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Abstract: This paper evaluates the outermost case of temporary MOSFET’s characteristics degradation

by hydrogen passivation of B (Boron) in low temperature process. A 1 uym p-MOSFET showed slight

increase of drain resistance and about 40 % reduction of sheet resistance, experimentally. The simulation

of 0.25 um MOSFET’s shows the channel length increase of more than 20 %, drain resistance increase

about 40 %, as the results of 90 % passivation of dopant in lightly doped source and drain (LDD). To

reduce the hydrogen passivation effects, the shortest LDD structure or heavily doped drain are required,

and lower substrate impurity concentration must be chosen as far as possible to suppress the variation of

threshold voltage. For the deep-submicron channel devices, however, it’s difficult to make the sufficiently

low resistive contact resistance.

Keywords: LDD MOSFET, Hydrogen passivation of Boron, Contact resistance, Reliability, Plasma
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1. Introduction

Hydrogen atom passivates the electrical activity of
many kinds of impurities in silicon such as donor

), acceptor impurities?’, heavy metals?"®,

impurities’
micro-defects®), surface states® and so on. The pas-
sivation of heavy metal atoms and surface states caus-
ing deep levels might reduce generation recombination
current which induce leak current in semiconductor de-
vices, and might improve the holding time of dynamic
circuits. The hydrogen passivation has also been used as
hydrogen plasma annealing for TFT’s for liquid crystal
display on glass substrates, which need a very low tem-
perature process, for improving electrical characteristics
at the grain boundary in the channel between source
and drain”. However, for the short channel MOSFET’s
on mono-crystalline silicon with high performance, the
passivation of donor and acceptor impurities has a pos-
sibility to degrade the electrical characteristics of semi-
conductor devices such as threshold voltage, ohmic con-
tacts, series resistance in the source and drain diffused
layers, wiring resistance in poly-Si and diffused layers,
and so on. Those should induce the designed operat-
ing point imbalance in the circuit, increase of power
consumption by leak current, and degradation of the

circuits switching speed, too.
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We are studying the ultra low temperature, dry clean-
ing process for Si VLSI on MOS technology using the
hydrogen radical®, especially for multi-layer wiring pro-
cess steps which require the low process temperature not
to change the impurity profiles in very shallow junction
depth. In this hydrogen plasma cleaning, however, the
dopants passivation temporarily affects the device char-
acteristics before the alloying step at the end of the cur-
rent device manufacturing process. The electrical device
characteristics is checked on the way of process, some-
times, and it is evaluated whether the device should be
passed to next steps or not. Furthermore, the ultra low
temperature process will be necessary to be used for the
very tiny devices having atomic scale size. In these case,
the electrical passivation of the dopants may remain in
the electrical characteristics of the devices.

We reported that hydrogen penetrates into SiO, eas-
ily. On the other hands, poly-silicon, CVD SizN4 and
sputtered aluminum film protected the hydrogen pen-

etration through the films'®.

Therefore, if we could
use the bi-layer structure with SiO2 ad SizN4, we can
eliminate the hydrogen passivation effects. However, we
don’t choose the structures in all cases. In this paper,
we discuss another approach to eliminate the hydrogen
passivation of dopants by optimization of the geomet-
rical MOSFET structures. At first we summarize our
experiential results about 1 pm p-MOSFET character-
istics variation after the hydrogen passivation®. Then,
using this experimental results, we speculate the outer-
most case of the temporary variation by the hydrogen

passivation for two kinds of MOSFET’s, conventional
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LDD devices and LDD devices having low channel im-
purity, with the process simulator, PROMIS, and the
device simulator, MINIMOS, which are developed in
TUV'Y. Channel length variation, subthreshold char-
acteristics, I4s-Vg4s characteristics, and contact resis-
tance change are evaluated by the device simulator, and
the best structures for the quarter micron size MOS-
FET’s which aren’t affected by the hydrogen passivation

are discussed.

