As 

noted above, 	,,lie vertical clock could be a two-:phase, 

three-ohase or four chase clock; other waveforms such as 

trapezoidal or square waves may be used. 	Waveform 904B 

represents the voltage of the line clock as a function of 

time. This line clock can perform the function of CLK2 in 

Fig. 	4 that causes the contents of pixel buffer 120 	to be 
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transferred. 	to 	s.].__ 	registers 	130-1 	(e.g., 	as 	shown 	in 	H  

4(3)). 

[0094] 	In one embociment of the present invention, 

vertical 	inning of the pixe 	charges can be 	,rformec by 

timing line cloc< 9043 so that the charge from two 

consecutive lines 	pixels istransferred to and ne j 

under the pixel suffer 120-1. 	This is equivalent to summing 

the charges from two consecutive pixels in the same column 

under the pixel buffer, 	as dep_ -te, in 	4(A). 	The 

cu L nts of the pixel buffer is subsequen 	y 	' ferred to 

the horizontal registers 130-1 on the tailing edge 9123 of 

line clock 9 43. 	This charge transfer from pixel buffer 

12 	1 to horizontal register 120-1 can be performed 

concurrently 	the transfer of new signal 	, ges  fror.l 

the 	st line 	(row) 	Pixels to the pixel buffer, 	as 

deoictec 	in Fig. 	4(3). 

[0095] 	In L 	example of Fig. 	93 describing _ 	vertical 

binning of two 	xels, 	the line cloc< is 	.med so as to 

have a period wh _✓II is twice longer than ,ile period. o 

verticalclocks 9013, 	9023 anc 	9033; 	equivalently, 	, e 

vertical clocks are timed at a frequency that is double the 

f requevcy  of ,_ 	line cloc‹. 	otner emboddmen 	, of Le 

present invel ion, 	the binning can be performed by summing 

under pixel buffer 130-1 the . 	arges from more than two 

pixels, 	evg. 	from three or more pixels, where for a given  

number of pixel signals being summed, 	the frequency.  of L'e 

verticalclock w l' 	be multiple of the line clock frequency 

sy the same number. 

[0096] 	Similarly to The cescription of Fig. 	9A, 

waveforms 9053 and 9063represent the 	Loges of a two- 

phase norizontal c ock as a function of time. These clocks 

can perform the function of C- K3 in Fig. 	4 that causes the 
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charges stored in the shift register to be 	--n-ferred 

first to 	:ne right across the regis er, 	e.g. 	=on. R1 	.o R2 

in Fig. 	4(C), 	a „ then 	to the outout 	suffer 141, 	' 	present. 

in s e example of Fig. 	9B, 	t e horizontal shift register  

comprises four registers 	ol owed by an out c., busfer, 	so a 

total of 	':_ve clock cycles are needed to transfer all the 

charges to the  outout. 	Figures 4(A) 	4(7) 	desic ec 

horizontal shift register comprising only two registers for 

simplicity. 

	

[0097] 	Waveform 907B represents the voltage of the reset 

clock as 	_unction 	ime. 	The reset c ock can perform 

the function of r<ST in r,2g. 	4 (C) 	and 	4(E). 	Waveform 9203 

represent the voltage of the sensor output signal as a 

function of time, 	_.e. 	&Din 	in Fags. 	4 (C) -4 (F) , 	where in 

order to simplifythe figure, 	glitches and instabilities 

caused on the output signal by clock transitions have seen 

omittc2. Each of L 	four pixels in each line is shown to 

have a differ& 	output 	tage from the others. The signal  

in each pixel corresponds to Lne sum of two pixel signals 

from the same column 	(or to the sum of signals from more 

than two pixels, 	in the case of vertical binning scanning 

	

more L 	, 	two pixels), 	where Lle summing has p en performed 

under the output 	uffers 130-1 as described above. 

[0098] 	Waveform 9103 represents a trigger clock waveform 

to , e CDS hardware 	(152 in Fig. 	1) 	to sample the reset 

signal level, 	the voltage C(INIT) 	corresponding to 

charge INIT stored on the output sensing node, 	as shown for 

example in Figure 4(C). 	The vertical coL.ted lines 

connecting waveforms 9103 and 9203 indicate the actual 

reset signal levels sampled. on output waveform 920 ror each 

pixel; 	for examp e 	the first trig er from waveform 910E 

samples reset signal level 9213 on waveform 9203 for the 
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first pixel in 	e line, 	which is fo A.lowed 	, a similar 

trigger and samp e for 	.11 t e other 	-.xels in tile line. 

The trigger from waveform 9103 can either cap se the reset 

signal level to be stored on a capacitor in the CDS circuit, 

or can cause -.- 	J -to-dig tal converter 154 to samp e and 

digitize the reset signs. 	level. Waveform 9113 represent 

trigger clock waveform 	the 	amel 	-and-hold circuitry , 	 2 

(w thin  J_• 	in Fig. 	1) 	and analog-to- 	gi al converter 	( 	J4 

in _ 	1), 	to sample and digitize 	output signal. 

SamT. 	tgaidgiJization occur at 2 	n 	after the reset 

clock when the charges 	:on. the horizontal s~ 	i f f 	register 

and the output buffer 	(if Present) 	are transferrec 	s.o the 

seilslng node 	horizontal clocks 9053 and 9063. 

[0099] 	In the orevdous descA ipL}_on of 9A, 	only one 

samp l e per pixel wastriggered by waveform 	1. Thesame 

sampling Liming could oe aspliec 	L.o the sensor o tout 

signal when vertical 	inning is performed. 	In another 

embodiment 1 lustr ted in Fig. 	the output signal is 

sampi r- twice per pixel by wave.orm 	1 B. 	The vertical 

dottec lines connecting waveforms 9113 anc 9203 indicate 

the two actual output signal levels sampled on waveform 

9203 for each pixel; 	for exam 	the first trigger from 

waveform 9113 samples ouf-,,L cH.gna-. levels 	n 3 and 9233 

for the first pixel in the line. 	Two similar ',riggers and 

samples are then issued for each of the remaining pixels in 

the line. 	With reference to Figs. 	(D) 	and 4 	C, 	t.aa.is 	is 

equivalent to output signa 	0= 	(corresponding to 	-He sum 

pixel charges C23 and C24 in Fig. 	4(D) 	or C13 and C14 

in 	ig. 	E 	being same 	3 twice before another res , 	 is 

issued, 	e.g. 	in Fig. 	4(E). 	If the reset signal 	level 	is 

stored on a capacitor wdthin the CDS circuit, 	then the 

reset le el will be suotracted from each of the two output 
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signal samples per pixel beAore digitization. 	the reset 

signal 	level 	a 	i 	)c) 	' 	out,„„, 	sign 	levels 	are d. g 	•„ 	/ed 

separately, 	then ,subtraction can be oer prmed ov 

signal processor. . 	The signal processor can also perform the 

average between the results of ,,,le two separate CDS 

operations performed for eac 	pixel 	as 	liustrated for 

example 	in 16 	(168) 	in Figs. 	4(D) 	and 4(F) 

	

[0100] 	The examples of Figs. 	4 and 9B illustrate the 

simple multi-sampling case in which for each pixel a single 

samT. 	e and digit}_,_,, 	J 	are performed. for 	the reset signal 

	

vel, 	d d two samples and digi izations are performed for 

the output signalieve.i. 	In other emoodiments, 	, ,.., multi- 

sampling technicue can beapplied D 	having for each pixel 

	

more L 	, 	one sample and d 	j „ 	J 	for the reset signal 

level, 	andtwo or more samples and d. g „ 	3ation for the 

outpiL , 	signal 	le els. 

