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FIG. 1

(57) Abstract: A photocathode utilizes an field
emitter array (FEA) integrally formed on a silic-
on substrate to enhance photoelectron emis-
sions, and a thin boron layer disposed directly
on the output surface of the FEA to prevent ox-
idation. The field emitters are formed by protru-
sions having various shapes (e.g., pyramids or
rounded whiskers) disposed in a two-dimen-
sional periodic pattern, and may be configured
to operate in a reverse bias mode. An optional
gate layer is provided to control emission cur-
rents. An optional second boron layer is formed
on the illuminated (top) surface, and an optional
anti-reflective material layer is formed on the
second boron layer. An optional external poten-
tial is generated between the opposing illumin-
ated and output surfaces. An optional combina-
tion of n-type silicon field emitter and p-i-n
photodiode film is formed by a special doping
scheme and by applying an external potential.
The photocathode forms part of sensor and in-
spection systems.
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BACKGROUND OF THE INVENTICON

Field of the Invention

[O003] The present invention generally relates to low light
sensing detectcrs {sensors) used in conjunction with
semiconductor wafer, reticle or photomask inspection systems, and
more particularly to photocathodes utilized in the sensors for
such inspection systems

Desgcription of the Related Art

[C004] Photocathodes are negatively charged electrodes

devices such
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Because the generated charge 1s equal to the charge on many
electrons, when the gain is high enough 1t is possible
generate a charge that is above the noise level of the

electronics. Photonmultipliers can be therefore extremely

sensitive detectors of light in the ultraviolet, visible, and

near~infrared ranges of the electromagnetic spectrum. These

detectors multiply the current produced by incident light by as
much as 100 million times, in multiple dynode stages, enabling

[0008] An image intensifier 1s another type of wvacuum tube

of detected light in an cptical system in order to facilitate,
for example, visual imaging of low-light processes; or for
conversion of non-visible light sources such as near-infrared or

short wave infrared to visible. In typical image intensifiers,
the photoelectrons emitted from a photocathode are accelerated

toward a transparent anode coated with the phosphor such that the

multiple secondary electrons from each photoelectron. Even
without a microchannel plate, multiple photons can be generated

£ the output ¢f an image intensifier for each abscorbed photon.
The emitted photons are directed by cptics (such as a fiber optic
bundle or lenses) to an image senscr. Since each absorbed photon
can generate many oultpult photons, very low light levels can be

detected and measured, potentially even single photons under some
conditions.
[0009] An ERCCD is anther sensor coperates in a similar manner

to an lmage intensifier

—
.
—
-
-
N
ot

tead of a phosphor screen as the
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electrons that are emitted from a phcotocathode and accelerated by
an electric field. In an EBCCD it is typical to use a potential
difference of about 2 kV or more to generate the electric field
between the photocathode and the CCD, whereby photoelectrons
emitted by the photocathode are accelerated and strike the CCD

~ Wl
H
1 {

with high energy, generating multiple electrons inside the CCD,

generated for each photon that is detected; the readout and dark
noise of the CCD is less important than it would ke for direct

detection of photons. As compared with an image intensifier, the
EBCCD avoids the cost of the optics needed to transfer the light

from the phosphor to the image sensor, and also avoids the

degradation in 1mage resolution caused by those optics.
[0010] Fig. 12 shows a conventional EBCCD 50 comprising a

an inside surface of window 53, and a charge-coupled device (CCD)

5

54 is separated from CCD 55 by a vacuum gap 56. An electric

respect to that of the CCD. An incoming photon 61 enters
window 53 and is abscrbed by photocathode 54, causing a
hen a photoelectron 62 has
sufficient energy to escape through the ocutput side of

photcocathode 54 {(i.e., downward in the figure), 1t enters

N
O
(9]
u

s PR “ Y =y = VT s P — A N T T T T - - a A= 7 -+

region 56. PBecause CCD 55 is at a positive potential, usually of
1-% v N NP TR e N o 4 - [y R ST Io) -

2kV or more, relative Lo photocathode 54, photoelectron 62 is

accelerated towards CCD 55 such that it

p--2

a
greater than about 2 keV, whereby photcelectrons will typical

i

-
1

generate multiple electrons inside CCD 55, The electrons

oo
{

generated inside CCD 55 are then transmitted (e.g., by way of
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.
+
1

pins b7) to a processing system {(nct shown) that is configured to
generate an associated image or other data assoclated with the
detected photoelectrons.

[0011] Prior—art photocathodes reguire difficult tradeoffs

between conflicting reguirements asscociated with abscrbing

photons and emitting photoelectrons. A good photocathode needs
0 have a high probability of absorbing photons at wavelengths of
interest, and a high probability of generating one (or more)
photoelectrons from that abscrbed photon. A good photcocathode
also needs Lo have a high probabllity that any photoelectron

generalted by an absorbed photon escapes from the photocathode., A

photon will be absorbed, buf alsc increases the probability that
the resulting emitted photoelectron will recombine (i.e., be
lost) before it escapes. More specifically, recombinations

usually occur at defects or impuriti

[
]
(f }
o]
—
—
t
o
-]
®
s
[
@
=
o]
Q
[
h
®]
s
-
.
—
—
]
s

phcotocathode, so the longer the distance the photoelectron must
travel through the photocathode material, t T

probabllity that it will encounter a defect or impurity and be

cnly photoeslectrons with energy close to, or greater than, the
k-function have a reasonable prcbability of escaj

r
[0012] Typically photocathodes are optimized for a relatively

narrow range of wavelengths. For example, UV wavelengths are
particularly useful in the semiconductor industry for detecting
small particles and defects con semiconductor wafers because in
general the amount of light scattered from a small particle

depends, among other factors, on the ratio of the particle or

defect size to the wavelength. Most photocathode materials
absorb UV light strongly. A pricr—art photocathode optimized for

