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This paper describes a high-performance 0.04-um PMOSFET with a 7-nm-deep ultra-

shallow junction. An ultra-low energy implantation of B

10Hwa* at 2 keV (with effective

boron energy of 0.2 keV), which does not cause transient-enhanced diffusion, is em-
ployed for extension formation. To prevent thermal diffusion, we developed a two-step
activation annealing process (2-step AAP) that forms a shallow extension with low-
temperature annealing after deep source and drain formation. A maximum drive cur-
rent of 0.40 mA/um (@ | o of 1 nA/um and V «= -1.8 V) was achieved, and the smallest
PMOSFET (with a L ex of 0.038 pm) has been demonstrated for the first time. We also

achieved a low S/D series resistance R

sa of 760 Q-um, even when high sheet resis-

tance (>20 k Q/sq) is applied to the extension regions.

1. Introduction

CMOSFETs are now widely used for ULSI
devices (e.g., logic, memory, analog devices) and
have been responsible for improved performance
as well as greater density due to device size scal-
ing. Recently, a high-performance CMOS"-® and
an ultra-small 0.04 ym NMOSFET? were inten-
sively studied to achieve low-power, high-speed op-
eration.

In extending CMOS scaling to a sub-0.1 pm
region, however, PMOSFET fabrication becomes
more critical due to the difficult low-energy im-
plantation of boron ions for source/drain (S/D)
extensions, and suppression of boron diffusion,
which is caused by both transient-enhanced dif-
fusion (TED) and thermal diffusion (TD) that oc-
cur during activation annealing. To solve the prob-
lem of low energy ion implantation, we developed
a decaborane implantation technology.® Since
decaborane has ten borons, it can be implanted
with one-tenth lower implantation energy and a
ten times higher boron dosage. For problems with
TED, we found that a low-energy implantation of
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less than 0.5 keV suppresses TED.? For problems
with TD, one solution is to reduce the activation
annealing temperature. This measure causes a
reduction in dopant activity, however, and conse-
quently degrades the gate capacitance, as well as
contact and series resistances.

In our research to resolve this tradeoff, we
developed a new MOSFET fabrication process
called the two-step activation annealing process
(2-step AAP),® which forms shallow S/D extensions
with low-temperature rapid thermal annealing
(RTA) to prevent TD after deep S/D formation with
a high-temperature RTA. This process maintains
high gate capacitance (Cgx) and low contact resis-
tance (Rc). With these new technologies, we were
able to produce a high-performance 0.04-pm
PMOSFET.

2. Ultra-Shallow Junction by Decaborane
lon Implantation
Recently, we developed a low-energy decabo-
rane ion implantation technology that can implant
at one-tenth lower effective acceleration energy
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Figure 1

Boron profile of decaborane ion implantation.
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Figure 2

Boron diffusion profiles implanted by BioH14* at 10 keV,
and BF2* at 5 keV after 10 s at 900°C and 1,000°C.
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Figure 3

Boron diffusion profiles implanted by B1oH14* at 5 keV,
3 keV, and 2 keV after 10 s at 900°C and 1,000°C.

and a ten times higher effective boron dosage.”
Figure 1 shows a SIMS profile of decaborane ion
implantation at 5 keV, and of boron implantation
at 5 and 0.5 keV. Although the 5 keV boron has a
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deeper profile, the 5 keV decaborane has a shal-
low profile very similar to that of boron at 0.5 keV.
Regarding the implanted dosage, decaborane is
set at 1 X 10'¥/em?, which is one-tenth lower than
that of boron. These results clearly demonstrate
the advantages of decaborane ion implantation:
decaborane can be implanted with one-tenth low-
er implantation energy and a ten times higher
boron dosage.

Figure 2 shows the diffusion profiles of BF:
at 5 keV and of decaborane at 10 keV after an-
nealing at 900°C and 1,000°C. Both profiles of
effective energy and dosage are nearly equal. We
can observe TED in both profiles at 900°C anneal-
ing in the low concentration region. At 1,000°C in
the high concentration region, we can see ther-
mal diffusion (TD). These are typical diffusion
profiles that cause both TED and TD.