[0101] 	Figure 10 illustrates an exemplary electron- 

bombarded. image sensor system. 701. 	In this embodiment, 	the 

whole assemb y can .0e. contained. in a seai d tube 	05 	(e.g. 

substantially simil _ to the sealedtube of 	andard image 

intensifier and electron-bombarded CCD 	(EBCCD) 	devices). 	A 

top sur 	ce 707 of 	le 	be 705 can include a window 	lat 

' 	transparent. at the wavelengths of i terest. 	For UV 

sensitive ele tron-bomparded image sensors, 	this window 

preferably comprises a very sure grade of quartz, 	fused 

silica or alumina 	(sapphire). 	In some preferred 

embodiments 	„lie out_side surface of the win ow is coated 

with a UV anti---reflection coating. 	Such a coating might 

comprise a single layer ofa low index material such as 

or mignt comprise a mu_ 	,yer coating. 

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

Placed immediately - 	acent to that inside surface, 	is a 
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photocathode 704. 	The photocathode material may be  

substantially similarto any 	ptocathode material known in 

the art for use in photomul 	,pier, 	image inte-cifier, 	or 

prior-art E}3CCD detectors . 	In preferred embociments, 	the 

photocathode may comprise one or nore al<ali metals such as 

cesium, 	andior ma' comprise a semiconductor such GaN, GaAs, 

or silicon. 	Photocathoce 704 can be held at a negative 

ltage 703 relative 	Lo a solid---slate image sensor 702, 

which is positioned near. 	bottom surface of sealed tube 

705. 	In some embodiments, 	negative 1v o A. tage 703 may.  be  

approximately 	, 	Vf 	in other embodlments, 	it may be a. few 

hundred volts or approximate _ 	1t.00 V. 	In preferrec 

embodiments, 	negative voltage 703 is between 100 V and 1500 

[0103] 	S lid-state image sensor "7;2 can be a thinned CCD 

or CMOS image sensor oriented so that the electrons impinge 

first on its back-side surface. 	back-side of solid- 

L._ image sensor 702 includes a layer of boron deposited 

dire 	,, 	on the epa.axiatilayer oc the image array  as 

des ribed in references cited herein. 	In some embociments, 

a thin 	(few nm) 	_Layer of a conductive material, 	such as a 

refractory metal, 	deposited on the boron layer to 

prevent charge-up of the sensor surface. 	A refractory 

metal such as titanium, 	tungsten, 	tantalum, 	rhocium, 

ruthenium, vanadium or chromium, has advantages compared 

with non-refractory met: 	because refr c ory metals' 

hardness makes them resistant to sputtering by the 

electrons, 	anc 	they are rei ti ely resistant to ,Jxicat on 

at room temperature. 	some embodiments 	solic-state 

image sensor 702 is a time-delay i-ntegration 	(TDT 	CCD. 	In 

some embodiments, 	solid-state image sensor 	' 	comprises  a 

linear array of electron-sensitive elements. 	In other 
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embodime ,- 	, 	lid-stale image sensor 702 comprises a two- 

dlmensionai array of electron sensitive elements. 	In some 

oreferred embodiments, 	solic---state image sensor 702 is held 

close to ground Dote tial 	(shown). 

[0104] 	When liguL, 710 is inc-ident on electron-bombarded 

image sensor system. 701 	one or more photoelectrons 720 are 

emitted from p otocatho e 	704. 	These ohotoelec rons are 

emitted in substantially all directions,but Lney are 

Cccelerate, towards solid-state image sensor.  702 	the 

oathode 704 and. solid- p te- 	difference between photc 

sta e image sensor 702. 	In preferred embodiments, 	the gap 

oetween photocathode704 and solic-state image sensor 702 

is less than 1 mm. 	In some embodiments, 	'_one gap is 

approximately.  500 pm. 

[0105] 	incorpora ing solid-state image sensor 702 having 

one of the structures described herein enaoles electron- 

bombardec image sensor system 701 to operate with a low 

pate- 	difference between photocathode 704 and. solid- 

sta e image sensor 	02, 	and. yet have high gain because 

electrons are more easily able 	oenetrate through the 

boron layer than through a silicon dioxide layer. 	Because 

boron-doped silicon, 	boron sill 	ide, 	and boron are 	, ] 	at 

least 	ly.  co ductive, 	charging of the surface under 

electron bombardment is minimized or avoided. 	The 

sensitivity to charge-up can be further reduced by a 

conductive or meta lic layer on top of he boron layer as 

described herein. 

[0106] 	In prior - t EBCCD sensors, 	the gap between the 

photocathode anc 	_one image sensor is typical=y 1-2 mm. 

Such a. large gap allows siqni. =-c ant transverse mot 	J a r  

the electrons as they travel from. the photocathode to the 

image sensor cue 	the energy of the electrons as they 
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emerge from the photocathode. 	A gap of 1-2 mm or more is 

necessary because of 	e large potential difference between 

the ohoio at ode anc the image sensor 	(typically'acout x'000 

or.  more). 	Reducing the potential difference between _he  

photocathode and. the image sensor allows a smaller gap to 

be used. 	Fur„liermore, 	'P lower energy of the electrons 

means that there is less spreading of the electrons created 

within the solic---state image sensor. 

[0107] 	The low energy of the electrons arriving at 

so id staie image sensor 7  2 meal' 	lat the probabili 	y of 

atoms being ablated. from the surface of solid siate image 

sensor 	, 702 is low to zero. 	Furthermore, 	the energy of , c 

electrons arriving at solid state image sensor.  702 is not 

enough to generate X-rays from the silicon, 	thereby 

avoiding the genera ion of spurious signal in nearbypixels 

of image sensor 702. 

[0108] 	Collisions of low energy electrons with residual 

gas atoms in 	.ne v 'Jura creat 	A in sealed. tube 705 will 

generate fewer ions as compared with high energy e e trons. 

Furthermore, 	cue to the low potential difference between 

photocathode 704 anc solid-state image sensor 702, 	those 

ions 	11 	lave less 	<inetic energy when they strikethe 

photocathode and will ablate less photocathode maieria.r. 

[0109] 	Acditional retails of electron-bombarcec image 

sensors that can 	incorporated into the electron- 

bombarded.  image sensorn 	system 701 can be found in U.S .  

Patent App i7ation 13/710,315, 	ent 	..,c "ELECTRON-BOMBARDED 

CHARGE-COUPLED DEVICE AND INSPrYCTION SYSTEMS USING EBCCD 

DETECTORS", 	filed by Chuang 	on December.  10, 	X012,  

and incor orated by reference nei_ein. 	A. 	lotocathode 

struct.ur.e suitable for use 1 	electron-bombarded image 

sensor system 701 is cescribec in U.S. 	Patent Application  
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13/ 947 E  975 e 	led 'OCATHODE INC UDING SILICON 

SUBSTRATE WITH BORON LAYER", 	led on July22, 	2013 b yr  

Chuang et al., 	which claims priority to U.S. 	Provisional 

Patent 	plication 61/679,200, 	filed biy7  Chuang et al. 	on 

August 3, 	20_,2. 	These applications are incorporated by 

reference herein. 

[0110] 	Electron-bombarcec image sensors are particularly  

suites for use withthe circuits anc methods cescribec 

her, in because :3lectron-bombardea image sensors can operate 

with very low light __e;,e __s, 	such as a few photons per pixel 

per integration period. 	Because 	these low signal levelc 

the circuits anc methods cescribec herein are a vantageous 

in cetecting anc preparing for cigitizdtion the -ow--level 

electrical 	g ,, 	3 resulting ,rom such low lig' 	levels. 

[0111] 	Figure 11 illustrates exemplary waveforms in 

ap cor ance 	th one emoodiment of the present invention. 

1201 represents the voltage of t e reset clock as a 

function of time. 	1202 and 1203 re-resen 	e voltage of 

the chargetransfer clocks used. totransfer the signal 

charge to the sensor o tout node, 	also called horizontal 

clocks as they typically drive a serial register 	(such as 

register 130-1 in Fig. 	1) 	which transfers the charge in a. 

direction which is perpeeldjcular Lo the vertical 	charge 

transfer along the columns of pixels in the sensor imaging 

area. 	12'0 represents the voltage of L, 	sensor output 

signal as a function of time. 	The vertical axis represents 

voltage in arbitrary units and the horizontal axis 

reoresents time. 	The vertical scales of the output signal 

	

voltage 1210, 	the reset clocK 1201 and L 	horizontal 

clocks 1202 and. 1203 are not necessarilyequal. 	The 

vertical offsets in the figure between ,ile output signal 

	

ltage 1210, 	the reset clock voltage 1201, 	and the 

55, 



WO 2017/031013 PCT/US2016/046938 

horizontal Flocks 1202 and 1203, 	are simply for clar 	and. 

do not impi 	-t one voltage 	ieed be more positive or more 

negative than the other. 

