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We fabricated high performance gate-last TaN/La,03/SiO, on Ge n-MOSFET. Small equivalent-
oxide-thickness (EOT) of 1.9-nm and high-field mobility of 258 cm?/V s at 0.75 MV/cm were obtained,
which were attributed to the thin SiO,-like barrier layer and low process temperature to prevent inter-
facial reaction during post-deposition annealing (PDA).
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1. Introduction

Recently, the high performance metal-oxide-semiconductor
field effect transistors (MOSFETs) with using high-x materials such
as Lay03 [2], Al;O5 [3], [19], HfO, [5] and mixed metal oxides have
been proposed to replace the conventional SiO, MOSFETs for
equivalent-oxide thickness (EOT) scaling. However, the scalable
performance enhancement depends on channel length scaling,
gate dielectric scaling and optimized strain engineering like SiGe
source-drain and compressive contact etch stop layer (CESL). Ge
channel is expected to additionally boost the mobility at thin
EOT. Thus, much attention has been focused on Ge channel com-
plementary metal oxide semiconductor field effect transistors
(CMOSFETs) [1-22], which is due to 2-4 times higher electron
and hole mobility than those of Si devices. Besides, the densities
of states are ~50 times larger than III-V InGaAs substrate for
higher drive current. However, the challenging issues of the
small-bandgap-induced high leakage current, sensitive to process
temperature and poor interface quality due to Ge out-diffusion
are the major challenges.

To address these issues, the defect-free Ge-on-insulator (GOI or
GeOl) [3] and thin body Ge-on-Si [17,18] are proposed. Neverthe-
less, the low electron mobility at high effective electronic field (Ec¢)
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and poor equivalent-oxide thickness EOT scaling are still the unset-
tled issues. The lower peak mobility could be attributed to the cou-
lomb scattering in the high-x dielectric that was also found in
high-x/Si [27,29]. Such challenges become worst at gate-first pro-
cess, where the high thermal budget degrades the mobility origi-
nated from interface reaction and Ge out-diffusion. Although
several surface passivation approaches such as NH3 surface treat-
ment and Si-capping on Ge channel [8,10,12,21,22] were proposed,
high-field mobility at small EOT still needs to be developed.

In this study, we reported the high-field mobility of Ge n-MOS-
FETs using TaN/La,03/SiO, gate stack. The La,03 dielectric [2,23,24]
with high-x value and negative flat band voltage (Vg,) are impor-
tant for n-MOSFET. The metal-gate/device show high-field mobility
of 258 cm?/V s at 0.75 MV/cm with a small 1.9-nm EOT. The results
are ascribed to the SiO, barrier layer and low thermal budget pro-
cess to suppress the Ge out-diffusion into high-x dielectric.

2. Experimental procedure

We used a 2-in p-type Ge (1 0 0) wafers with a doping concen-
tration of 5x 10" cm™ in these experiments. After standard
clean, 500 nm isolation oxides were deposited by plasma-
enhanced chemical vapor deposition (PECVD). Then active areas
were defined by lithography and wet etching. After that As* was
implanted at source and drain region at 25 keV and a dosage of
5 x 10'> cm™2 and followed by a 550 °C rapid thermal annealing
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(RTA) for dopant activation. A 0.8 nm thick SiO, and 6 nm Lay03
were deposited by dual E-Gun evaporation system at a pressure
of 2 x 1078 torr and followed by a 400 °C post-deposition anneal
(PDA) in an oxygen ambient for 5 min to densify the gate dielectric
quality. A 150-nm-thick TaN metal was deposited and patterned to
form the gate electrode by a sputter system at a pressure of
9 x 1077 torr. Finally, the Ge n-MOSFET was formed by adding
300-nm-thick Al metal contacts to source-drain by thermal evap-
oration coater and annealed at 400 °C for 25 min in an N, ambient.
Fig. 1a and b shows the schematic image and process flow. The fab-
ricated devices were characterized by C-V and I-V measurements
by HP4284A precision LCR meter and HP4156C semiconductor
parameter analyzer, respectively. The devices were also analyzed
by secondary ion mass spectroscopy (SIMS), and cross-sectional
transmission electron microscopy (TEM).

