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Previously, we theoretically investigated the charging of free standing dielectric thin films irradiated
by 100 keV electrons and formulated kinetic equations describing the dynamic priddess
Mkrtchyan et al,, Microelectron. Eng46, 233 (1999]. It was shown that in the currently used
SCALPEL® masks comprising a 1000-A-thick amorphous Sfn supported by a grillage of Si
struts, the membrane charging could be significant and might have an adverse effect on the system
performance. The membrane charging, sensitive to both the conductivity and the geometry of
conductive path, can be regulated in a straightforward manner by tailoring both of them; for
instance, by applying a top surface conductive la§Ee8CL) with an appropriate thickness and
doping level. Here we discuss the results obtained on the basis of our charging model modified to
be applicable to the case of a Sikhembrane with a TSCle.g., a 10-nm-thick amorphous Si or
poly-Si film doped by boron The results presented demonstrate that this modification of the
membrane is sufficient to avoid the adverse effect of the mask-membrane charging. The required
structure can be generated simply by regulating the gas flows in the low-pressure chemical vapor
deposition process to produce a thin final layea:&i or poly-Si which can be doped during or after
deposition. ©1999 American Vacuum Sociefs0734-211X99)12406-5

[. INTRODUCTION and have performed accelerated lifetime radiation testing

Charging of SCALPEL mask membranes can have an ad2>'Ng a scanning tr'ansm_|35|on electron .m|crosq(®'.BEM)
equipped with a high-brightness cold field-emission gun.

verse effect on the system performance. It creates an electr: hese results were used as a supplement to the theoretical
static field in the membrane that deflects the incident elec: PP

. investigation of the processes responsible for the charging in
trons while they travel through the mask membrane. Th . : : L
current SCALPEL masks consist of a thin Siim sup- Sree standing dielectric thin films. We have developed a

ported by a silicon grillage(Figs. 1 and 2 The latter can be ;gnm?;i?ggi';’:n;?r?dﬂi;1;f:rt]ﬁcefli?;tsmssljatlzggjrge :csciun;iLlj_la—
grounded to provide a conductive path for the electrostati 9 bp y g

charge accumulated in the insulating film during the electror(1fage and have Lc;rmulated kinetic equations describing the
irradiation. dynamic process:

Our investigation has shown that Sikask-membrane The film chargmg gffect IS sensn.lve.: o many factors such
Lo - o as the material electrical characteristics, its electronic struc-
charging is mostly due to the limited conductivity of the

membrane dielectric material, the small cross section of théure, and the sample geometry; for instance, film thickness

. . . Cchange might change not only the quantity but also the sign
conductive pathdefined by the membrane thicknegsor- .
mally 750—1500 4], and the existence of a high density of of the accumulated charge and related surface potéritial.

. ; this article we have extended our madélto analyze the
trapping centers for the charge carriéBecause the trap- : .
. . o charging effect of the SCALPEL mask membranes with a
ping centers are uniformly distributed throughout the mem- : ) .
. . . TSCL (Fig. 1). The simulation results presented here dem-
brane, the charge accumulated in the membrane will be dis- . e
. . . . . onstrate that a simple modification of the mask membrane
tributed uniformly as well, giving rise to a nonuniform

distribution of the electrostatic field, inside the membrane deposition procesgSec. V) can dramatically suppress the

volume exposed by the electron bezgwill be zero in the adverse effect of membrane charging on the image quality in

center and maximal at the edges of the subfield and at tha SCALPEL system.

membrane surfaces. Depending on the exposure dose, the .

electrostatic field can cause either image placement errofs CHARGING OF SIN, MEMBRANES WITH TSCL

(for low dose$ or illumination nonuniformities(for high The variety of processes responsible for the charging of

dose$ on the wafer across the scan strifgec. I)).1 free standinga:SiN, thin films irradiated by 100 keV elec-
Recently we have investigated the charging and radiatiotrons has been discussed elsewHér&he mechanism for

damage effects that occur when a free standing thin dielectrithe charging of free standing dielectric films irradiated by the

flm is exposed to constant irradiation by energeticfast electrons is shown in Fig.?2This mechanism still ap-

electrons:~3 We have measured electron energy loss spectrplies when a TSCL is used on top of the basic dielectric

of 100 keV electrons transmitted through the Sifims  membrane because the thickness of the boron doped silicon

