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To increass the throughput of electron beam lithography used to fabricate sub-100-nm patterns, we developed an electron
bezm and deep UV intra-level mix-and-match lithography process, that uses the JBX-9300FS point-electron-beam system and
a conventional KcF stepper. Pattern data preparation was improved for sub-100-nm patterns. To reduce the effect of line width
variation caused by post-exposure delay on complementary metzl-oxide-semiconductor (CMOS) devices, we first exposed KrF
paterns and then added another posi-exposure bake before the tlectron beam (EB) exposure. We have used this technique 10
expose the gate layer of sub-100-nm CMOS devices. When we set the threshold size between EB and KrF panerns at 0.16 1em,
the throughput of electron beam lithography was about threefold that of the full exposure by the electron beam lithography
process. Sub-30-nm CMOS devices with high drive current were successfully fabricated.
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1. Introduction

The rapid shrinking in size of complementary metal-oxide-
semiconductor (CMOS) devices has increased the demand
for the development of a method to fabricate sub-100-nm
patterns.  Several lithographic processes, such as Fy ex-
cimer laser lithography with resolution-enhanced techniques
(RETs), electron-beam projection lithography (EPL), and X-
ray lithography have been proved to have a resolution of less
than 100 nm, but they have not been developed sufficiently for
practical use. Electron-beam direct writing (EBDW) lithog-
raphy, using point-electron-beam, variably shaped beam, and
cel] projection, is an established technique. It has been ap-
plied to the limited production of application-specific inte-
grated circuits (ASICs), microwave monolithic integrated cir-
cuits (MMICs) and the fabrication of advanced CMOS de-
vices.!) However, EBDW lithography has a lower through-
put than desired, even though it is used in research and de-
velopment. Nowadays, when we want to fabricate a pattern
smaller than 50 nm for use in research on advanced CMOS
devices, we cannot help but choose EBDW lithography using
a point-elecron-beam. This has created 2 serious problem
for researchers because it has the lowest throughput among
EBDW lithographic processes.

To improve EBDW throughput. EB/deep UV (DUV) intra-
level mix-and-match (IL M&M) lithography was developed
and demonstrated.”® It combines EBDW and DUV litho-
graphic processes. The usual (inter-level) mix-and-maich
lithography also combines EBDW and DUV lithographies.
but in this technique they are used to separately expose the
different layers. For example, a field layer is exposead using
the DUV process and a gate layer is exposed using the EBDW
process. In EB/DUV intra-level mix-and-maich lithography.
EBDW and DUV processes are both used 10 expose the same
layer. For example, one pant of the gate layer is exposed using
DUV and the other pan is exposed using EBDW. In EB/DUV
IL M& M lithographic process. the patterns larger than the op-
ucal resolution are exposed using DUV and the rest are ex-
posed using EBDW. Afier both exposures. the resist is de-
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veloped. The use of EB/DUV IL M&M lithography is very

. atractive because it can produce patterns smalier than the op-

tical resolution limit and it has a higher throughput than that
of the full exposure by EBDW due to the smaller EB-exposed
area. Several groups have reported on the resist process in
EB/DUV IL M&M lithography and its usefulness for CMOS
fabrication. However, the target dimension of many of these
groups was 100 nm or larger.

We report that EB/DUV IL M&M lithography can be used
for the fabrication of sub-100-nm CMOS devices. To expose
the gate layer of sub-100-nm CMOS devices using EB/DUV
IL Mé&M lithography, some requirements must be met. For
example, use of a high-resolution EB machine and a high-
resolution and high-sensitivity resist, for both the EB and
DUYV exposures. comrection for the mutual interference of the
EB and DUV exposures, inter- and intra-level overlay ac-
curacy between the two. and critical dimension (CD) con-
ol of the EB and DUV patterns. In this paper, we focus
in particular on using an advanced point-electron-beam sys-
tem, JBX-9300FS.%!? as a high-resolution EB machine, a
suitable pattem preparation method for sub-100-nm CMOS
devices. which we call versatile pattern division and overlap
creation method (VEDQOC). 1o prevent pattern disconnection
caused by intra-level overlay errors between the EB and DUV
patterns, and a resist process to increase CD uniformity. We
explain these technologies and describe the results of an ex-
periment using the EB/DUV IL M&M lithographic process
developed by us.