UV wavelengths usually needs to be thin because UV pho
be absorbed close to the illuminated surface. If the

5
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large enough to prevent most electrons from escaping from the
surface. For these reasocons, silicon has never found significant

SUMMARY OF THE INVENTION

[0019] The present invention is directed to a photocathode
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substantially pure boron (first) layer hermetically formed on at
least tip {(free end) portions of the field emitfer protrusions.
The introduction of integral field emitter protrusions onto the
output surface circumvents the silicon substrate’s relatively
aking advantage of the field enhancement
generated when the protrusions function as field emitters, which

takes pla when the substrate is subjected to an appli

)

electric field that is high {strong) enough to reduce the

potential barrier on the silicon-vacuum interface so that

photcelectrons can tunnel through this barrier (gquantum-
mechanical tunneling) at the tip portions. The resulting
emission current density can be estimated by a modified version
of the Fowler-Nordheim theory, which takes into account the field

enhancement factor due to the field emitters (R. Fowler and L.

Nordheim, “Electron emission in intense electric fields”,

e
May 1928, pp. 173-181). Moreover, by forming the substantially

pure borcn layer such that it hermetically seals at least the tip

,
b
=
o
b
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o3

portions of the field emitlter protrusions, oxidation of Th

emitter output surface is substantially entirely prevented,

encountered in conventional approaches. Thus, by producing a
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icon {(i.e., sub-lum wavelength absorption, hi
defect material, and long electron recombination times), while
avoiding the negative aspects that have previously prevented the

widespread commercial use of siliccocn-based photocathodes.

techniques are optionally utilized optimize the performance of
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pin~hole free boron layer having
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nm (preferably about Lo 3 nm), whereby the boron laver
circumvents silicon’s oxidation problem by reliably hermetically

sealing the entire output surface of the silicon substrate

against cxidation. n alternative embodiments, the field emitter
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enhance photocathode performance.

(00211 According to various alternative specific embodiments

several gate structures {control electrodes), are disposed on The
outp surface and placed at, or slightly lower than, the height
of the field emitfter tip porticns in order to achieve fast and

accurate control of the emission current. Iin some embodiments, a

second boron laver (third layer) is formed on the illuminated

I
enbodiment, an anti-reflective material layer {fourth layer) is

@]

disposed on second boron layver (third laver) to further enhance
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type silicon field emitter and p-i-n photodicde structure that
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voltage {e.g., on the order of several tens or a few hundreds of
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volts) is applied between the i1lluminated surface and the cutput

surface of the substrate. This avalanche gain enhances the

effective guantum efficient and Thus improves the performance of
the photocathode. 1In yet other embodiments, boron (or another p
type dopant) is diffused intco the silicon substrate through the

illuminated surface to form a p-type doped region to create a

potential gradient that drives electrons away from tThe

illuminated surface where they might recombine and be lost.

[0022] In accordance with alternative specific embodiments,

the inventive photocathode structures of the present invention

are incorporated into variocus sensor structures to provide

sensors exhibiting superior low light sensing capability. In
t

he photocathode (which 1s positioned adjacent to a

receiving surface of the sensor), these sensor structures include

PR <~ Iaxs o Y . N R oty s Y . . P
a detection device (e.g., a CCD or CMCS image sensor) having a
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substrate by an intervening gap, where

serves to detect photoelectrons emitted through the output

n some Sensor
s, The sensor structure 1is an electron-bombarded

charge-coupled device (EBCCD) that may (or may not) have a wind

not) have a window on top of the rhotocathode.
embodiments of the invention, the senscr 1s a photomultiplier

that may
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photocathode.

[0023] In some sensor embodiments, a second boron laver is

formed on the illuminated surface ¢f the photocathode to prevent
oxide formation con tThe illuminated surface, and an anti-
reflective material laver is provided over the second boron lave

13

t faces the output surface of the photodiod

T
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to improve photon capture efficiency. In some of these
embodiments, the anti-reflective material laver 1s disposed
between a window and the photocathode, but in other embodiments

1 layer also serves as the sensor’s

r
the illuminated surface of the photocathode), which further
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e efficiency by the sensor.

senscor embodiments that incliude a window over the illuminated

surface of the photocathode, an anti-reflective material lavyer is
‘t_.

[0024] In some embodiments of the invention, a senso

30 includes

L
-

incliuding the photocathode of the present invention a
icon~based detection device having an additional boron layer

1
on its receiving surface (i.e., the surface of the detection
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ectron

F_.J

YECelVJQ( surface Auring fabricaticon to inprove

capturing efficiency of the sensor by preventing the formation of

of & CCD), and the additional boron layer 1is formed on the
recelving surface of the CMOS detector.

