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ABSTRACT

Hafnium aluminates films with 50 mol% of Hf were deposited onto Si(100) using atomic layer deposition. The films
were annealed by RTP at 1000 °C for 60 s in pure N, or N,+5%0O, and by LASER at 1200°C for 1ms in pure N,.
Then, they were characterized by X-ray spectroscopies, ellipsometry, Rutherford backscattering and scanning
electron microscopy. For thin films annealed by RTP in N,, phase separation takes place, promoting the formation
of HfO, and Al,, O, ; crystalline phases. In contrast, the films annealed by LASER remain predominantly amor-
phous with crystalline facets of Al, O, .. Also, non-homogeneous distribution of the chemical elements within the
dielectrics gave rise to the formation of several regions which can be viewed as sub-layers, each of them with
arbitrary electron density and thickness. As a result, Kratky curves pointed out to the coexistence of different
features described by different gyration radius yielding GISAXS scattering profiles with polydispersive character-
istics. Finally, the samples annealed by RTP were interpreted as agglomerates of spheroids with different sizes
(1.1-2.2 nm) and with different crystalline phases whereas the samples annealed by LASER were interpreted as

larger spheroids of crystalline Al, O, ; (1.7-2.7nm) embedded in a matrix predominantly amorphous.

Index Terms:Thin dielectric films, Physical characterization, X-ray spectroscopy.

I. INTRODUCTION

In the last years, the main material used as gate
dielectric for field effect transistors (FET) has been
the silicon oxynitrides [1,2]. Due to the continuous
scaling down of the CMOS devices, the substitution
of the silicon oxynitride as gate material became man-
datory because thinner films of silicon oxynitride lose
their dielectric properties when the thickness achieves
dimensions less than Inm and present increase of the
leakage current due to direct tunneling [1-4]. In order
to overcome this difficulty, different high-k dielectric
composed by binary and ternary compounds were
proposed to substitute it [1-4]. One dielectric which
belongs to this set of high-k dielectric is the hafnium
oxide (HfO,). It is usually deposited on silicon sub-
strate using different methods such as sputtering,
atomic layer deposition (ALD), metalorganic chemi-
cal vapor deposition, pulsed laser and so on [1,3-6].
Although the dielectric constant of HfO, is larger
(k = 20), the main drawback of this material is its
relatively low crystallization temperature (= 500 °C)
[1,2,7,8]. Crystalline phases of HfO, are undesirable
because promotes an unstable silicon/metal oxide in-
terface due to the electric and mass transfer [9] as well
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as the coexistence of different crystalline phases in the
bulk of the film give rise to an anisotropy of the dielec-
tric constant [10,11]. In order to maintain the HfO, in
its amorphous phase even during thermal treatments
in conventional CMOS processing, hafnium silicates
(1,12) or hafnium aluminates [1,9,13-15] has been
used for increasing the crystallization temperature.
Also, this procedure may give rise to the phase separa-
tion within the dielectric matrix at higher temperatures
(> 1000 °C) by forming centers of scattering like ag-
glomerates and crystallites for concentration of alumi-
nate higher than 30 mol% [12-15].

In addition, rapid thermal annealing has been
employed in order to control the thermal budget the
samples are submitted to. Hafnium aluminates with
different molar concentrations of aluminum were sub-
mitted to RTP at higher temperature (> 1000 °C) and
different molar concentrations of aluminum (0 — 70
mol%) [12]. On the other hand, flash laser annealing
allows one to substantially diminish the thermal bud-
get and, as a consequence, diffusion of species although
the full wafer depth and surface are achieved. This
technique will be used at the first time in this work in
order to analyze its influence on the phase separation
[16].
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The characterization of thin films requires ad-
vanced techniques such as scanning electron microsco-
py (SEM), transmission electron microscopy (TEM)
[9,12-15,17], Rutherford backscattering spectroscopy
(RBS) [16] and those based in X-ray spectroscopy [17-
20] as well as other complementary techniques [21].
However, this task may not be easy because the equip-
ments used for the physical characterization must be
adjusted for thin films [17-21]. For instance, the beam
for X-ray diffraction should be irradiated almost parallel
to the film surface and is known as Grazing incidence
X-ray diffraction (GIXRD). On the other hand, grazing
incidence scattering X-ray spectroscopy (GISAXS) is a
powertul technique to investigate phase separation by
obtaining the characteristic wavelength in the plane of
the films and the characteristic sizes in the film mor-
phology represented by gyration radius [19,20]. In this
paper we report the physical characterization of hatni-
um aluminate thin films deposited by ALD technique
and annealed at different conditions in order to analyze
the undesired crystallization and phase separation.

