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We report on recent approaches to using Al,O, and HfO, in MOSFETs. A MOS diode
with an Al,O, gate dielectric into which dimethylhydrasin (DMH) was doped shows a
minimum D, of 4 x 10*° cm-2eV-%, which is half that of Al,O,. Mobility enhancement and
an increase of saturation current were obtained with the DMH-doping. A SiN/HfO,/
SiON gate stack was found to suppress HfO,/polysilicon reaction and dopant diffu-
sion. The base oxide of SiON also helps to improve the reliability and thermal stability
of the gate stack. Aninversion EOT of 1.7 nm was obtained with a SiN/HfO,/SiON gate
stack that shows a saturation current of 357 pA/um at L, of 0.35 pm. A 55 nm CMOS
with a 3 nm HfO, gate dielectric was fabricated using high-temperature annealing at
>1000°C and cobalt silicide. Gate leakage current was decreased by more than three
orders of magnitude and a low off-state current was obtained. We also investigated
the thermal stability of Hf,Al,,O,. Within 0 <x <0.8, Hf Al,,O, stays amorphous up to

800°C, which is 300°C higher than the corresponding temperature for HfO,.

1. Introduction

Down-scaling to sub-100 nm technology
nodes requires the introduction of novel materi-
als and processes to both the front end of line and
back end of line to achieve the performance indi-
cated in the ITRS roadmap. Channel engineering
of nondoped channels, strained Si,»? and strained
SiGe? can be considered to be the most practical
method that is compatible with conventional pro-
cesses. However, gate oxide scaling is reaching
the point where gate leakage current due to di-
rect tunneling starts to occur. Although
optimization of the silicon nitride/oxynitride
stack® and SiON gate® is being pursued to sup-
press the leakage current, the inevitable issues of
negative bias temperature instability® and mo-
bility lowering must also be considered.” To
overcome these problems, an alternative gate di-
electric with high permittivity (high-k) is strongly
required for both high-performance and low stand-
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by power (LSTP) applications.

High-k materials have been extensively stud-
ied in recent years. Ta,0O; was one of the first
materials that were eagerly studied for their high
permittivity.®® Because Ta,O; is unstable on a Si
surface,'® Ta,O; tends to form an underlying SiO,
film at the Ta,O./Si interface during deposition
that significantly decreases the effective capaci-
tance. The barrier height of Ta,O, from silicon is
as small as 0.28 eV.™Y Then, researchers became
very interested in zirconium oxide because its heat
of formation is larger than that of SiO,*? and it
exhibits medium permittivity in addition to a rel-
atively large band gap and barrier height
compared to Ta,0..*® However, ZrO, reacts with
the poly silicon gate that forms Zr-silicides.*¥ Con-
sequently, HfO,, whose Hf constituent is in the
same column of the periodic table as zirconium,
emerged as a significant gate-dielectric candi-
date® because it forms fewer silicides than ZrO,
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and its permittivity and barrier height are com-
parable to those of ZrO,. This promising material
exhibits crystallization even with an as-grown
CVD thin film.'® Crystallization may give rise to
a leakage path for current and dopant impurities
from the polysilicon gate.!” Because high-k
MOSFETs can be fabricated using conventional
CMOS process technology, the thermal stability
is one of the most important criteria that must be
considered when selecting materials. Al,O; ex-
hibits a high thermal stability; it remains in the
amorphous phase even during annealing at
> 1000°C.®

Recently, nitrogen doping and nitridation of
high-k gate dielectrics have been reported.'®-22
Nitrogen in high-k gate dielectrics can be expect-
ed both to suppress boron diffusion from the
polysilicon gate and to increase the thermal sta-
bility. Although nitrogen is usually incorporated
before or after high-k deposition, there have been
few reports of in-situ nitrogen doping into high-k
gate dielectrics.?® Also, a stacked gate with a ni-
trided film and a high-k film should be studied to
investigate the effectiveness of nitrogen.?®

In this paper, we describe high-k MOSFETs
with an Al,O, film, mainly focusing on in-situ ni-
trogen doping into the Al,0,2% by MOCVD. Then,
we evaluate the effectiveness of SiN and SiON in-
sertions at both sides of a HfO, gate dielectric and
apply them to an ultra-thin gate stack.?® Then,
we show the feasibility of high-k, HfO, gate di-
electrics for low standby power applications.?
Finally, we compare the thermal stabilities of
Hf,Al,,O, and HfO,.