1 I n

including the inventive phoftocathode are utilized in wafer,
reticle or photomask inspection systems. T

inventive systens include an i1liumination source (e.g., a laser
system) for transmitting light onto a sample/wafer, one or more
sensors {e.¢g., a photomultiplier, an image in

EBCCD) that utilize any of the inventive photocathodes described
herein to detect photons passing through or reflected by the

14
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present invention;

[0028] FIGS.

sectional side and
photocathode accord
present invention:
[0029] FIG. 3
illustrating a p

specific embodinme

(0030} FIGS.

sectional views

additicnal exempla

invention;

views 1llustrating exemplary

according to alt

invenition;

[0033] FIG. 7

systen accordi n(*

in whichs:

embodiment
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showing a silicon

ordance with

present
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[

(00347 8(A), 8(B}, 8( 8(D) a
showing inspection systems according to add
“he present invention;

[0035] FIG. 9 is a simplified diagr

e
emoo

another

]

[0036] FIG. 10 iz a simplified diagram s
inspection system according to another embo
inventlon;

[0037] FIG. 11 is a simplified diagram s
inspection system according to another embo
invention; and

[0038] FIG. 12 is a cross—sectional side
conventional sensor.,

LED DESCRIPTION

[o ] The present invention relates to
light sensors for semiconductor inspection
following description is presented to enabl

make and u

used herein, directional terms such as “top
“undexr”, “upper” upward”, “lower”, “down”

intended to provide relative positions for

description, and are nct intended to design

‘am showing

purposes

PCT/US2016/033669

re simplified diagrams
itional embodiments of

another

dimen

')
"/

howlng another
diment of the present

howing ancther
diment of the present

an improvement in iow
systems. The

e one of ordinary

ion as provided in the

regulrements. As
142 NN Ty A /4 W - P
. “bottom”, ver’”,
- 3 7 - ~
and “downward LT e

O

f

ate an absolute

of reference. Various ncdifications to the preferred embodiment
will be apparent to those with skill in the art, and the general
principles defined herein may be applied to other embodiments.
Therefore, the present invention is not intended to be limited to
the particular embcodiments shown and described, but is to be
accorded the widest scope consistent with the principles and
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photcocathode 100 according to a generalized embodiment of the
present invention. Photocatho 100 generally includes a silicon

substrate 101 having an upward-facing illuminated {(top/first)

surface 102 and an opposing downward-facing cutput

an array of field emitter
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antially pure boron layer 1190
1

03 cover field emitter

NN 4 e 1 OA TR T o N TP RN [ T A 100
protrusions 104, With this arrangement, photocathode 100
operates similarly to conventicnal photocathodes in that, when

n
ocperably configured such that, when electric field EF is present,

field emitter protrusions 104 function as a field emitter array

(FEA) that greatly increases the probability that a given
photcelectron PE generated in substrate 101 will be emitted from

output surface 103. According to another aspect, boron laver 110

Loy

100, Morecver, the present inventcrs have determined that boron
is substantially transparent to low energy el

boron an ideal hermetic seal material for silicon-based

00411 According to a practical embodiment, silicon substrate
1

is preferably implemented using monocrystalline silicon

jsK

single crystal of silicon) that is p-type doped (i.e.,

i.e.,

R ~ - - 3 = EEARS) P - CT oy ] ~ - =¥ i
contains a p-type dopant 108) at a doping level less than abo

LRAS
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P L T B
10 cm T, i1.e.

minority carrier lifetime and diffusion length
increasing dopant concentration, dopant concen
than about 10°° cm™® may be used when the silic
such as thinner than about lum, wher

thicker than about ium, dopant concen
1118 s = I - - R TR

10 cm ” may be preferred. In other
substrate 101 comprises polycerystalline

crystalline

PCT/US2016/033669

decrease with
trations higher

cperating range ¢of tThe photocathode, the silicon may be between
about 10 nm and about 100 pm in thickness. Silicon substrate 10
exhibits a band gap of approximately 1.1 &V, sco light with a
vacuum wavelength shorter than approximately 1.1 uym is abscrbed.
The 1.1 eV pand gap of silicon substrate 101 is indirect, so
absorption of wavelengths in the red and infra-red part of the
spectrum is weak., Silicon substrate 101 also has a direct band
gap of approxzimately 3.5 eV, so it strongly absorbs deep UV
wavelengths. Depending cn The intended use for photocathode 100,
silicon substrate 101 has a thickness T1 in the range of
approximately 20 nm to approximately 100 um. For example, in
crder to facilitate a high probability of absorbing a photeon in
the infra-red part of the spectrum, silicon substrate 101 is
formed with a thickness T1 of about 10 um or several tens of um.
Alternatively, for absorbing UV wavelengths, siiicon substrate
01 is formed with a thickness Tl in a range 0f a few fTens of nm
to about 100 nm. In a practical embodiment, silicon substrate
101 has a thickness Tl of about 1 um in order to absorb at least
85% of the unreflected incident photons over a wavelength range
from the vacuum UV to approximately 670 nm near the red end cof
the visible spectrum. When silicon substrate 101 comprises a
monocrystalline {single crystal) structure that is grown with
very low density of crystal defects and high purity using known
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techniques, a pho ectron generated inside silicon substrate

101 has a potential lifetime of tens or hundreds of microseconds

n addition, the single crystal structure causes

photoelectrons to lose much of their excess energy and partially,

cr substantially, thermalize with a low preobability of
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r
of each field emitter protrusion 104 has a minimum diameter/width

00nm, and tip portion 10& has a maximum

patiferning. Both dry etching {such as RIE, ICP and ECR} and wet

ching can be used to form the array of field emitter
protrusions arranged in a two-dimensional periodic pattern (e.qg.,

as depicted in Fig. 2(B), discussed below). An important

parameter influencing the fielid emitter properties is the spacing
{(pitch) P between emitter protrusions 104, It is known that
closely-spaced emitters reduce the field enhancement factor due
o screening effects resulting in insufficient electric field