Il. EXPERIMENTAL PROCEDURE

Hafnium aluminates films were deposited on
silicon substrate by ALD technique with 50 mol%
of Hf (HfAl, O, x=0.5). Layers were deposited in
an ASM Pulsar 3000 connected to a Polygon 8300
Platform on Si (100) wafers, on which a 1 nm thick
chemical oxide has been grown (IMEC clean) [22].
The precursors were HfCI, and Al(CH,),, in combi-
nation with H,O as oxidants. The deposition condi-
tions were adjusted to achieve thin homogeneous films
15 nm thick. Following, the layers were annealed on
full wafers at IMEC using an ASM Levitor 4300 for
spike annealing at 1000 °C during 60 s in ultrapure
N, (sample G1) and N,+5% O, (sample G2)and an
AMAT laser annealing chamber for laser annealing at
1200 °C during 1 ms (sample G3). Annealing tem-
perature above 1000 °C was chosen because the con-
ventional CMOS processes are usually made at this
temperature, so the amorphous dielectric used as gate
must have thermal stability and sharp interface [1,2,8].

Grazing Incidence Small Angle X-ray Spec-
troscopy (GISAXS) experiments were performed at
the XRD2 X-ray beam line of the Brazilian Synchro-
tron Light Laboratory (LNLS) using a 0.1749 nm
wavelength beam. The two-dimensional patterns of
the GISAXS intensity were recorded following the
procedure proposed by Salditt et al. [23], in which
the incidence angle of the X-ray beam on the multi-
layer external surface is kept constant and the two-di-
mensional scattering intensity is measured using a
(10 x 10) cm? imaging plate with a 10° dynamical
range and a (0.2 x 0.2) mm? pixel size.
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The morphological features of the films were inves-
tigated by XRR, SEM, RBS and ellipsometry, whereas the
phase separation was analyzed by GIXRD and GISAXS
techniques. GIXRD employed an X-ray beam with A=
0.1542 nm at an incidence angle of 0.7° to obtain the
formed crystalline phases. On the other hand, GISAXS
permitted to obtain scattering contributions with in-
plane information at the horizontal and vertical direc-
tions, q_and q, respectively, which are given by [19,20]:

qy:ZT”sinﬂcosaf (1)
and,
2

q, zf(sinai+sinoz_/) )

where B is the horizontal scattering angle and . is the ver-
tical scattering angle and a. is the incident grazing angle.

The two-dimensional GISAXS pattern (2D-
GISAXS) was transformed to one-dimensional ones
(1D-GISAXS). The 1D-GISAXS profiles were extracted
along the q_ direction for different q, points, then they
were converted to the Kratky curves (Iq > x q,) [24-26]
to obtain the morphological features after phase separa-
tion by modeling the shapes of agglomerates or crystal-
lites as spheroids with different dimensions.

RBS spectra Xvere _i_taken at 2.2 MeV under nor-
mal incidence of a "He = beam and with a scattering
angle of 170° using an accelerator Pelletron - Tanden,
model 55 DH/NEC and the spectra were fitted with
the aid of the SIMNRA 6.0 code[27] using a multi-
layer approach.

Table I summarizes the annealing and the results
of thickness obtained from ellipsometry, XRR and SEM.

Ellipsometry with A= 628.3 nm was used to
measure the thickness and refractive index at ten differ-
ent points on the film surface and the average value of
them is shown as T, in Table I. Cross-section images
of the films were obtained using the secondary electron
method in ultrahigh resolution mode of the NANO-
SEM electron microcopy (UHRSEM). The standard
deviation of ellipsometric measurement was less than
0.62 nm, while in the case of the SEM measurement
was about 0.8 nm.