2. Experimental Evidence for Simulation

The hydrogen passivation was done in the diffused
hydrogen plasma without ion bombardment, after alu-
minum wiring process”. Langmuir probe measurement
results showed the very low ion currents and a little
potential difference less than 1 V between plasma and
wafer. In this plasma apparatus, the hydrogen ion
doesn’t inpinge onto the wafer surface, practically. Fig.1
compares the I;,-Vg4s characteristics of p-MOSFET’s
with 40 nm gate oxide thickness which was fabricated
with p*-poly gate process for 1.0 um channel length
MOS, before and after the hydrogen plasma treatment.
About 5 % reduction of drain conductance was ob-
served at saturation region. The flatband voltage shift
of MOS Diode fabricated in the same chip showed less
than 30 mV. Table-1 shows the variation of active ac-
ceptor concentration in source and drain observed by
the sheet resistance measurements with 4 terminal test
structures, contact resistance measurements with con-
tact chains and pT-n junction capacitance under re-
verse bias. These three methods monitor the accep-
tor concentration at different points in depth. Con-
tact resistance depends on the acceptor concentration
at metal-semiconductor interface, sheet resistance gives
mean value of the concentration in the diffused layer,
and pT-n junction capacitance represents the concen-
tration in depletion layer edge. About 20 % to 80 % re-
duction of the electrically active acceptor impurity con-
centration was observed in the diffused layer at source
and drain. Therefore, the drain conductance reduction
in Fig.1 is speculated due to the increase of source and
drain resistance after the hydrogen plasma treatment.
In the following sections, the outermost case of 90% re-

duction of electrically active B will be evaluated.

3. Simulated Device Structures.

For n-channel devices, two kinds of MOSFET’s were
evaluated. One is a conventional LDD MOSFET, and
the other is an LDD MOSFET with low impurity epi-

taxial layer under the gate. Fig.2 illustrates the cross-
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Fig.1 I45-Vg4, characteristics of 1 pm p-MOSFET with
L=1 pm, W=10 pm, which was fabricated with
pT-poly gate process before and after hydrogen
plasma treatment.

Table-1 Electrically active acceptor concentration esti-
mated with contact resistance, sheet resistance,
and pt-n diode capacitance, before and after Ha
plasma treatment.

Method Before After Reduction
Hy Plasma | Hp Plasma

Contact /cm3 /cm3 %
Resistance 3.23 x 101? | 2.5 x 101° 21

Sheet /cm3 /cm® %
Resistance 2.3 x 101° 1.3 x 101°? 43

pt-n Diode /cm? Jcm® %
Capacitance || 9.1 x 10'® | 1.86 x 1018 78

sections of two 0.25 um n-MOSFET’s with gate oxide
of 8 nm in thickness and LDD structure of 0.05 pm in
depth and 0.2 pm in length. The highest donor con-
centration at the LDD diffusion layers is 2 x 10'° /cm®.
The junction depth under the metal contact is 0.1 pum,
the highest impurity concentration is 2 x 102 /cm®. In
this design, the dose and the acceleration energy of As
ion implantation for LDD region, and source and drain
are chosen as 1 x 10™® /cm?, 20 keV and 1 x 10'® /em?,
20 keV, respectively. And the annealing temperature
and time are 1000 °C, 2 min, respectively. The met-
allurgical channel length is designed as 0.25 pm before
the hydrogen passivation. For the low impurity channel
device shown in Fig.2(b), the abrupt doping profile of B
in the substrate is assumed. The doping concentration
and the thickness of the low impurity epitaxial layer on
1 x 10'7 /em® B-doped substrate are 1 x 10'* /cm® and
0.1 pum thick, respectively.

The simulated p-MOSFET’s also have 8 nm gate ox-
ide, 0.25 pum metallurgical channel length, the LDD
structure of 0.1 um length and 0.035 um depth, and
acceptor concentration of 2.1 x 10*® /cm® at the surface
which was made by the ion implantation of 5x10'® /cm?
B, 12 keV. The junction depth under the metal contact
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Fig.2 Simulated 0.25 ym LDD MOSFET’s structures.
(a) is the conventional LDD device and (b) is the
fabricated one on high resistive epitaxial layer of
0.1 pm thick.

was 0.11 pm, the impurity concentration just under the
interface between metal and silicon was 5.7 x 10'° /cm?
using the 2 x 10'® /ecm?, 15 keV B ion implantation.
The donor concentration in the substrate is assumed as
1x 10" Jem®.