5

field~-sghielding effects and to optimize field emission current

e
density, the distance between verticalilly ali
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be between approximately twice and approximately 20 times their
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height (see for instance, R. Serbun, B. Bornmann, A. Navitski, C.
Prommesberger, C. Langer, F. Dams, G. Miller, and R. Scheiner,
“Stable field emission of single B-doped Si tips and linear
current scaling of uniform tip arrays for integrated vacuum
micrcelectronic devices”, Journal of Vacu Scilence and
‘'echnology B, Vol. 31, No. 2, 2013, pp. CZBICl). For example,
when field emitter protrusions have a nominal height H1 equal to
500nm, spacing P should be between approximately lum and
approximately 10um
[0043] According to another aspect of the present invention,
"he field emitters are configured to operate in reverse bhias mode
as in a p-n diode, in which a depiletion layer is generated due to
he high electric field at the emitter surface. In this
embodiment, regions near the tips of the field emitter
protrusions 104 may be doped with an n-type dopant (such as
phosphorous or arsenic) either before or after formation of the
protrusions. Field emissicon takes place when the applied
electric field is high enough to reduce the potential barrier on
“he silicon-vacuunm interface so that the electron can tunnel

through this barrier

K

PCT/US2016/033669

{gquantum-mechanical tunneling). In a
the electron concentration is determined

the local doping level and potential, it 1s possible set the
field emitters in node. The emlssion current
denslity can be estimated by a modified versicn of the Fowler-
Nordheim theory, which takes into account the fieid enhanceme
factor due to the field emitters.

[0044]

boron layer 110 comp
disposed directliy on
portions 106 of fiel

-

sealed.

b

fd

As u

n

oron having

oy
fwl u

¥
i

another aspect present inventio

o
rises substantially pure boron that is
output surface 103 such that at least tip
d emitter protrusions 104 are hermetically
ein, the phrase “substantially pure boron”
purlty of 95% or higher, and the phrase

7
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“directly on” in conjunction with the boron-to-silicon interface
is intended to mean that there are no continuous intervening
lavers (e.g., oxide or 51Ny lavers) separating output surface of
field enmitter protrusicons 104 and boron layer 110 cther than a
possible thin laver {(i.e., a few monclayers) of $iB, that may form
at the 8i/B interface. Note also that the phrase “directly on”
does not preclude the presence of discontinucus oxlide molecules
or patches between some portions of the boron and silicon that
may inadvertently form before or during the formation of boron
layer 110, 1In one embodiment, substantially pure boron layer 110

13 grown on ¢lean smooth silicon at a

than approximate

about 6007°C and 800°C) using techniqu
al. “Chemical Vapor Deposition of a-B

Controlied Nanometer-Deep p+n Junctio
Electronic Materials, Vol. 39, No. 2
L 7 L

173, ISSN 0361-5235 such that the bor
coating having a thickness T2 in the

to 5 nm, preferably approximately 2 €
explain on plé3 of the cited referenc
all native oxide from the silicon by,
folilowed by an in-situ thermal hydrog
the boron. Lower Temperature deposit
possible, though the coating may be 1
thicker than 2 nm may be needed to en

forming

tenperature (i.e., at

1y 500°C, preferably between

es taught by F. Sarubbi et

oron Layers on

n Formation”™, Journal of
[ D e N 8 I | 100
{(February 2010) pp. 162~

pin-hole

approximate

o 3 nm. As Sarubbi et al.
e, it is important to remove
for example, a wet clean

clean prior to de

boron 1s also

i [e]
ess uniform, and a coating
sure that it is pin-hole

boron layer 110

in this manner is that the resulting pin-hcle free borcon ccating,
when applied to a clean silicon surface, serves as a hermeltic
seal that prevents formation of native oxide on the underliying
silicon surface. As used herein, the phrase “hermetically
disposed” means that kboron layer 110 is formed in the manner set
forth above, and the phrase “al least on the Tip portion” means
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they can be emitted.
[0045] According to alternative specific embodiments, field

emitter protrusions 104 are implemented using various geometrical

n

urface 103.

[0046] Figs. 2A and 2B depict a photocathode 100A including a
substrate 101A having a planar input (upper; surface 102A, an

array of pyramid-shaped field emitter protrusions 104A integrally
formed on an opposing output surface 103A, and a substantially

pure boron layer 110A hermetically disposed on output surface

1032 in the manner described above. Each field emitter

protrusion 104A comprises a pyramid-shaped structure including
four angled walls extending from a relatively wide fixed (base]

\‘A

substrate 101, preferably such that the etching process produces

] . S A T 2 e 1' Y
11} planes in monocrystalline silicon)

°

Although adijacent pyramid-shaped field emitter protrusions 104A

are depicted as beling separated by narrow sections of relatively

gsilicon until the peripheral edges of adjacent pyramid-shaped

structure abut each other {i.e., oubput surface 103A
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structures described below are understood to be possible.