[0112] 	As explainec in the d script on of prior art 

Figure 20 above, 	the reset 	J 	1101 causes 	t stabi ity on 

the sensor output signal 	1C'ATTi 	g to be pulsed very fast 

and within a pixel time serioc. 	This causes Problems for 

the sensor performance because of the noise introcucec in 

the output signal 7  ltage by 	fast reset operation, 

whic 	leaves very litt e 	n 	for the output signal to , 

settle after the reset and after the charge from each pixel 

is transfe rec to the output sensing note. 

[0113] 	the embodiment of The present invention 

iLubLrated in Figure 11, 	the reset pulse of reset clock 

01 is applied on.r.y at the beginning of a group of 

horizontal clock 	., cl es, 	orresponding to mutt ,le plxel 

readings. 	The horizontal clocKs 1202 and 12 ' 	o_k L 

signal charge from eacn pixel onto Lile out put sensing node, 

which is a. small floatingdiffusion capacitance that 

collects the signal charge. 	The transfer of the pixel 

signal charges typically ha pens in two phases, 	as 

illustrated by 	le oppos.te phases of hori 	Jii cal 	Jci..s 

02 a 	i 1203. 	In the absence of a reset operation before 

each pixel transfer, 	anc until the next reset occurs, 	each 

cycle of the horizontal clocks accumulates 	arge signals 

from consecutive pixels on the 	_J - ng diffusion 

capacitance; 	this resu 	in a. decrease of the voltage at 

the sensor outout which is pr000rtionai to the  accumula ec 

charge 	1210 is an exemplary output signal waveform 

resulting from 	1 	readout -theme. 	Af erthe g it 	12x:1 

in the waveform due to 	le reset 	-1se 	the voi age 	ett e 

at level 1212. 	The successive switching of horizontal 
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cloc<s 1202 and. 12 3 	,r, sfers 	echarge from each pixel. 

12 represen 	the output signal levei corresponding to 

the reset state of the floating diffusion caoacitor, 	1213 

the signal level of the first pixel read out after reset,  

and similarly 1214, 	1215, 	1216 represent 	-le output signal 

voltages of the second and 	-,Am eguent pixel 	. At each 

transfer, 	the output signal voltage decreases by an amount 

which is proportiondi to 	echarge in the corresponding 

pixel. 	The amount of charge in each pixel can be 

reconstructed. from ,..' 	difference between the output 	g 7., 

voltage for the pixel 	and for the previous pixel. 

Thus, 	the charge in the first pixel can oe reconstructed 

from _he difference between voltages 1213 and 1212; 	the 

charge in the second pixel can be reconstructed. from the 

difference between voltages 	14 and 1213, 	and so on for 

the following pixels, 	until another reset pulse is pimplier  

Under this readoutscheme, 	each pixel signal except for the 

first pixel after reset will 	als be Are of ,ne 

interferenceintroduced by the reset pulse, 	and \Ail 	1  have 

more time to settle for efficient, 	low noise readopt  

operation. 

[0114] 	This rea 	J„ mode As enabled by.  the physical 

properties of a typical image sensor output node 	(such as 

sensor outout node 145 shown in Fig. 	1) , which features a 

amall floating diffusion capacitance That holcs the charge 

Iransferred onto it by tile horizontal cloc<s. 	ty 	U 

operating co ditions, physical effects such as leakage of 

charge carriers from the sensor substrate that can 

discharge the floating ciffusion when charge is K ic ( 	to 

, 	ror long times 	;such as milliseconds or longer) 	are _ 

typically  occurring withtime constantsthat are much 

nger than the time needed to read out several pixel 
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signals, 	especially, 	e h g 	readout sspeeds used. in 

modern inspect on systems to enable high 	roughput. T s 

number of pixel reacouts that can oe encomsassec by a 

single reset in the present invention r_nges from two 

pixelsas large a. number of 	xels as a lowed spy the 

sensor l=ull well, 	that is the maximum charge signad 	that 

can pc read out ov 	sensor, 	limitec either by the charge 

Capacity' of the outs , sensing note, 	or by the cynamli„ 

range Or The readout electronics chain, 	inclucing signal 

processors for Correlated Double Sampling 	CDS) 	and/or a. 

digitizer. 	In one embodiment of a dark-field inspection 

with a low background noise level, 	an entire output tap of 

the sensor. 	(tyiJicallyT 8 to 16 pixels) 	can he read out with 

a singlereset. 

[0115] 	Figure 12 illu 	ates another emboddment of the 

present invention. 	In a typical image sensor used in _ 

inspection systems, 	Pixel data is transferred to 	sensor 

out p.L l' groups of pixels 	nat belonghorizontal line 

of the imaging a:ea, 	and are readout b\v the same ou put 

sensing 	(or "t.P.p"). 	In Genera- 	a 	vsical 	line of 

pixels may 	read out by multi 	output sensing nodes or.  

taps, 	each of them readd 	, ng u, 	a subset of pixels in i,lthe 

line. 	For simplicity, 	inthe following we \Ail 	1 	use the 

expression "line of pixels" and its derivatives to i cicate 

a group of pixels, belonging to the same physical line of 

the image sensor, 	that are read out by L,' 	same out p.L 

sensing node. The number of pixe s in said "line of pixe s" 

ne 	b 	cua 	t 	eheuor  of pixels in one physical 

line of the image sensor. 	1301 is a clocK waveform L at 

-cA 	Dls 	L le 	,r, sfer r 	 L le 	ixel data from one 	ixel 	line 

to 	the sensor out,p,,, 	and. \Ail 	1 	be nereby referred. to as a 

line clock. The line clock can perform the same function as 
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cloc< ( 	K2 	in Fig. 	1. 	1305 i. , the voltage of the reset 

clock as a fun tion or time, 	while 1306 and 1307 are t:he 

voltages of the horizontal clocks waveforms that transfer 

charge to the sensor output sensing node. 	1310 is the 

resulting vo_ 	age of the sensor out at sig , 	Th 	vertic-, 

axis represents voltage in. arbitrary units and. the 

horizontalaxis represents time. 	The vertical scales of 

the output signal voltage 1310, 	the line clock 1301, 	t
h

e 

reset clocK 1305 and L 	horizontal clocks 1306 and 1307 

are not necessarily.  e.1ua __ . 	The vertical offsets in the 

figure between. the output signal voltage 1310, 	the line 

clock_301, 	the reset clock 1305 and the horizontal clop is 

1306 a c 1307, 	are simply for clarity and do not imply that 

one voltage is more positive or more negative than. the 

e her. 

[0116] 	Line clock 1301 controls the frainsfer of +- he 

charge Signals from the imaging pixels to the sensor output 

c+ 	ue Lire at -, frequency which is synchronized 	the 

movement of the obje „ being inspected. 	Signa] 	charges 	:am. 

a line Of pixels are transferred to the sensor horizontal 

serial register on 	he falling edge 1302 of the line 	lock. 

Time interval 	1303 	' , used 	horizontal 	., 	- 	1306 and 

1307 to sequentialtransfer pixel signal charges from the 

horizontal serial 	register to the output sensing note. 

During time interval 1303, 	data from subsequent lines of 

pixelsare 	revented 	om being transferred to 	'e 

horizontal 	seriai regisier. Aft r the signals for all the 

pixels of one line have seen transferre._ to the output 

sensing node anc read out, 	cata for a subseca 	line of 

pixels is transferred to 	L 	e horizontal serial register on. 

the next falling edge 	' 	of the line cloci< 	Before the 

signals from he next line of pixels are transferrec, 	a 
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time interval 	130 	1s , typical._v allowed for the sensor 

output str cture to fully completecoma 	t ✓le readout of the 

incumbent line, 	and for preparing the driving signals to 

read out t^e next line. 