Table I. Annealing procedure, critical angle and thickness of the
hafnium aluminates obtained from XRR, ellipsometry and SEM.

qc TXRR TE\ T

Film Annealing procedure SEM

() (nm)  (nm)  (nm)
G1 1000:%?,?5’ N, 0414 1522 172 165
Go 1000°C B(ET’F':')Z *5%0, 0400 1524 160 167
G3 120(():/2’3252? N, 0409 14.81 173 163

Journal of Integrated Circuits and Systems 2015; v.10 / n.1:49-58



Physical characterization of hafnium aluminates dielectrics deposited by atomic layer deposition

Huanca, Christiano, Adelmann, Verdonck & Santos Filho

lll. RESULTS AND DISCUSSIONS

A. Morphological analysis by X-ray reflectometry
(XRR)

Fig 1 shows the XRR curves in the reciprocal
space with a typical wavy appearance known as Kies-
sig fringes [17,18,28,29]. These fringes appear due to
the interference effect of the beams reflected at the air/
dielectric and dielectric/silicon interfaces [28,29]. The
periodicity of these ondulations is related to the dielec-
tric thickness, while the fall rate is influenced by the
roughness of both interfaces [17-19,21].

An estimation of the thickness, valid for homoge-
neous films, were made using the relation T, ., =2n/Aq,
[23], while their critical angle (8,) were obtained from
the XRR spectra using the criteria of the 50% of the
first decay [28]. Table I shows T, varying from 14.82
to 15.24 and, is of the same order of the expected value
tor ALD deposition conditions. 6, was about 0.40° and
the lowest value was obtained for films annealed by LA-
SER. It is important to point out that ellipsometry leads
to thickness slightly higher compared to XRR possibly
because it can not take into account the interface rough-
ness or electron density variation along the film.

In addition, the XRR curves were fitted using
the PARRAT32 code [30]. This computational pro-
gram uses Parrat formalism [31] along with the Név-
ot-Croce factor which take in count the surface rough-
ness effect upon the reflectivity [32]. Mathematically
they are expressed as

R = ] J+l1 + R +1 exp(ltHl z ]+1) 3
7 1+r R exp(it ) (3)
JoJ+1 1 J+1 z,]+l
kz j k7 j+1
rj,j+l = k > . exp( 2O-/ZJrlkz jkz j+l) (4)
Z,J Z,j+1
k., =\kiy—47p, (5)
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Figure 1. XRR curves for the hafnium aluminate dielectrics
annealed by RTP in N, (G1) and N,+5%0, (G2) and annealed by
laser in N, (G3)
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The reflectivity of the system is given by R=

R, ,=0; R,=ry,. . In equation (3), 7, and k, are the

thickness and wave number of the j-th layer respectlve—

ly, while p; is the complex value of the electron density
and o, is the roughness of the j-th layer.

Although the films were supposed to be single
layer, they could not be fitted using the single layer
model, being necessary a four-layer model. The results
about the physical thickness and surface roughness are
summarized in Table II. In the last row of this Table are
summarized the total physical thickness of the films by
summing the thicknesses of the four layers employed
for fitting. It varies between 14.96 nm and 15.52 nm
and they are slightly different of those computed using
the relation T,,, =2mn/Aq, (compare Table I with Ta-
ble IT). The surface roughness of these films was lower
than 0.6 nm. Low surface roughness is characteristic of
the films deposited by ALD technique as reported in
literature [5,6-9,32]. The profile of the electron den-
sity of the films (Fig. 2) shows that it is lower for the
film annealed by LASER (G3) and varies in depth for
all the films, being higher at the surface of all the films.
According to these results, during the thermal treat-
ment of the films, at least four layers arise due to the
interdiffusion of the different chemical elements from
the dielectric layer toward the substrate and vice-versa
[1,33]. In this sense, Dai et al [34], report that, in Hf_
Al O, deposited on Si substrate, interlayer between

Table II. Thickness and Roughness of the thin layers extracted
using the four-layer model and the PARRAT32 code.

G1 G2 G3 °
layer TJ (nm) csj(nm) TJ (nm) cj(nm) TJ (nm) cj(nm)
1 1.28 0.57 1.36 0.23 1.52 0.14
2 4.19 0.62 3.86 0.68 4.64 0.51
3 8.78 1.94 9.83 1.51 7.06 1.98
4 1.25 0.84 0.48 0.25 1.74 1.02
total 15.50 - 15.52 - 14.96 -
——G1
2.0 N
. ——G2
3 154 mm... . m.”: i
2
@ 10+ .
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Figure 2. Electron density profile extracted by fitting the XRR
curves of dielectrics annealed by RTP in N, (G1) and N,+5%0,
(G2) and annealed by laser in N, (G3)
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film and silicon is formed by hafnium silicide com-
pound, which is linked to the larger diffusion of Hf
toward the substrate. The formation of this interlayer
would be accompanied by the formation of a rough-
er interface [34]. The results about the thickness layer
and roughness of these films (TABLE II) suggest no
hatnium silicide formation. The thickness of the films
are about 15 nm as projected and have sharp interfaces
with lower roughnesses.