2. Preparation of high-k gate
dielectrics and MOSFETs
2.1 ALO,

We used low-pressure metalorganic chemi-
cal vapor deposition (LP-MOCVD) to deposit an
ALQO; film on a Si substrate. The precursors were
triethyl aluminum (AI(C,H;);, TEA) and dimeth-
ylhydrasin (NH,N(CH,;),, DMH) as a nitrogen
source. The precursors were regulated with a ni-
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trogen carrier gas. O, gas was used as an oxi-
dant. A Si substrate with LOCOS isolation was
chemically cleaned by the RCA method prior to
the MOCVD. The substrate was heated to the
deposition temperature of 500°C.

The conductance method?® was used to in-
vestigate the interface trap density of D, using
the three-element model.?® In the investigation,
a quantum-mechanical CV simulation was used
to derive the equivalent oxide thickness (EOT),
flat band voltage (Vy,), and hysteresis.

2.2 HfO,

HfO, was deposited by ALCVD on a thermal-
ly grown oxynitride layer (bottom SiON) or a
chemical oxide layer (bottom SiO,) after standard
RCA cleaning. The typical HfO, layer was 3 nm
thick. To form a gate stack with a thinner EOT,
the HfO, layer thickness was decreased and an
LPCVD-SIN layer was grown on the HfO, (top
SiN) to suppress silicide formation and dopant
penetration. This was followed by poly-Si gate
deposition. We used the split CV method at
100 kHz to measure the gate capacitance in the
inversion region.

2.3 HfAILO,

Hf.Al,,O, was deposited by the same meth-
od as the one used for Al,O,. The composition ratio
(atomic percentage ratio) of x was defined by Ru-
therford Back Scattering (RBS) and spectroscopic
ellipsometry. The thermal stability was estimat-
ed by X-ray diffraction (XRD) and cross-sectional
transmission electron microscopy (XTEM).

2.4 Device fabrication process

After high-k gate dielectric film deposition,
post-deposition annealing and sequential polysil-
icon deposition were performed. The polysilicon
was patterned with EB or photolithography us-
ing dry etching. The minimum gate length, Lc,p,
was 50 nm. After extension and pocket implanta-
tion, if needed, a side wall of the polysilicon gate
was formed and source/drain/gate implantation
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was performed. The following activation anneal-
ing was done in the range from 800°C to 1050°C.
Metal Co-silicide contacts were used except for the
AlLLO, MOSFETs. Post metallization annealing
was performed at 450°C in an H,/N, ambient.

3. Results and discussion
3.1 Al,O, gate dielectrics

AL, O; exhibits a high thermal stability. If ni-
trogen could be readily incorporated, dopant
diffusion would be suppressed and any negative
fixed charge would be neutralized. In this sec-
tion, we investigate the effect of in-situ nitrogen
doping into Al,O,; using DMH, which is as an ac-
tive source of nitrogen.

Figure 1 shows the CV characteristics of an
AlL,O, MOS diode that is 3.5 nm thick. We cor-
rected experimental capacitance data using the
three-element model with a series resistance de-
termined by Vogel's method.?® The CV parameters
obtained by fitting a quantum mechanical simu-
lator to the calibrated data and setting a gate
leakage current of J, at V-1 V are shown in
Table 1. We also fabricated DMH-doped, nMOS
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Figure 1

CV characteristics of 40 ume= Al,O, MOS diode. Circles
show corrected capacitances obtained using the three-
element model. Solid line shows a simulated result that
accounts for quantum mechanical effects.

96

and pMOS versions of this 3.5 nm, AL,LO; MOS di-
ode. Compared to the non-DMH-doped diodes, the
EOT and hysteresis are slightly lower in the
NMOS and the pMOS, AV, is higher in the nMOS
and lower in the pMOS, and J, is higher in the
NMOS and the pMOS. The source/drain anneal-
ing conditions were 950°C for 10 s for pMOS and
1000°C for 5 s for nMOS. Changing the anneal-
ing temperature of the pMOS diode from 800°C
to 950°C made little difference to the work func-
tion difference between the polysilicon gate and
well. Nitrogen in silicon oxynitride induces a pos-
itive charge. Therefore, the decrease of AV, in
pMOS may be caused by the introduction of N to
the ALLO, film. Actually, N was distributed around
the Al,O,/Si-substrate interface with a peak den-
sity of about 0.5%. The opposite shift of AV, in
nMOS is not well understood. Since the precur-
sors include alkyl groups, other chemical reactants
may contribute to the shift and the increase of J,.

