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Interfacial layers between the high-k dielectric and Si surface have a very important role to play in
the achievement of high electron mobilities required in the next generations of high performance
silicon technologies. W/HfO, gate stacks formed on SiO,/SiON interfacial layers subjected to
various process conditions were characterized by electrical measurements such as electron mobility,
inversion layer thickness, and leakage reduction with respect to standard SiO, technology. The
required high electron mobilities were obtained only when the W/HfO, gate stack was annealed at
high temperature. Electrical data and physical analysis of the stack suggest intermixing of the HfO,
with the interfacial layer and formation of a silicate layer which may lessen the effects of phonon
scattering. Densification of the interfacial layer by spike annealing or interfacial layer stabilization
by nitrogen plasma inhibits such reactions and lower electron mobilities were obtained. Also, no
electrical performance advantages are seen by thinning the HfO, down to 1.5 nm. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2163980]

I. INTRODUCTION

Electron mobility degradation remains one of the main
obstacles to implementing metal/high-k dielectric in comple-
mentary metal oxide semiconductor technology.'_3 Remote
phonon scattering4 and remote charge scattering5 have been
predicted to severely degrade mobility in n-type metal-oxide-
semiconductor devices fabricated with high-k materials, es-
pecially for HfO,. Here, we review some of the work done
on W/HfO, gate stacks. We show how mobility is largely
dependent on interfacial layer preparation and stack anneal-
ing temperature. A high temperature anneal was found to be
necessary to achieve high electron mobility on W/HfO, gate
stacks. At the same time interfacial layer preparation has a
critical role to play in the achievement of these high peak
electron mobilities. A reaction between the HfO, and inter-
facial layer rather than interfacial layer regrowth appears to
be the main reason for mobility enhancement. Also, thinning
of the HfO, to about 1.5 nm did not yield to any electrical
improvement.

For all these stacks, independently of mobility, charge
trapping was low®™® giving less than 40 mV shift at a stress
voltage of 1.5 V for an extrapolated time of ten years. This
topic will not be covered here. Mostly, we will review
process-electrical data and their relation to electron mobility.
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Il. EXPERIMENT

W/HfO, (W~30nm and HfO,~25 nm) gate stacks
were formed by metalorganic chemical vapor deposition on
thin (~1 nm) SiO,/SiON interfacial layers on bulk Si sub-
strates. N-type field effect transistors (N-FETs) were fabri-
cated by using a simple non self-aligned gate process2 to
decouple the influence of process integration on mobility;
20X5 um?> FETs with channel doping of ~4
X 10" boron/cm® were used for this study. The inversion
charge used in mobility measurement was determined by us-
ing the split capacitance-voltage method. The FETs were
characterized by measuring electron mobilities, inversion
layer thickness (7},,), and leakage reduction by the current-
voltage method and compared to a SiON base line.

lll. TEMPERATURE ANNEALING OF GATE STACK

In this first set of experiments, N-FETs were fabricated
using a W/HfO,/Si0, stack. The stack was then annealed at
different temperatures ranging from 400 to 1000 °C fol-
lowed by a 450 °C forming gas anneal. Electrical data are
summarized in the three charts in Fig. 1. In the first chart (a),
peak mobilities as a function of annealing temperature are
compared against a poly-Si reference at about the same
T;,y(~2 nm). Electron mobilities are found to increase with
annealing temperature.9 At the highest annealing temperature
the peak mobility degradation is about 8% when compared
with poly-Si. At high field (~1 MV/cm) no electron mobil-
ity degradation was found.” The second chart [Fig. 1(b)]
shows that the inversion layer thickness increases with an-
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FIG. 1. (a) Electron mobility, (b) inversion layer thickness, and (c) leakage reduction charts of a W(=20 wm) X L(=5 um) N-FET as a function of annealing

temperature. Gate stack is W/HfO,/SiO,.

nealing temperature. So, at a first glance, it appears that in-
terfacial layer regrowth may be responsible for the higher
electron mobilitie@ observed at higher annealing
temperature % However, this conclusion appears to be in-
consistent with the third chart (c) which shows that leakage
reduction also decreases with increasing annealing tempera-
ture, suggesting that a reaction is occurring between the
HfO, and the thin SiO, interfacial layer. Hf was found to
diffuse in the interfacial layer by electron energy loss spec-
troscopy on similar stacks.” Also, our “ab initio” calculations
are consistent with silicate formation at the interface.”'"'?
This is shown in Fig. 2. In the center, the dielectric constant
of HfOS:i is plotted against the Hf content.'" At low Hf con-
tent (left side) a stable SiO, structure with Hf embedded is
formed and at high Hf content (right side) the stable structure
is HfO, with Si embedded.'” Thus, as a result of a high
annealing temperature a stable, low Hf content, interfacial
HfSiO layer may form on the Si surface.