Nishimura et al. [9] had been reported that the
roughness variation is related to the decomposition of
the hafnium aluminate in HfO, and ALO, in which
AL O, remains next to the film surface, For this reason,
in films with rougher surface, the concentration of AL O,
may be larger, which supports the higher surface rough—
ness for RTP treated samples (see layer I in Table II).

B. Analysis by Rutherford Backscattering

The typical RBS spectra of the three dielectrics
are depicted in Fig. 3 and show that the aluminum sig-
nal over the silicon one is clearly evident in the spec-
trum of the dielectric annealed by LASER. This evi-
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Figure 3. RBS spectra from Hf-based dielectrics annealed by

RTP in N, (G1) and N,+5%0, (G3) and annealed by LASER in

N, (G2)
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dence indicates a larger amount of aluminum next to
the film surface, while, for dielectrics annealed by RTD,
the aluminum signal became scattered over the silicon
signal and reveals that aluminum is distributed along
the film and diftused a bit in the Si substrate. The spec-
tra in Fig. 3 were fitted by the SIMNRA 6.0 code [27]
using a seven-layer model for the dielectric region — an
analogous approach as in the case of the Parrat fitting
for XRR curves. The results obtained for the thickness
of the dielectrics (T},,) are summarized in Table III,
and the distribution profile of O, Al and Hf as function
of the dielectric thickness is depicted in Fig. 4.

The RBS thickness was computed using an ex-
tended version of the relation (equation 6) proposed
by Schmid et al. [35] by supposing that the chemical
elements which compose the films are distributed ho-
mogeneously in each of the seven layers in Table III.

Table Ill. Physical thickness obtained from RBS spectra of
dielectrics using a seven-layer model in the SIMNRA code. The
values are in nanometers.

layer G1 G2 G3
1 1.37 1.77 1.91
2 3.90 3.59 1.72
3 2.66 3.32 2.72
4 2.10 2.65 1.92
5 2.75 2.13 2.1
6 1.35 1.14 2.29
7 1.42 1.16 2.47

total 15.55 15.77 15.14

/kn

jkarcaf
.,k 6
N, (6)

7 3
Tups = 2.2
ko J
In equation 6, M, 0 Pt Tkarea and f , are the
molecular weight, the mass densrfy, the arcal density
of atoms and the fraction of the j-th element placed
within the k-th layer, respectively. N, is the Avoga-
dro’s number. Both M, and p, , were taken from the
literature [36], while the n, _ and f, were furnished
by the SIMNRA. The rcsults show that the physical
thicknesses of the films T,  are similar to the Ty,
values (Table II) and varies from 15.14 to 15.77 nm
(Table III).
The profile of the elements (Fig. 4) reveals
that the concentration of aluminum inside the di-
electric annealed by RTP (G1) decreases slowly from
the surface to the film/silicon interface while for the
dielectric annealed by LASER (G3), an abrupt vari-
ation is observed next to the surface followed by a
slight increase along the bulk. On the other hand,
also for the dielectric annealed by RTP, the decrease
of the aluminum is accompanied by a concomitant

Journal of Integrated Circuits and Systems 2015; v.10 / n.1:49-58



Physical characterization of hafnium aluminates dielectrics deposited by atomic layer deposition

Huanca, Christiano, Adelmann, Verdonck & Santos Filho

80 T T T

704

60+

50 A
4

404 ©

Oxygen

c\ i
'O——0

304 Aluminum |

20 B
o /C‘—D Hafnium
o—0 D———’:_.E/._._. )

0 5 10 15
Thickness (nm)

Concentration (atomic %)

Figure 4. Atomic concentration profiles of the chemical elements
distribution as function of the film thickness for the films annealed
in N, by RTP (full symbols) and LASER (unfilled symbols). Not
show for the films annealed in N, + 5% O, by RTP

decrease of hafnium and an increase of oxygen, start-
ing from the surface. This is consistent with gradu-
al phase changing that means a non-homogeneous
film in depth. This non-homogeneous distribution
of the chemical elements within the dielectric gives
rise to the formation of several regions which can
be viewed as sub-layers into the dielectric, each of
them with arbitrary electron density and thickness.
For this reason, their XRR curves can not be fitted
by one single model and was necessary a four-layer
model, and in the case of the RBS spectra, seven-lay-
er model.

