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Abstract The electrical properties and high-field reliability
of HfTa-based gate-dielectric metal-oxide—semiconductor
(MOS) devices with and without AION interlayer on Ge
substrate are investigated. Experimental results show that
the MOS capacitor with HFTaON/AION stack gate dielectric
exhibits low interface-state/oxide-charge densities, low gate
leakage, small capacitance equivalent thickness (~1.1 nm),
and high dielectric constant (~20). All of these should be
attributed to the blocking role of the ultrathin AION inter-
layer against interdiffusions of Ge, Hf, and Ta and penetra-
tion of O into the Ge substrate, with the latter effectively
suppressing the unintentional formation of unstable poor-
quality low-k GeO, and giving a superior AION/Ge inter-
face. Moreover, incorporation of N into both the interlayer
and high-k dielectric further improves the device reliability
under high-field stress through the formation of strong N-
related bonds.

1 Introduction

Germanium (Ge) is a promising alternative candidate for fu-
ture channel material because of its 4x higher mobility for
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hole and 2x higher mobility for electron comparing to sil-
icon [1-3]. However, unlike Si oxide, the thermodynami-
cally unstable and soluble Ge oxide hinders the develop-
ment of high-performance Ge metal-oxide—semiconductor
field-effect transistor (MOSFET). A thin germanium oxyni-
tride (GeO,N,) interlayer formed by rapid thermal nitri-
dation or low-temperature plasma nitridation prior to de-
position of high-k dielectric has been demonstrated to im-
prove the interface properties of Ge MOS devices [4-6].
Bai et al. [7] have shown that surface nitridation can sup-
press GeO, growth and hence achieve a small equivalent ox-
ide thickness (EOT) with low leakage current, while HfO,
gate-dielectric Ge MOS capacitor without surface nitrida-
tion exhibited both large EOT and high leakage current den-
sity. Although a stable and smooth interface with improved
electrical properties has been obtained by inserting a thin
GeOxN, layer between high-k dielectric and germanium
substrate, lower k value of GeOxN, interlayer limits further
scalability of Ge MOS devices. Recently, to avoid the low-
k GeO, interlayer, Kim et al. [8] have demonstrated that
atomic layer deposition of insulating nitride layers (AIN:
k ~ 9 and Hf3Ny4: k ~ 20) on Ge prior to high-k oxide for-
mation could effectively passivate the Ge surface and in-
crease the k value of gate dielectrics. In fact, AIN is easy
to react with oxygen to form Al oxynitride [9]. So, oxi-
dation of AIN would happen probably prior to Ge oxida-
tion, thus effectively suppressing the formation of GeO,. In
this work, using reactive sputtering method, we compara-
tively study the electric properties and microstructures of
HfTa-based gate dielectrics with and without an AION in-
terlayer. Ta is intentionally added to improve the crystalliza-
tion temperature and dielectric constant of Hf-based oxide
and oxynitride [10]. Improved electrical properties are ob-
tained for the samples with AION interlayer as compared to
those without it.
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2 Experiments

N-type (100) Ge wafers with a resistivity of 0.040~
0.047 2 cm were cleaned using trichloroethylene, acetone,
and ethanol and rinsed with DI water for several times, fol-
lowed by 15-s diluted HF (1:50) dipping and 15-s DI water
rinse for five cycles to remove Ge native oxide. After drying
in N», the wafers were immediately transferred into Den-
ton Vacuum Discovery Deposition System. First, a ~1-nm
AIN, interlayer was deposited by reactive sputtering of Al
in an Ar/N> (12:18) ambient followed by the deposition of
a 5-nm HfTaO or HfTaN by cosputtering of Ta and Hf in an
Ar/O; (24:3) or Ar/Ny (24:6) ambient, respectively (denoted
as HfTaO/AION or HfTaON/AION samples). For deposition
of HfTaN, a larger N; ratio was used to incorporate more ni-
trogen in the dielectric. For comparison, a 5-nm HfTa or
HfTaN was directly deposited on the cleaned Ge substrate
without the AIN, interlayer to form the control samples (de-
noted as HfTaO or HfTaON samples). A post-deposition an-
nealing (PDA) was carried out in wet Ny (500 ml/min) at
500°C for 5 min to transform the films into oxides or oxyni-
trides (i.e., HfTaO, HfTaON and AION) by using the oxygen
in the water vapor [11]. The wet-N, atmosphere was real-
ized by bubbling pure N, through deionized water at 95°C
with a flow rate of 500 ml/min. Subsequently, Al was evap-
orated and patterned by lithography as gate electrode with
an area of A =7.85 x 107> cm™2. Finally, forming-gas an-
nealing was performed at 280°C for 20 min.