Figure 3 shows the diffusion profiles of de-
caborane ion implantation with energies reduced
to 5, 3, and 2 keV. The dosage for the 2 keV im-
planted sample was set at one-tenth lower than
that of other samples. Based on the 900°C data
on all energy levels, TED can be completely sup-
pressed by reducing the implantation energy to
below 5 keV. We believe that this is because low
energy ion implantation may generate interstitial
Sinear the Si surface. As a result, the interstitial
Si diffuses out from the Si surface without caus-
ing TED. At 1,000°C, however, thermal diffusion
still occurs. Therefore, for a decanano device, ac-
tivation annealing must be reduced to less than
900°C. In this research, we used a 7-nm-deep shal-
low junction of BioHus*, 2 keV, and applied 900°C
for extensions of the 0.04-pm PMOSFET.

Figure 4 summarizes the sheet resistance
and junction depth of junctions that were implant-
ed with decaborane and BFs. The junction depth
was defined at a dosage of 1 X 10'¥/cm3. High-
energy implanted and 1,000°C-annealed junctions
cause TED and TD. Low-energy and 1,000°C junc-
tions only cause TD. Low-energy and 900°C junc-
tions have the shallowest line without causing
TED and TD. This clearly indicates that both TED
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Sheet resistance vs. junction depth.
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Gate capacitance vs. gate voltage at 900°C and 1,000°C
RTA.
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Process steps of 2-step activation annealing and conven-
tional processes.
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and TD must be suppressed to achieve an ultra-
shallow junction with low sheet resistance. The
7-nm junction used for the 0.04-um PMOSFET
has very high sheet resistance of more than 20
kQ/sq, but does not degrade S/D resistance (as dis-
cussed later).

3. Device Fabrication

For high-performance operation, activation
annealing above 1,000°C is essential to prevent
poly-Si gate depletion for a high drive current.
Figure 5 shows the gate capacitance after acti-
vation annealing at 900°C and 1,000°C. Anneal-
ing at 900°C is inadequate to prevent gate deple-
tion. Thus, annealing at 1,000°C is not only
required to achieve high gate capacitance, it is also
necessary to achieve low contact resistance (R.).
Such high temperatures as 1,000°C cause the ther-
mal diffusion of boron, however. To resolve this
dilemma, we developed a two-step activation an-
nealing process (2-step AAP).

Figure 6 shows the process steps of the two-
step activation annealing and conventional side-
wall processes. The conventional process consists
of gate formation, extension implantation, side-
wall (SW) formation, deep S/D and gate implan-
tation, and finally, a high-temperature RTA that
forms deep extension junctions.

Our 2-step AAP consists of gate formation
and SW formation, and deep S/D and gate implan-
tation. The first RTA is performed at high tem-
perature to achieve high dopant activity. After
the SW is removed, the S/D extension is implant-
ed and annealed at a lower temperature. This
provides ultra-shallow junctions without causing
TD and also achieves high gate capacitance and
low contact resistance.

For our 0.04-uym PMOSFET, a 2.8 nm gate
oxide (measured using an optical method) was
used. A dummy SW is formed using CVD SiOs. A
high dose of boron (BioHi4*, 30 keV, 2 x 10 ions/
cm?) is then implanted for the gate and deep S/D
junctions, followed by the first RTA at high tem-
perature (1,000°C for 10 s) for high dopant acti-
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Figure 7
Cross-sectional SEM of device with 0.04 pm gate
length after sidewall removal.
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Figure 8

Saturated Vi rolloff and drain current.

vation. After the SW is removed by a HF wet pro-
cess, ultra-low-energy boron is implanted by
BioHis*, 2 keV, 1 x 102 ions/cm?, followed by the
second RTA at a lower temperature (900°C for 10
s) to form 7-nm-deep ultra-shallow junctions with-
out TED and TD. For this device, we only em-
ployed a conventional channel structure, with no
pocket or halo channel implantation.

Gate formation of deca-nano critical size is
also a difficult process. In this research, we used
electron beam lithography and the SiO: mask
trimming process. A 100-nm wide resist was pat-
terned by EB lithography. Using this EB resist, a
Si02 hard mask formed on the poly-Si was etched
by RIE, then shrunk through a wet etching pro-
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ls-Va characteristics of PMOSFET (Lett = 0.05 pm).
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Figure 10
Subthreshold characteristics of PMOSFET (Let = 0.05 pm).

cess. Finally the poly-Si was etched by RIE. This
process is able to form stable gates with line
widths less than 0.04 pym. Figure 7 is a SEM
image of a device having a poly-Si gate length of
0.04 ym after SW removal. The well-shaped 0.04
um gate is clearly visible.