[0117] 	w.e. embodiment of 	-2.1e 	res e-_ 	invention 

liustrated in Figure 	the reset pulse 1305 is a)plied 

to the sensor ol tout sensing node during time interval 1304, 

after the 	ata from a line of -pixels has been fully reac 

out, 	and before the data from the next line of pixels are 

transferred to the horizontal serial register. 	The sensor 

output voltage 1310 wi 	1 	exhibit the 	, 	al. g_ itch 	11 

due to 	c rese, --, lse 	whichwill cause instability to the 

signal and introduce noise. However, by anticipating 

reset pulse well in advance of the 	1 	i ' 	edge i3. 02 of 

_i 	..., 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 le 	13 _ 	De fore 	he 

pixel ( 	ta are clocked out. 	In typical operaL ng condi ions, 

the reset clock 1.305 may be anticipated. by a few ns to a 

few tens of ns before the transfer of chargefrom a line of 

pixels on the falling edge 1302 of line clocK 1301. 

Sub.sEpaei. , _lb 	at each cycle of horizontal clod<s 	1306 and 

1307, 	the signal charges from the pixels in the li ..., are 

transferred to anc accumulatec on the floating diffusion 

capacitance at t e sensor output sensing node. The sig al 

in each pixel can be reconstructed by the dif Terence 

between the voltage 	vel corresponding to 	pixel and 

the reference 	ltage level 1312, which as exp_ inec above 

will be fully settle) after reset and thus more immune to 

interference 	:CAR the reset operation.In the illus 	ation 

in Figure 12, 	the signal in the first pixel may be 

reconstructen from the cifference oetween voltage le el 
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13 	and 	L le reference 	level 	1312; 	ie 	, 	., 
g. 	, 	in une 	second. 

pixel may 	c re: onst„.uc ed from the difference between 

voltage level 1314 and the voltage level of the orevious 

	

oixe 	1313, 	and so on for all the fo lowing oixe± voltages 

13'5 	-i ,J-). 	6 and 1.17. 	The 	Jotal 	charge accumulated on 	.ne 

sensorfloating diffusion at the end of the readout of one 

line of pixels will oe discharged by the next reset pulse ,  

which 	ill happen during 	he next wait time interval 1304 

before 	e data from 	next line of pixels is transferred 

to 	L..-e horizonta 	serial register. 	e number of pixels , 

that can be read out in this method. between reset 

operations depends on the actual arc itecture of the image 

sensor. 	(e.g. how many pixels per line are read out) 	and can 

be 	,_long   as allowed by the full ,•ell capacity of the 

output sensing node and/or 	m 	the dynamic range or the 

reacout electronics chain. 

[0116] 	Figure 13 illustrates another embodiment of the 

present 	invent.Ao-- 	1401 	,,-e voltage of the 	lin s___ 	cJ 

that controls the trans.er of pixel data to the sensor 

horizontal serial register. 	1420 is the voltage of the 

reset clock waveform, 	1406 and 1 07 are the voltages of the 

prizontal clocks. 	1410 is 	he  resulting voltage  of the 

sensor output signal. 	The vertical axis represents voltage 

in arbitrary units and the horizontal axis represents time. 

The vertical scales of _he output signal voltage 1410, 	the 

line clock 1401, 	the reset c _lock 1420 and. the horizontal 

clocks 1406 and. 1407 are not necessarl  l  y equal. 	The 

vertical of sets in the figure between t, c cutout signal 

voltage 1410, 	the line clock 1401, 	the reset clock 1420 and 

the horizont.a.l clocks 	1406 and.1.407, 	are simply for clan 	y 

and do not impi 	-t one volt. age is more positive or more 

negative than the other. 
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[0119] 	In the embodiment of the pr_esernt invention 

il 	us, 	-- t ed in Figure 	1.3 , 	a first reset pu se 	1430 	is 

applied auring time interval 1404, 	used to prepare the 

sensor output structure before the data from a first line 

of 	xels is 	—3-ferred to the hori 	J 	cal seriau 	re `is' 	r. 

After the reset glitch 1411.,output signal voltage 1410  

allowed to settle to a stable level 1412 before the signal 

charges from a line of pixels are transferred to the 

horizontal serial register on the falling edge 1402 of line 

cloc< 14u1. 	During line readout time 1403, 	horizontaa 

clocks 1 	and. 	407 subsequently.  clock the charge signals 

from the pixels in , e incumoent line to the floating 

diffusion capacitance at t e sensor output sensing node, 

where charge is accumulated until the next reset pulse is 

applied. At each horizontal clock cycle, 	output signal 

ltage 1410 settles at 	ltages 1413 for the first pixel 

after reset, 	1414 	for the second pixel, 	1415 	for the 	Lnir 4_, , v c 

pixel, 	1416 and 1417 ror the subsequent pixels in the first 

I le. 	The signal for the first pixel may be reconstructed 

from the cifference oetween voltage level 1413 anc voltage 

level 1412, 	the signal for the second pixel may be 

reconstruct, A from 	le difference between 	cage level 

1414 and voltage level 1413, 	and so on the sig,. 	for tile 

remaining pixels may be reconstructed from the cifference 

between voltage levels 1415, 	1416 and 1417, measured for 

each pixel at the time of pixel readout, 	and. the voltage 

vei for the previous 	e_lo 

[0120] 	if the capacitance of the sensor floa ing 

diffusion is not saturated and full well has not been 

reached, 	a. reset operation is not needed at the end. of the 

first ilile of pixels. 	Anoc.ner i_lile of pixel data. can 	)e 

transferred to the sensor horizontal serial register 

on L., 
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without first resetting the output sensing node. 	e time 

interval 1L05 during which the line clock prevents data. 

from another line 	pixels to be transferred to the 

horizontal serial register may be usec to fully complete 

the readout of the f rst line of pixels and/or for other 

sett 1 	g operations of the readout elec ronics, but may not 

necessarily incluce a reset pulse and may be mace as short 

a practicallyachievable, 	thus improving the readout speed 

and conseci 	tl 	L 	throughout of _h 	inspection inspection system. 

[0121] 	-After the next 	l =-iing edge 14u2 of the line 

clock 14 	1transfers the cilarge signals from the next li 	e 

of pixels to the horizontal serial register, 	horizontal 

clocKs 1406 and 1407 resume and clocK the signal 	c 	ges vo 

the outpi , 	Dating dif ,0 	J 	which accumulatec 	, 	c. , ge 

for each new 	-xel on top of 	e cnarge receivedfrom all 

the oixels in the Grevic s line and the orececing pixels in 

the same line, 	if any. 	T e signal for the first oixe 	in 

the second line may.  be recons+ 	ad+ed 	rdr 	t}e aif - erence 

between voltage level 	:.41.8 and the voltage level 1417 

corresooncing to the last oixel of the previous line; 	the 

signal for t  e second oixe 	in t  e second line may , , 

reconstruct 	A from the difference between 	Lage level 

1419, measured at the time the pixel is read out, 	and. 

ltage level 14 8 measured 	the time the first pixel in 

the seconc line is read out; 	similar 	the signals for the 

remaining pixels in the second liney  m 	be reconstructed 

from the C12 :ference between voltagelevels 1 20, 	1 	and 

1422, measured at the time each -pixel is read out, 	anc the 

voltage level measured for the preceding pixels. 

[0122] 	This methodology can continue for a. number of 

successive pixel lines as nigh as allowed by 	e -all well 

of the sensor output noce and/or by the dynamic range of 

63 



WO 2017/031013 PCT/US2016/046938 

the readout electronics. Af.er tone pixel data for a number 

or desired lines has been transferred. to the horizontal 

serial register and clocked to the output sensing 

floating ciffusion after 	he initial reset pulse 1430, 	a 

second reset pulse 1431 may be applied to the output  

sensing node and the tra sfer of da.a from a other set of 

pixel lines to the sensor output may begin. 