[0049] Fig. 4{A) illustrates, in cross section view, a

planar input surface 102C, an array of field emitter protrusions
104C disposed on an opposing output surface 103C, and a boron
layer 110C disposed on output surface 103C over field emitter
athoede 100C differs from the previously
described embodiments in tThat a continuous gate or control
pproximately level with tip portions
106C of field emitter protrusiocons 104C and attached to output
surface 103 by way of dielectric structures 121C. Gates 120C are
cperated using contrel veolitages between about 10V and 100V

relative to the substrate to achieve fast and accurate contro
0

over the emission current from field emitter protrusions 104C

¢ g 0 n i on,
and negative voltages relative to the substrate may be applied to
suppress emission, if reqgulred. Gates 120C and dielectric
structures 121C ate layer can be fabricated by standard CMOS
fabrication technigues. In the depicted embodiment, gates 120C

are formed in a triode configuration (i.e., all gates 120C are

disposed in only one gate laver). In other embodiments {(not

st) boron layer 110-1D disposed on

a second borcon layer 110-2D that is formed on upward-facing input
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2
technigues described above with reference to the formation of

boron layer 110 {see Fig. 1). Although boron does absorb at UV

a
thickness T3 of approximately 5 nm or less, cnly a small fraction

since boron

H
j
~
o+
)
D
[
O
[t
\". )

N

~-type dopant in

110-2D will tend to drive photoelectrons away from illuminated

[9)]
®
=
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=

nprove the efficiency of

y reducing the likelihood of electrons
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surface 102E, an array of field emitter protrusicons 104FE disposed
on an ceposing output surface 103E, a lower (first) boron layer

110-1% disposed on outpubt surface 1038 over field emitter

3 2 e -
described above.

discussed embodiments in that it further includes one or more



WO 2016/187603

e
eCtT

efl ion ing lavers

coat

in « cific

i3]

el

N

"*<

T
JRYi
v

UV wavelengths,

=T
o L

and 11lumi

near

photons are abscrbe

Ny
EN AN

dielectric

of

above, any

surface

a

aoTy
il

Ny
EN AN

al

ve. I

that photocatho

51ing

the

na

5
A
(=

PCT/US2016/033669

prer boron
~reflection

materials ¢

quantum efficiency

wavelengths

v

includes

1

boron layer

ner

in the ma

disposed

layer



a
1S
IS

9
o7

e~
¥
-

0
Y

§

nsu

<
e 1

.
t
[

ter

to

comprise

.
+
L

boron laver

-
Ted

~
e
=3
Ca

0-
in
emi

PCT/US2016/033669

ubstra

1

~1ial
im
:l"-.r

.

boron

e poten

4

-

tab
103G

4

second)

>

e

13G,
[+

u

acr
s
A
A

1ce
(

e 1

—~
{

surft

erence
rfa

e
11
1l
i

L

dif
atl

put s

L

1

vhotoc

ng ou

£

=

~
A

-
S

pos

I

ion
borde
boron

2%
S

4
[

a

P

¥
T
I

an

e~

WO 2016/187603

02
[0053]

AL
metal

lower
k

1

5
N
-

i

orm

P

.

ter

.

emi



WO 2016/187603

a p-i-n photodiode structu

COC 2y, o naT n
causes eld emitter protrusions 104G to

silicon field emitter during operation o
addition, conductive structures 115-1G =

those described above with reference to
ensure good electrical connection of an
120G across the opposing surfaces of subs
arrangement, the n-type silicon field em
phcotodiode structure operate in
condition when socurce 130G applies a hig
{e.g., on the order of a few tens of to

bet and

PCT/US2016/033669

F rmheotoadl od TN T
hotodiode 3. I

f photodicde 100G In

nd 115-2G similar to

are

external voltage source
strate 101G, With this

roltage potential

volts)

hundred

avaitanche Jgain enhances the effective guantum efficient and thus
improves the performance of photocathode 100G,

[0054] Fig. 4{(F) depicts a photocathode 100H including a
silicon substrate 101H having a planar input (illuminated)
surface 102H, an array of field emitter protrusions 104H dispose
cn an opposing output surface 103H, a lower ({first) boron laver
110-1G disposed on output surface 103G over field emitter
protrusions 104G, and an upper (second) boron layer 110-2G
disposed over 11l nated surface 102G, all formed in the manner
described above. Photocathode 100H differs from previocus
embodiments in that p-type and n-type dopants are diffused into
substrate 101H from cne or both of iliuminated surface 10ZH and
output surface 103H in a manner that generates gradient doping
sections 101H-1 and 101H-2 having relatively high doping
concentrations adiacent the silicon surface and relatively 1ight
doping concentrations away from the surface. Cradient doping
sections 101H-1 and 101H-2 are configured to direct (bias)
photoelectrons generated within silicon substrate 101H towards
Tips 106H of protrusions 1064H. In the illustrated embodiment,

o

@

thin
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surface 102H and
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portions disposed further from illuminated surface 102H in
substrate 101H (as indicated by shaded area), thereby creating a

the invention that omit a boron laver on the illuminated surface,

a p-type dopant, such as boron, is implanted or diffused into the
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monolayers) boron silicide laver 128H is formed between tip

portions 106H of field emitter
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layer 1iCH-1, whereby some of the boreon diffuses a short distance

into the silicon to form gradient diffusion regicon 101H-2

{(indicated by shading). In some embodiments, gradient diffusiocon
region 101H-2 may comprise other p-type or n-ftype dopants

n o modify the electric field
gradients near Tip portions 1 1

[0055] Fig. 5 is an exemplary energy diagram iilustrating
electron field emission of an exemplary inventive photocathode
formed in accordance with the embodiments described abcove. The
vertical direction represents energy. Ncte that this figure is

not to scale, 1s distorted and some aspects are exaggerated in

]

order to more clearly 1lllustrate key aspects of the photocatho

Dashed 1ine 402 represents the Fermi level within the
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conduction band and the top of the valence band is called the
band gap. For silicon the band gap 1s approximately 1.1 eV, but

reduces where the dopant concentration is high. Dot-dashed line

i

405 represents the vacuum energy level. The smalli-dashed line

135 heavily p-doped, either from explicilit doping or from diffusion

present, it 1s only a few nm thick), or from a combinaticon of the

Fermi level i1s just above the top of the valence band. For
example, for high levels of boron doping, the gap between the

