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1. Introduction

Recently, the substitution of conventional Si0, with a high-
dielectric-constant thin film as the gate dielectrics for sub-0.1
# m MOSFETs has received extensive attention from the
viewpoint of gate leakage current. One of the most promising
candidates for the replacement of 8i0, is ZrO, [1].

Recently, in view of film uniformity, thickness control ca-
pability and low thermal budget, the application of self-limit-
ing atomic-layer deposition (ALD) is accelerating in the fab-
rication of various gate dielectrics [2]. For the ALD of ZrO
gate dielectrics, the alternating exposure of ZrCl, and H,
gases has most commonly been applied to date [3]. However,
in the ALD using the source gases, Zr0O, shows island-like
growth when deposited directly on Si [3] and has a risk of Cl
contamination and particle adhesion to the substrate surface.
Zirconium tertiary-butoxide [Zr(z-OC H,),, ZTB] is one of the
alternative Zr precursors with the hiéhest vapor pressure, al-
lowing evaporation at low temperatures. Although the ALD
'0f ZrO, using ZTB was reported in the thick region (>250nm)
[4], in the ultrathin region no report has been published.

On the other hand, it is well known that a chemical reac-
tion between ZrO, and the Si substrate occurs during film depo-
sition in oxygen ambient or oxygen-containing source gas
ambient [3,5]. The growth of the interfacial oxide layer in-
creases equivalent oxide thickness (EOT). To prevent this
growth, it is efficient to form a thin barrier layer for oxygen
indiffusion. In this study, we have formed an ultrathin Zr0,
layer by ALD using ZTB and H,O as source gases. We have
also formed an ultrathin Si nitridé layer by ALD between ZrO,
and the Si substrate and found that it acts as an effective bar-
rier against oxygen indiffusion.

2. Experiments

The ALD of ZrO, layers was carried out by alternately sup-
plying ZTB and H o} gases on p-type Si (100) wafers (~100)
* cm). The Si surfaces were terminated with hydrogen in a
0.5 % HF solution to suppress native oxidation before the ALD.
ZTB exposure followed by H,0 exposure was cyclically re-
peated 2-15 times at the substrate temperature of 200 °C. The
H,O exposure time was 60 s. The vapor pressures of ZTB and
H,0 during the deposition were controlled to 0.04 and 0.13-
1.05 kPa, respectively. Just after the ALD, in situ N, annealing
was carried out for 5 min at 400 °C. In the ALD-ZrO_/ALD-
Si-nitride stack structure, about 0.5-nm-thick Si nitride was
deposited by the ALD process using SiCl , and NH, gases [2].
3. Results

Self-limiting properties of the film growth was confirmed
with ZTB exposure time (Fig.1).

A saturated film thickness of about 2.5 nm was achieved at
5 deposition cycles with vapor pressure of H,0 from around
0.1 to 1.05 kPa (Fig.2), which is consistent with the result for
ZTB exposure time of 60 s shown in Fig.1.

The deposited thickness is in linear relation with the num-
ber of deposition cycles though some offset thickness occurred
(Fig.3). This offset thickness is about 1.5 nm and is consid-
ered to be due to the presence of the interfacial oxidized Si
layer. From the slope of the linear line in the figure, the growth
rate is estimated to be about 0.1-0.3 nm/cycle. One monolayer
of amorphous ZrO, is estimated to be ~0.2 nm thick since the

Zr-O distance is obtained to be 0.22 nm from the ionic radius
[6]. Therefore, it is likely that the layer-by-layer growth of
ZrQO, takes place in our experiment.

XPS spectra [Fig.4(a)] shows a strong signature of typical
ZrO, bonding. Zr peak energies(182.3 and 184.7eV) coincide
with those of Zr-O bond [7]. The Si2p peak at 102.4 eV indi-
cates the existence of Si-O bonds in the interfacial layer. The
separation between oxidized and unoxidized Si signals is 2.9
eV [Fig.4(b)], which is lower than the ~4 eV measured for
SiO, on Si [5]. This indicates that the interfacial Si oxide is
substoichiometric.