On the other hand, it is noteworthy for the LA-
SER annealed films that the larger amount of alumi-
num next to the surface run in the lower concentration
of oxygen, which is consistent with aluminum-rich
phase at the surface. After the abrupt variation of the
aluminum, the increase of the aluminum is accompa-
nied by a concomitant decrease of oxygen and hafnium
remains almost constant. These observed inhomoge-
ineities along the depth is correlated with the GIXRD
spectra in the following.

C. Physical thickness measurement by UHRSEM

As already mentioned, cross-section SEM im-
ages of the thin dielectrics were recorded using the
secondary electrons method in the high resolution
mode. Fig. 5 shows a typical UHRSEM for a dielec-
tric annealed by RTP in N, (G1). The physical thick-
nesses of these films as well as their standard devia-
tion were obtained for each thermal processing (Table
I). As a result, the physical thickness was around of
16.5 nm. This result is very close to that obtained by
XRR and RBS (The UHRSEM are not shown for G2
and G3 samples).
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Figure 5. Typical cross-section SEM image of the dielectric
annealed in N, by RTP.

D. Phase separation analysis by GIXRD

The characterization by GIXRD (Fig. 6) dis-
closes that, after LASER annealing, the film remains
almost entirely amorphous with small content of crys-
talline Al, O, , while, after annealing in N, by RTD, the
matrix film passes to contain both crystalline Al, O,
and HfO,. Therefore, phase separation was observed
to occur in this last case, which agrees with the profiles
of Al, Hf and O presented in Fig. 4. For the RTP an-
nealing, Al O, . and HfO,, crystalline facets are sup-
posed to be formed in the region where Al and Hf
are decreasing and O is increasing, starting from the
film surface. This is inferred by finding the film bulk
with roughly 50 mol% (atomic percent) of Hf yet, this
is to say, possibly without any significant crystalliza-
tion. On the other hand, after LASER annealing, the
Hf profile remains almost constant at the surface and
inside de bulk indicating absence of crystallization to
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Figure 6. GIXRD spectra of the films annealed by RTP in N, (G1)

and N,+5%0, (G2), and annealed by LASER in N, (G3)
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form HfO,. Also, the Al and O profiles changed in the
regions close to the interfaces and may withstand the
appearance of Al, O, , crystalline facets. Moreover, the
larger peak at 20 = 31.5° shows that the addition of
5%0, in the media increases the formation of crystal-
line phasc of Al, ,O, ,, similar to that observed in hafni-
um aluminates and hafnium silicates [12,13].

In microelectronics applications, high-k dielec-
tric films with amorphous phase is desirable is order
to obtain stable silicon/metal oxide interfaces, as well
as avoid the anisotropic dielectric constant that can
enhance the leakage current [1,10,11]. In this sense,
thermal treatment by LASER seems to be better for
this task than RTP. In addition, the RBS analysis (Fig.
3) suggests that the phase separation in the film an-
nealed by RTP seems to be linked to the aluminum mi-
gration from the dielectric toward the substrate, since,
in the case of the LASER annealed film, Al remains
almost constant within the film (Fig. 4). In the case
of the films annealed by RTD, although Dai et al [34]
reports similar results for Al diffusion, the roughness
of the film/substrate interface of the films here studied
are lower, i.e, the interface was sharp. This difference
could be attributed to the deposition method because
in [34] the authors use the pulsed-laser deposition
method. Although Hf is inward the silicon at some de-
gree (see Fig. 4 for RTP), no peaks of hafnium silicide
are observed in GIXRD spectra (Fig. 6). No formation
of this compound could explain the sharpness of the
film/silicon interface of these films.

