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Abstract. Crystallisation onset temperatures as a function of chlorine contamination have been determined
by grazing incidence diffraction on as-deposited ultra-thin HfO» films grown by Atomic Layer Deposi-
tion. The onset temperatures are positively correlated with chlorine content, suggesting defect-hindered
crystallisation kinetics. Density profiles have been deduced by reflectometry measurements and a model
independent analysis scheme. It is shown that the HfO2/SiO2-Si interface is electronically denser than the

bulk of the HfO, film.

PACS. 68.35.Ct Interface structure and roughness — 68.55.Jk Structure and morphology; thickness;
crystalline orientation and texture — 64.70.Nd Structural transitions in nanoscale materials

1 Introduction

Thin HfO, films have been extensively studied because of
their potential applications as high-k gate dielectric ma-
terials in CMOS transistors. These high-k materials could
replace SiO5 as the material of choice for silicon microelec-
tronics, since they have physico-chemical properties that
are close to those of SiO, with the advantage of having
a much higher permittivity [1]. It is generally accepted
that an extremely thin, but controlled underlayer of SiO9
is needed to enlarge the structural quality of the high-k
layer and the electrical quality of the interface. The chem-
ical nature of the HfO5/SiO4 interface is still not clear; it
certainly depends on the nature of the deposition process
and on the deposition parameters.

In this paper several aspects of the HfO5/SiO4 inter-
face in HfO, layers with a thickness of technological in-
terest (3.5 nm) will be addressed. Firstly, the influence of
residual chlorine on the crystallisation onset temperature
is investigated. It has been proven that residual chlorine
is present at the HfO5/SiOy interface as a result of in-
complete chemical reaction in the early stage of the depo-
sition from HfCly in the Atomic layer Deposition (ALD)
process [2]. Crystallisation of the dielectric layer during
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thermal treatments needed in the final CMOS process-
ing, is reported to enhance leakage currents [3], although
other reports show that even crystalline films could have
rather good electrical properties [4]. Crystallisation stud-
ies of thin films of HfO5 and ZrOs have been reported
before, but they were done on either much thicker films
than in this study or with a much less accurate tempera-
ture scheme than was employed here [4-6]. The influence
of the chlorine impurities has never been investigated to
our knowledge. Secondly, the electronic density profile of
typical ultra-thin films is determined by X-ray reflectom-
etry (XRR). Variations in an otherwise constant profile
can be correlated to chemical profiles as determined by
Secondary Ion Mass Spectroscopy (SIMS).

2 Sample preparation

HfO, films with a thickness of about 3.5 nm were de-
posited in a Pulsar® 2000 ALCVD™ reactor from ASM
Microchemistry Ltd on low doped, p-type, 8" oxidized
Si(100) substrates. The silicon surface was prepared us-
ing an ozone solution leading to a 0.7 nm thick SiO5 layer.
Each sample was first brought in the introduction chamber
at 1072 Torr and subsequently transferred to the reaction
chamber. The two precursor vapours HfCly and HoO were
then successively introduced in the form of short pulses,
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separated by 2 second pulses of Ny in order to evacuate
the excess precursor vapour and gazeous by-products of
the reaction. The pressure in the reaction chamber was
approximately 1 Torr. Deposition temperature and HoO
pulse time were varied in the range of 300 °C to 350 °C and
50 ms to 3000 ms, respectively. The HfCly pulse time was
fixed at 50 ms. After the last cycle and a post-stabilisation
time the sample was back-transferred to the introduction
chamber and recovered at ambient pressure. The sample
was hereafter brought to the high-temperature chamber
of the diffractometer without any further precautions.

3 Grazing incidence X-ray diffraction
and complementary techniques

X-ray investigations of extremely thin films are best done
under grazing incidence conditions in order to enhance
the amount of irradiated matter and a fast detector is re-
quired to follow the crystallisation process on a time scale
of minutes. For the present measurements a PanAnalytical
X’pert-Pro diffractometer was used, equipped with an ul-
trafast X’celerator detector and an Anton Paar HTK-1200
oven operating in a Ny atmosphere. Cu K-L3 2 X-rays were
used with a Ni-filter in the incident beam. After a scan at
ambient temperature, the sample was heated at a speed
of 10 °C/min to 390 °C and then at 7 °C/min in intervals
of 10 °C to the next temperature where a 5 minutes scan
was done under grazing incidence conditions (6; = 0.5°).
Samples with different chlorine concentrations were inves-
tigated. The final crystallisation onset temperature T, was
estimated by a linear extrapolation to zero peak area from
the observed peak areas at each temperature. Figure 1
shows an example with different measurements between
ambient temperature and 500 °C. Whereas at 410 °C there
is no sign of crystallisation, at 420 °C — several minutes
later — roughly half of the film is crystallised. At 500 °C
the film is fully crystallised. Full crystallisation, considered
as the temperature at which the peak area did not change
anymore, could also be reached by keeping the temper-
ature at 420 °C for a while. In another experiment the
film was left approximately 10 °C below T, and succes-
sive scans were performed until crystallisation set in after
roughly 50 minutes. Scans of wider intervals showed only
the principal (—111) peak of the monoclinic phase. Cubic,
orthorhombic and tetragonal phases have been reported as
well for ALD-deposited thin films of HfO5 and ZrOs, but
in general only for higher substrate temperatures [7,8].
It is noted that in the bulk they are, unlike the mon-
oclinic phase, only formed at high temperatures and/or
high pressures, so in the thin film they should be consid-
ered as quenched metastable phases. The crystallite size
determined from the full width at half maximum of the
principal peak using the Scherrer equation (corrected for
instrumental resolution) is approximately 4.5 nm, which
can be considered, in view of the approximate character
of the Scherrer equation, to be equal to the film thickness.