TSCL is expected to be much smaller than the mean free
dElectronic mail: masis@Ilucent.com path for the dominant charge carrier generation procAss,
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Plasmon generation
by incident electrons

| 100 keV Electron Beam
.
E Plasmon decay often
' SiN, membrane ./ followed by SE and
- electron-hole pair
1 generation
SE escape followed by
the creation of
uncompensated holes
Equilibrium between SE Transport of charge Capture of holes on
a b escape and hole transport - carriers (holes) in the h trap levels and build
in the steady state electrostatic field up of an electrostatic

Fic. 1. Structure and charge transport schematics for a SCALPEL, SiN o o
mask membrane supponed by the Si struts when a TSCL is app“ed on toEIG. 2. Schematic view of a SCALPEL mask blank irradiated by the flux of

of the membrane(a) general view,(b) cross section of the exposed region fast electrons and the mask-membrane charging mechdseenRef. 2
of the membrane stack and hole fluxes responsible for the charge transport.
Vertical scale is exaggerated to make demonstration of details possible.

In Table I, the expressions and values of all parameters

This process originates from the decay of plasmons genefAvolved are summarized. The strength of the electrostatic
ated by the incident electroh® which have aA,>A of field, E;, is presented in units &q=Q/(2mepA;) whereQ
about 110 nm in the case of SiNnembrane irradiated by is the total charge accumulated in the membrane volume,
100 keV electron. =At,,, exposed by the electron beam angdis the permit-
The kinetic equations describing the dynamics of thetivity of the free space. In the expressions presented in Table
charging effect need to be modified to account for the exis!, p is the density of mobile holesy, is the hole density in
tence of a TSCL with a conductivity much higher than theB-doped poly-SiN,, is the density of hole shallow trap lev-
conductivity of the basic membrane supported by Si struts.els in SiN,, Ny, is the fraction of trapped holes thermally
According to the charging mechanism presented in Fig. 2released into the valence barictontributing to the hopping
the dielectric membrane will be positively charged generatconductivity (see below Finally, F,(t,) and Fy(t,) are
ing an electrostatic field that is symmetric to the center of theveak functions of the membrane thickness7 and ~20,
exposure field. The electrostatic field will force mobile respectively obtained from the numerical calculation of in-
holes out of the membrane exposed area. The cross sectit@grals representing, and E, [see Egs(5.2) and (5.3 in
of the exposed region of the membrane stack (SiN Ref. 2.
+TSCL) supported by Si struts is schematically shown in It is assumed that the accumulated electrostatic charge is
Fig. 1(b). Accordingly, one needs to consider three fluxes ofdistributed uniformly throughout the SiNnembrane in ac-
mobile holes;(i) the flux from SiN, into the top conductive cordance with the uniform distribution of the hole trap
layer, 1, driven by theE, component of the electrostatic levels!? Previously, we have calculated the electrostatic
field, (i) the flux driven byE, in the TSCL,I,, parallel to field of a uniformly charged SiNdielectric membrané.in
the membrane surface, afid) the flux through the edge of the case considered here, a thin conductive surface layer is
the membranel,;, again due tcE, [Fig. 1(b)]. added on top of SiN. Thus, the electrostatic field will be
The hole current in different regionks,, is proportional to  defined by the solution of the Poisson equation for the
the electrostatic field strength;, the effective cross section multilayer stack shown in Fig.(ih) with boundary conditions
of the hole conductive patt;, in the particular region, and at the three interfaces. The problem can be simplified by
the conductivity of the materialy;=eu;Ni, in that region taking into account the fact that the relative dielectric con-

defined by the hole mobilityy; , and densityNi, stants of Si and SiNare closg10 and 7 correspondindiy)
= o (EDA 21 and, in the first approximation, one can use our previous
=i EDA- (2.3 results obtained for SiNfilms [Ref. 2, Egs(5.1) and(5.2)]

