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Effects of charge and dipole on flatband voltage in
an MOS device with a Gd-doped HfO, dielectric”
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Gd-doped HfO, has drawn worldwide interest for its interesting features. It is considered to be a suitable material for
N-type metal-oxide-semiconductor (MOS) devices due to a negative flatband voltage (Vy,) shift caused by the Gd doping.
In this work, an anomalous positive shift was observed when Gd was doped into HfO,. The cause for such a phenomenon
was systematically investigated by distinguishing the effects of different factors, such as Fermi level pinning (FLP), a dipole
at the dielectric/SiO; interface, fixed interfacial charge, and bulk charge, on Vj,. It was found that the FLP and interfacial
dipole could make Vg, negatively shifted, which is in agreement with the conventional dipole theory. The increase in
interfacial fixed charge resulting from Gd doping plays a major role in positive Vy, shift.
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1. Introduction

The

semiconductor (MOS) transistors makes it imperative to re-

continuous scaling down of metal-oxide-

place the conventional SiO,/poly-Si structure with a high
dielectric constant (high-k) dielectric/metal gate stack.!!™
As a high-k dielectric, HfO, is widely used because of its
overwhelming advantages.!>! However there still exist some
challenges, such as the enhancement of the k value of HfO,
and the threshold voltage (Vi) control. Generally, band edge
metal gates are needed to obtain a low Vy, for bulk CMOS
application.®! It was reported that introducing lanthanide
elements or their compounds into HfO, can make flatband
voltage Vi, negatively shift accompanied by an enhancement
in the k value of HfO,.["-!!1 It is mostly believed that in-
terface dipoles at the high-k/SiO, interface play a dominant
role in Vg, modulation. Regarding the origin of the interface
dipole, some models have been proposed, such as the elec-
tronegativity model and the oxygen areal density difference

12,131 Among all lanthanide elements, Gd has attracted

model.!
extensive interests because Gd;O3; has many advantages, in-
cluding thermodynamic stability on Si up to 1000 °C, com-
parable dielectric constant (~20) to monoclinic HfO,, and
larger conduction and valence band offsets (~ 2 eV).[14-10]
In the present work, the effect of Gd doping into HfO; is

systematically investigated.
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2. Experiment

MOS capacitors with a W/TiN/HfGdO,/terraced-SiO,/n-
Si structure were fabricated. Firstly, ~ 20 nm-thick SiO,
film was thermally grown on diluted HF-last n-type Si wafers
(arsenic, 1.1x10'> cm™3) by dry-oxidation technology. The
thick SiO, film was wet etched to have a terraced structure.
HfGdO, layers with fixed thicknesses (4 nm, 6 nm, 8§ nm,
10nm, and 12 nm respectively) were deposited on the terraced
Si0; by co-sputtering of targets HfO, and Gd,O3. The sput-
tering power for HfO, was 120 W, while the sputtering power
for Gd,O3 was 90 W. Then a 30 nm-thick TiN film was de-
posited on the HfGdO, dielectric by sputtering, followed by
depositing a 50 nm-thick sputtered W film. After back oxide
removal by diluted HF, Al metallization and N, annealing at
400 °C for 50 min were performed. A sample with 12-nm
pure HfO, was also fabricated with the same flow. In addition,
a control sample with W/TiN/terraced-SiO,/Si structure was
also prepared to examine the fixed charge at the SiO,/Si in-
terface region. The C-V characteristics of the capacitors were
measured at a frequency of 1 MHz and fitted by the QMCV
model.!']

3. Results and discussion

The typical C-V characteristics for the sample with
W/TiN/12-nm-thick HfGdO,/terraced-SiO,/n-Si structure are
shown in Fig. 1. The inset is the schematic diagram of the
sample. Well behaved C-V characteristics are observed.
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Fig. 1. (color online) Typical C-V plots for the sample with
W/TiN/12-nm-thick HfFGdO,/terraced-SiO,/n-Si structure. The inset is
the schematic diagram of the sample.

Figure 2 shows the Vg, versus equivalent oxide thick-
ness (EOT) curves for the samples with 12-nm HfGdO, and
with 12-nm HfO,. An obvious positive Vy, shift exists for
the Gd-doped sample compared with that of the pure HfO,
sample. This is not in agreement with the traditional dipole
model.['?l The same anomalous phenomenon was also re-
ported at Ref. [18]. So we can conclude that there may be
something wrong with the model or there is something over-
looked in the model. Among all contributing factors to Vy,, the
impact of the fixed charge in bulk and at interface is neglected
in the model. So, it is important to clarify the effect of each
contributing factor, including Fermi level pinning (FLP), in-
terface dipole, fixed bulk charge, and fixed interfacial charge.
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Fig. 2. (color online) The Vy, versus EOT for samples with and without
Gd doping.

