Low energy large scan field electron beam column for wafer inspection
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A swing objective retarding immersion le@SORIL) column for wafer inspection is designed and
constructed based on SOIL concept. The column consists of a compound retarding electrostatic and
magnetic immersion lens and five electrostatic deflectors. The retarding electrostatic and magnetic
immersion lens has small spherical and chromatic aberration coefficients for low landing energy. All
electrostatic deflectors have a cylindrical duodecapole structure. One deflector is accommodated
between the polepiece of the magnetic lens and the specimen surface, and operated at high voltage
to fulfill SOIL condition. An on-axis annular semiconductor detector with a small opening in the
center is employed to collect signal electrons. The annular detector achieves high collection
efficiency over a large scan field. Experimental results show that the SORIL column has
accomplished a 60@2mX 600 um scan field with 0.Jum maximum spot size in a wide landing
energy rangéfrom 200 to 2000 eYwithout dynamic aberration correction or dynamic focusing.
Resolution of 15 nm is achieved in a »0n X 50 um scan field. The probe beam current delivered

by the SORIL column is from a few nA to more than 100 nA because of the specially designed
bright electron gun. The SORIL column has been installed onto HMI's electron beam wafer
inspection tool, eScan™ 300. The SORIL's optical performances enable eScan™ 300 to be a
powerful electron beam wafer inspection and in-line process monitoring @@&004 American
Vacuum Society{DOI: 10.1116/1.1827629

[. INTRODUCTION the current hours per wafer. For electron beam column based
on the scanning mode, inspection of 100% area of the wafer

: . . . .is impossible in 1 h. An alternative way to resolve the
duced into the semiconductor industry as a wafer 'nSpecuo%roughput issue is to use the sampling method such as

1 . .
tool,” the low energy SEM has become indispensable to th%vhole wafer die samplingWWDS), where selected areas

development of new wafer processing technology and th9vithin a die are inspected for all the dies. If the electron

enhancement of production yield. As the semlconductoEeam column can scan a large field, the throughput can be

Since the scanning electron microsc@f&M) was intro-

technology enters the sub-100 nm .noo_le, new requiremen Sccordingly improved.
for the electron beam column arise: wider low landing en-

erav range. hiaher resolution and larger scan field. On on In response to these requirements for the electron beam
dy range, nig 9 ' Golumn for wafer inspection, a swing objective retarding im-

e e LT e ersion ns SORIL) eecton oticlcolurn s been e
during electron beam scanning is aIm’ost inevitable. In orde\r/eIOp.ed' The electron .opt|cal properties of the SORI_L col-
to minimize the charging effect, the primary bearﬁ energyumn include: a scan field of 600m x 600 um, a Iandlng
needs to be at one of the crossm,/er points of the total electrop 19y 'ange from 200 to 2000 eV, the spot size from
: . . 15 to 100 nm, and the probe current from a few nanoam-
yield curve as a function of primary beam energy, where th:—aE

. . ere to more than 100 nanoampere. The design theory of the
total electron yield equals unity. The secondary electro P g y

ield of most materialginsulator well as conductor ORIL, the configuration of the column, some practical de-
yield of most mate S( sulators as we conductyrs sign considerations and the experimental results are de-
reaches its maximum with the primary beam energy betweerslCribed in this article
100 and 2000 eV. Therefore the electron beam column '

should have the capability to operate from a few hundred to
a few thousand eV. On the other hand, the shrinking of thdl- GENERAL CONDITION FOR ELECTROSTATIC

small feature size of the integrated circuit technology downPEFLECTION SWING OBJECTIVE IMMERSION
to 45 nm and even smaller requires that resolution of thd-ENS