2. JBX-9300FS Point-Electron-Beam System

JBX-9300FS was developed by JEOL in cooperation with
NEC for the fabrication of advanced CMOS devices. It is
used 1o expose patterns on 8-inch and 12-inch wafers. so that
the latest process machines for sub-100-nm CMOS devices
can be used. Figure ] and Table I respectively show a pho-
tograph of the JBX-9300FS system and its major specifica-
tions. The system features a point beam, a vector scan, and
3 siep-and-repeat stage sysiem. A fine-beam diameter and
large field size are achieved at the same time by using dy-
namic focus and stigma. The maximum scanning clock fre-
quency has been raised by a factor of two compared with the



Fig. 1. Photograph of the JBX-9300FS poini-clectron-beam system. setin
a thermal-magnetic-shield room.

Table 1. Muajor specifications of JBX-3300FS.
Acccleration voltage 100kV S0kV
Ficld size (max.) 500 um 1000 um
Sub deflection size (max.) dum 8um
Beam diameter (/ = 100 pA) 4nm 7nm
Beam step (min.) 1 nm 2nm
Lascr-interferometer resolution 0.62nm «—
Main deflector DAC 20 bit —
Sub deflector DAC 12 bit —
Deflection speed 35 MHz -

JBX-6000FS point-electron-beam machine. As aresult, JBX-
9300FS is one of the best systems in terms of throughput of
point-electron-beam machines.

The JBX-9300FS system is connected to an in-line devel-
oper through an auto-loader and wafer set apparatus. This
setup enables us to develop a chemically amplified resist
(CAR) immediately after EB exposure without the affect of
post-exposure delay (PED). We can operate this system con-
tinuously to expose wafers in volume.

For use in EB/DUV IL M&M lithography, our system has
the advantage of being able to fabricate fine patterns smaller
than 50 nm in size,'? and it is unaffected by PED after EB
exposure. Continuous operation also contributes to the total
throughput.

3. Pattern Data Preparation

In EB/DUYV IL M&M lithography, pattemn disconnection is
a critical problem to be overcome for CMOS devices 10 oper-
ate. Since EB and DUV pattermns are displaced more or less
from their designed positions due to their respective overlay
errors, both patterns can become disconnected at their bor-
ders. Therefore it is necessary to add overlaps to the EB pat-
terns and/or DUV patterns to ensure that both are connected.

In our process, overlaps are added to the EB patterns, then
“all overlaps are positioned on the DUV pattemns, so we do not
have to change the original design. However, the EB exposed
area increases slightly and the throughput of the EB exposure
decreases slightly, compared with the exposure of EB patterns
without any overlaps.

The relative position error between EB and DUV pattems,
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AE. is an important parameter, The necessary areas of the
overlaps and their position depend on the relationship be-
tween gate length L and AE, as shown in Fig. 2. In the
following explanation, we use the example pattern shown in
Fig. 2(a) and define the X -direction as the direction perpen-
dicular to the gate and the Y-direction as the direction par-
allel to the gate. For AE, (the y component of AE), paral-
lel overlaps are necessary to avoid pattern disconnection. as
shown in Fig. 2(c). For AE, (v component of AE). when
|AE.] is equal or less than L, EB patterns with parallel over-
laps are adequate to ensure pattern connection (Fig. 2(d)).
However. when |AE, | is larger than L. perpendicular over-
laps are needed to prevent pattern disconnection (Fig. 2(e)).
It is preferable to use perpendicular overlaps along with the
parallel overlaps, because EB patterns with only perpendicu-
lar overlaps need large margins and may cause a decrease in
the drive current of CMOS devices when [A E| (> 0) occurs.
as shown in Fig. 2(f). Thus, to avoid pattern disconnection, in
the case of |AE| < L, only parallel overlaps are necessary:
in the case of |A E| > L, parallel overlaps and perpendicular
overlaps are needed. In the previous work,” only the case of
IAE] < L was-discussed.

