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An extensive and complete experimental investigation with a full layout design of the channel direction was carried
out for the first time to clarify the orientation dependence of germanium p-channel metal-oxide—semiconductor field-effect
transistors (PMOSFETs). By comparison of gate trans-conductance, drive current, and hole mobility, we found that the
performance trend with the substrate orientation for Ge PMOSFET is (110)>(111) ~ (100), and the best channel direction
is (110)/[110]. Moreover, the (110) device performance was found to be easily degraded as the channel direction got off
from the [110] orientation, while (100) and (111) devices exhibited less channel orientation dependence. This experimental
result shows good matching with the simulation reports to give a credible and significant guidance for Ge PMOSFET

design.
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1. Introduction

The germanium p-channel metal-oxide—semiconductor
field-effect transistor (PMOSFET) has been regarded as a po-
tential candidate for the next-generation MOSFET due to its
high hole mobility, which is about four times higher than
silicon.!"=* Recently, PMOS devices with good performances
have been demonstrated!! ! based on an effective solution of
interface passivation, which is one of the key issues to real-
ize high-performance Ge MOSFETs.5™ As is well known,
for semiconductor devices, the substrate orientation and the
channel orientation are very important to determine the band
structure of the material and thus the transport performance of
the MOSFET, as well as the structure design of the CMOS.[1%]
Krishnamohan et al.!'!) predicted theoretically with numerical
simulations that for unstrained Ge PMOSFETSs, the best com-
bination of substrate and channel orientations was (110)/[110],
and the performance trend with the substrate orientation was
(110)>(111)~(100).
tal reports about the orientation effect by different research

However, several existing experimen-

groups showed some unconformity with the simulation results

and even conflicted among themselves,1>~14]

mainly focus-
ing on the performance trend with the substrate orientation,
especially on the comparison between (100) and (110) sub-
strates. For example, in Refs. [12] and [13], (110) Ge PMOS-
FET showed the highest hole mobility, while in Ref. [14], the

best substrate choice for Ge PMOSFET was (100), though
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they had the same GeO, passivation layer achieved by differ-
ent methods. The unconformity was attributed to the differ-

U4] while it should also be related to

ence of substrate doping,
the difference of their passivation methods and gate stacks.

Thus, in this paper, by using Ge substrates with the same
doping level, the same GeO, interface passivation layer, and
the same gate stacks realized by the same process, as well as
plenty of substrate/channel orientation combinations, we de-
vise an experimental investigation, trying to clarify the effects
of substrate and channel orientations on Ge PMOSFETs. By
a statistical comparison of the gate trans-conductance (gnm),
drive currents, and hole mobilities of the devices, the per-
formance trend with substrate and channel orientations and
the optimum orientation combination for Ge PMOSFETs, are
given.

2. Device fabrication

The (100), (110), and (111) oriented n-Ge wafers with
doping of 1 x 10" cm™3 were used to fabricate PMOSFETs.
The primary flat orientation was [110] for all wafers. The in-
terface passivation layer was GeO, for all devices, achieved
by rapid thermal oxidation (RTO) at 400 °C in O,. The gen-
eral process flow is shown in Fig. 1(a). After the active region
definition and pre-cleaning, the Ge wafers were loaded into
a rapid-thermal-process (RTP) chamber to perform the RTO
passivation, followed by 5 nm Al;O3 deposition by atomic
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layer deposition (ALD) at 200 °C. Then, the Al/Pt/TiN metal
gate stack was sputtered and patterned. After cleaning, the
wafers were annealed at 375 °C in Nj for 15 min. Then,
the ion implantation was carried out to form the source/drain
junction, followed by activation annealing at 450 °C in Nj.
Finally, Al/Ti contacts were formed for the source/drain and
the substrate electrodes, followed by metallization annealing.
To avoid the short-channel effects, especially the effects of
the source/drain series resistance, the channel length L, was
10 pwm for all devices.
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Fig. 1. (color online) (a) The general process flow for fabricating Ge
PMOSFETs with an Al;03/GeO, gate stack, and (b) the schematic of
the layout design for orientation investigation. A full design of the chan-
nel direction with different off-angles from the primary flat orientation
is made.

3. Layout design

To investigate the orientation effects on Ge PMOSFETsS,
a set of channel orientations were designed in layout, as shown
in Fig. 1(b) and Table 1. Seven types of devices labeled A-G,
which have different off-angles from the primary flat orienta-
tion of the wafer, are listed in Table 1. This design covers all
typical channel orientations on all three types of wafers, which
is a full channel design for this investigation.

Table 1. Off-angle list in layout.