[0123] 	Horizontal clocks 1202 anc 	1203 in 	igure 11, 

horizontal 	locks 	1306 	a nc 	1--C)7Figure 12, 	and 

J i_J 	cal c _lock 1406 and. 1407 in Figure 13 are Must at 	A 

as square waves. 	In practice, 	the fast rising and falling 

ecges of square clocks may cause glitches 	(not shown) 	in 

the image sensor output signal, 	introducing instability in 

the signal and possibly affecting noise perAormance.  

According to other embodiments of the present inve tion, 

the horizontal clocks may oe dri en by substantially 

sinusoidal voltages 	as me 	_ on,_,,, above in 	_ 'c.1,  description 

ofFigures 9A and. 9B. 	This minimpzes the horizontal cloc<s 

ground return currents, 	and. prevents glitcleis' in the sensor 

output signal, 	u. 	imoroving the image sensor noise 

performance. 	In the case of a 2-phase horizontal register 

such as il_ustrated in 	igures 11, 	12 and 13, 	two driving 

sinusoical clock voltages will have a chase de av of 180' 

Thisphase value is the optimal phase difference between 

the two clock signals. 	11 -1 accordance with embodiments of 

the present invention, 	e ciocks may be generated w:, 

rei ti r,  p ases that ci fer 	)7 	few cegrees from the above 

value  in orcer to compensate for di f.Thrent path lengths or.  

impedances of conductors and connection 	between the drive 

electronics and the image sensor, 	such that the clock 

signals arrive at the active circuits of the image sensor 

with ;he cesired relative phase relationship. 
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[0124] 	Figure 14 illustrates an embodiment of the 

present invention wdth 	wo possible methodologies for 

measuring the pixel charge signals. 	_501 is an exemplary 

output 	- g sil 	T  1 t a ge waveform at the sensor.  output, 	for a 

readout time that encompasses fa. line of ten pixels 	.020 

represents thepixel signals as reconstructed by the sensor 

readout chain using one of the methodologies described 

herein. 	30 represents the signals for the same pixels as 

reconstructed by the sensor readout chain using another 

methodology described 	herein. 	The vert i cal axis represents 

voltage in arbd 	-ary units and t.' e horizontal axis 

_represents time. 	The vertical dotterlines illy  illustrate the 

readout time for each Pixel. 	or , larity, 	the pixel number.  

as read. out as a , mat 	J 	of time 	also indicated. close 

to the horizontal axis . 	The vertical sca les 	the output 

signal voltage 1501 and of the pixel signals 1520 and 1530 

are not necessarily ecual . 	The vertical off e 	s i 	s 

figure between the output signal voltage 1501 and. the pixel 

signals?_5%20  and 1530 are sire 	for clarityand do not 

imply that one voltage is more positive or more negative   

than 	e other. A single reset pulse is applied at t 

beginning of: the line, 	which results in gl: 	ch 1502 on 

output signal waveform 1501 	After a 	ime interval 1503 

t
o  during which , e waveform voltage aft r reset is a lowed 

setter 	the charge signals for each pixel in The line are 

successivelyaccumulated on the floating di fusion 

capacitance at the sensor output sensing node. These 

signals appear as voltage levels 	1510, 	1511, 	1512, 	151,  

1514, 	151 	1516, 	1517, 	1518, 	and 1519 	for 	Ten pixels 

in the line. A number oA ten 	ixels in the line As here 

chosen simpl 	for illust at ion purposes . According to 

emoodiments of the present invention, 	an arbitrary numoer 
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of pixels or lines of pixels, 	as large as practically.  

all_owed by the sensor full well or 	bythe dynamic range or 

the reacout electronics,may be usec between reset 

operations with the methocologies describe, 	her 'n. 	in 

practicalapplications for very.  11.gh. speed sensors, 	each 

sensor output tap may typicallyhave between about 

about 16 pixels. 

[0125] 	in one embociment of the present invention, 	the 

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

of: ' 	-.A. ge that has keen accumulated on the sensor floating 

dif us ion between the reset operation and the time at wh _An 

the pixel is read out, 	as a result of successive charge 

transfers from 	he horizontal serial register.'Phis  

-cA 	Lnues until the fillowing reset opera, 	performed. 

Each. pixel is thus assigned a signal that equalsthe amount 

of charge collected by the same aixel, plus the charge 

accumulated on _he floating diffusion during L,previous 

pixel readings after reset. 	This methodology 	--.) illu 	t 	A 

by 	, 	_n 	. 	1521 is the reference voltage which 

corresooncs to zero signals, 	i.e. no charge is present In a 

pixel other than L 	very small charges that result from , 

noise fluctuations . 	The signal ror each pixel is determined 

by 	he 	ehri 	between the voltage level measured on the 

outs 	, 	i 	al 	waveform 1501 	the reaac 	time of the 

oixe 	itself, 	and the reference voltage level i, 	as 

measured on the out_,~. waveform after the reset operatip- 

The signal for 	le 	rst pixel w .1' 	thus be equal_ to the 

difference between voltage level 1510 and the reference 

voltage 1503; 	the signal for , e second pixel will 	ecual 

to t ie difference between voltage level 1511 and the 

refere ce vol age 1503, 	and correspond 	the charge 

collected 	, 	second oixel plus the charge cc lected in 
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the first pixel; 	the sig a 	for the third pixel will be  

equal to tne difference between voltage 	J12 anal. the 

reference voltage 	503, 	and corressonc to the charge 

collected in L 	thirc pixel 	_us the charges collectedin 

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

remaining pixels which are read. out after reset and. until 

another reset oulse is appliec. 

[0126] 	The methocology illustrated ay plot 1520 may 

beneficial for _one detection of very small signals such as 

those originating for example from sma 1 bac<g oind levels 

e.g. 	to haze due to incoherent light scattering from the 

rough surface of a bare wafer being inspected. When most of 

the pixelL- 	contain small,, 	quasi-constant signals, 	the 

noiseless integr 	J 	of charge performed pixel by pixel at 

the sensor_ 	floating dl.ffusion enables a more effic e' 

deteciion of L e background signals above the sensor noise 

floor. At each pixel readout after reset, 	the small signals 

ceep accumulating and. are more l_kely to be detect 	e L n 

wdthin a single pixel reading. At the 	me 	im 	

.,/ 	-..,

e, 	if a 

signal larger than background is present 	, in the group 

ofpixels being reac out in between resets 	for example 

originating from particles or scrat hes on 	le wafer, 

can be resolved by abrupt variations in the signals or 

consecutive oixels. 	This is illustrated in the exemplary 

output sig al waveform 1501 	
. 	

ire 14, 	where all the 

pixels read out arter reset except one contain a relat.ivel.y 

small signal, 	and one pixel con airs a relatively '-arge 

signal, 	e.g 	from a particle on the wafer being inspected. 

The presence of the background 	gnals is enha c d 	their 

being integrated pixel after pixel, 	for example in cane 

first three pixels or in pixels five to te.  , 	and after 

reacout of a few pixels the total oackgrounc signal is more 
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easi y detectable above the sensor noise 	_oor. 	The 

particle signal can 	.11 be resolved. bythe signal 

variation 1522 measured in the fourth pixel. 