Figure 2 shows the 1,-V, characteristics of
AlLLO, MOSFETs with and without DMH doping.
Both types of MOSFETSs show a subthreshold slope
of 70 mV/decade. The I,4-V, of the Al,O; MOSFET
is unsymmetrical and is further shifted in the pos-
itive direction by DMH doping. The nMOSFET
shows a larger V4, shift, which corresponds to the
results of MOS diodes. Figure 3 shows the 1,-V,
characteristics. The DMH-doped Al,O; MOSFET
apparently shows a higher current drivability
(lysat [1on]) than that of the AlL,O, MOSFET, even
when the gate overdrive is taken into consideration.
Figure 4 shows the normalized transconductance

Table 1
CV parameters and leakage current of AL,O, MOS diodes
with and without DMH doping.

nMOS pMOS
ALO, DMI’;I;:jCc))z)ed ALO, DMi;jgz)ed
EOT (nm) 2.6 2.5 2.5 2.3
Hys. (V) 0.06 0.05 0.16 0.07
AV, (V) 0.42 0.47 0.23 0.17
Jg (Alcm?) 0.003 0.02 0.1 0.5
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Figure 2
I-V, characteristics of Al,O, MOSFETs with and without
dimethylhydrasin (DMH) doping. L/W = 0.35 pm/10 pm.
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1,-V,4 characteristics of Al,O; MOSFETs with and without
DMH doping. L/W = 0.35 pm/10 pm.

(g,,) -gate voltage relationship of the AlO,
MOSFET. The capacitive effective thickness (CET)
is defined as the C,,,, in the accumulation region of
the CV curve. We used a MOSFET with a SiON
gate dielectric as a reference. The difference in
normalized transconductance between Al,O, and
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Normalized g,,-V, characteristics of Al,O; MOSFETs with
and without DMH doping (L/W = 0.35 um/10 pm) and for
a reference MOSFET with a SiON gate dielectric.

the reference MOSFETSs is large. However, the
effect of DMH-doping into the Al,O, clearly con-
tributes to a mobility enhancement over the entire
range. Since it is well known that MOSFETSs with
Al,O, gate dielectrics show a lower effective mobil-
ity due to a large amount of ionized, scattered
particles near the lower interface of the high-k,?”
we also consider that this lower g,, is caused by
Coulomb scattering near the channel.

Figure 5 shows the energy dispersion of the
interface trap density, D;,, at the lower interface
of the high-k. To obtain D, we used the conduc-
tance method and the following relationship:2929

_2505g
PG Baum @)

The samples used were MOS diodes with a large
area of 160 umH to increase the signal-to-noise
ratio. The diodes were on the same wafer as the
MOSFETs. The DMH-doped Al,O; MOS diodes
show a lower D, in the whole range of p- and
n-types. The pMOS had a larger D;, because they
were subjected to a lower activation annealing
temperature (950°C) than the nMOS (1000°C).
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Energy dispersion of interface trap density (D,) of Al,O,
MOS diodes with and without DMH doping. Samples are
160 uma= and were fabricated on the same wafer as the
MOSFETs.

This temperature difference strongly affects the for-
mation of D;. A minimum D;, of 4 x 10 cm-2eV-!
was obtained in the DMH-doped Al,O, MOS di-
ode near the midgap, which is half of that obtained
in the Al,O, MOS diode. Since the DMH-doping
slightly decreases the EOT, interface layer growth
could be suppressed even with a nitrogen content
as low as 0.5%, which helps decrease the D,. Al-
though, as discussed previously, other causes can
be considered, this mobility enhancement and in-
crease of |, is attributed to DMH-doping into the
ALO,.