Figure 2 shows that T. positively depends on the chlo-
rine concentration. SIMS-profiles were determined using
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Fig. 1. Grazing incidence diffraction for one of the samples

at different temperatures. The signal around 26 = 34° is due

to the particular grazing incidence geometry and could be due

to sample holder and/or peaks from the substrate observed in

grazing incidence geometry (A/2 contamination).

a Cameca IMS 5F apparatus on a 200 x 200 um? surface
area on 8 nm thick samples grown under similar condi-
tions, since the 3.5 nm thick samples did not give accu-
rately enough results. The chlorine concentrations in the
bulk of the 3.5 and 8 nm thick samples were assumed
to be the same and small with respect to the concentra-
tions at the interfaces. Cs™ primary ions were used for Cl
depth profiling with an impact energy of 1 keV and an
angle of incidence of 50°. Positive secondary ion signals
MCs] (where M = O, Cl and Si) were monitored with
a depth resolution of about 1 nm [9]. The Cl atomic con-
centrations were calibrated with a > Cl-implanted (energy:
20 keV, dose: 1016 at cm_2) 50 nm thick HfO5 sample and
a 3°Cl-implanted (energy: 20 keV, dose: 10*® at cm~2) Si
substrate. The profiles obtained (see inset of Fig. 2) show
that chlorine is predominantly present at the HfO5/SiO4
interface [10]. In addition, a Cl diffusion towards the sur-
face sample is systematically observed for all the profiles.
The duration of the HoO pulse time proves thus to be an
effective means to control the chlorine contamination [2].
Chlorine sites can not be considered as preferential nucle-
ation sites where the growth of (amorphous) HfO, starts.
Instead a perturbed region around the chlorine sites is cre-
ated, in which there are less OH groups. This limits the de-
hydroxylation process during growth, so that less Hf-O-Hf
bridges are formed. An extended network of such bridges
is expected to favour crystallisation. Since the films are so
extremely small the perturbed (i.e. Hf-O-Hf poor) regions
can extend to the surface of the film, therefore preventing
lateral proliferation of crystalline domains. It can there-
fore be expected that the influence of chlorine contamina-
tion on Tt is less for thicker films. Chlorine outdiffusion is
not expected to play a role, since this becomes important
only at temperatures above 1000 °C [11]. Figure 3 shows a
dark-field Transmission Electron Microscopy (TEM) plane
view of the initial phase of crystallisation in one of the thin
HfO, films that was recovered from the high-temperature
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Fig. 2. Crystallisation onset temperature as a function of chlorine concentration in ultrathin HfO films. The dashed line only

serves as a guiding line for the eye. The inset gives the SIMS-derived Cl profiles for four slightly thicker samples, grown under
the same experimental conditions.

Fig. 3. TEM plane view of the initial phase of crystallisation in one of the 3.5 nm thick HfO, samples.
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chamber just after crystallisation set in. The grey back-
ground corresponds to the amorphous matrix, whereas the
different brighter areas correspond to crystallised regions
in different orientations with respect to the incident beam.