[0127] 	In another.  embodiment of t e presentinvention, 

the signal read out from each pixel 	determi ed. by 

applying a. mod. _f ed. Correlated Double Sampling 	(CDS) 

technique. 	This methodology is illustras,ec by Plot 1_530,  

which applies the methodology to 	he exemplary  output 

signal waveform 15 01. 	531 is the reference voltage which  

corresponds to zero signals, 	i.e. 	no 	'arge 	resentin 

pixel other than the very small charges that result from 

noise fluctuations. 	The signal for the first pixel after , 

reset 	(pixel one) 	is calculat_d, as the cifference between 

the vo_ 	ige 	level 	_ii a0 measured. 	, 	ie rea 	J, 	of 	Jhe 

first pixel, 	and the reference voltage level 1503 measured 

after reset. 	or  all the  other pixels after the first one, 

the signal is calculated as the difference between _he  

voAtage level measured on the outpui, sign-, waveform at the 

pixel readout time, 	and. the voltage Level measured for 	'e 

previa s pixel. 	The signal in the second pixel after reset 

will thus be determined by The cifference between voltage 

level 	Lp 	L and voltage level 151 	, 	le 	4v, 	in the third 

pixel wi 	1 be determined 	the difference between voltage 

level 1512 and voltage level 1 11; 	and so on for al 	the 

remaining pixe _s being read out after reset, 	and until 

another reset is app ied. 	:he example of out p., sigiar 

waveform 1501 	and plot 	15 	) 	„lie siga._ 	_ 	from a 

Partin r,  being 	etecte 	on , e 	our 	pixei is clear _ 

resolved above The smaller bac]cground signals in all 

otner pixels 

[0128] 	The methodology illustrated. by 	o_ 	530 may be 

particularly suited for 	w noise imaging of wafers with 
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large pixel to pixel variations Cr patterned wafers: 	the 

charge signals 1' each pixel are resolved. individual' 

while retaining the benefits of Correlaiec Lpuole Sampling 

for noise reduction,as the time i ^' 	vas between the two 

pixel samples is kept as 	ort as a singi 	ixel readout  

time. 

[0129] 	Figure 15 illus 	at,-; another embodimen 	of the 

Present invention, 	in which the methocology descrioed 

herein is uses 	for 	....one detection of signals 	from particles 

or other defects that are locate( between two image sensor 

pixels 	instead than on a single pixel. 	T 	.., verti-7A' 	axis 

represents voltage in   aroitraryunitsand the horizontal 

axis represents time. 	The vertical scales of uutput signal 

'601 and 	plots 1620 and 1630 are not necessarily equal, 

and the vertical offsetsbetween them are simply for 

clarity and do not imply that one voltage is more positive 

or more negative than the other. Similar 	to the 

de script on of Figure 14 above, 	16:,1 is an exemplarysensor 

out ut - 	na 	voltage waveform; after a reset clock at a 

time 	deny 	able by the glitch1602, 	the waveform settles 

at The reference voltage level 1603, 	anc ten pixels are 

subseque 	, 	y read out. 	1620 plot 	the pixel signals as 

measured from the accumulation of the charge signals for 

consecutive Pixels, where each pixel is assignee the sum of 

the signal collected by  the pixel itself and The signals in 

all the preous pixels. 	1630 plot;the pixel signals as 

recohstructed by tile m odified Correlated Double Sampling 

methocology introcucec in the description of Figure 14, 	in 

which the signal for each pixel is cetermined from The 

difference between pane voltage sampled at the time of 

readout 	the pixel itself, 	and the voltage sampled for 

the Previous pixels 	(or, 	in the case of the first pixel, 
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from 	le d fference between the vo_ 	ge 1610 sampled for 

the first pixel and the reference voltage 1603 sampled 

after reset). 	1521 and 	1631 are the reference voltages for 

plots 1620 anc 1630,respectively, 	which correspond to zero 

signals, 	i.e. 	nocharge 	presen 	in a pixel 0,,Aer than 

the very sma 1 charges 	A 	result zrom noise fluctuations. 

[0130] 	While most pixels cor ain small signals coming 

from either background illumination or noise fluctuations, 

the signal from a single particle or cefect situated 

between two pixels 	(the fourth and L,'e 	fth pixel. 1 	this 

example) 	will appear as voltage variations larger than 

oackgrounc 	at are sampled on both pixels, 	voltages 

161-  anc 1614 on output signal waveform 1601, 	and will 

reconstructed as signals1622 and 1623 in the charge 

accumuiation met  methodology 1 lustra ed 	y plot 1620, 	or as 

signals 1632 anc 1633 in the mocif 	-d Correlatec Double 

Sampling methodolo 	illustrated by slot 1630. 	The benefit 

of the charge accumulation methodology is evident when 

comparing signals 1622 and 1623 wdth signals 1632 and 	z ) 

rather than detecting the smaller signals 	(1632 and 1633) 

resulting from t e split of the total signal over the two 

pixels, 	accumulating the split Signals , s over the two pixels 

(1622 and. 1623) 	yields 	the same total signal anal. 	us the 

same sensitivity as if the particle were locatec within a 

single pixel. 

[0131] 	Figure 16 illustrates another emoodiment of the 

present invention, 	in wh _11 the methodology described 

herein is usec for the cetectinn and measurement of small 

background signals whose amplitudes are smaller than or 

comparable wi 	the readout noise level of 	, 	image sensor. 

The vertical axis represents voltage in arbitrary units and 

the horizontal axis represents time. 	The vertical scales of 
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outpui, 	s.A.gvta A. 	17 	1 	and of plots 	1720 	and 1730 	are not 

necessarily equal_ 	and to vertical offsets bet een them 

are simply for clarity and co not imoly that one voltage is 

more positive or more negative _banthe other. Similarly to 

the deo ript 	J 	of Figures 14 and. 15 above, 	17 	1 	is an 

exemplary sensor outp ut signal voltage wave orm, 

corresooncing to the readoutof ten pixels after a single 

reset operation is performec; 	1720 	ots 	, e pixel 	gl-_,,- 

as measured from 	accumulation of charge signals for 

consecutive pixels, 	as i tt.roduced. in Figure 14 above; 	1730 

plots the pixel signals as reconstructed by the modified 

Correia ec Double Sampling metho ologv, 	also introduced in 

the descript pn of Figure 14, 	in which the signal for each 

pixel is determined by 	-le difference between the voApage 

samp led at the t _.ne or readout of the pixel 	_ 	and the 

itage ramp-ed for the orevious pixel 	(or, 	in the case of 

the first pixel, 	from the difference between the voltage 

17 10 sampled 	.or the 	71rs 	xel and the reference voltage 

03 to which the waveform settles af er the reset g itch 

17'2). 	1721 and 1731 are the reference voltages for Plots 

1720 anc 1730, 	respectively 	which correspond  to zero 

signals, 	no charge 	prese , 	in a pixel 	ler than 

the very slat-A' 	1 charges 	„' t result_ from noise fluctuations. 

22 anc 1732 indicate the reaac 	noise level for the 

signals reconstructed in plot 1720 anc 	1730, 	respe_tively, 

and referred Lo reference voltage levels 1721 and. 17 1, 

rpspectivp 	The two methodologies 	liustrated by 	Dt- 

1720 anc 	1730 	, 	introduce different reacout noise levels, 

defending on ....he specific implementation of the reacout 

electronics and. its associated noise components. 

[0132] 	The pixel signals measured 	exemplary out,u, 

signal wave prm 1 01 are all of comparable amplitude, Which  
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lower a wife rn the readout noise level 

inspection s stem, 	ts can occur when a uniform, 	low 

intensity oackgrounc is Present across the wafer image cue 

for example to _one haze generated by incoherent light 

s, 	tteving 	om the 	gfer sur 	ace ro g' ]..ess. 	In embodiments 

the  present invention, 	it is important to detect the 

presence of the oackgrounc anc measure its amplitude. 	In 

the example of _ 	gure 16 	is evicent from plot 1730 that  

Correlated Double Sampling is not adecuate to do so, 	as the 

pixel signals thus reconstructed will_ not be detectable 

above the noise floor 	32 of the readout electronics. 

However, r j plot 1720 shows that -sing charge accumulation can 

instead provide a detuctable signal above the noise floor 

1722, 	after the signals for a certain amourt of pixels have 

been react. out 	Further, 	the charge accumulation methodology 

allows the measurement of the average intensity of the 

background sig al 	sampling , , 	 total char A sum 1723 

for all the pixels read out in between resets, 	and by 

dividingthis va ue by 	'e number or said pixel 	. 