High-frequency (HF, 1-MHz) capacitance—voltage (C-V')
characteristics were measured at room temperature using
HP4284A precision LCR meter. Gate-leakage current was
measured by HP4156A precision semiconductor parameter
analyzer. Structure of the films was determined by trans-
mission electron microscopy (TEM). Physical thickness of
the gate dielectrics was determined by a multiwavelength
ellipsometer and TEM. A high-field stress at 10 MV/cm
for 3600 s, with the capacitors biased in accumulation by
HP 4156A precision semiconductor parameter analyzer, was
used to examine device reliability in terms of gate-leakage
increase and flat-voltage (Vp,) shift after the stress. All elec-
trical measurements were carried out under light-tight and
electrically-shielded conditions.

3 Results and discussion

Typical HF C-V curves of the MOS capacitors with and
without AION interlayer, measured at | MHz and 100 kHz,
are shown in Fig. 1. As can be seen, small frequency dis-
persion is observed except for the HfTaO sample implying
lower interface-state density. The accumulation capacitance
or oxide capacitance (Cox), physical oxide thickness (#phys),
capacitance equivalent thickness (CET), and equivalent k
value (= Coxtphys/€0A) for the samples are extracted from
the HF C-V curves and listed in Table 1. A distortion is
observed in the region from depletion to inversion of the
C-V curves for the two samples without the AION inter-
layer (especially for the HfTaO sample) but does not exist
for the two samples with the AION interlayer. This differ-
ence is obviously associated with the AION interlayer. For
the HfTaO sample, significant interfacial defects are prob-
ably created due to formation of GeO, or strong interdif-
fusion and reaction between the HfTaO dielectric and Ge
substrate due to the absence of the AION interlayer, which
is illustrated to some extent by the rough interface shown in
Fig. 2b, while a smooth and distinct interface is formed for
the HfTaO/AION stack gate dielectric due to the blocking
role of the AION interlayer against interdiffusion of species
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Fig. 1 Typical high-frequency (1 MHz) C-V curve of the Ge MOS
capacitors with and without AION interlayer. The solid line is the ideal
HF C-V curve

Table 1 Parameters of the Ge

MOS capacitors extracted from Sample HfTaO/AION HfTaON/AION HfTaO HfTaON
HF C-V curves and physical

thicknesses fphys’s of the high-k Cox (pF) 225 243 181 195

and interfacial layers fphys (nm) 5.00/0.88 5.08/0.81 5.06/0.90 5.14/0.92
determined from TEM images

(the second value for the HfTaO CE]? (nm) 1.2 I 15 1.4

and HfTaON samples is for the Equivalent k 19.0 20.9 154 17.0
unintentional GeO, interfacial Dit eV~ lem™2) 7.5 x 101! 7.4 x 1011 2.5 x 1012 1.6 x 1012
layer) Oox (cm™2) 1.7 x 1012 1.6 x 1012 —22x 1012 22 x 1012
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Fig.2 TEM images of
(a) HfTaO/AION sample and
(b) HfTaO sample