This silicate formation may reduce the effect of
phonon scattering4 and enable higher electron mobilities.
Furthermore, a reduction of interface states (~5

(x)Si(1-x)0O,
x=.25

X 10'0 charges/cm?) was found after annealing the stack at
high temperature, which is also consistent with the higher
mobility values.” interface states alone (~2
X 10! charges/cm?) are insufficient to explain the strong
peak mobility degradation (~100 cm?/V's) exhibited by
stacks which received only low annealing temperatures.9 At
low annealing temperatures interfacial silicates may not

However,

form. Phonon scattering or remote charge scattering rather
than interface explain  mobility
deg_gradation.“’5 Also, clusters of Hf atoms were found to pro-
trude into the interfacial SiO, layer in a TiN/HfO,/SiO,
gate stack annealed at 900 °C, possibly increasing the appar-
ent permittivity of this interfacial layer compared to a pure
Si0, layer13 consistent with our data.

In other Work,14 Hf diffusion was not claimed in a
TiN/HfO,/Si0, gate stack. In that case, a Si-rich SiO, layer
forms on the Si surface after annealing but this appears to be
inconsistent with high mobilities obtained after high tem-
perature annealing since fixed charges in the stacks should

states may Dbetter

Hf(x)Si(1-x)O
X=(D

at.% Hf relative to Si

FIG. 2. (Color) Hf silicate structures which may form after a high temperature annealing of W/HfO,/SiO,. Center is a plot of silicate dielectric constant as
a function of Hf at. % relative to Si (see Ref. 11). At low Hf content the silicate structure is a SiO, matrix with Hf embedded (left). At high Hf content the
silicate structure is a HfO, matrix with Si embedded (right).
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increase. Thus, Hf diffusion in the SiO, layer for

TiN/HfO,/Si0, gate stacks still appears to be an open ques-
tion.

It may also be speculated that the reduction in leakage
reduction with temperature is due to an increased HfO, crys-
tallinity [Fig. 1(c)], thus, enhancing leakage paths through
the grain boundaries. But this, as it will be shown below, is
not consistent with the effect of high temperature processes
in which the HfO, and interfacial layer reactions were inhib-
ited and leakage reduction was preserved despite high-k
grain growth.

IV. SPIKE ANNEAL OF INTERFACIAL LAYER

To better understand the relation between the HfO, and
interfacial layer on electron mobility, an experiment was per-
formed where the interfacial layer only was spike annealed at
1100 °C before HfO, deposition.15 This was compared with
a monitor wafer which did not receive the spike anneal. The
spike anneal should improve interfacial layer and therefore
the gate stack electrical propelrties.15 The interfacial layer
was SiO, about 1.3 nm thick and it was lightly nitridized.

The electrical-process summary is shown in Figs. 3 and
4. In experiment 1 (Ex1) the interfacial layer was not spike
annealed, in experiment 2 (Ex2) it was spike annealed. Low
T1 and T2 refer to temperatures of 700 and 800 °C, respec-
tively, and high 7 to 1000 °C. At low stack annealing tem-
peratures peak mobilities are severely degraded [Fig. 3(a)] as
stated above. Only after the stack is annealed at about
1000 °C is a large mobility improvement observed. There is
no difference in peak mobility for Ex]1 when compared with
Ex2 at low annealing temperatures. Only after annealing the
whole stack at high temperature are significant differences
observed. The sample in which the interfacial layer was
spike annealed showed a 28% degradation in peak mobility.
T,,, increased from 2.0 to 2.4 nm after annealing, identically
for both Ex1 and Ex2, indicating that interfacial layer re-
growth was the same for both experiments [Fig. 3(b)]. This
again shows that in addition to any regrowth, there must be
some reaction at the HfO,/SiON interface which is respon-
sible for the differences in electron mobility. Leakage reduc-
tion compared to a poly-SiON reference also follows the
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FIG. 3. (a) Electron mobility, (b) in-
version layer thickness, and (c)
leakage reduction charts of a
W(=20 um)XL(=5 um) N-FET as a
function of annealing temperature;
Gate stack is W/HfO,/SiON. In Ex2
the SiON layer was spike annealed at
1100 °C, in Exl the SiON was not
spike annealed.
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same pattern as described above. As the annealing tempera-
ture increases, leakage reduction decreases [Fig. 3(c)].

Contrary to our expectations, peak mobility was found to
be degraded when compared with a monitor where the inter-
facial layer was not spike annealed.”” We suggest that a
denser and less reactive interfacial layer is formed after spike
annealing which limits the intermixing with the HfO, and
therefore the formation of the silicate layer.

To complete the electrical-process matrix threshold volt-
ages and subthreshold slopes are shown in Figs. 4(a) and
4(b), respectively. Note that V¢ decreases for both Ex1 and
Ex2 with annealing temperature. In general, in Ex2 threshold
voltages are higher than in Ex1. At low annealing tempera-
tures, Vt appears to be higher for Ex2 than for Ex1, suggest-
ing that the differences in Vr shifts between the two experi-
ments are due to charges located at the HfO, bottom
interfaces since the W/HfO, is the same in both cases.