[0133] 	Figure 17 	11 	us 	-,-A•tes one embodimentof an. 

imaging apparatus implementing features and methodologies 

described in the :present, invention. 	The apparatus includes 

an Image Sensor 1810, whose output signal voltages are 

digitized ay Analog---to---Digital Converters 	(ADCs) 	1811. 	The 

digital image data at the output of the ADCs may 	further 

processed. by Dig 	al Sig r, 	Processors 	SPs) 	18 	2. 	A. 

Digital Control section 1801 organizes 	he timing 	,,,,. ,,11„. 

signals 	(clocks) 	needed to drive Image Sensor 1810 by 

coin; 	a Timing Generator. 	(IC) 	section 	302 that 

generates said sA g. ,A s or clocc 	Clock sections may.  

comprise line co 	-ol clocks 1803, 	charge transfer clocks 

1804, 	and reset clocks 1805. 	Clock sections 180 	1804 anc 

71) 



WO 2017/031013 PCT/US2016/046938 

1805 may inc ude circt 	to bu fer and. ampli. y the digital 

signals received 	rom the Timiug Generator 1802, 	so as to 

drive imageSensor 1810usingoptimizedvoltages for t ,., 

clock signals. 	Clock sections 1803, 	1804 and 1805 may also 

include circuitries and methods to modulate the cloc< 

signals into waveforms of arbitrary share and time 

rei tions between each other, 	so as to cri P Image Sensor 

1810 using ootimizec 	Liming for the clock signals. 	Digital 

*ro 	section 1801 also generates signals needec to 

cu 	,,r. 	ADCs 	1811 and. 	DSPs 	1812, 	determines the time 

:relation between said signals and the clocks that drive 

image Sensor 1810, 	anc synchronizes the whole apparatus so 

as To acquire the digita 	image data read out by L eADCs 

and/or 	-le dig_ - al image data proce sed by 	le DSPs. 

[0134] 	Digita 	Signal Processors 	(DSPs) 	section 1812 

receives cigi al image cata from IIDCs section 1811 anc 

performs a plurality of operations on _i_._. 	such as but not 

limited to: 	comparing said digital image data against 

predetermined threshold, 	and enabling or disabling a data 

valid flag cepending on the result of the comparison; 

determining the amplituce of bacKground signals by cuic iy 

evaluating t.xle sum of the signals accumulated for a 

pl rali 	xels or a 	(Trail 	of lines of 	pixels read 

out by the same output sensing note, using a methodology 

similar to 	....one one illustratec 	in Figure 	16 above; 

determining the presence of signals of irt.erest above 

background, 	such as signals coming from particlesor 

defects on a wafer being insoec ec, 	and counting the numoer 

of these occurrences within a Plurality of pixels or a 

plural 	! of lines of pixels 	or 	in the entire image 

captured 	the image sensor, using methodologies similar 

to those illy stratec in Figures 14 anc 15 above; 	generating 
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and. cont 	lling feedback si 	%, 	toDigital Control section 

1801 	-t provide the pos sib  possibility to dynamically change  aria 

avant the timing control of Image Sensor 1810 and its 

readout, 	comprising ADCs 1811 and DSPs 1812, 	cepending on 

the resui 	; of one or more of the functions and evaluations 

described above, 	or of other functions and evalua.ions 

performed by the D Ps 1812 not 	escribe. 	herein. 

[0135] 	in one example, 	in cases in which most of the 

pixels contain small background signals 	and a limitec 

occurrence of signals of interest As ex ected within a 

certain number of pixelc 	DSPs 1812 may insL.-tact: Digital 

,_ sec - 	1801 to modify he Liming of the clocks 

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

of pixels in between resets, 	in a manner similar to the one 

illustrated in Figure 12 above, 	and so as to optimize the 

use of the charge accumulation methodology cescribec in the 

oresent invention. 	In another example, 	anc also depencing 

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 

reac a 	luralit— of li es of pixels in 	Lween resets, 	in 

manners similar to t.anose illustrated in Figures 13 arnd. 14 

above. 

[0136] 	The imaging apparatus illustrated in 	i_gure 17 

further incluces a section 1820 for External Processing,  

Storage and Coil rol.... 	Section 1820 receivesand stores 

digital image data. and other signals from 	SPs 1812 and/or 

Digital 	;ontrol section1801, 	such as but not limited to 

signals that identify the nature anc format of L 	cata, 	or 

signals that det.ermThe if the data. is v, id. or not and is 

therefore to be permanently.  storied or: not. 	Section 1820 may 

also implement software that provides user interfaces to 
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control the oper 	- 	J 	nf 	,.. 	im-ging appara us, 	and. manages 

other functions such as retrieval and. processi g  of image 

data. 

[0137] 	Implementations of The imaging apparatus 

described. in Figure 17 may take varying forms. 	In preferred 

embodima „s, 	the Digital (,_ ntrol and Timing Generator 

functions are oerformed within a Fielc Programmaple Gate 

Array 	' P A) 	device, while tne ADCs and the DSPs may be 

implemented by one or more 	plication Specific intearatec ,  

Circuits 	(Ab_L-.0 

[0138] 	Figure 18 il_ustrates anot-er embod-iment of the 

present invention. This embodiment can be implemented in an 

imaging apparatus similar to 	....ale one described in Figure 17 

above, 	comprising an image sensor s 	its driving s A.gnC,A s, 	and. 

Digital Signal. Processors 	(DS- 	that evaluate the pixel 

data samplec by Analog- 	Idgital Converters 	(ADCs). 	1901 

is a clock signal that controls the transfer.  of Pixel 	data 

to 	sensor outp 	structure, 	in a. manner simi7 	to 	'c 

line 	_oc 	described 1 	Figures 12 and 13 above. 	1910 is an 

exemplary outs , signal voltage waveform of the image 

sensor. 	1 20 p ots 	pixel sigia s as measurec from 

output 	g 	, 	1910 according to the charge accumulation , 

methodology introduced I 	Figure 14. 	The verticalaxis 

represents voltage in arbitrary units and the horizontal 

axis represents time. 	The vertical scales of line clocK 

1901, 	of output signal 	1910 and of _ ,__ot 	920 are not 

necessarily equal, 	and the vertical offsets between them 

are simply forclarity 	pc co not imply that, one voltage is 

Y ore positive or more negative than the Otiii  

[0139] 	Similarly to tale descriptions ofFigures 12 and 

13 above, 	during time interval 1902 charge sig.  -' 	from the 

image sensor pixels are prevented from being transfe rec to 
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the sensor horizontal serial register; 	during this t. 

the floating diffusion at the out,„„, sensing node is reset, 

causing glitch 1911 in output signal 1910, which then 

settles at voltage level 1912. 	During time intervals 1903, 

pixel data is transferred to the sensor -horizontal serial 

register, 	and charge signals read out from consecutive 

pixels in a line are clocke._ to the sensor outout 	,, e 

horizontal clocks not being shown 	g. 	18 	fp- simplicity) 

and are accumulated 	_he floating diffusion. 	Aft _r 

readout of one line is completed, 	the floating diffusion is 

reset again and. charge signals 	:on. the following line of 

pixels are transfe rec 	the sensor horizontal serial 

register,, 	and subsec., 	,,iy clocked to the output sensing 

node. 	Exemplary cu. put signal _110corresponds to the 

readout'three lines of ten pixels each. 	In this e amp e, 

all oixels in the first and in the thirc line contain small 

noise Cr background signals; 	in the seconc line, 	a 

relatively large voltage variation 1914 is sampled for the 

six -' 	pixel 	and corresponds to a partic _ or a defect on 

the wafer being inspected. Cutout signal 1910 settles at 

voltage i ii at the end of the firs, 	line, 	at voltage 19_5 

a.t tale end of the second line, 	and. at voltage 1916 at the 

end 	the tilird line. 