electron beam column be better than 30 nm, so that it is still The main obstacles for achieving a large scan field for a
able to detect the defects which are smaller than 45 nm. Thi@ompound focusing-deflection electron beam system are the
is already beyond the resolution ability of the optical micros-off-axis deflection geometrical aberrations, such as coma,
copy. Another issue to deal with when employing the elecastigmatism and field curvature. The theory of moving ob-
tron beam inspection tool into the production line is through-jective lens(MOL) was proposed to minimize off-axis de-
put, which ideally should be defined as wafers per hour, noflection aberrationd Based on the MOL, improved concepts
such as variable axis len¥AL )3 and swing objective lens
?Author to whom correspondence should be addressed; electronic mafSOL)* were developed and implemented in some modern
xuedong.liu@hermes-microvision.com electron beam systems, such as VAlnd SOIL systen‘i.ln
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these systems, however, the objective lens and the deflectol
are of the same field type; usually magnetic deflectors are |L J| } Zro/w
employed to shift the axis of a magnetic objective lens. This , Cathode
is because the conditions of the deflection fields to achieve [ 1 1 o 1
MOL, VAL and SOL were derived from the magnetic lens’s F | q Condenser
field distribution expressed in the power sefigs.The = : Lens
method to accomplish MOL, VAL and SOL conditions for D i |:|
the electron optics system whose lens and deflectors hav i Beam Blanker
different field types is still under development. D | |:| Stigmator
The general conditions for the first-order MOL, VAL, and Detector — — Objective Aperture
SOL can be derived based on the paraxial trajectory D ! I
equation’® For a compound focusing-deflection system, the D - ! D
paraxial trajectory is described by the following equation: ' g : V Magnetic
(]5' ¢” 1 A |:| g, I D A Lens
V\/’+—W’+—W—i\/z<Bw’——B’w> 0)3 ! I
2¢  4d 2¢ 2 [
__VE i \/z o W | : : \"} : : Iln-Lens Deflector
2¢ 2¢ U Wafer Plane
wherew=x+iy denotes the paraxial trajectorg, the axial Fic. 1. Schematic drawing of the SORIL column.

potential, B the axial magnetic fieldyp=e/m the electron
charge-to-mass ratid; the electrostatic deflection field un-
der unit deflection voltage); the magnetic deflection field
under unit excitation curreny=V,+iV, is the voltage ap-
plied to thex andy electrostatic deflector electrodes, and
=Iy+ily is the excitation current applied to theandy de- - i\’ZTMJ{kOB— lkoB’(z— Zo)]- (5)
flection coils. The initial conditions of the primary electron 2

beam after pre-deflection can be expressed as

1
~VE ko' + kot (220

Due to the nonlinear distribution of the electrostatic and

Wo = Xo+ Yo magnetic lens field, an exact match of the deflection field and
s (2)  the lens field is very difficult to implement into a practice
Wo =Ko =Xo *1¥o. design. Equatioii5) shows us that an electrostatic deflection

If the primary electron beam enters the objective lens andi€!d SuP€rimposed onto the objective lens field has the pos-

passes the compound field of focusing and deflection withoufiPility Of fulfilling the SOL condition even if a compound

disturbance, the beam trajectory can be expressed by retardmg. electrosta.tlc and magngtlc immersion .Iens is
adopted into a practical column design. After the axis of the

w=wytko(z—2) (zp=<z=<73). (3) compound lens is shifted and swung by the electrostatic de-
flection field, the off-axis aberrations of the focusing-

Of course Eq(3) should be a solution of the paraxial trajec- deflection system are reduced greatly, and a large scan field
tory equation(l) if the electron beam is not bent by the phecomes achievable.

deflection field. Substituting E@3) into Eq.(1), the relation-

ship between the lens field and the deflection field can bg, peEscRIPTION OF THE SORIL COLUMN

derived as . . -
A schematic of the SORIL column is shown in Fig. 1. The

¢ . i”[ (2-20) + W] whole system consists of a thermal field emission source, an
k02¢ 4¢ Ko(z=29) +Wo electrostatic condenser lens, a beam blanker, an astigmatism
corrector, a compound electrostatic retarding and magnetic
. 77 1 , A . . . . _ .
_j /A koB — =B'[ko(z— Z5) +Wo] immersion objective lens, a defle_ctlon sys'Fem and an on-axis
2¢ 2 annular electron detector. A detailed description of each com-
ponent of the SORIL column and practical consideration are
=2 ID, (4) presented in the following sections.
2¢ 2¢

From this equation, the general condition of the MOL, VAL A. Electron gun

and SOL for any combination of lens and deflection field A ZrO/W thermal field emission electron gun operated at
type can be obtained® 1800 K is designed and constructed to provide a point elec-
If only electrostatic deflectors are applied to shift the axistron source. Electrons emitted from the ZrO/W cathode are
of a compound electrostatic and magnetic lens, the SOL coraccelerated to 12 kV. The accelerated electron beam is pre-
dition becomes focused by an electrostatic condenser lens, followed by a
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stigmator and a beam blanker. Special shield plates made objective lens field and swings the axis of the compound
high magnetic permeability metal are designed to prevenvbjective lens by matching the SOL condition of Ef).