4. Simulation Results and Discussions

4.1 Channel Length Variation by Passiva-
tion of LDD Diffused Layer

The metallurgical channel length might be changed by
passivation of dopant in source and drain. Fig.3 shows
a simulated result of metallurgical channel length varia-
tion for the conventional LDD structured p-MOSFET’s
with about 0.25 pm channel length, after the passiva-
tion. After the heavy hydrogen passivation of B over
90 %, the channel length variation becomes an order of
more than 20 %. For the MOSFET with 0.1 pum side-
wall spacer, heavily doped B at source and drain under
the metal contact to get good ohmic contact penetrates
through the LDD region into channel region, and its ef-
fective channel length becomes shorter than the thicker
sidewall devices when B is passivated at the same de-
gree. Short channel effect permitting the shortest LDD
length must be chosen to avoid the reduction of channel

length by the hydrogen passivation.
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Fig.3 Simulated channel length variation of conven-
tional LDD p-MOSFET’s with about 0.25 pum
channel length after the hydrogen passivation.

4.2 Channel Conductance Variation

Fig.4 shows the simulated 145-Vg4s characteristics of
MOSFET’s before and after the hydrogen plasma treat-
ment. Fig.4(a) is before the treatment, and (b) is after
90 % passivation of B. The metallurgical channel length
is 0.25 pum before the hydrogen passivation. In all re-
gion, the reduction of the drain conductance is observed.
Fig.5 shows the DC channel resistance Vgs/lgs varia-
tion of the MOSFET’s with different LDD length as a
parameter of the passivated B concentration. The de-
vice having larger LDD length gives larger variation of
the conductance. These characteristics changes include
the variation of the parasitic diffusion layer resistance
appears in the heavily doped drain and source, which
exists between contact edge and LDD edge as shown
in Fig.2. However, the parasitic resistance hardly af-
fects the channel conductance, because the length from
the contact to the LDD edge is the same order with
LDD sidewall size but the sheet resistance are usually
less than 5% of LDD region. Therefore, the variation
shown in Fig.4 and Fig.5 depend on the resistance vari-
ation of LDD region which has rather lower impurity
concentration than contact region. Considering drain
conductance, LDD length must be as short as possible

to reduce the effect of the hydrogen passivation.

4.3 Threshold Voltage Shift

The threshold voltage of n-MOSFET is affected
rather than p-MOSFET by the hydrogen passivation of
substrate dopant, B. n-MOSFET is made on B doped
substrate, usually. Fig.6 shows the gate threshold volt-
age shift of n-MOSFET’s as a function of hydrogen pas-
sivated B concentration.

The conventional MOSFET shows the larger thresh-
old voltage shift rather than the MOSFET made on high
resistive epitaxial layer. In both cases, however, the pas-

sivated B increasing the threshold voltages shift toward
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Fig.4 Simulated 1;5-V4s characteristics of 0.25 pum p-
MOSFET’s. (a) is before passivation of B, and
(b) is after 90 % passivation.

w
S
i
—

——

N
L&)}
T

——o0x

~i— 90%

N
(=]
T

/
]

Channel Resistance [kQ]
[4,]

10
. i // — ]
Qﬂ:‘::———n—f—"’—
0 -
0.1 0.2 0.3 0.4 0.5

LD Length [um]
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on LDD length as a parameter of hydrogen pas-
sivation, at Vqgo=3 V, and Vgs=3 V.

normally-on state. Fig.7 shows the subthreshold char-
acteristics change by the passivation. The subthreshold
coefficient hardly changed as shown in Fig.7. The MOS-
FET with lower channel impurity layer (dashed line in
Fig.7) shows less dependence on the hydrogen passiva-
tion. This is because the most part of depletion layer
expands into the low impurity concentration layer.
Another origin of threshold voltage shift by the im-
purity passivation is due to the source to substrate bias
change induced by the voltage drop in the source LDD
resistance when source current flows. This effect ap-
pears in p-MOSFET with B-doped source. However,
this voltage drop is negligibly small, because the LDD
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Fig.6 Simulated threshold voltage variation of n-
MOSFET’s as a function of B concentration pas-
sivated by hydrogen in %. Effective channel
length is 0.25 pum and channel width is 2.5 pm.
Threshold voltage is defined at Izs=1 x 10~7
A/pm.
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Fig.7 Simulated subthreshold characteristics variation
as a parameter of hydrogen passivation of B in
% for the two devices. Dashed lines are for the
MOSFET’s on epitaxial layer, and solid lines are
for the conventional devices. FET’s sizes are

same as the devices in Fig.6.

resistance variation by the passivation is tens ohm at
most, and the threshold voltage is defined at very low
source current of 1 x 1077 A/um.