A high-resolution cross-sectional TEM micrograph shows
[Fig.5(2)] that ALD ZrO, has an amorphous structure even
after annealing at 400 °C. Uniform thickness of ALD ZrO, is
observed. The thickness of the interfacial layer is observed to
be ~1.2 nm by TEM. Figure 5(b) shows the ALD-ZrO,/ALD-
Si-nitride stack structure. In this sample, annealing at 850 °C
for 3 min in N, ambient was added to 400 °C annealing. A
noteworthy feature is that a smooth interface was observed
between the ZrO, and Si nitride layers. The growth of the in-
terfacial Si oxide layer is observed to be suppressed. This is
understood from the fact that the thickness of the interfacial
amorphous layer (~0.5 nm) coincides with that of the initially
deposited ALD Si nitride.

Figure 6 shows the C-V curve of an AI/ALD-ZrO,/ALD-
Si-nitride capacitor measured at 20 kHz. The EOT of the stack
dielectrics is obtained to be 1.8 nm from the accumulation
capacitance (at -2.0 V) and the physical thickness observed
from TEM (T wy —4.7 nm) of the stack film. T, consists of the
Zr0, layer (’1"’hlr =4.2 nm) and the underlying Si nitride layer
(T,, =05 nm. Taking these T ,. values into account, the £,
value of the ALD ZrO, layer is obtained to be 11.

4. Conclusions

In summary, ultrathin ZrO, films were successfully formed
by alternately supplying ZTB and H,O gases for the first time.
Self-limiting properties of film growrfh with ZTB exposure time
and H,0 vapor pressure were achieved at the growth tempera-
ture of 200 °C. TEM observation showed that the Si nitride
barrier layer successfully suppressed the formation of the Si
oxide interfacial layer.
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Figure I Dependence of the ALD ZrO, film thickness on the ZTB
exposure times after 5 deposition cycles. Vapor pressure of H,O was
0.70 kPa. The film thickness was measured by ellipsometry, under
the assumption that the refractive index of ZrO, was 2.05.
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Figure 2 Dependence of the ALD ZrO, film thickness on the H,O
vapor pressure after 5 deposition cycles. ZTB exposure time was 60
s,
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Figure 4 X-ray photoelectron spectroscopy (XPS) spectra of the (a)
Zr3d and (b) Si2p core levels for the ALD ZrQ,. Number of deposi-
tion cycles was 5. ZTB exposure time was 60 s. H,O vapor pressure
was 0.70 kPa. Take-off angle was 90°.
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Figure 3 Thickness of ALD ZrO, versus number of deposition cycles.
The thickness of ZrO, was measured by ellipsometry. ZTB exposure
time was 60 s. H,O vapor pressure was 0.70 kPa.
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Figure 5 High-resolution cross-sectional TEM micrograph of (a)
ALD-ZrO, and (b) ALD-ZrO,/ALD-Si-nitride stack films. ZTB ex-
posure time was 60 s. H O vapor pressure was 0.70 kPa. For the
stack film, 850 °C annealing was added for 3 min after the ALD and
the annealing (400 °C for 5 min) of ZrO,. Number of deposition cycles
of underlying ALD Si nitride was 2 (T, =~0.5 nm).
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Figure 6 Capacitance-voltage (C-V) characteristics at 20 kHz for
ALD-ZrO,/ALD-Si-nitride capacitor. Number of deposition cycles
was 15 and 2 for ZrO, and Si nitride, respectively. ZTB exposure
time was 60 s. H,0 vapor pressure was 0.70 kPa.The observed hys-
teresis (A V,, =50 mV) is considered to be due to charge trapping in
Zr0, andf'or the ZrO,/Si-nitride interface and the damage which oc-
curred during Al sputtering for electrode formation.
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