impact of the stray magnetic field on the primary beam. Two Electrostatic deflectors are chosen for SORIL column be-
ion pumps are used on the gun chamber, allowing differentiatause they can scan at a fast speed. On the contrary, mag-
pumping between its upper and lower sections, which mainnetic deflectors suffer from the speed limitation due to the
tains ultrahigh vacuum around the electron emitter. Theeddy current effect if it is positioned in the vicinity of the
beam exit on the gun chamber can be sealed from the outenagnetic polepole. In addition, electrostatic deflectors can be
environment by a gate valve, so that its inside vacuum can béesigned to have compact size and accurate shape to fit the
always preserved for ease of transportation and systeiimited space in the vicinity of the magnetic objective lens
maintenance. and center well with the magnetic objective lens.

All five electrostatic deflectors have cylindrical duodeca-
pole (12 pole structure. In modern electron beam systems
three typical cylindrical deflectors are utilized: octupole,

A compound retarding electrostatic and magnetic immerduodecapole and icosapol20 pole structure. They have
sion lens is adopted as the objective lens because this lenshigen investigated and analyzed in dethif Theoretically
known to have excellent electron optical properfié&xcept  the octupole and icosapole deflectors have better electron
in the vicinity of the cathode and near the wafer surface, theptical performances than the duodecapole because they can
electron beam moves at high speed along the path of theliminate the third- and fifth-order harmonic multipole com-
whole column. This makes the SORIL column tolerant toponents when the gaps between subpoles and the applied
stray magnetic fields, and also greatly minimizes the impacpotential are optimized. The duodecapole deflector is only
of electron-electron interaction on the beam resolution. free of third-order multipole component. But the octupole

The designed magnetic lens has a large size bore, with itgeflector needs eight independent electronic drivers. The
polepiece opening facing the specimen, as the magnetic lersructure of the icosapole deflector is too complicated. Some
with large side pole gap has been proven to have very lovelectrodes of the icosapole deflector are so small that it is
aberration coefficientS The specimen is positioned at the very difficult to machine and assemble. The fifth and higher-
peak of the axial magnetic field distribution, which is far order multipole harmonic terms of the deflection field con-
below the polepiece of the magnetic lens. A large movableribute only to the fifth and high-order deflection aberrations,
stage is employed to hold the wafer. The fact that the speciwhich are negligible compared with the third-order terms. So
men is immersed in a strong magnetic field is also very helpthe duodecapole deflectors become our preferred choice for
ful in improving the collection efficiency of secondary elec- the SORIL column.
trons, especially for high aspect ratio structures. The long
working distance between the polepiece and the specim
makes it possible to accommodate an in-lens deflector, Whic(:ag
is crucial to achieving a large scan field. The large bore size
of the polepiece makes a relative large paraxial zone along After secondary and backscattered electrons escape from
the radial direction, which is helpful in reducing the field the specimen surface, they are extracted and accelerated to a
curvature and achieving a large scan field without dynamidigh energy over a very short distance by the strong electro-
compensation or dynamic focusing. In addition, the requirestatic field over the specimen surface. At the same time the
ments for the machining precision of the polepiece and theénagnetic lens field collimates secondary electrons to the axis
concentricity of the different components during assemblingdf the lens system. These signal electrons move in the oppo-
become less stringent. site direction to the primary beam and are collected by an
on-axis annular detector with a pinhole in the center. The
detector is located between the objective aperture and the top
deflector. When the signal electrons arrive at the detector

Five electrostatic deflectors are used in the SORIL columrthey interact with thep-i-n junction of the semiconductor
to achieve a large scan field, as shown in Fig. 1. One pair ofletectors and generate electron-hole pairs. The current from
deflectors works as pre-lens double deflection system fothe separation of these electron-hole pairs are amplified and
subfield scan, and achieves a bth X 50 um scan field. The converted into digital signal by an analog-to-digital con-
rest set of three deflectors scans a main field of G0  verter.