3.2 Ultra-thin HfO, gate stack

As far as J, is concerned, it is crucial that we
suppress chemical reactions between the polysil-
icon gate and high-k material, especially in an
ultra-thin gate stack. As is the case that the re-
action between ZrO, and polysilicon is well
understood, an HfO,/polysilicon interface also
shows area-dependent breakdown characteris-
tics.?® In addition to a base oxide of SiON, we
investigated the effect of a SiN insertion layer

98

70
nMOS split CV@100 kHz

60 [~ 50 um x 50 pm
50 | Teﬁinv =1.7nm

30
2.8 nm

20

Capacitance (pF)

10

Vg (V)

Figure 6

CV characteristics of nMOS diodes with SiN/HfO,/SiON
gate stacks in the inversion region. Areais 50 pme. Mea-
surement frequency was 100 kHz.

between the HfO, and polysilicon gate.

Figure 6 shows the CV characteristics in the
inversion region of SiN/HfO,/SiON gate stacks
having three different thicknesses. The decrease
of capacitance at higher gate voltages is due to
gate leakage; however, the inversion EOT, T,
was estimated to be 1.7 nm. This means that
after gate depletion and the inversion layer thick-
nesses have been factored in, we can expect to
achieve an EOT as small as 0.9 nm. Figure 7
shows the J,-T.«™ relationship for the SiN/HfO,/
SiON gate stacks. J, was defined as the leakage
current at V,= 1.2 V in the accumulation region.
A J, of less than 30 mA/cm? at 1.2 V was obtained
with a T™ of 1.7 nm. These devices have a J,
that is 5 to 6 orders of magnitude smaller than
that of a reference SiO, gate stack. We investi-
gated the effect of a SiN layer on the breakdown
voltage of V5. We prepared SiN/HfO,/SiON, HfO,/
SiON, and HfO,/SiO, gate stacks with, respective-
ly,a T 4™ of 2.4 nm, 2.5 nm, and 2.6 nm. The SiN/
HfO,/SiON gate stack showed a small distribution
and a Vg as high as -4 V, while the other two gate
stacks showed a very low Vg, of under -1.3 V. The
area dependence of the Vg, of the SiN/HfO,/SiON
gate stack was also quite small. These results
imply that the SiN layer on the HfO, completely
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J,-Te™ relationship of SiN/HfO,/SiON gate stack. J, was
defined as the leakage current at V,= 1.2 V in the accu-
mulation region. White circles are for nMOS, and black
circles are for pMOS. The dotted line shows the case for
SiO,.

suppressed the partial reaction between the HfO,
and the polysilicon gate. This phenomenon was
confirmed by AES analysis. In addition, we also
observed that the SiN top layer suppressed gate
dopant diffusion through the gate stack. There-
fore, the SiN/HfO,/SiON gate stack is a promising
technology for realizing ultra-thin, gate stacks in
65 nm nodes and beyond.

We now focus on the effects of the base oxide
on reliability and mobility. Figure 8 shows the
annealing temperature dependence of the time
dependent dielectric breakdown (TDDB) of n(MOS
diodes with SiN/HfO,/SiON and SiN/HfO,/SiO,
gate stacks for a 10-year lifetime. Both gate stacks
have a T 4™ of 2.6 nm. The figure shows that the
SiN/HfO,/SiON gate stack has an almost constant
V,of around 2.6 V when it is annealed at between
950°C and 1050°C. However, the V, of the SiN/
HfO,/SiO, gate stack decreases by 1 V as the an-
nealing temperature increases over the same
range. This indicates that the base oxide of SION
has a better thermal stability?® than SiO,, which
may strongly influence reliability. However, as
shown in Figure 9, from the point of view of ef-
fective mobility, the SiN/HfO,/SiON gate stack
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Annealing temperature dependence of time dependent
dielectric breakdown of nMOS diodes with SiN/HfO,/SiION
and SiN/HfO,/SiO, gate stacks.
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Effective mobility curves of nMOSFETs with a SiN/HfO,/
SiON gate stack and a SiN/HfO,/SiO, gate stack.

shows a lower mobility than the SiN/HfO,/SiO,.
This may be caused by a fixed charge that is in-
duced by N-doping into the SiO,. Itis well known
that N incorporation into the SiO, lowers the mo-
bility in SION and SiN gate stacks; therefore, this
difference may be due to the presence of nitrogen.