4. Device Performance

Figure 8 shows the dependence of Vi, and
drive currents on L.t at a supply voltage of -1.8 V.
Letr is extracted by using the “new shift and ratio
method”.” Vi is defined as Ieonst = 50 nA - W/Lerr. A
well-suppressed short channel effect was observed
at Lerr up to 0.05 pm. A continuously increasing
drive current was also observed.
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Subthreshold characteristics of PMOSFET (Lett = 0.038 pum).
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Saturation transconductance vs. Ler.

Figures 9 and 10 show the Is-Vq and Ia-V;
characteristics of a PMOSFET with Lex 0of 0.05 pm.
An excellent drive current of 0.5 mA/pm with Vi
of -0.17 V was achieved. Figure 10 also shows the
subthreshold slope and G characteristics. A well
controlled subthreshold slope of 97 mV and very
high Gu max of 384 mS/mm were achieved without
causing punch-through current. Figure 11 shows
the data for our smallest PMOSFET among our
devices that can operate as a transistor. Its Leris
0.038 um, the drive current is 0.70 mA/pm, and
G max is more than 450 mS/mm.

Figure 12 plots the log scale of Gmmax and
Letr at supply voltages of -1.8 and 0.05 V. When
Lerr was decreased, Gm max continuously increased
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Table 1
Process conditions of new and old PMOSFETs.
New process Old process
0.04 um PMOS 0.1 um PMOS
Process 2 step AAP Conventional SW
Extension BioH14t, BioH14t,
2 KeV,10'%cm? 5 KeV,10"%cm?
RTA 900°C,10 s 1,000°C,10 s
Xj 7 nm 37 nm
Rsheet up to ZOQ/Sq 1.5 kQ/Sq
Gox 2.8 nm 4.0 nm

down to Lex less than 0.04 pm. For -0.05 V, most
plots show an inverse proportional slope of 1. This
data suggests the possibility of producing PMOS-
FETs with an effective gate length less than 0.04
pm.

We would now like to discuss the short chan-
nel effects compared to our previous devices.”
Table 1 summarizes the contrasting conditions
for the new and old processes. The old process
involved a conventional sidewall process. For
S/D extension, decaborane was implanted at 5 keV
1 x 10 ions/cm? and annealed at 1,000°C. This
provides a 37-nm deep junction when using 1.5
kQ/sq and a 4 nm gate oxide. The new process
uses a 7-nm-deep junction with 20 kQ/sq and a
2.8 nm gate oxide.

Figures 13 and 14 compare the subthresh-
old slope and drain induced barrier lowering
(DIBL). The new process improved the short chan-
nel effect by about 0.05 pym over the old process
due to a reduced junction depth and thicker gate
oxide.

Figure 15 plots the total resistance (Riotal)
and source/drain series resistance (Rsqa) of the new
and old processes for various gate lengths. The
results are quite interesting. The new process
achieved a low Rs of 760 Qum, which is lower than
that of the old process (1,010 Qum), even though
the S/D extension of the new process uses a very
high sheet resistance of more than 20 kQ/sq. We
believe that the reduced length of the extension
region (due to the suppressed lateral diffusion and
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DIBL vs. Let compared to old process PMOSFETs.?

optimum sidewall length) make this possible. This
short extension also helps reduce source/drain
resistance. Therefore, minimizing the extension
length is important factor in achieving a low
source/drain resistance.

Figure 16 plots the lLarive vs. L values of the
new process compared to those of the old process®
and recently reported high-performance PMOS-
FETs.V® This work achieves a maximum Iarive of
0.40 and 0.70 mA/pum due to the great success in
scaling Lerr down to 0.05 pm and 0.038 pm, with-
out being affected by SCE, and while maintain-
ing a low Rs«a. This result is significant because it

guarantees an improvement in drive current by
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Total resistance and S/D series resistance of new and
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Comparison of laive -lot of PMOS to results reported in
recent publications.”-35

scaling device size down to at least 0.04 ym with
suppressed SCE.

5. Conclusion

We have developed and demonstrated a high-
performance 0.04 pm PMOSFET technology to
achieve excellent SCE and maximum drive cur-
rent of 0.40 mA/pm (@ I of 1 nA/pm and Vq =
-1.8V). A 7-nm-deep ultra-shallow junction is fab-
ricated using 2 keV decaborane ion implantation
for TED suppression and a two-step activation
annealing process that completely prevents boron
thermal diffusion while maintaining high dopant
activity for a high Cgx and low Rec. A low Rsa of 760
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Qum is achieved even when using high sheet re-
sistance of more than 20 kQ/sq for the shallow S/
D extension. This suggests that an extremely
shallow junction does not degrade Rqa because the

length of the extension region is reduced.
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