Here(E;) is the electrostatic field supporting the hole flux in correcting them to account for the small jump of the normal
theith region averaged over the effective cross section of theomponent of the field,E,, at the Si/SIN boundary;
corresponding conductive patlE,;= E,sin, E2=Ey_si, €siEz-si= €sin Ez-sin, -

andEz=Ey_gpn,- The total charge escaping from the exposed area of the

TaBLE |. Charge carrier densityl\;, drift mobility, «;, conductive path cross sectiof;, and the average
electrostatic field(E;), in the different regions with hole fluxes shown in Figa)l

i Region A N; (Ep) i (M?IV s) gi=euN;

1 SiN 4a®>  (p+xNp) EqF./[(1+esn)esn] — 5.0x10°° oy =e(p+xNe)usiy,
2 Poly-Si 2t Ng EqF,/(1+e€g) 103102 og=eusNg

3 SN 2at, (p+xNp) EqFy/(1+esin) 5.0<10°%  osiy,=e(p+xNi) isin,
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membrane per second in this case is the $yin2l 3, with
I, andl; given as follows:?

l1=01(E) A1~ EQAIF(tm) xNiomsin [(1 + €sin ) €sin ]~

= (el Q) F4(tm)/(1+€sin), 2.2
and
l3= 01(E3)As~eEgAsFy(tm) xNiapsin / €sin,
=(e/7q)(As/A)Fy(ty), (2.3
where
7= €sin ] EoALXNipsin] . (2.4)
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Note that even in the case of a TSCL made of crystalline
Si (with hole density about 1.4510m~2) % doping is still
necessary to increase hole density to a level comparable with
Ng.min- In practice, amorphous or poly-Si can be doped to a
level much higher thamNy_,,"2° therefore, the favorable
situation wherN3= Ny_,i, and hole transport is limited only
by the hole flux in Sily membrane)s=1,, can be easily
reached. In this case, the membrane charging dynamics is
defined by the membrane materia: §iN,) properties only
and, as was shown previous(gee Refs. 1 and)2is de-
scribed by an exponential dependency on the t{methe
dose of exposur® =1,t/A;)"?

q(t)=qq1—exp(—t/7y)]. (2.9
Heregs=q(t)|;_- is the steady state charge ands a time

In Egs.(2.2) and(2.3), we account for the fact that the hole ¢qnstant characterizing the charging effect; they are given as
transport in Sily is mostly defined by the so-called hopping fg|jows:

conductivity, yN,>p;° this is the result of both the exis-

tence of a high density of charge trapping centera:i®iN,
and the high rates for hole capture by trap levels.

From Egs.(2.2) and (2.3) one can see thak;/(2l5)
=(F/2F))(A1/A3)/(1+ GSiNX) ,~0.02(2a/t,,). Because
2alt,~10*>1, the ratiol;/(213)~200>1 and, therefore,
I3 will be excluded from further discussion.

The capability of the top conductive layer to transport

holes is defined by the flux
ls=21,=20(E2)A;
~eEgAFy(tn)Nyus €s;
= (e/7q)(A2/A1)(Ng/xN¢2)

X (psil psin ) Fy(tm) (€sin / €si), (2.9

whereup_g; denotes the hole drift mobility in a boron doped Gz Gocs

ds=edlo/[ {stsin (Pst xNiz) ]~ €0l o /[ {stusin xNi2],
(2.9

re=[(nsindsxNi2)/(€V)] ™, (2.10
where{=[€*VF(ty)1/[27(1+ esin) €o€sin, ], 1o is the in-
cident beam current, and is the secondary electron yield
from both surfaces of the membrarevaluated to be &
~1.0x10 * for the caseE,=100keV and the SiNmem-
brane of thicknesg,=1000 A). In Eq.(2.9), again, it is taken
into account thaps<< xyN;, (see Ref. 2

It is interesting to compare the steady state charging char-
acteristics .. and 7..s, with those obtained for the case of
the charging of a SiNmembrane without any TSCILq..q
and 7..o. %2 (i) Both the steady state charging and transition
time are significantly reduced when a TSCL is applied;
=[Fz(tm)/Fy(tm)](a/tm)egi§x~250 and 7.0/ 7.