We explain our method for making the parallel overlaps in
the case of [AE| < L. First we separale the original pat-
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Fig. 2. Necessary overlaps in EB/DUV IL M&M lithography. (a) original

pattern, (b) definition of overlaps and directions, (¢) necessary overlaps for
AEy, (d) necessary overlaps for AE, (JAE;} < L). (e) necessary overlaps
for AE, (|AE,} > L), and (f) EB pattern with only perpendicular overlaps
are displaced.
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temns into EB and DUV patiems by using threshold length
L,»(> 0). Usually, we let L4 be slightly larger than the res-
olution limit of DUV lithography. considering factors such as
CD disthbution, resist cross-sectional shape and resist edge
roughness. Original patterns are resized by —L,/2 and sub-
sequently by +L,;/2. The resulting patiern dimensions are
larger than L, because the original patterns smaller than L
disappear. These coarse patierns are exposed by DUV, EB
patierns are generated by the logical subtraction of the DUV
pauerns from the on! iginal ones.

Next, we make the overlaps parallel 1o the gates, as shown
in Fig. 3. We shift EB patterns by AW (> 0) in the +Y and
—Y-direcions. This shifting ensures that EB patterns are ex-
iended without changing their size perpendicular to the shift
direction. The AW is the length of the parallel overlaps and
is set to be larger than |A E|. The Boolean ‘AND’ operation
berween the shifted EB and DUV patterns generates the par-
alle] overlaps, thus, allowing us to make the overlaps only
on the DUV panerns. Finally, the paralle]l overlaps in the
+Y and —Y-directions are added to the EB panems and the
EB datz needed for EB/DUYV IL M&M lithography is accom-
plisbed. When we use this data, even if a relative positioning
error (JAE;| < |[AE| < L, |AE,] < |AE| < aW) occurs,
we czn avoid pattern disconnection without changing the de-
signed size.

Magoshi er al.” reported another method to obtain EB data
with paralle] overlaps. However, overlaps cannot be added
10 the gates with L < AW because they disappear after pat-
tern preparation using their method. Therefore, this method
cannot be applied to the fine gates. Compared to their method,
our method, VEDOC, is complicated because the overlaps are
not generated simultaneously. However, our method has the
advantage of making arbitrary-sized overlzaps without a de-
pendsncy on minimum EB patiern size. Hence, VEDOC is
suitable for fabricating sub-100-nm gate CMOS devices.

In the case of |AE| > L, we make the paralle] overlaps in
the +Y and - Y -direction first, followed by the perpendicular
overlaps. The method vsed to make the parallel overlaps is
similar to the case mentioned above.

We mizke the overlaps perpendicular to the gates. using the
parallel overlaps. as shown in Fig. 4. The paralle] overlaps are
displared by AW in the Y-direction and resized by +AL(>
0) AL isthe lengih of the perpendicular overlaps and is de-
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termined by satisfying the relationship L+ AL > |AE]|. Then
the Boolean “AND" operation between the exiended parallel
overlaps and the DUV patterns is performed. The resulting
patterns are shified in the Y-direction and become perpendic-
vlar overlaps. Finally, we compile the EB patterns without
any overlaps, with parallel overlaps. and with perpendicular
overlaps. When we use this data, even if a relative position
error (|AEs| < |10E| < L+ AL |AEy| < JAE] < & W)
occurs. we can avoid pattern disconnection without changing
the designed gate length.

For the above explanation, we used the pattern showan as an
example in Fig. 2(a) for simplicity. The VEDOC method can
be used for the pattems in which gates parallel to X -direction
as well as Y-direction are involved. The parallel overlaps in
+X, —X,+Y and —Y-directions can be made separately as
shown in Fig. 5. For the creation of overlaps, the EB patterns
are displaced by AW, and then the Boolean ‘AND’ opera-
tion between the shifted EB pattens and the DUV patierns
is performed. When the perpendicular overlaps in +X, — X,
+Y and —Y-directions are necessary to prevent the discon-
nections as shown in Fig. 2(e), they are also made separately
by using the parallel overlaps afier the paralle]l overlaps are
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Figs 4. Patiern preparation method, VEDOC, fo: {A£| > L. Perpendicular
overlaps are made from paraliel overlaps. = and == denoie the prozedure
afier » and ~x of Fig. 3.
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generated. Then, the final EB pattemns are obtained by com-
bining all the created overlaps and the original EB patuterns.

