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Lateral heating processing of SiO,/Si samples can reduce the tunneling current of SiO, by 5 orders
of magnitude with very good reproducibility. There is a strong correlation between the flatband
voltage shift of metal-oxide-semiconductor capacitors and the tunneling current reduction.
Analysis of the flatband voltage shift suggests that origin of the tunneling current reduction
after lateral heating is caused by the structure change of Si, most likely tensor strained Si, near the
SiO,/Si interface. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4709418]

HfO, based high-k gate oxide stack is used in compli-
mentary metal-oxide-semiconductor (MOS) technology-
based integrated circuits. An interfacial SiO, layer is used
between HfO, and silicon to assure high-quality insulator/sil-
icon interface."” Therefore, improving both the SiO, layer
and the SiO,/Si interface is very important for the high-k
gate oxide stacks. In the past, we reported observation of
phonon-energy coupling enhancement induced by rapid ther-
mal processing (RTP) of the SiO,/Si using infrared spectros-
copy.”® Large tunneling current reduction (~5 orders of
magnitude) across SiO, (2-3nm thick) was also observed
accompanying the phonon energy coupling enhancement.™*

However, we could only reproduce leakage current
reduction of 2-3 orders of magnitude for SiO, and silicon
oxynitride.”™” It was very difficult to reproduce the best
results (4-5 orders). In addition, how could phonon-energy
coupling enhancement cause the tunneling current reduc-
tion? It is of critical importance to understand what causes
the reduction of tunneling current from the material structure
point of view. In this Letter, we report a sample heating pro-
cess by which much better results can be obtained reproduci-
bly, and then study the material structure through electrical
characterization.

We designed two approaches for realizing lateral heat-
ing process (LHP). The first one was a sandwich structure to
heat the sample laterally as shown in Fig. 1(a). The substrate
holder (4 in. Si wafer) was much larger than the sample
(~1x0.5 inz.) and the radiation blocker that was just
slightly larger than the sample. The bottom supporter was
much larger than the top supporter. The second one was to
modify the conventional RTP equipment by turning off the
top lamps (See Fig. 2(b)). In these setups, the samples were
completely isolated from the light radiation. Because the
heat generation was dependent on the area exposed to light,
most heat was generated in the substrate holder, because it is
large. The heat flows from the substrate holder to the sample.
In this arrangement, the heat flows laterally from the contact
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area to the edge and material structure change due to thermal
stress is maximized.

Si (100) 2-in. wafers were prepared using conventional
Radio Corporation of America (RCA) cleaning. The wafers
were loaded in furnace at 900 °C and oxidized at 900 °C in
N, with 6% O, for ~20s to obtain a SiO, film of ~22 A.
After oxidation, wafers were cut into quater pieces. Some
pieces were used as control samples without further process-
ing and other pieces were subjected to the LHP processing in
the above setups at 1050-1080 °C in helium containing
200-300 ppm O,. After processing, Ni gate MOS capacitors
were fabricated using a bi-layer resist lift-off process as
described in Refs. 6 and 7.

Capacitance-voltage (C-V) measurements were carried
out on the control and LHP-processed samples (See Fig. 2(a)).
There was no hysteresis observed in C-V curves. Berkeley
quantum simulator was used for C-V simulation to fit the ex-
perimental C-V data to obtain the oxide thickness and the flat-
band voltage. The current-voltage (I-V) measurements were
also carried out on the same control and LHP samples. The
control oxide of 2.2 nm exhibits a leakage (tunneling) current
density of 6 x 107" A/fem 2 at V-Vgg =1V, where the flat-
band voltage (Vgg) is 0.86 V (see Fig. 2). LHP processes were
carried out at 1050-1080°C for 45 s in ~200-300 ppm O, in
the setting shown in Figures 1(a) and 1(b). Most good results
were from devices in the hanging areas of the processed sam-
ples. The most striking finding is that there is a strong corre-
lation between the faltband voltage (Vip) shift and the
tunneling current reduction. From Figure 2(a), it can be
found that the flatband voltage is shifted toward left after lat-
eral heating, comparing with the control sample. The corre-
sponding tunneling current is shown in Figure 2(b). The more
flatband voltage shift, the lower tunneling current the MOS
capacitor exhibits (see Fig. 2). After Vgg was shifted by
0.86V, the leakage current density of SiO, at V-Vgg =1V
(Vig =0V) becomes 2 x 1077 A/cm?, which is 6.5 orders of
magnitude reduction comparing with the control oxide (see
Fig. 2(b)). However, the oxide thickness was increased by 3 A
after the LHP processing, corresponding to 1.5 orders of mag-
nitude reduction due to the thickness increase. Therefore, we
reproducibly demonstrate using the LHP process that the leak-
age current of SiO, can be reduced by 5 orders of magnitude
(10°%).