poly-Si. Note, up.s; is a weak function of the doping level; *(altmesiy) >10. (i) In both casesq..=lo while 7. is

for moderate doping leveldNy<107*m™3 up. changes
from ~10 3m?(Vs) at Ng=107?m 2 to ~4x10 3m?%
(Vs) at Ng=107*m 378

independent of the beam currehy, (iii) A different depen-
dency on the geometry is foundqwooc(4atfn)*1, Ooos
«(4a%t,y,) "1, 1.0%(2alt,), and 7. is independent of the

Using Egs.(2.2) and (2.5, we can calculate the ratio membrane stack geometry; this indicates that the charging of

[/14:
Is/11=(A2/A1)(Ng/XN)(Fy/F)(1+ egin)
X(msiesin )/ (isin, €si)
~ (I +esin ) (ts/a) (Ng/ xNo) (usi/ psing) -

From this equation we find the minimum doping ledg|. i,
(for givent,) necessary to match, with 1

(2.6

Na.min= XNe2(pesin, /) (1+ esin ) ~H(@lts). (2.7

For a=0.5mm, t;=10nm @/t;=5x10%, xy=10"% N,
~0.25x 107*m~3, Msin, =5X 10 5m%(V's) (see Ref. 2we
find Ng.min~0.00N;,~0.75x 10?*m~2 and Ny nin~1.4N,,
~0.4x10?*m~3 when the top layer is poly-Bitp.s~1.0
X103 m?(Vs)]"Bora:Si u, 5~0.2< 10 > m?(V s)]° cor-

a membrane with a TSCL is expected to be less sensitive to
changes in membrane thickness.

lll. MASK-MEMBRANE CHARGING EFFECT ON
THE SCALPEL IMAGE QUALITY

Though the deflection angle at the mask is expected to be
relatively small even in the worst case scenario of
charging®?it is necessary to understand what effect electron
deflection in the membrane has on the final image in order to
ensure that the effect is within acceptable limits.

The effect of the membrane charging on the image quality
of a SCALPEL system can be analyzed and evaluated using
a thin lens approximatioffor details see Ref.)2 The analy-
sis shows that the deflection of an incident electron occurring
above the maskat an angle\ a0 and after the maskat
an angleA a,qe) Might have quite a different effect on the
image on the wafer depending on the ratia/ ay whereag

respondingly. One can see that the lower hole mobility ofis the SCALPEL back focal apertur@®FP) size. Incident
a:Si requires a higher density of holes to suppress membransiectron deflection above the mask at an anye,,q,«< ao