3. Results and discussion

Fig. 2a and b shows the C-V and J-V characteristics of TaN/
La,03/Si0,/Ge devices. The increasing PDA temperature from 350
to 450 °C improves the gate leakage current for several times, with
only slight Vg, shift. The slight EOT increase with increasing PDA
temperature is related to interfacial layer formation. At 400 °C
PDA temperature, a capacitance density of 1.54 puF/cm? was mea-
sured that gave an EOT of 1.9 nm from quantum-mechanical C-V
(QM-CV) simulation using Ge material parameters. Besides, a low
leakage current of 8 x 10° Ajcm? was reached at 1V above Vj,.
The C-V curves spreading with different PDA were mainly attrib-
uted to interface reaction. Compared to 350 °C and 450 °C, the
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capacitor with an optimized 400 °C PDA shows a corresponding
thinner EOT of 1.9 nm and lowest leakage current at 1V above
Vi, shift. The large leakage and small capacitance density caused
by serious interface oxidation for over high-temperature 450 °C ex-
plain the importance of thermal budget control during dielectric
activation. The combined effect of thicker interfacial layer and poor
interface state may lead to the performance degradation on capac-
itance density and leakage current. Thus, an appropriate PDA tem-
perature not only can effectively activate the defect-rich dielectric
but also suppress the serious interface oxidation, especially for Ge
substrate.

We further analyzed the gate stack on Ge substrate by SIMS and
TEM. Fig. 3a and b shows the SIMS depth profile and cross-sec-
tional TEM image, respectively. No apparent Ge out-diffusion was
found by SIMS that is important to reach mobility and low gate
leakage for Ge MOSFET [22]. This is further confirmed by the sharp
interface between La;03/SiO, and Ge as observed by cross-sec-
tional TEM. The sharp SiO,-like layer formation may result from
intermixing effect near Si interface which can reduce the Ge out-
diffusion into high-x La,Os; dielectric during optimized 400 °C
PDA. Such SiO,-like interface layer is also related to the low leak-
age current and C-V characteristics in Fig. 2.

Fig. 4a and b presents the I4-Vy4 and I4—V; characteristics of TaN/
La,03/Si0,/Ge n-MOSFET respectively, fabricated at a PDA low-
temperature of 400 °C. Well-behaved transistor characteristics
were reached, where a low threshold voltage (V;) of —0.22 V was
measured. The negative threshold voltage results from the nega-
tive Vg, shown in Fig. 1, which is important for Ge n-MOSFETSs. Fur-
ther V; adjustment to positive can be obtained using higher work-
function gate electrode in the future work. From the following
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Fig. 1. (a) Schematic image of TaN/La,05/SiO,/Ge n-MOSFET and (b) process flow of gate-last Ge n-MOSFET.
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Fig. 2. (a) C-V and (b) J-V characteristics of TaN/La,03/Si0O,/Ge n-MOS capacitors with different PDA temperatures.
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Fig. 3. (a) SIMS depth profile of TaN/La,03/SiO,/Ge at a 400 °C PDA. (b) Cross-sectional TEM of TaN/La,03/SiO,/Ge after a 400 °C PDA.

6
TaN/La,0,/SiO,/Ge V-V, =1.25V
51 000000000000000000
WI/L=100/10 um 50°° °
o°
4t o° V-V =1V
© gt
’<‘ ,O'O' C'oOOooooc,o0OOoooooooooooooo
ol o
£ 3r o’O OOO
= o‘f ° V-V, =075V
2t g -
Oo ° Oooooooooooooooooooooooooooooooooooooo
$550°° V-V =05V
1F :Oooooooovo<<</)0008<\>/00ooooooocvo:i/ooo%o%ovoo
0 Oooooooooooooo%ootoooo ooooooooooogoogoooooooooo
0.0 0.5 1.0 1.5 2.0 25
AV

(a)

107

—e— V=1V WIL = 100um/10um

1, (A)

1.0

Fig. 4. (a) Iq-V4 and (b) I4-V; plots of TaN/La,03/Si0,/Ge n-MOSFET.

sub-threshold swing (SS) equation, it gives an interface trap den-
sity (Dy) of 9.5 x 10'2eV~'cm~2 [25]. The SS is degraded with
the relative high D;; and the further improvement is required in
the future.