4. Experimental Evaluation on Resist Process

We use CAR to increase the throughput of the EB exposure.
It is well known that PED has a significant effect on the shape
and line width of the developed CAR. When using a CAR
in the IL M&M process, we cannot avoid the effect of PED
because we have to perform two exposures sequentially.

Since line width variations caused by PED appear, in par-
ticular for EB patterns, which are more critical than DUV pat-
terns, we tried 10 minimize the delay after EB exposure. We
decided to expose the DUV pattemns first followed by the EB
patterns, though the previous works™*:%7 adopted a different
exposure sequence. After EB exposure, the resist is devel-
oped immediately using an in-line developer. In our expesure
sequence, PED after DUV exposure can pose a serious prob-
lem.

We investigated the influence of PED after DUV exposure
experimentally. We used NEB22A3 negative EB resist (Sum-
itomo Chemical) as the CAR because it had demonstrated ex-
cellent performance in our EB system.'® Since we wanted to
create EB patterns to be as small as possible. no antireflec-
tive layer was used. We used a conventional KrF stepper for
DUV exposure, an in-line developer connected to the JBX-
9300FS for the post-exposure bake (PEB) and development,
and a critical dimension scanning electron microscope (CD-
SEM) for the line width measurement.

We performed our experiment under the conditions denoted
by the insets of Fig. 6. After coating an NEB22A3 resist
on an 8-inch Si sample wafer to a thickness of 350 nm and
baking it at 110°C for 60s, we exposed the line-and-space
patterns using a KrF stepper. Then we varied the PED time
in air after KrF exposure and investigated the dependence of
line width on PED. The PED time in air after KrF exposure
corresponded to the waiting time before EB exposure and to
the EB exposure time. We performed PEB at 100°C for 60's
and developed the sample using Tetramethyl-ammonium hy-
droxide (TMAH, 2.38%) for 60s. We found that NEB22A3
resist had good sensitivity for DUV and that line width varia-
tions caused by the PED were —2.7 nm/h, as shown in Fig. 6.
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Fig. 6. The effect of PED in air after KrF exposure. The insets show the
experimental conditions.
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These variations are too large for fabricating sub-100-nm gate
CMOS devices because EB exposure takes about 2h to ex-
pose one sample wafer and about one day to expose all the
samples.

Next. we investigated the PED effect under the conditions
shown in the insets of Fig. 7. These conditions ditfer in that
another PEB sequence at 100°C for 6053 is added after the
KrF exposure. This was done to generate the cross-linking
reaction in the CAR and to form a latent image before the
acid generated by the KrF exposure was neutralized. In this
experiment, PED was defined as the interval between the two
PEBs. Figure 7 shows that resist sensitivity increased due to
the total increase of PEB time, and that line width variations
were significantly improved to —-0.5 nm/h.

Based on the above results, we determined the sequence for
our [L M&M process, as shown in Fig. 8. After the NEB22A3
resist was coated on the Si wafer to a thickness of 350 nm and
then baked at 110°C for 60 s, DUV exposure using a KrF step-
per was performed. When the DUV exposure was completed.
a first PEB procedure was started immediately at 100°C for
60s. Then EB exposure using the JBX-9300FS was carried

340 P rr———r———
! NEB22A3 coaling 350 nm 1
330 b@— +10% Prabake 110°Cx60 s J
—_ : K:F sxpas.re E
£ %20 | tmmacataly —m 3
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E b Tte-l - Immediately 1
'...‘.. . A Cavelopme=t .'
g 300 designed e TMANZ 38%1%60 3 1
= ?\_\yidlh Teea .
200 F el y=309.7 Teel.. o
@ 4 e - 0.5x Tl d
= 280 ._ E=18 mJ/cm ~.._~_\ -
3 y =294.9 " - 1
270 fe—-10% - 0.5x *--d
[ line & space (1:2) 300 nm ]
260',.L*1 PP B | PP EPEPErS
0 10 20 30 40 50

PED for KrF patterns in Air [h]

Fig. 7. The effect of PED in air after KrF exposure. The insets show the
experimental conditions. A second PEB sequence was added after KrF
exposure.
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immediately

Development
TMAH(2.38%x60 s)

Fig. 8. Fiual sequence of EB/DUV IL M&M lithography process flow.
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out. When the EB exposure was completed, a second PEB
procedure at 100°C for 60's was performed, followed imme-
diately by the TMAH development for 60s.