Figure 3 shows the Vy, versus EOT curve for the sam-
ple with W/TiN/terraced-SiO,/n-Si structure. The inset is the
schematic diagram of the sample. For the case without high-k
dielectric, the relationship between Vi, and EOT can be ex-
pressed as

2
0si0, siTE  Poulk,sio, Tg

Vib = ¢ms -
€0E€si0, 2&y&sio,

)]

where @ is the vacuum work function difference between
the metal gate and the Si substrate, Osio, si is the areal charge

density (per unit area) at the SiO,/Si interface, ppyix sio, is the
bulk charge density (per unit volume) in SiO», & and &sjo,
are the vacuum permittivity and the relative permittivity of
Si0,, respectively, and Tg is the EOT. As shown in Fig. 3, the
good linear fitting of Vpp,—EOT indicates that pyui sio, is small
enough and its effect on Vi, can be negligible. By fitting the
Vi—EOT data, Osio, si = 4.68 x 10! cm™2 and @5 = 0.655 V
are obtained.
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Fig. 3. (color online) The Vi, versus EOT for the sample with a W/TiN/
terraced-SiO,/n-Si structure. The inset is the schematic diagram of the
sample.

Figure 4 shows the Vg, versus EOT curves for the sam-
ples with a W/TiN/fixed HfGdO,/terraced-SiO,/n-Si structure.
Here, the thickness of the HFGdO, film is varied from 4 nm to
12 nm. For the case with a HfGdO, dielectric, the relationship
between Vg, and EOT can be expressed by

2
0si0, 8iTE  Pouksio, g QHK si0, THK

Vfb = ¢ms -
€0Esi0, 2€)&si0, €0EHK
2 2
 PouHK ik | Pbulk,sio, €si0, Tk
2
2€&p€epK 2€0€Efk
+ AVHK 5i0, + AVmetal HK )

where Oy sio, i the areal charge density (per unit area) at the
HfGdO,/Si0; interface, Tyx and €xk are the physical thick-
ness and the relative permittivity of the HfGdO, film, respec-
tively, Ppulk,HK 1S the bulk charge density (per unit volume) in
the HfGdO, film, which is supposed to be a constant over the
whole film region, AV sio, and AVperl ok represent the pos-
sible moments of Vi, shift caused by the electric dipole at the
HfGdO,/Si10; interface and the FLP at the metal gate/HfGdO,
interface, respectively. As shown in Fig. 4, ppuix sio, can also
be negligible because of the good linear fitting of Vi,—EOT
curves in this case, which coincides with ppyii sio, described
in Fig. 3. So, Eq. (2) can be rewritten as

Onk si0, THr Poutk ok T
£0EHK 2€p€xK
Osioysile
€0&sio, '

Vi = ¢ms -

+ AVHK si0, + AVimetal HK — 3
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Fig. 4. (color online) The Vy—EOT curves for the samples with different
thicknesses of HfGdO,.

From Eq. (3) and Fig. 4, it can be seen that the intercepts
(I) of the Vg, versus EOT curves are obviously related with
Tuk, and the dependence of 7 on Ty can be expressed as

_ Quksio Tk Poutk ik T
€0€HK 2€&p€HK
+ AVHK si0, + AVinetal HK + @ms- 4

I =

Herein the unknown constant €gg can be extracted from the
EOT-Tyk relationship shown in Fig. 5. The inset in Fig. 5
shows the schematic diagram of the sample with metal
gate / terraced-HfGdO, / fixed-SiO, / Si structure. Here, the
terraced-HfGdO, represents the HfGdO, films with different
thicknesses deposited on the wafers with the same ~ 20 nm-
thick SiO,/Si structure. The relative dielectric constant for Gd-
doped HfO; extracted here is 20.8, while the relative dielectric
constant for pure HfO, is 18,1 which proves the dielectric
enhancement of Gd doping.!'#
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Fig. 5. (color online) The EOT-Tyk plot for the extraction of the per-
mittivity of HfGdOy. The inset is the schematic diagram of the sample.

The relationship of I and Tyk extracted from Fig. 4 is
shown in Fig. 6. By comparing the fitting equation of the /-
Tuk data with Eq. (4), we can obtain

Onk sio, = —2.73 x 10" ecm 2,

Poutk ik = 2.97 x 101 em ™3,

AVHK 510, + AVinetar ik = —0.798 V.
For pure HfO,, 1]

Onk sio, = —1.15x 10" em ™2,

Poutk K = 9.76 x 10'8 cm ™3,

AVHK $i0, + AVinetal, ik = —0.38 V.
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Fig. 6. (color online) Relationship of 7 and Tyk.

As for the effects of FLP and interfacial dipole, we can
find that Gd doping actually results in about 400 mV negative
Vo shift. It proves that Gd doping can indeed issue in negative
dipole and FLP, which is in good agreement with the tradi-
tional model. A relatively larger bulk charge density can also
make Vg, negatively shifted. However the negative charge at
the HfGdO, and SiO; interface counteracts the effects of FLP
and interfacial dipole, which makes the Vj, positively shifted.
The larger charge densities both in bulk and at interface are
considered to be due to cosputtering of HfO, and Gd, O3 with-
out any subsequent treatment which may result in more de-
fects, more dangling bonds, and severe mismatches.

4. Conclusion

An anomalous positive Vy, shift was observed when Gd
was doped into HfO,. The cause for this phenomenon was
systematically investigated. The effects of FLP, interfacial
dipole, fixed bulk charge, and interfacial charge on Vg, were
separated. It was found that a larger interfacial charge density
at the HfGdO, and SiO, interface is responsible for the anoma-
lous positive Vi, shift. The effects of FLP and interfacial dipole
are to make Vf, negatively shifted, which is in agreement with
the conventional dipole model. So it is important to recognize
the role of various charge and take steps to avoid such effects,
such as appropriate post deposition annealing.
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