Figure 10 shows the characteristics of an
NMOSFET with an optimized SiN/HfO,/SiON gate
stack. An |, of 357 pA/um at L, of 0.35 pm was
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Figure 10

Characteristics of an nMOSFET with an optimized SiN/
HfO,/SION gate stack. The thick solid lines show I-V,,
thin solid lines show g,,-V,, and dotted lines show |-V,.

obtained with a T4™ of 1.7 nm. The gate leakage
current was very low, despite the small T(™. An
excellent subthreshold swing of 73 mV/decade
was also obtained.

3.3 Feasibility of using HfO, gate
dielectric MOSFET in low standby
power applications
From the practical point of view, high-k gate

dielectrics are expected to be used in low leakage
and LSTP applications. In this section, we show
the feasibility of a HfO, gate dielectric MOSFET
for LSTP applications whose L, is much lower than
has been reported so far.3® The HfO, thickness in
this experiment was 3 nm.

Figure 11 shows a cross-sectional SEM im-
age of a HfO, MOSFET with a 50 nm polysilicon
gate and Co-silicide. The extension and pocket im-
plant conditions were varied to facilitate the
removal of residual HfO, during the wet process.
From CV measurements, the gate depletion was
suppressed by increasing the activation annealing
temperature to 1000°C. The EOT of the HfO,
MOSFETSs was estimated to be 1.4 nm. Figure 12
compares the J,-V, characteristics of the HfO,
MOSFETSs in the inversion condition with a refer-
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Figure 11
Cross-sectional SEM image of HfO, MOSFET with 50 nm
polysilicon gate and Co-silicide contact.
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J4-V, characteristics of HfO, MOSFETSs in inversion con-
dition and a reference MOSFET with a SiO, gate oxide.
RTA was performed at 1025°C.

ence MOSFET having a SiO, gate oxide whose
thickness was nearly equal to that of the HfO,
MOSFETs. The J, of the HfO, MOSFETSs was de-
creased by as much as three orders of magnitude
due to the increase of permittivity. Figure 13
compares the 1,-V, characteristics of the HfO,
MOSFETs with L, of 300 nm and a reference
MOSFET having the same channel dose. V,, was
defined at an I, of 10-7 A/um for all samples. The
I, of the HfO, MOSFETSs in the off-state (l.q) is
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l-V, characteristics of HfO, MOSFETs with L, of 300 nm
and a reference MOSFET with the same channel dose.
RTA was performed at 1025°C.

less than 1 pA/um, which is 10000 times lower
than that of the SiO, reference. The SiO, refer-
ence has a high 1 because it has a high gate
leakage current. Therefore, the | 4 cannot be sup-
pressed by increasing the threshold voltage.

V., almost stays constant down to L, of
50 nm. Although the corresponding subthreshold
factor gradually rolls up to 100 mV/decade, short
channel effects in the nMOSFETSs were fairly well
suppressed even when the L, was reduced to
50 nm. The subthreshold factors of the pMOSFETSs
(95 to 100 mV/decade) were slightly larger than
those of the nMOSFETS, even at L, as high as
0.2 um. This difference can be considered to be
due to boron penetration through the HfO,. This
issue can be improved by introducing a thin SiN
layer as discussed in Section 3.2.

The 1,-V, characteristics of HfO, MOSFETs
with L, of 55 nm are shown in Figure 14. The V,,
was controlled by adjusting the channel doping
concentration. The I of 25 pA/um that was
achieved was slightly larger than that shown in
Figure 13, because the V,, was decreased by chan-
nel doping control and the subthreshold factor was
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l-V, characteristics of HfO, MOSFETs with L, of 55 nm
and HfO, of 3 nm.

increased. However, the | is still small, consid-
ering the value of EOT. We observed well-behaved
1,-V, characteristics in the HfO, MOSFETs with
asmall L, of 55 nm. An I, of 140 (110) pA/pm
and an |y of 25 (25) pA/um were obtained at
V,=Vy=12V. AT of 2.3 (2.9) nm and a J, of
2 x 10 (5 x 10*) A/lcm? for n(p)MOSFETs with a
3 nm-thick HfO, layer. Although I, was observed
to be relatively small, 1/l can be improved by
improving the mobility and suppressing boron
penetration as discussed in Section 3.2.