charging.
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will have no effect on the image quality at the wafer because
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this electron does not carry any information about a particu- 1000
lar feature in the mask. & o> «, the incident electron will
be stopped by the BFP no matter where it was deflected; this
might cause across subfield illumination nonuniformity on
the wafer replicating the field nonuniformity of the electro-
static field generated by the mask-membrane charging. If the
incident electron is deflected at an andle ,q.< g after the
mask, it will cause a pattern placement error on the wafer. In
averageA a pove= A @aner~ A a2 WhereA ay; is the total
angle of deflection at the mask. Obviously, the maximum
deflection,A anax, that an incident electron can experience o
will be at the edge of the subfield; in the case considered 0001 001 04 1 10 100
(EOZ 100 keV, ESiNX: 7, a=0.5 mm, Aamax%5()tmq. Time, ms
Any deviation of an incident electron from its original
(unperturbegl direction after the mask at an anglew e,
~Aal2<ay, will cause a trajectory displacement at the wa-
fer plane in the SCALPEL toolAx,, . Because the projection
lens system in SCALPEL transfers the mask pattern onto the
wafer with 4< demagnificatiorf, any shift at the mask of a (about 1 nmimage placement error in the wafer plane. Note,
ray carrying information will be also demagnifiedsx,,  when the TSCL doping level is abové,.,;, [given by Eq.
= AXmasdd. The shift at the maskA X5 has been evalu- (2.7)], the membrane charging dynamics is entirely defined
ated by numerically calculating the electron trajectoriesby the hole flux limitations in the membran&gs. (2.8)—
above and after the mask and then defining the coordinatd®.10]. Therefore, membranes with TSCL doped to a certain
of crossings of their asymptotes with the membrane suffacelevel have the advantage of both effectively suppressing the
As a result we have foundx,,.m.~2.5<10 %% (Ax,.max  charging effect and making it pattern independent.
~0.55X 10 %A ). This simple modification of the mask-membrane structure
will not alter the mask contrastdefined by the scatterer
thickness only*! at all and will have a negligible impact on
the membrane transmission; the addition of 10 nm Si on top
IV. RESULTS AND CONCLUSION of 1000 A SiN, would cause less th.an a 10% decrease of the
SiN, membrane transmissidisee Fig. 8a) of Ref. 11], re-
As was shown in Sec. Il, depositing a thiondoped  qycing the total transmission by only 1¢44% instead of
poly-Si or a:Si on top of a dielectric membrane provides 15%).
only limited improvement in the suppression of the mem-  The required structure can be simply generated by regu-
brane charging effect; in this case the advantage of having gting the gas flows in the low-pressure chemical vapor depo-
TSCL is not fully realized becausg<Il,. Maximum sup- sijtion process to produce a thin final layeraoi or poly-Si.
pression of the effect can be achieved if the TSCL is dopedrhe required level of the TSCL dopindNg=Ngy.min~0.75
beyond a certain leveNy=Ng.min, makingls=1,. In this % 102'm~3 (for poly-Si), is rather low. The TSCL can there-
case, the charging effect of the membrane stéiokited by fore be dopedn situ during deposition or after deposition by
the flux I,) is described by Eqs(2.8—(2.10 and can be jffusion or implantatiorf. A comparison of the three doping
evaluated straightforwardly. processes shows that the major differences are lower resis-
The results of steady state charging effect in the SCAL+jyity for diffusion, lower dopant concentration for implanta-
PEL mask membranes with a 10 nm TSCL of B dopedtion, and lower mobility forin situ doping’ Due to the mod-
poly-Si are presented in Fig. 3 and Table II. For comparisongrate doping levels requireit situ doping during deposition
the results for the charging of currently used SCALPELseems to be the most appropriate in the case considered be-

mask membranes without any TSCL are presented as wedause of(i) simplicity, (i) a large increase in the deposition
(Refs. 1 and 2 One can see that a 10 nm B doped poly-Si
film deposited on top of SiNmembrane will effectively re-

; i~AABLE Il. Steady state charging of the SCALPEL Sikask membranes
.duceﬁthe Ch‘:}‘.rg'”r? of SCALEIELl.m.aSkf mem?ranefs keepmgr/ithout and with the TSCLB doped poly-Si and its effect on a 100 keV
its e .E'Ct witnin the accepta. e limits for tool per ormance beam electron incident at the edge of the I mn? exposed area where the
even in a worst case scenario of steady state charging. OR®ctrostatic field of the charge accumulated in the membrane has maximal
can also se€Table Il) that in this case the deflection angle of strength. The parameter values are the same as in Fig. 3.
an incident electron caused by the membrane charging op conductive layer a . - o
much smaller than the SCALPEL aperture size independent cind) m9  (mrag .
of the exposure dose. Therefore, a TSCL helps to eliminate
any possibility of illumination nonuniformity built up on the
wafer discussed in Sec. Ill. The only impact of the charging
of the membrane with a TSCL is limited to a negligible ®Boron doped poly-Si with density of holéé;= N.mi,~0.75x 10**m~3,

SiN,

V4

N

SiN + B doped Poly-Si

-
o
o

-

Charge Density, C/m*
>

Fic. 3. Charging effect of SCALPEL mask membranes without and with
TSCP; Eo=100keV, 1=100uA, t;=10nm, t,=100nm, ugy =5
X108 m2(V's), pp.s=X10"3m(Vs).

None 455% 107 5.4 2.2 16
B doped poly-Si 4.0 0.03 0.02 1.0
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