[0140] 	The accumulate( 	pixel signals, 	reconstructed from  

the difference between _ne voltage samples for each pixel 

and the reference voltage level 1912, 	are illustrated in 

plot 	1920. 	In embodiments of the present invention, 	the 

pixel signals thus measured are compared by DSPs against a 

precetermined voltage threshold 	921, 	aimed at resolving 

pixel data. ‘ ' 	signals of interest from pixel data with 

P 	rfl-Pqra. 	i' — 	kil_—,-._, 	L, background signad 	. 	In one embodiment 	 L 

I- n(23 invention 	the L 	Ls first evaluate thetotal signal .,  
,_11.- 
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end. L 	each line as measured from lvro 	tages 	_1922, 	1923 and 

1924 for the three lines, 	respective' 	against threshold. 

1921. 	If the total signal 	for a line is below 	threshold, 

the 	..PLs will transfer to the output of the imaging 

apparatus on - 	,..'P sign, 	for the 	"i_s" 	xel, 	con 	ining 

the sum of all 	'e pixel sighass in the line, 	so that the 

oackgrounc signal can be measured, 	in a manner similar to 

the one illustrated inFigure 16. 	, e total 	ignal 	for a 

line is instead above threshold 1921 	pixel data for. 	_hat 

_-ta_-taleie 	is 	flagged as 	valid. and.n as 	set to the output of: 	,..P 

imaging apparatus in its ent rety, 	so that signals of 

interest i thin the line can be resolved by further 

processing. 	In 	example ❑of Figure 18 	''e first and the 

third line conta 	.] o ly background 	gnals, 	and. on ._-J.' 

signals 1922 a 	i 1924 for the las 	pixels ofthese two 

lines will 	sent to the output of the imaging apparatus. 

However, 	, 	total 	- gial 	23 for , e second line of 

pixels is above threshold. 1921 due to the presence of a. 

large signal on the sixL 	pixel 	and dat. a 	for all the 

pixels in the line will oe sent to the outout of The 

imaging apparatus. 

[0141] 	In another embodiment of tale present invention, 

T. Ps send. pixel data to the output D 	the imaging apparatus 

only for pixel lines vJhose Total signal is above a 

Predetermined threshold 	(e.g 	the second line of the  

example in F __-cure 18), 	and do not send any 	ixel data to 

the out LA„ of the imaging apparatus 	'e total sighasi_ in. 

a line of oixels is oelow the threshold, 	so as to exclude 

background signals in their entirety from further 

processing 	- orage. 

[0142] 	The methodologies illustrated above can be 

effective in improving the soeec of the data processing and 
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compacl-il , 	y 	L le throughput of 	, wafer inspeQ , 	J 	system. 

The comparison 	a predetermined threshold. can be 

Performed very --ickl v hv the 'it 	as on] v +Mr,  __, 	,,,, 	A J- i 	-L-. 2  	..-.). 	 -.1 	'-'-'-' 	Total 	signal  

for a line of pixels is evaluatedat fir- 	Furth rmore, 

only pixels or lines of pixels 	relevantdata may be 

preserved for further processing or storage, 	thus 

decreasing he amount of ca La that needs to cc trans fe rec 

to the output of , e imaging asparatus anc further 

contributing to increase The speec of wafer inspection. 

[0143] 	Transu 	tting 	,,,le 	Jai 	igA c.c., 	for a 	line of 

pixels a j/or pixel data for that li e only when ,lie total 

signal or an in'civicual Pixel exceecs a threshold is 

particularlyuseful for the inspection of unpatter red 

wafef s, 	such as waf en_ 	c ' 	native oxide 	.lm or 

deposited f 	i m on their surface . Unpatterned wafers 

typically have few particles or defects on their surface, 

so transmitting on '_xi pixels or lines of pixels 	_hat exceec 

a threshold can reduce the quantity of data that needs to 

betransmitted by an order of magnitude or more. The haze 

signal that crovices information about the surface 

con- 	or roughness is often also of interest. The haze 

signal is typically a weE 	sAgr ,I because the surface of 

unpatterned IA fers is -usually very smooth( such as 

roughness less than about maim) . 	The total line signasignal 

pro vices information about haze withbetter signal-to-noise 

ratio than the individualiv 	pixel signals . 	Transmitting on y 

the total 	1 1.1.1.e 	signal, 	or transmitting t.l1.e total 	line 

signal anc only individual pixels where a threshold is 

exceedec, 	can reduce 	ale amount of cata that needs to be 

transmitted by a large 	-tor 	(a factor that is almost  

equal to :he n mber of pixels  in a line 	the defect 

density  	1 s 	low) . 

78 



WO 2017/031013 	 PCT/US2016/046938 

[0144] 	Figure 19 illustrates key features of an 

exemplary image sersor comprising mu 	_pie pixels in 

a cor ance v„ith an embociment of the invention cescribec 

herein. 	Image sensor 2000 comprises an array of pixels 2001. 

The 4x4 pixel array illustrated _i_n F gure 19 is for 

illustration purposes oni 	in embodiments of the present 

vent- on 	,try,  size of , the  array may be as large as 

oractically achievable or nee ec cepending on the specifics 

of the application, 	e.g 	L 	total size of 	_he image sensor 

imaging area. and/or the pixel si_ 	The two dimensions  Cf 

the image sensor need not be equal. 	individual . 1_xels 2001 

are typically square, 	but may be of other shapes, 	e.g. 

rectangular or hexagonal. Each pixel may have its own 

output 2002, 	and multiple signals or electrical connections 

such as gates, 	control signad 	power supplies and grolind. 

For oractical reasons, most or all of these signals 	(except 

the Pixel output signals) may be connectec together between 

neiglooring pixels and may be driven 	-om the edges of -'e 

image sensor, where an electrical connection is more easily  

made t-an if the signals were to be connected to eauh oixei 

individuall 	Figure 19 shows only two s, 	cionals 2003 L_ 	_, 

and. 2004 as an illu tratinn 	but in a practice, device 

there may be more than two signalssnared. between pixels. 

[0145] 	in one embociment of the present invention, 	each 

pixe: 	20 1 features a floating diffusion capacitance as 	L 

out u, sensing node; 	Jhe pixel driviAg s g , 	that ma- be 

shared between neighboring 	:el s, 	comprise at least 

signal to reset the floating ciffusion, 	and a signal To 

transfer _he 	arge collected in _he pixel to said floating 

dif Ls 	)n. 	The charge accumulation methodology introduced 

in rigure 11 may Pe applied to image sensor 2000, with 

timing ciagram very similar to the one illustraiec in 
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Figure 11: 	a reset clock is applied. to each pixel only at 

time i 	ter-v- 	„- t encompass situ l 	:)le samplings of the 

pixel output si 	while the charge can  lected by said 

oixel is transferred to the pixel output sensing node 

before each sampi_ 	Using this methodology, 	charge signals 

for an arm i 	:ary number of transfer cycles can he 

accumulated at , e pixel output, 	resulting in an ol 	out 

signal waveform which is immune from the interference 

introduced by the reset clock, 	and thus enabling low noise 

read out at high sample speed. 

[0146] 	Sim.i}-arly, 	other embodiments of the present 

invention using image sensor 2000 may implement 

methodologies 	such 	as 	those 	described 	in 	Figures 	12, 	_4, 	.._) 1,7, 
_L 	, 

and.18, 	where repeated samples of the output signal of 

	

individual pixels may 	performed between resets. 

[0147] 	The various embodiments of the structures and 

methods of this inv, 	Lion that are described above are 

illus 	tive o ly of ene pr in, 	les of e ts invention and 

are notintended 	limit the scope of 	'e invention 	the 

particular emboci ents described. 	r example, 	an 

arbitrary number of pixels or pixel samples may be read out 

aftereach reset operation in manners silmt7 	to L le ones 

depicted 1 	Figures 	11, 	13, 	14, 	lb, 	and 18, 	or  an 

aroitrary number of Pixels read out by the same outs , 

sensing node, 	or lines of pixels, may be read out between 

resets in a manner simi ar to the one 	_e icted 	iguxe 13 

Thus, 	the invent on is limited only by the followdng 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 



84 
 

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. 