(see Fig. 2a). Therefore, it can be suggested that the AION
interlayer can effectively block the interdiffusion and reac-
tion between the Hf Ta-based dielectric and Ge substrate and
thus effectively passivate the Ge surface. It should be noted
that Cox of the oxynitrides is larger than that of their oxide
counterparts, which leads to larger k value for the oxyni-
trides (e.g., the largest k value of 20.9 and the smallest CET
of 1.1 nm for the TAHfON/AION sample) than the oxides
(k=15.4 and CET = 1.5 nm for the HfTaO sample) under
almost the same physical thickness. Similar phenomenon is
also mentioned by Lysaght et al. [12]. From the TEM images
in Fig. 2, it is can be seen that no crystallization occurs in
the dielectrics, which is probably attributed to the breaking
of the periodic crystal arrangement or the inhibition of con-
tinuous crystal growth in the gate dielectric by incorporat-
ing Ta into Hf-based oxide or oxynitride, thus increasing the
crystallization temperature [10] and improving the thermal
stability of the gate stack. The equivalent oxide-charge den-
sity (Qox = —Cox (Vib — @ms)/q, where the work-function
difference ¢ between Al gate and n-Ge substrate is calcu-
lated to be 0.0706 V) and the interface-state density near
midgap (Dj;) estimated by the Terman’s method [13] are
also listed in Table 1. As compared to the control samples,
D;; is obviously reduced by inserting a thin AION interlayer
between the high-k gate dielectric and Ge substrate. More-
over, smaller Q. is also obtained for the two samples with
the AION interlayer comparing to the control samples, es-
pecially for the HfTaON/AION sample. These demonstrate
that the AION interlayer plays a key role as a barrier against
penetration of oxygen into the Ge substrate and outdiffusion
of Ge during the high-temperature annealing, greatly sup-
pressing the formation of a GeO, interlayer and thus reduc-
ing Dj; and Q.x. The negative Qo should be mainly related
to the wet-annealing ambient [14]. The origin of the nega-
tive charges might be OH™, which cannot diffuse out from
the interface at an annealing temperature below 550°C [15].

Ge substrate

GeOx IL

10"

of " HfTaO ]
10°¢  —o—HfTaON —
1F —Aa— HfTaO/AION ....IEE.EEDDDDDDDDI

107F  —A—HfTaON/AION RasEa
; UEWM
10_2? DEV M E
7 A%
S 3Z /D.AAA ]
€ 107 ooy =
é’ muuaﬂﬂaaaagggaﬂﬂ /D-f='A
= 1040 "o 10° i
2 B o | @R
-5 NE [ ] 7
10™F Y o E
] A 2107
5 = ]
10 = 2t E
-2 ]
107L | 10 1.0 CET (om) 1.5 ]

2 0 2

v, (V)

Fig. 3 Gate leakage current density of the Ge MOS capacitors, with
J;@Vpp, + 1V vs. CET shown in the inset

Figure 3 shows the gate leakage properties of the sam-
ples. The two samples with the AION interlayer have lower
leakage current than their control samples, while the leak-
age current of the oxynitride samples is smaller than their
oxide counterparts, with the smallest and largest leakage
current densities (5.9 x 1073 and 8.9 x 1072 Acm™2 at
Ve = Vip + 1 V) for the HfTaON/AION and HfTaO sam-
ples, respectively. It was reported that the incorporation of
nitrogen into high-k dielectrics could reduce gate leakage
current by inhibiting interdiffusion of species and changing
local coordination of high-k material and thus suppressing
onset of crystallization [12]. Therefore, the smaller leakage
current for the oxynitride samples should be ascribed to N
incorporation.

A high-field stress at 10 MV/cm [= (V; — Vi) / tphys] for
3600 s, with the capacitors biased at accumulation, is used
to examine the reliability of the samples. The I,—V, prop-
erty is measured before and after stressing the samples, as
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10" - strong N-related bonds. Therefore, the HfTaON/AION stack
N iggorrztrsérszsi;éng dielectric is a promising gate structure for making high-
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Fig. 4 Gate-leakage increase of the Ge MOS capacitors after a
high-field stressing at 10 MV/cm for 3600 s, with the samples biased
at accumulation. The inset shows the flat-band-voltage shift of these
samples after the stress

shown in Fig. 4. The Vp, shift after stress is extracted from
the HF C-V curves measured before and after stressing and
is shown in the insert of Fig. 4. Increases of the leakage
current and flat-band voltage after the stress are larger for
the control samples than the samples with the AION inter-
layer due to growth of an unstable GeO, at the high-k di-
electric/Ge interface of the former. Among the samples, the
HfTaON/AION sample exhibits the best reliability due to the
formation of strong N-related bonds by significant incorpo-
ration of N in both the interlayer and high-k gate dielectric.

4 Conclusions

In conclusion, a thin AION interlayer between high-k dielec-
tric and Ge substrate deposited by reactive sputtering can
give largely improved device performances due to its strong
barrier role against species diffusions of Hf, Ta, Ge, and
O and its good interface properties with the Ge substrate.
Moreover, the electrical properties and high-field reliability
of the devices are further improved by using nitrided high-
k dielectric due to N incorporation and thus formation of

@ Springer

performance Ge-based MOSFET.
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