© 2012 American Institute of Physics
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FIG. 1. (a) In a RTP chamber, a sandwich structure for lateral heating of a sample was used, where radiation from the top was blocked out. (b) The RTP equip-
ment was modified for lateral heating of a sample by turning off the radiation from the top lamps. In both cases, there is no direct radiation on the sample, and
the sample was heated by heat flows from the substrate holder. Most good results were from the hanging areas not from the contact area.

Using electrical characterization and modeling, we are
able to study the interfacial material structure change. The
flatband voltage can be described by the following
equation:®

e))

Qi 1 JT"* x

N d
. . Toxp(X) X,

Vig = Oys — C

where q®ys =q®y — qPs is the work-function difference
between the gate metal (Ni) and silicon; Q;, is the interface
trap charges; C,y is the oxide capacitance per unit area; T,y
is the oxide thickness, and p(x) is the oxide charge, which
may be distributed along the thickness of the oxide.
According to Eq. (1), there are only two factors that
affect the flatband voltage Vgg. One is the charges inside the
gate oxide p(x) and at the interface Q;;, and the other one is
the work-function difference q®ys=q®dy —qPs. Is there
any possibility that the charges p(x) were introduced into the
samples due to contamination or repairing oxygen vacancies
by reoxidation after LHP? Let us first exam contamination
by studying samples processed in the LHP setting in Fig.
1(b). We exam C-V curves at two locations on the same sam-
ple, the hanging area and the contact area (see Fig. 1(b)),
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after the LHP process. Figure 3(a) shows that Vgg of the
MOS capacitors at the contact area (near the center of the
sample) has no shift, i.e., it is the same as that (0.86 V) of the
control sample (also see Figure 2(a)), while that in the hang-
ing area has a large shift (—0.86V), because Vgg became
zero after the shift. It should be noted that these happened on
the same sample subjected to the same process in the same
chamber at the same time (see Fig. 1(b)). If the flatband volt-
age shift were caused by charges introduced due to contami-
nation during the process, there would have been charges
everywhere on the sample, so that the flatband voltage in
both hanging and contact areas would have shifted. How-
ever, comparing with the control sample, there is no flatband
voltage shift in the contact area, but a large shift in the hang-
ing areas (see Fig. 3(a)). Thus, samples were not contami-
nated. Then, let us consider the possibility for repairing
oxygen vacancies by reoxidation because in the hanging part
the oxide is 2 A thicker than that in the contact area (see Fig.
3(a)). It is well known that for ultrathin SiO, thin film
(<3 nm), there are few oxygen vacancies or little bulk oxide
charge. In addition, oxygen vacancies exhibit positive
charges. After repairing oxygen vacancies, positive charges
in the oxide would have been reduced, so that the flatband
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FIG. 2. (a) Experimental (dots) and simulated (lines) C-V curves of the Ni/SiO,/n-Si MOS capacitors in the hanging areas of samples before (control) and after
lateral heating. Sample S1 was processed at 1050 °C for 10s in helium containing ~300 ppm O in the setting in Fig. 1(a). Sample S2 was processed at 1070
°C for 10 in helium containing ~250 ppm O, in the setting in Fig. 1(a). Sample S3 was processed at 1050 °C for 45 s in Helium containing ~200 ppm O, in
the setting in Fig. 1(b). Three devices (A B ) in each processed sample and two devices (A ) in the control sample were tested for repeatability. Berkeley
quantum simulator was used for C-V simulation. (b) I-V curves of the same Ni/SiO,/n-Si MOS capacitors as shown in (a). The marked current is obtained at

Vo=Vig+1V.
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voltage would have shifted toward the right hand side in
Fig. 3(a) after LHP. However, this is opposite to our result in
Fig. 3(a). Therefore, charges inside the oxide p(x) are 0.

Is it possible that the flatband-voltage shift was caused by
the interface trap charges Q;;? From the Figures 2(a) and 3(a),
it can be found that the C-V curves after LHP still remain in
good shape, which is very similar to that of the control sam-
ple. Therefore, the interface quality of the samples remains
the same after LHP. For a regular quality SiO, (the control
sample), its interface trap density N, is ~2 x 10'°cm ™2 and
thus its interface charges Q;;=qN; is 1.6 X 107° cm™2
Therefore, the flatband-voltage shift caused by Q itself is
given by

AVppiy = — git

~—1.3x 107°V. )

ox

It is only 1.3 mV, which can be ignored, comparing with the
large shift due to the process.