3. The Results of EB/DUV IL M&M Lithography

We used EB/DUV IL M&M lithography to expose the gate
Jayer of sub-100-nm CMOS devices. The scanning electron
microscope (SEM) photographs in Fig. 9 show two resist pat-
tems formed using our process. For the EB exposure, the
acceleration voltage, beam current, beam diameter, and stan-
dard dose are 50kV, 200 pA, 7nm, and 10.8 uClcm?, respec-
tively. Proximity-effect correction (PEC) was performed on
the assumption that KrF exposure had no effect on the EB
patterns. Strictly speaking, this assumption is not true be-
cause the EB- and KrF-exposed regions have an affect on
each other.!D However, in reality it is difficult to calculate
these effects precisely because the EB- and KrF-exposed pat-
terns have overlay errors. Therefore, we assumed the above
1o avoid the worst case. where the gate length near the bor-
ders between the EB- and KiF-exposed patterns is too nar-
row. In actual samples, it was slightly larger than the designed
length for the energy given by KiF exposure. For example,
in the case of a gate whose designed width was 40 nm, the
gate length 100 nm from the gate pad was ~50 nm. However,
when the distance from the gate pad to the measured points
was longer than 200 nm, the gate length was within £10% of
the designed length. Figure 10 shows that good gate length
control was realized down to the sub-50-nm region.

Regarding the throughput of our process, when we set L,
at 0.16 um. the EB exposed area reduced to about 1/6, and the
EB exposure time reduced to about 1/3, for EBDW only.

Figure 11 shows the threshold voltage V,;-physical gate
length L, characteristics of CMOS devices, whose gate layer

- R I
S5um
> . .

EB  40nm

—He—

Fig. 9. SEM photographs of resist patterns formed by EB/DUV IL M&M
lithography. They were taken before resist thinning. Ring oscillator with a
40 nm gate length was fabricated.
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Fig. 11. Viy-Lg characteristics of fabricated CMOS devices. The gate

layer was exposed using EB/DUV IL M&M lithography. The other layers
were exposed using optical lithography. The experimental data obtained
from three chips on the same wafer are plowted. The gate patterns of the
CMOS devices in this figure did not have the flag-shaped patterns. We
added only the parallel overlaps.

was exposed using our process. After the exposure of the
gate layer, the developed resist patterns were thinned by about
10nm in total by plasma etching and the gate poly-Si was
etched. Smooth Vi, lowering was observed, as shown in
Fig. 11. showing that the gates were fabricated properly down
to the sub-50-nm region without any large distribution. This
meant that the parallel overlaps with AW = 50nm worked
effectively and that among the devices measured there were
no disconnections between the gates exposed by EB and the
gate pads exposed by DUV. Figure 12 shows the drive cur-
rert I,,-physical gate length L, characteristics of the CMOS
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Fig. 12, [.q-L characteristics of fabricated CMOS devices. The data was
obtained from the same devices used for Fig. 11.

devices to be the same as those shown in Fig. 11. High drive
current was achieved for these CMOS devices. We found that
the CMOS devices with 45-nm gates operated well and kad
good performance. Detailed process conditions and device
characteristics will be reported elsewhere.!?

6. Conclusion

We used our EB/DUV IL M&M lithography process to
expose the gate layer of sub-100-nm CMOS devices, using
the JBX-9300FS point-electron-beam system, suitable pat-
tern preparation method, VEDOC, for sub-100-nm patterns,
and a process where DUV patterns are exposed first and then
a second PEB sequence is added after the DUV exposure.
Throughput of the EB exposure in our process was about
threefold that for EBDW only. Sub-50-nm CMOS devices

M, NARIHIRO et al.

with high drive current were fabricated. This technology is
applicable for future research on advanced CMOS devices
and circuits.
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