-
1
i

Fermi level and the top of the valence band might be as small

W
6]

[

approximately 0.05 eV, As the dopant concentration decreases
away from the surface, the gap between the Fermi level and the

top of the valence band increase

V)]
N
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Q
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FJ-
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el
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valence bands to bend down away from the surface as indicated by
arrow 420C.

[Q057] When a free electron 1s created by absorption of a

photon, that electron will be in the conduction band. The
electron 1s initially created with an energy that is
approximately equal to the difference between the photon energy

he band gap. In silicon, the excess energy is usually
<1y lost, so that the electron qguickly reaches an energy

close to the bottom of the conduction band. Because the downward

nduction band is clicse to the illuminated surface,

93}
F_.J
@)
O
(’?‘
Fq
]
ot
g
0]
@]
Q

any electrons created near that surface will quickly move away

from that surface and are unlikely to recombine at any defects
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that exist on or near the illuminated =silicon surface. Since

deep UV photons are very likely to be absorbed within a few nm of

described by the well-known Fowler-Nordheim tunneling

conduction band 404 and valence band 403 bend at the emitter

[0059] If the conduction band i1s bent by an energy sufficient
to bring the bottom of the conduction band 404 below the Fermi

level 402, elect

level 402, which remains constant throughout the bulk of the

semiconductor. The external field accelerates electrons as they

athode surface 412 and allows them Lo reach
gh energy tc have a high prchability of

es5caping.

[Q060] For a high electrostatic bilas field such as 107'V/cm,

the conduction band of p-type field emitter will be degenerate at

TN
o
N

he surface, and a depleticn region, in which the Fermi level

ot

ey 1 .

ies in the middle of the energy gap, 1s created kbetween tThe p-
type interior and the n-type surface. This leads fto a minimum
concentration of electrons and holes in such region, similar to
the case of a reverse-biased p-n junction.

[0061] In prior art photocathodes based on silicon, there
would be a thin oxide layer on the silicon surface. This oxide

even though only about Z2nm thick, represents a substantia

-]



WO 2016/187603 PCT/US2016/033669

rier to any electrons trying to escape. The band gap of

LT
gsilicon dioxide 1s approximately 8 eV, Such a large kand gap

layer on the pghotocathode surface blocks oxygen cr water from
reaching the siliccon surface and prevents growhbh of an oxide
layer, thus enabling an efficient photocathode.

62] Figs. &¢(A) to ¢(C) are simplified cross-sectional

o]
gures showing various sensor structures accordance with

ors having superior low light sensing
1

capabi 1zed, for exam in semiconductor
inspection systems. Although the simplified sensor structures
shown 1n Figs. 6{(A) to 6{C) are conslstent with EBCCD-type

hat the depicted sensor structures are
applicable tc other sensor structures as well (e.g., image
intensifier and photomulitiplier sensors).

[Q063] Fig. 6(A) illustrates in cross section a sensor 200A in
accordance with a first senscr embodiment of the presen
invention. Sensor 200A generally includes silicon photocathode

] . R . 3 e e e 3 -1 c - - _— - - oy TN P, P
100, which is described above, a detection device 210 {(e.g., a
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gap region 206. Photocathode 100 is disposed adjacent to a
receiving surface 203A of sensor Z00A and arranged such that an

iilluminated surface 102 faces away from detection device 210,

Q

thereby corienting photocathode 100 tc receive radiation {(e.qg.,

photons P} and to emit photoelectrons FPE across intervening gap
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region 206 to detection device 210. As set forth above with

reference to Fi
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emitter protrusions 104 integrally formed on output (second)

and a boron {first) layer 110 disposed on output surface 103,
Similar to most CCD and CMOS image sensor devices, detecticon

device 210 includes structures for detecting

photoelectrons PE and circultry for generating an electric signal

onded or otherwise hermetically sealed to a

)

b
non-conducting or highly resistive glass or ceramic window Z04A
hat, in conjunction with side wall and other portions of housing

2024, form an envelope whose interior 1s evacuated (i.e., gap

the force of atmospheric pressure from the outside without any

window on top of photocathode. Materials suitable for use in

forming window 204A include fused silica, gu

{(sapphire), magnesium fluor a

[00&5] According to another aspect of the first sensor
1

embodiment, sensor 200 inc

4_
“
L‘
h‘
L
;)J
ol
C
O
<
®
<
<
-+
(
iR
)
Bl
3
®
"
D
b
3
®
-
3
0
T
I
)2
@]

similar to the grid structure

adjacent to photocathode 100 and detection device 210 such that,

J0A, an electric field 1s generated between photocathode 100 and

34
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detection device 210 that serves to accelerate electrons 112
emitted from photocathode into gap region 206 toward detection

device 210. In some embodiments, as explained above with

— -
I

3 Gt A 4 - £ 102 1 . - - IS R e Ty I
1lluminaticon surface 102 by a second voltage scource {(not shown).
ctrons are emlited by the photocathode 100 Sion

{photons) is abscrbed, and photoelectrons emitted into gap region
rated towards detection device 210 because the
ccathode 110 1s held at a negative potential relative €

detection device 210 voltage source 220. In preferred

o)
G

embodiments the potential difference generated by voltage source
220 is in a range of approximately 100 V to approximately 1500 V

[0066] Fig. o{(B) shows a sensor 200B according to a seccond
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luding photocathode 100D, a detection device

CCD or a CMOS image sensor) formed on a (second)

ccathode 100B at a fixed distance from detection device 210B.