SS = kT/q x In10 x [1 + (Caep + Cit) /Ci]

where Cyep, Cic and G are the depletion capacitance density, capac-
itance density of charged interface traps, and gate capacitance den-
sity, respectively.

Fig. 5 shows the mobility as a function of E¢ over a wide range
for the TaN/La,05/SiO,/Ge n-MOSFET. High peak mobility of
486 cm?/V s and 0.75 MV/cm mobility of 258 cm?/V s were mea-
sured at a small EOT of 1.9 nm. The mobility was directly calcu-
lated from the I4-V, curves and the equations are shown as the
following [26]:

Hegr = Ia/(Weft /L) Cox (Vs — Vi) Vigs (a)
The effective normal field can be expressed as:
Eeft = (Qinv/2 + Qg)/éce (b)

where Qy,y is the inversion layer charge,
layer charge and &ce is the permittivity

Qg is the bulk depletion-
of Ge. Here the I4 versus

600

500

400 -

300

200 -

pe"(cmzN-sec)

—e— TaN/La,0,/SiO,/Ge n-MOSFET

100 | — Si Universal

0 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E, . (MVicm)

0.8

Fig. 5. The electron mobility as a function of effective electric field of TaN/La,03/
SiO,/Ge n-MOSFETS.

Vg is extrapolated to zero drain current (Iq =0) and the threshold
voltage (Vi) is determined from intercept gate voltage (Vg).
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Table 1
Comparison of device integrity data for various metal-gate/high-x Ge n-MOSFETs.
Gate stack Junction EOT  Peak Mobility
(nm) mobility @
(cm?/Vs)  0.75MV/
cm
(cm?|V's)
Al/AL,03/Ge0,/Ge [17]  P*-implant, - 488 258
350 °C RTA
Al/Ge0,(70-atm)/Ge P*-implant, - 790 366
[18] 580 °C RTA
Al/Al,03/Ge0,/Ge [19] 600 °C gas phase - 804 ~210
doping
Al/Si0,/Ge0,/Ge/Si [20] 600 °C in situ - 540 ~134
doping
TaN/La,03/Si0,/Ge (this ~ As*-implant, 19 486 258
work) 550 °C RTA
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Fig. 6. The comparison of electron peak mobility of Ge n-MOSFETs.

Although many studies have been proposed for high performance
and high peak mobility, the scaling down is also the issue for large
EOT. High transistor current (Iy) due to the following relation:

Ig = WCinyVerr (Vg — V)

Here the v is effective source velocity and related to high -
field effective mobility [28], since the MOSFET is biased at
Vg = Vasae for higher I4 rather than at a low V; with good peak
mobility. Such high field operation is inevitable for MOSFET at
highly scaled EOT used for advanced Ge CMOSFETs technology
node.

Table 1 summarizes the important device parameters of metal-
gate/high-x Ge n-MOSFETSs [17-20]. Fig. 6 shows the peak mobility
comparisons of references in Table 1. Our TaN/La,03/SiO,/Ge n-
MOSFET has high-field mobility of 258 cm?/V s at 0.75 MV/cm at
the smallest 1.9-nm EOT.

4. Conclusion

We have demonstrated a high performance Ge n-MOSFET using
high-x La,03/SiO, stack dielectric, suitable for future EOT scaling.
Device performance of high 258 cm?/V s at 0.75 MV/cm and small
EOT of 1.9-nm are reached simultaneously, which is due to the
smooth interface observed by TEM.
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