4 Grazing incidence X-ray reflectometry

Additional insight in the HfO5/SiO4 interface can be ob-
tained by high-resolution X-ray reflectometry (XRR) ex-
periments. XRR probes the density profile normal to the
surface and is relatively easy to perform. Data analysis
however is not straightforward: usually the layer is di-
vided into parallel sublayers, each layer having its own
thickness, density, and interfacial roughness (‘slice fitting’
or ‘optical matrix method’). The density is normally the
electronic density; if the mass density is fitted then the
composition is a refinable parameter as well. Fitting the
data in this way is limited to at most three layers, and
is strongly dependent on the initial model. Fitting the
data of ultra-thin HfO, has its own difficulties. Due to the
strong density contrast between the 3.5 nm HfOs layer
and the Si substrate on the one hand and the very low
density contrast between the substrate and the 0.7 nm
thick SiO; layer on the other hand, the latter layer is in-
visible in the XRR experiment; the presence or absence
of such a layer will not significantly change the reflectiv-
ity curve. It is noted that XRR experiments have been
performed before on hafnia layers, in some cases also on
layers with a thickness in the same range (3—4 nm) as in
this paper [10,12]. The conclusions that are drawn, how-
ever, cannot always be warranted by the data. Lysaght
et al. [10] presented a four-layer model that included sev-
eral non-physical aspects, such as a 0.41 nm thick SiO,
layer that is clearly invisible in the experiment. Another
point of his model is a 0.35 nm thick low density HfO,
(57% of bulk) layer at the surface, combined with a sur-
face roughness of 0.89 nm which is clearly incompatible
with the layer thickness. In view of these problems a quasi
model-independent approach (Distorted Wave Born Ap-
proximation (DWBA) method) [13]) has been chosen to
fit the reflectivity data, which gives the best least-squares
density profile compatible with the data, and much less
biased by the starting point than is the case using the
optical matrix method. The starting point is a constant
density across the film; the algorithm looks then for the
deviations with respect to this constant density by using
the DWBA expression for the reflectivity, resulting in a
electronic density profile of the film. With this method a
very good agreement between calculated and measured re-
flectivity data could be obtained. An independent check of
the results was obtained using alternative and mathemat-
ically completely different methods, such as Sanyal’s Born
Approximation (BA) method [14] or the phaseless inverse
scattering method [15]. These methods gave qualitatively
the same results, but should be considered a bitt les ac-
curate than the DWBA method, because of the more ap-
proximate character of the BA compared with the DWBA,
and of the non-negligable absorption in the case of the
phaseless inverse scattering method.
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Fig. 4. Reflectivity of a 3.5 nm thick HfO; film and (inset)
the density profile used in the DWBA-fit.

The measurements were performed using a Bruker
D5000 diffractometer with Cu K-Lso radiation and a
graphite monochromator in the secondary beam. Reflec-
tivity data were collected with a special reflectivity stage
consisting of a knife edge in the center of the goniometer
that cuts the beam to a 15 micron height. The width of the
beam was 15 mm. In this way exploitable data could be
recorded up to ¢ = 7.1 nm~! which is equivalent to a real
space resolution of Az = 0.88 nm, a better resolution than
has been reported before. The off-specular scattering was
measured as well and used to substract the background
from the measured specular signal in order to obtain the
true specular reflectivity. Figure 4 shows the experimental
data and the calculated reflectivities using either a one-
layer model or a model-independent fitting method. Other
films, grown under different conditions, with different chlo-
rine concentrations, yielded similar reflectivity curves. The
one-layer model is clearly not adequate enough to explain
the experimental data; the DWBA-based model (see the
profile in the inset) describes much better the fringe am-
plitudes. The profile suggests that there is a region of
enhanced electronic density at the HfO5/SiO5 interface,
whereas the electronic density of the ‘bulk’ of the film
is approximately 87% of that in the bulk of monoclinic
HfOs (2540 e/nm~3). It is noted that an enhanced elec-
tronic density at the HfO5/SiO4 interface was proposed
earlier by Lysaght et al. [10] but this was based on a ques-
tionable model-dependent four-layer fitting method (vide
supra). In view of the similarities between the density pro-
files of Figure 4 and the inset of Figure 2 it is tempting to
ascribe the enhanced electronic density at the HfO/SiOq
interface to the presence of Cl, but the chlorine concentra-
tion is far too small compared to the bulk HfO, density.
The presence of a silicon-rich hafnium silicate-like phase
have been proved to exist at the HfO2/SiO4 interface [16],
but it should be noted that the electronic density of bulk
HfSiOy is 1832 e/nm~3. Therefore we think that the en-
hanced density at the HfO5/SiO2 interface must be due
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to a particular rather dense structural intermixing of pos-
sibly amorphous Hf,Si,O4 and SiO,.

The surface region is another point of interest. The sur-
face roughness can be estimated from Figure 4 or eventu-
ally from the parameters from the one-layer model fit. The
value found for these films is in general between 0.35 and
0.4 nm. Off-specular scattering is very low for these films,
suggesting that the apparent roughness is only partly due
to physical rms roughness, and that the HfO5 density is
slowly falling off from the bulk to the outer surface. This
is not similar to Lysaght’s low density HfO layer [10], but
should rather be considered as a diffuse interface with only
very low physical rms roughness where the density gradu-
ally changes to zero. AFM images, which are only sensitive
to the physical rms roughness, give indeed smaller rough-
ness values (approximately 0.2 nm).

5 Conclusions

In conclusion, by grazing incidence X-ray diffraction we
have determined crystallisation onset temperatures as a
function of chlorine contamination in ultrathin HfO, lay-
ers. Perturbed areas around the chlorine sites at the
SiOy/HfO9 interface hinder the crystallisation of the
amorphous material. XRR measurements have shown the
presence of a relative dense layer at the SiO/HfO4 inter-
face. This dense transition layer is a complicated mixture
of silicon oxide, hafnium silicate, and a relatively large
amount of chlorine contamination sites.

Dr. A.-M. Papon (CEA-DRT/LETI-DPTS, Grenoble) is
thanked for providing the TEM-image.
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