X 600 um. Among the three main field deflectors, the top The adoption of an on-axis annular detector with a pin-
deflector is placed as far as possible from the objective lenkole in the center allows the primary beam and signal elec-
and pre-deflects the electron beam. When entering the objetrons to share the same passage. The on-axis detector avoids
tive lens field region, the electron beam has a small slope bwn introduction of a Wien filter into the column, which sepa-

a large offset from the lens axis. The middle deflector shiftyates the signal electrons from the primary beam and bends
the electron beam further from the lens axis. The bottothem toward an off-axis detector. Theoretically for the pri-
in-lens deflector is sandwiched between the wafer surfaceary beam the magnetic field fore& X B and electrostatic

and magnetic lens polepiece and is biased at high voltagéield forceeE have opposite directions and cancel each other
The deflection field of the in-lens deflector overlaps with thein the Wien filter. But practically it is impossible to match

B. Objective lens

. Detection of secondary and backscattered
lectrons

C. Deflection system
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Fic. 2. Beam spot size and probe beam current at the image plane plotted as
a function of the image convergent semiangléan(magnification is X),

and as a function of system magnification(ls). Beam landing energy is

1 keV.

(b)

Fic. 3. SEM images of HMI test wafer. Nine &m X5 um images are

. . . aken from four corners, four middle edges and center of a /00
th(_a ma.Lgnetlc Torce and Fhe eleCtrOSt?‘t'C forc_e in the WhOIéx 600 um large scan field and displayed together. Landing energy is 1 keV
Wien filter region, especially at the fringe region of the de-in (a) and 300 eV in(b). Probe beam current is 60 nA.
flection fields. So additional aberrations will inevitably be
introduced, and affect the achievable resolution. The intro-

) . e IV. RESULTS AND DISCUSSION
duction of a Wien filter also creates difficulties in the column

alignment. The on-axis detector makes column alignmenft- Simulation results

much simpler. No electrical alignment is needed in the SO-  The electron optical properties of the SORIL column are
RIL column. simulated with Munro’s Electron Beam Software packabe.

The annular detector also offers high signal collection ef-First the field distributions of the compound objective lens
ficiency over a large scan field. Although some on-axis signaiénd the electrostatic deflectors of the SORIL column are cal-
electrons have the possibility of passing through the pinhol€ulated; then the strength ratio and angular relationship of
and thus not be detected, trajectory simulation of secondaripe five deflectors are optimized, with the main field deflec-
and backscattered electrons shows 90% collection efficiendirs fulfilling the SOIL condition. The simulated beam spot
is achievable at the scanning center, because the pinhole € Poth on axis and at comers of the 08X 600 um

the on-axis annular detector in the SORIL is fabricated to b&*3" field, is plotted as a function of convergent semiangle at
the image plane in Fig.(3). All geometrical and chromatic

small, and the detector is placed at a plane where the signa . : o .
lect h the | t lateral profil aberrations are included. The Gaussian image magnification
electrons . gve € a“«?'es ateral protiie. ) is 1X and the landing energy is 1 keV. The energy spread of
An additional benefit of the annular detector is backscat- o\ and the source size of 15 nm are used in the simulation.
tered electron imaging. Secondary electrons can be Sufn Fig, 2(b) the beam spot size is plotted as a function of the
pressed back to the specimen by applying a negative bias @aussian image magnification when the aperture size re-
the in-lens deflector with respect to the specimen. In thamains unchanged. The change of the magnification is
case only the backscattered electron image is obtained. achieved by adjusting the condenser lens voltage. In both
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Figs. 2a) and 2b), the calculated beam probe current ob-600 xm X 600 um is achieved with spot size less than
tained at the specimen surface is also shown, assuming @l um and beam landing angle less than 0.4°. An on-axis
electron gun angular intensity of 1 mA/srad. Figur@)2 annular semiconductor detector with a pinhole at the center
shows that the increase in magnification can greatly boost this utilized to collect signal electrons. Backscattered electron
beam probe current without seriously degrading the resoluimage can be obtained conveniently by suppressing second-
tion at corners of the large scan field. Our simulation resultary electrons. The SORILs capabilities of the large scan
also shows that the beam landing angle is less than 0.4° witfield, high resolution and wide range of low landing energy
respect to the normal direction of the specimen surface at thenables eScan™ 300 to be a powerful electron beam wafer
corners of the 60@:m X 600 um scan field. This allows the inspection and in-line process-monitoring tool.

bottom of high aspect ratio trenches or holes of the wafer
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