3.4 Thermal stability

CVD HfO, films tend to crystallize at a fair-
ly low temperature. Since Al,O, has a high
thermal stability, Al incorporation into HfO, can
be considered to increase the thermal stability in
addition to increasing the entropy. In this sec-
tion, we examine the thermal stability of Hf,Al, ,O,
using XRD and XTEM.

Figure 15 shows the tendency of crystalli-
zation in the range from the as-deposited
temperature (500°C) to 1050°C. Although the an-
nealing time and film stack structure are not
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Figure 15
Crystallization map of Hf,Al,,O, layers. The x-axis shows
the Hf content as the atomic percentage, and the anneal-
ing temperature is from the 500°C as-deposited tempera-
ture to 1050°C. White symbols indicate the amorphous
phase, and black symbols indicate the crystallized phase
as judged from XRD and XTEM. The gray diamond indi-
cates an ambiguous phase. Also:
 Circles indicate 10 nm, as-deposited layer.
e Diamonds indicate 4 nm layer annealed at 800°C
for 30 s.
e Squares indicate 10 nm layer annealed at 900°C
for 30 s.
« Black triangle indicates 10 nm layer annealed at
1000°C for 10 s.
* Hexagon indicates 4 nm layer annealed at 1050°C
for 60 s with polysilicon.
* White triangle is quoted from Ref.18).
e All samples except the as-deposited and quoted
samples were annealed in N, ambient.

unified, the degree of crystallization can be
grasped and the hatched area can be considered
to be crystallized. Even when the Hf content of x
is increased from O to 0.8, the Hf,Al,,O, stays
amorphous up to 800°C. Therefore, even an Al
incorporation of only about 10% by atomic per-
centage into HfO, increases its thermal stability
by 300°C.

We measured the gate leakage current and
accumulation capacitance of MOS capacitors with
a polysilicon gate and a 4 nm-thick Hf,Al,,O, (0 <
x < 1) layer. We found that the minimum leakage
current and the maximum capacitance was ob-
tained at x = 0.8. This suggests that even a small
amount of Al in Hf,Al,,O, suppresses the crystal-

102

lization that may cause leakage current and in-
creases the dielectric constant. This in turn
suggests that Hf-rich Hf,Al,,O, combines the
thermal-stability advantage of Al,O, and the
dielectric-constant advantage of HfO,, and is
therefore a potential candidate for 65 nm nodes
and beyond.

4, Summary
We reported on recent progress in high-k gate

dielectrics made of Al,O;, HfO,, and Hf,Al,_ O,

(0<x<1). Several types of MOSFETSs were fabri-

cated with a conventional CMOS process and then

evaluated. We obtained the following results:

1) Weinvestigated an Al,O, gate stack with and
without DMH-doping. A minimum D, of
4 x 10 cm~2eV-! was obtained near the mid-
gap in a DMH-doped Al,O, MOS diode, which
is half that obtained in a non-DMH-doped
ALLO, MOS diode. Also, DMH-doping into
AlL,O; provided a mobility enhancement and
an increase of I ;.

2) We found that a top SiN layer greatly helps
to suppress HfO,/polysilicon reaction and
dopant diffusion. The base oxide of the SiON
also helps to improve the reliability and ther-
mal stability of the gate stack. We fabricated
an nMOSFET with a SiN/HfO,/SiON gate
stack having a T 4™ of 1.7 nm that shows an
lysar OF 357 pA/um at L, of 0.35 pm. This SiN/
HfO,/SION gate stack is a promising tech-
nology for realizing ultra-thin, gate stacks in
65 nm nodes and beyond.

3) A 55 nm CMOS with a 3 nm HfO, gate di-
electric was fabricated using a conventional
process flow with high-temperature anneal-
ing at > 1000°C and a cobalt silicide. The J,
was decreased by more than three orders of
magnitude, and a low | ; was obtained. These
results show that HfO, is very promising for
low-standby power applications.

4) We investigated the thermal stability of
Hf,Al,,O, by varying the annealing temper-
ature and the Hf content of x. Within the

FUJITSU Sci. Tech. J., 39,1,(June 2003)
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range 0<x<0.8, Hf,Al, O, stayed amorphous
up to 800°C, which is at least 300°C higher
than the corresponding temperature for
HfO,.
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