Az described above with reference to Fig. 2(D}, photocathode 100D

lective material (fourth)

P B I @ - g . -] . ] P N H - -
layer 112 disposed on second boron laver 110-2. In this

rface 2038 of sensor 200B is
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formed by an outer (upper) surface of anti-reflective material

{(fourth) lavyer 11Z. Sensor 200B thus has the advantage of being

senscrs with a window owing to no losses due to reflection or

ray wavelengths,
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[0067] Fig. o{(C) shows a sensor 200C according t

senscr embodiment including photocathode 100 and a

detection device 210C {(e.g., a CCD or a CMO3 image

reference to Fig. 6(A).
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[0068] According to an aspect
housing 202C includes an upper window portion 204C
layer 207C is formed on window 204C in order to imp

capture by sensor 200C. In an alternative enmbodine

additional anti-reflective material layer (not shown

5

between photcocathode 100 and window 204C (i.e., phot

is Implemented using, for example, photocathode 100D
described above with reference to Fig. 2{D)).

[0089] In accordance with another aspect of the
embodiment, a {(third) boron coating lavyer 214C is £
on a detecting (upper) surface 212 of image sensor

fLechniques described above with reference to photoc

embodiments, a gap distance G between photcocathode

sensor 210C 1s between approximately 100 um and app
mm. Because boron coating layer 214C improves the

disposed over photocathode 100, and an anti-reflecti

sensor 210t

o a third

rove pno

nt, an

third

210C using

f,

~

efficiency

of

image senscr 210C for low-energy electirons, a lower accelerating

e and smaller gap may be used than is typical

smaller gap is that th

D

improved and the response time

operating frequency 1s increased). Thermalization
photcelectrons within the silicon photocathode also
spatial resolution of the image sensor.

oy
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spatial resolution of the se

ices. The advantage of the lower accelerating voltage and
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rbodiments of the invention, a wafer, reticie

or photomask inspection system including an 1llumination source
{(e.g., a laser system) for transmitting light {(photons) onto a
sample/wafer, a sensor (e.g., a photomultiplier, an image
intensifier cor an EBCCD) that utilizes any of the inventive

phetocathodes described above to detect photons passing through

N e ~ N7 -7 - oy v P
or reflected by the sample/w:

system for guiding the light/photons from the illumination source

o the sensor. Exanples of these embodiments are shown in Figs

[Q071] Fig. 7 shows key components of an inspection system

300A with dark-field and bright field inspection modes The
t

optics utilized by system 300A comprise a high numerical aperture

large fileld-of-view objective lens 128, tube lens 1392 for setting
or adjusting the magnification and a detector 200, which
incorporates a photocathode constructed in accordance with any of

the embodiments described above. When operating in dark-field

mode the detector 200 incorporates the inventive photocathode in

0

an EBCCD or image intensifier arrangement similar to that shown

in any of Figs. 6(A) to 6(C). More details
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this inspection system can ke found in US Patent 7,345,825, which
is incorporated herein by reference in its entirety
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accordance with cother exemplary embodiments of the present

invention. In Fig. B8(A), inspecticn system 300B-1 illuminates
line 18 by light 14 that 1s passed through optics 11 comprising
lens or mirror 12 onto the surface 20 of the wafer or photomask
{(sample) being inspected. Collection cptics 21 direct scattered
light from that line To senscr 200 using lenses and/or mlrrors
such as 2Za and 22b. The optical axis 28 of the collection
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optics is not in the illumination plane of line

1
embodiments, axis 28 is approximately perpendicular to the line

%, Sensor 200 1s an array sensor, such as a linear array
sensor, lncorporating the lnventive photocathode, for example, in

accordance with the embodiments i1illustrated in any of Figs. &6(A),

(B} and 6{C). Figs. 8(B}, 8(C) and 8{D) illustrate alternative
arrangements of multiple dark-field collection systems (300B-2,
300B~-3 and 300B-4, respectively) that incorporate a detectors 200

n
i1ilumination such as that shown in Fig. 8(A). More detaills of
2

These Inspection syst can be found in US patent 7,525,649,
which iz incorporated herein by reference in its entirety. US

sultable for inspection of unpatterned or patterned wafers.