4.4 Contact Resistance Variations

The experimental results listed in Table-1 show that
the contact resistance variation before and after the pas-
sivation was relatively small. However, the contact re-
sistance at metal to semiconductor interface strongly
depends on the dopant concentration at the interface,
nonlinearly. For the deep submicron contact hole, if the
rather low specific contact resistance of the 1077Q/m?
is gotten, the contact resistance of FETs with the size
less than quarter micron area becomes comparable or-
der with channel resistance in on-state. The value isn’t

acceptable for high performance circuit. Furthermore,
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Fig.8 Contact resistance variation with B concentra-
tion. The absolute values are fitted the experi-
mental value.

it’s a very difficult work to make the heavily doped shal-
low pT-n junction less than 0.1 ym at source and drain
reagion because of high diffusivity of B. Therefore the
deep submicron MOSFET must use improved structures
instead of lightly doped p™-n junction. In this section,
contact resistance variation by hydrogen passivation is

calculated with the following equationlz),

4m\/eseom* B
hv/ N

where ¢ is the permittivity in vacuum, s is the per-

Rc ~ exp ( (1)

mittivity of Si, m™ is the effective mass of hole, ¥ B is
the Schottky barrier height on p-type Si, h is the Plank
constant, N, is the acceptor concentration. In this cal-
culation, N, before hydrogen passivation is calculated
with the device simulator according to the process pa-
rameter used practically in this experiment, and the ab-
solute value of Rc is fitted to the experimental result
before hydrogen plasma treatment. The barrier height
1p is chosen as 0.35 eV for aluminum to p*-Si after
Fig.8 shows the result of the
calculation. If electrically active B concentration at the

interface reduced from 1 x 10%° /em® to 1 x 10" /em?®,

the reference paper'?.

the resistance at quarter micron square contact changes
from 160 2 to 48 k2. It becomes comparable order with
channel resistance in on-state.

It is difficult to design the very high acceptor con-
centration at the contact for the deep submicron LSI
which requires very shallow junction depth as mentioned
above. However, it requires acceptor concentration as
high as possible to reduce the hydrogen passivation ef-
fect.

5. Conclusion

This paper evaluates the outermost case of temporary
MOSFET’s electrical characteristics degradation by hy-

drogen passivation of B. This effect remains in the de-
vices after hydrogen plasma process at very low sub-
strate temperature less than 200 °C which is expected
to be used for manufacturing process of very tiny device
and dry cleaning with hydrogen plasma, in future. Of
course it is no problem in current LSI processes which
accompany alloying step at rather high temperature at
the end of the manufacturing process.

Several kinds of electrical test structures were made
on B doped (100) Si and those were exposed in the dif-
fused hydrogen plasma. The MOSFET with 1 pm chan-
nel length showed the slight reduction of the drain cur-
rent after the hydrogen plasma treatment. 20 % to 80
% decrease of electrically active B were observed in the
test structures of contact chains, sheet resistance, and
reverse-biased p-n junction. The reason why the differ-
ences of the dopant quantity passivated among the test
structures were observed has not been clarified, how-
ever, in the worst case the electrical passivation of B is
possible to give a big problem in the circuit operation.

With a device simulator, the DC electrical charac-
teristics was evaluated for two kinds of 0.25 um chan-
nel length MOSFET’s, one is conventional LDD device
with higher substrate doping concentration, the other is
LDD device with low channel impurity layer. Suppos-
ing the 90% passivation of dopant in source and drain
region, the channel length increased by 23% in the con-
ventional device. The passivation of dopant at LDD
region also affects the drain resistance, it reduced the
resistance by about 40 % at the saturated region af-
ter the 90 % passivation. Conventional LDD structure
with highly doped substrate for decreasing short chan-
nel effects showed larger threshold-voltage shift, but de-
vices made on low channel impurity substrate showed
less threshold-voltage shift. The subthreshold coefficient
hardly changed in the both devices.

To reduce the effect of hydrogen passivation, the
shortest LDD length, the highly doped LDD region and
the lower substrate impurity concentration must be cho-
sen as far as possible. For the deep-submicron channel
devices, however, it’s difficult to keep the same sheet
resistance as the longer channel devices at LDD region,
especially for p-MOSFET because there are no dopants
such as As for n-MOSFET, which show low diffusivity.
Therefore, the novel FET structures such as self-aligned
silicide source and drain without LDD region will be es-

sential.
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