Device A B C D E F G
Off angle/(°) 0 30 35.7 45 54.3 60 90

4. Results and discussion

PMOS capacitance—voltage (CV) curves were firstly
measured to acquire the effective oxide thickness (EOT) re-
sults on different oriented substrates, as shown in Fig. 2. The
EOT was extracted from the low frequency capacitance. The
extracted results show similar EOTs from 4.8 nm to 5.1 nm,
with less than 10% difference for different substrate orienta-
tions.
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Fig. 2. (color online) PMOS CV curves and EOT results for different
substrate orientations.
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Fig. 3. (color online) (a) Transfer characteristics of devices along the
[110] direction, and (b) the drain junction leakage as a function of the
substrate orientation. The junction leakage currents are at a similar
level, while the (110) device exhibits much better drive performance
than (100) and (111) devices.
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Figure 3 shows the transfer characteristics and the drain
junction leakage currents on different oriented wafers. The
(110) device exhibits a distinct enhancement compared to
(100) and (111) devices in the drain current, as shown in
Fig. 3(a). Little difference is observed in the junction leak-
age among different wafers, as shown in Fig. 3(b). The
junction leakage is believed to be dominated by the BTBT

ILISI which is mainly affected by the band gap.

current,[
Thus, this little orientation dependence in the junction leak-
age should be attributed to the band-gap differences between
different sub valleys in Ge.[!!:15]

To evaluate the performance trend with the orientation,
the linear gn,, hole mobilities, and saturation drive currents of
all samples were characterized and statistically compared, as
shown in Figs. 4-6.

The peak g has a distinct dependence on the substrate
orientation, as shown in Fig. 4, and the (110) substrate shows
the highest g, regardless of the channel angles. An obvi-
ous channel orientation dependence is also observed on the
(110) substrate. We find that the g, of Ge PMOSFET de-
creases greatly as the off-angle increases from 0° ([110]) to
90° ([100]) on the (110) substrate. The (110)/[110] aligned de-
vice shows at least 28% higher g, than the (110)/[100] aligned
device. However, different from the case on the (110) sub-
strate, nearly no channel orientation dependence is observed
on (100) and (111) substrates. Despite that the (111) substrate
shows a little higher g, than the (100) substrate, the results on
both (111) and (100) substrates are very close. The best g, re-
sult on the (110) substrate is at least 40% and 30% higher than
that on (100) and (111) substrates, respectively, regardless of
the channel orientation. Thus, the g, trend with the substrate
orientation is (110)>(111)~(100), and the best g, result is
from the device aligned in the (110)/[110] orientation.
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Fig. 4. (color online) The average peak gnm as a function of substrate
and channel orientations, extracted from ten devices for each data point
at Vgs = —0.1 V.

Besides, an obvious difference appears in the saturation
drive current among different substrates, as shown in Fig. 5.

Much similar to the g, case, the drive current trend with the
substrate orientation is also (110)>(111)~(100), and the best
channel orientation is (110)/[110]. The PMOSFET aligned
in the (110)/[110] direction shows at least 50% and 40% en-
hancements in the drive current compared to that on (100) and
(111) substrates, respectively, regardless of the channel orien-

tation.
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Fig. 5. (color online) The average drive current as a function of sub-
strate and channel orientations, extracted from ten devices for each data
point at Vg = Vg = =2 V.

The linear g, and the saturation drive current can be de-
scribed by the following formulas:

WCo V.

gm=—p M, (1)
WCox V2

IDsatzﬁu. )

Since the EOTs on different substrates are very close to each
other, as shown in Fig. 2, the difference of g, and drive current
among different substrates and channels should mainly origi-
nate from the hole mobility difference. The peak hole mobility
is then extracted, as shown in Fig. 6, showing the consistent
trend with g, and the drive current.
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Fig. 6. (color online) The peak hole mobility as a function of substrate
and channel orientations, extracted from gp,.

Overall, from the linear gp,, saturation drive current, and
hole mobility results, the performance trend with the substrate
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orientation for Ge PMOSFET is (110)>(111)~(100), and the
best channel choice is (110)/[110]. This performance trend
is indeed consistent with the mobility trend obtained by the
simulation under an unstrained condition,'!! which is calcu-
lated based on the valence band structure of Ge. Thus, the
consistency of this experimental result with the simulation re-
sult makes it more credible for guiding the Ge PMOSFET de-
sign. Besides, we believe that, other reasons such as the inter-
face quality, the density of states of the valence band, and the
electrical field dependence of the hole mobility, may also con-
tribute to the performance difference between different sub-
strates, which need a further symmetric investigation to clarify
the physical mechanism.

5. Conclusion

The orientation dependence of Ge PMOSFETs was ex-
perimentally clarified by an investigation using the same
GeO, interface passivation layer, the same gate stack, sub-
strates with the same doping, and a full set of channel ori-
entation layout designs. The statistical results of g, drive
current, and hole mobility demonstrated that the perfor-
mance trend with the substrate orientation for Ge PMOS-
FETs is (110)>(111)~(100), and the best channel choice is
(110)/[110]. Moreover, the (110) device exhibited a sensitive
channel orientation dependence, while (100) and (111) devices
had nearly no dependence on the channel orientation under the
unstrained condition.
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