[0073] Fig. 9 shows an unpatterned wafer inspection system
300C that incorporates the inventive photocathode 1n accordance

vith another exemplary embodiment of the present invention
4 is directed to wafer 1012 by means of

polarizing optics 1016, beam forming optics 1020 and turning

mirrors such as 1022 and 1024. Li« d from the wafer is
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constructed in accordance with any of the embodiments described

above. In some embodiments, detectors 200-1 and 200-2 comprise

More details on unpatterned wafer inspecticon systems can be found
in U.8. Patent 6,271,916, which is incorporated herein by
reference in its entirety.
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lood-illuminaticn wafer inspection
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system 300D in accordance with another alternative embodiment of
the present invention. An area of a wafer (sample) 1s
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1luminated by

llected by the collection obiective, passes one or

the wafer 1s co
more apertures, splitters and polarizers and then is directed to

one or more image sensors 200-1 and 200-2, which incorporate a

embodiments described above. In some embodiments, image sSensors
200~-1 and 200-2 comprise an EBCCD or an image intensifier

incorporating the inventive photocathode. More details of this

inspection system can be found in co-owned and copending U.S.

omanovsky et al., which is
incorporated herein by reference in its entirety. In these
inspecticn system embodiments, the wafer is preferably
continuously moving during the inspection. The image senscr used
in this embodiment of the invention can advantageously
incorporate any of the techniques described in co-owned and co-
pending U.S. Patent Application No. 13/710,315 (published as
13/0148112) entitled “Electron-Bombarded Charge—Coupled Device
And Inspection Systems Using EBCCD Detectors”, and co-owned and
co-pending U.S. Patent Application No. 14/096,911 {(published as

2014/0158864) entitled “Methcd and apparatus for high-speed

[0075] Fig. 11 shows a wafer inspection system 300E in

accordance with ancther alternative embodiment of the present
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[
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invention. Inspection system 300E includes an 11
‘t_.

subsystem 110E that provides obligue illumination and

substantially normal illiumination by way of the illustrated

ocptical system, which collects the scattered light and directs

that light through various apertures and pclarizing beam

-
1

splitters to multiple sensors 200-1 to 200~5, which incorporate
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the inventive photocatho
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embodiments described above. More details of wafer inspection
system 300E and other aspects of wafer inspection systems that
can advantageously use detectors incorporating the photocathodes
disclosed herein can be found in T7.S. Patent Application

1 ;281 entitled “Wafer Inspection”, filed on December 7, 2011
by Zhac et al., and incorporated by reference herein.

&1 Prior-art image intensifiers and electron-bombarded
CCDs have to compromise between sensitivity and spectral
bandwidth. AL best, good sensitivity is possible only for a
narrow range of wavelengths. This invention, by enabling the use
of silicon as a photocathode, allows high sensitivity over a

urthermore, because of the high

photocathode, image intensifiers, photomultipliers and electron-

bombarded CCDs can, in some embodiments, operate with lower

]

[0077] Frior—art silicon photocathodes have an oxide layer or
each surface, which impedes the escape of photoelectrons and

results in low efficiency. By forming a borcn layer on tha

easily resulting in higher efficiency. The field emitter array

onn the surface further enhances the efficiency.

m

ccathode with a boron-coated CCD or CMOS image sensor
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with the increased sensitivity of the boron-coated CCD.

791 Dark—-field inspection systems incorporating detectors

with the inventive photocathode have a combination of high
efficiency, very low noise level and high—-speed coperation that is
not achievable with conventional image and light sensors.
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least one gate structure disposed over the output surface and

positioned adiacent to and spaced from the tip portion of at

[
Q
[&)]
+
[®]
e
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h
wn
Q
o
O
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s

ylurality of field emitter protrusions.

8. The photcocathode of claim 1, further comprising a

econd substa directly on the

first surface

9. The photocathode of claim 8, further comprising an
anti-reflective layer disposed on the second substantially pure

boron layer.
10. The photocathode of claim 1, further conmprising
conductive structures configured to apply an external potential

difference across the silicon substrate.

i1. The photocathcede of claim 4,

wherelin the first surface i1s entirely disposed on a p-doped
- “ - M - e by e - - - SN NN T - 0 - -
gion of salid silicon substrate, and sald second surface and

on an n-doped region of said silicon substrate, and
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, wWherein the silicon

substrate includes a p-type gradient diffusion region extending

concentration in portions of the silicon substrate located near
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operation of said photocathode, ield emitter

D
I
¢}

@]
)
6]
)
l_.l
o}
-

l_.l

rusion operates as a field emitter in a reverse-blas mode.

emitter p

[}
O
ot
D]
o
93}
l""
o)
]
93}
Q
[}
(‘?‘
Q
[}
I
83}
i
(@]
(‘?‘
Q.
|_.(
o
Q
~+
b3
@)
O
l"" -
®
o
€]
}_.l -
O
o
83}
}._.:
T
®
B
]
Q.
}_.l -
@]

pattern on said second surface.

16. The sensor of claim 13, wherein said substantially

5
)

pure boron layer has a thickness in the range of approximately 1

i7. The sensor of claim 13, wherein said sensor comprises

]

cne of an image intensifier, an electron-bombarded charge—-coupled

device (EBCCD) and a photomultiplier.

e

i8. The sensor of claim 13, wherein each said field
emitter protrusion comprises one of a rounded cone-shaped

structure and a rounded whisker-shaped structure.

18, The sensor of claim 13, wherein each said field

emitter protrusicn comprises a pyramid-shaped structure.

20, The sensor of claim 13, further comprising of at least

one gate laver placed at approximately the same height as the
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21, The sensor of claim 13, further comprising a

i
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s

substantially pure boron laver disposed directly on the

surface of the silicon substrate.
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a detection device having a detecting surface separat

by a gap from the second surface of said photocathode, said

electric signal in response to sald detected photoelectrons.

27. The inspection system of claim 26, wherein sald sensor
rrises one of an image intensifier, an electron-bombarded
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