Similarly, at high annealing temperature, V¢ decreases in
both experiments. Again, the V¢ shift appears associated with
the bottom interfaces (HfO,/SiON and/or SiON/Si) since
the subthreshold slopes are also decreasing with annealing
temperature indicating a reduction of interface states. Both
Vt and subthreshold slope are higher for Ex2 than for Exl
suggesting again that the reaction between the HfO, and the
interfacial layer is inhibited by the spike anneal of the inter-
facial layer. It should be noted that if the mobility degrada-
tion shown in Fig. 3 (Ex2) after 1000 °C anneal is due to
charge, this charge must be located at the SiO,/Si or
HfO,/Si0, interface since the W/HfO, was deposited in
similar fashion on both Ex1 and Ex2. This charge is also
responsible for the higher Vi~0.95 V observed for Ex2
when compared with Ex1 (Vi~0.8 V) after 1000 °C anneal
(Fig. 4). Thus, attempts to use unpassivated and/or fixed
charges to modulate threshold voltages can lead to significant
mobility degradation. Here, charges in the HfO, appear not
to affect mobility.

V. PLASMA NITRIDATION OF INTERFACIAL LAYER

In this section we show again the importance of the
preparation of the interfacial layer on electron mobilities. We
will also demonstrate that thinning the HfO, to about 1.5 nm



023709-4 Callegari et al.

Vi(V)

0.00]

Ex1_Low T2

Ex1_LowT1
Ex1_High T
Ex2_LowT1
Ex2_LowT2
Ex2_High T

Experiment

(b)

Sub. Thres. slope (mV/dec)

.

§
.
.

Ex2_LowT2

Ex1_LowT1
Ex1_Low T2
Ex1_High T
Ex2_LowT1
Ex2_High T

Experiment

FIG. 4. (a) Threshold voltage and (b) subthreshold slopes charts of a
W (=20 wm) X L(=5 um) N-FET as a function of annealing temperature.
Gate stack is W/HfO,/SiON. In Ex2 the SiON layer was spike annealed at
1100 °C, in Ex1 the SiON was not spike annealed.
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does not produce any electrical performance gain. Here, we
compare the results of a large process matrix in which only
the SiO, and the SiON interfacial layers have been plasma
nitridized (PN) using a remote low power radio frequency
(rf) plasma. Process conditions are labeled 1 PN, 2 PN,
3_PN, and 4_PN and shown in Fig. 5(a). The HfO, oxide was
not nitridized. Electrical-process results are summarized in
Fig. 5.

Two HfO, thicknesses, 1.5 and 2.5 nm, were investi-
gated. All the samples shown in Fig. 5 were annealed at
1000 °C. The electron mobility chart shows that all the in-
terfacial layers which received PN conditions have reduced
peak electron mobilities of about 100 cm?/V s despite the
high temperature anneal. Only the interfacial layers which
did not receive PN (No N_15 A HfO and No N_25 A HfO)
have peak mobilities above 200 cm?/V s with the thinnest
HfO, sample being ~10% degraded. The 0.4—0.5 nm inter-
facial layer regrowth seen in the previous sections is not
observed for most of the plasma nitrided interfacial layers
[Fig. 5(b)]. Also, there is no gain in T}, by thinning the HfO,
to 1.5 nm. T},, could not be scaled below ~1.5 nm for both
HfO, thicknesses for the processes used here. For the
PN_25 A HfO samples, leakage reduction is about 100X
higher when compared with PN_15 A HfO samples [Fig.
5(c)].

Thus, there is not much improvement in 7;,, or electron
mobility by thinning the HfO, below 2.5 nm. Also, leakage
reduction is much worse for the thin 1.5 nm HfO, film.
Likely, thin HfO, films may not be continuous and therefore
may exhibit poor electrical properties.

We conclude that stabilization of the interfacial layer by
plasma nitridization inhibits the reaction between HfO, and
interfacial layer, preserving low mobility, preventing interfa-
cial layer regrowth, and maintaining higher leakage reduc-
tion. Note that after high temperature annealing, leakage re-
duction is much higher for interfacial layers which received
PN compared with interfacial layers which did not receive
PN [Figs. 1(c) and Fig. 5(c)]. Since the HfO, film and likely
grain formation should be the same in both experiments, the
difference in leakage reduction at high annealing temperature
is probably related to different stack interfacial compositions
and not to leakage paths through grain boundaries.

1000

(©)

FIG. 5. (a) Electron mobility, (b) in-
version layer thickness, and (c)
leakage reduction charts of a
W(=20 pm)XL(=5 um) N-FET as a
function of plasma nitridation process
on different interfacial layers as shown
in (a). The gate stack was annealed at

AL

1000 °C. Data are shown for two dif-

ferent HfO, thicknesses, 1.5 and
2.5 nm.
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VI. SUMMARY

In summary, electron mobility degradation in W/HfO,
gate stacks is largely dependent on interfacial layer forma-
tion on the Si surface. A reaction between the interfacial
layer and the HfO, and the formation of a silicate layer ad-
jacent to the Si surface after high temperature annealing can
explain the high electron mobilities. This silicate layer may
lessen the effect of phonon scattering, thus enabling high
electron mobility. If such a reaction is inhibited by stabilizing
the interfacial layer by spike anneal or by plasma nitridation,
degraded electron mobilities are obtained.
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