If Vg shift is not caused by charges, there is only one pos-
sibility, i.e., the work-function difference, q®@ys = q@y — qPs,
has been changed after LHP process. Because the metal gate
(Ni) was deposited on SiO, after the LHP process, the metal
work function q®y; does not change. Therefore, it must be the
silicon work function ®@g that has changed after the LHP pro-
cess. Therefore, for ultrathin SiO, without contamination, the
flatband voltage can be expresses as

Vip = Oys = Oy — Os. 3
We can use the experimental data to verify Eq. (3). For our
control sample as shown in Figure 2(a), Vgg =0.86 V. The
work function of Ni metal q®y; is ~5.15eV. The Si work
function is dependent on the location of Fermi level (dop-
ing). Our control Si was n-type Si with a doping level of
1.5 x 10" cm™2. The energy from the Fermi level to the con-
duction band edge is Ec — Eg =~ 0.25¢eV. Therefore, for our
control Si sample, q®s=qy + (Ec — Eg), where qy is the
electron affinity of Si, which is ~4.05eV. This results in
qds ~ 4.30eV. Finally, Vpg =Opys =Dy — D5 = 0.85V,
which is in agreement with our experimental value, 0.86 V.
From Eq. (3), it is clearly seen that q®g must have been
changed after the LHP process. Because the flatband voltage
was shifted toward negative direction (see Figs. 2(a) and
3(a)), according to Eq. (3), q®s must have increased, so that

the conduction band E,. of Si is decreased (see Fig. 4). In order
to understand the valence band, we also studied C-V curves of
MOS capacitors based on p-Si after LHP process.,® because
the Fermi level of p-Si is more close to valence band edge
(Ey). From our experiments, there was no flatband voltage
shift for C-V curves on p-type Si after LHP.® Therefore, the
valence band is not changed after LHP. This is illustrated
schematically in Figure 4. It is clear that the energy band gap
of Si has to be decreased (see Fig. 4). Because of the conduc-
tion band edge (E.)of Si is decreased, the energy barrier
between SiO, and Si (AE,) is increased so that the tunneling
barrier is increased, resulting in tunneling current
reduction!

In the above analysis (See Eq. (3)), no SiO, parameters
are involved in. Therefore, the observed phenomena have
nothing to do with SiO,. Therefore, it can be inferred that
the structure of Si was changed because the Si work function
q®s was changed after LHP. It is unlikely that the crystal
structure of the entire Si substrate was changed after LHP.
We carried out regular x-ray diffraction analysis of the sam-
ples and found no difference between the control sample and
the LHP processed sample. Therefore, it is likely that the Si
structure near the SiO,/Si interface has changed after LHP.
There are several reports about formation of strained Si near
the SiO,/Si interface after thermal oxidation in furnace.”™'?
It was suggested that the tensor strained Si near the SiO,/Si
interface was caused by the compress stress in the transistion

Vacuum Level

. qds
qdm AE¢ ‘
=
Ef—-'-- Ey'
Interfacial | bulk
Ni | SiD, AEy Si

FIG. 4. Schematic band structure of a Ni-gate MOS capacitor after high
temperature lateral heating processing, where Si structure at the interfacial
region is changed due to strain or stress.
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layer in SiO, near the interface.” In the transition layer, the
SiO, network is believed to be compressed due to a large
volume expansion upon oxidation.'*'* The Si lattice distor-
tion at the SiO,/Si interface can propagate more than 2 nm
from the interface.” In our early report,” the transmission
electron microscope (TEM) image (Figure 2 in Ref. 5)
clearly showed that the silicon structure was different near
the SiO,/Si interface after processing. At that time, we did
not have LHP and the sample was processed in RTP, where
the structure change could be much less than what we have
now. The results in the above Refs. 9-14 and the TEM image
in Ref. 5 suggest that it is possible to induce a strained Si
layer near the SiO,/Si interface by thermal process. It should
be noted that in the above Refs. 9—14, oxidation was carried
out in furnace, where the slow cooling process may relax
most of the stress, so that only limited strain in Si occurs. In
RTP and LHP, rapid cooling may preserve most of the stress
and more strain in Si may be induced.
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