E. Phase separation analysis by GISAXS

GISAXS is another technique useful for ana-
lyzing phase separation within thin films [19]. Fig.
7 shows GISAXS spectra of the same Hf-based di-
electrics depicted in figures 4 and 6. Although similar
parameters were used to deposit the films, the shape
of these GISAXS spectra were difterent. In fact, the
GISAXS pattern of dielectrics annealed at 1000°C for
60s (G1) and at 1200°C for 1ms (G3) are different
among them, showing thus the effect of the thermal
annealing upon the final morphology. No significant
differences were observed in GISAXS patterns of
both films annealed by RTP (Fig. 7a and 7c). Other
common feature of these spectra is related to its an-
1sotropy since they are larger in q -direction and short
in q -direction. This anisotropy can be associated to
phase separation with a particular distribution of siz-
es in the film morphology, which can be described
by difterent gyration radius [19,20,37]. In spite of
the thermal treatment method, these GISAXS spectra
show clearly the Yoneda’s peak placed in q,_ 0.71
nm', labeled by “Y” in Fig. 7. Yoneda’s peak aris-
es when the incident angle of the beam is equal to
the critical angle [37,38]. The sharpness of this peak

54

-1
q,(nm")

q, (nm)

-0.36 0.46
A,
a, (om’)

Figure 7. GISAXS pattern of Hf-based dielectrics annealed by
RTP at 1000°C for 60s in N, (a) at 1000°C for 60s in N,+5% O, (c)
and annealed by LASER at 1200 °C for 60s in N, (b).

is well correlated to the lowest surface roughness of
these films (See Table II). In order to quantify the
main features of the morphology, firstly, the two-di-
mensional GISAXS pattern (2D-GISAXS) was trans-
formed to one-dimensional ones (1D-GISAXS). The
1D-GISAXS profiles were extracted along the q di-
rection for different q, points (for q, from 0.6
1.52 nm™), then the 1D-GISAXS proﬁles were con-
verted to Kratky curves (Iq? x q ) in order to model
the shapes of agglomerates or crystalhtes as spheroids
with different dimensions [23-25]. Fig. 8 shows the
raw data and the Kratky curves fitted according to
equation 7 to be presented in the following. They
show similar profiles for the samples annealed at
1000°C by RTP and the curve which corresponds to
the sample annealed by LASER presents lower in-
tensity. Additionally, this figure also shows that the
maximum peak of the Kratky curve is located at low-
er q, for the LASER treated films than for the RTP
treated films and, according to literature [25,37], the
maximum peak at higher ¢ = ¢ corresponds to
a characteristic wavelength in the plane of the films
d=2n/q,,., which is at approximately 5.5nm for RTP
annealed dielectrics and at approximately 7.2nm for
LASER annealed dielectrics. These values are of the
same order of size observed by Yang at al. [13] for
similar hafnium aluminate films analyzed by electron
transmission electron microscopy (TEM).
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Figure 8. Kratky plot of one-dimensional GISAXS at g, = 15.82
nm-' of dielectrics annealed by RTP (G1, G2) and annealed by
laser (G3). Solid line are the simulated curves using the three
particles type.

On the other hand, although the crystallites
or agglomerates in the film annealed by LASER are
larger, its low scattering intensity indicates that the
quantity of them is less than in those annealed by RTD,
because the scattering intensity is proportional to the
number of centers of scattering [20,36]. The profiles
of the Kratky curves point out to the coexistence of
different features described by different gyration radius
yielding scattering profiles with polydispersive behav-
ior [26,39-41]. In order to investigate the morpholog-
ical features formed by phase separation into the di-
electrics, the Kratky plots were fitted by modeling the
hafnium aluminate films with one, two or three types
of non-interacting agglomerates. A fitting with an ex-
cellent agreement was only possible if three types of
agglomerates were included in the model. This model
regards that [25]: (a) the total scattering intensity of
the system are the total sum of the individual contri-
bution of each type of agglomerates; (b) each type of
agglomerates is locally non-interacting, but the total
system can interact so that the total scattering intensity
behaves as a polydispersive system; (c) the scattering
intensity of each type of individual agglomerate obeys
to the generalized form of the Ornstein-Zernike (OZ)
relation, similar to that employed for Shimizu et al.
[24]. The total scattering intensity from the hafnium
aluminate layers is the result of the partial contribu-
tion of these localized centers of scattering ,weighted
by their volumetric fraction (f,) [25], as describe by
equation 7 in which the generalized OZ relationship
was included:

I
[

N=3 N 7
I( v): j[j =, 7/,, 7
0= 2 Sl =l 1+(&q,)" @)

where £ _is the correlation length and n, is the
fractal dimension of the centers of scattering (n =1,
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elongated; n =2, flatted or Gaussian chain-like; n =3,
sphere-like with fractal surface; n = 4, hard spheres,
i.e they can not overlap and have sharp borders)
[20,24,25,41]. Although equation 7 was derived re-
garding non-interacting centers (condition b), it is
important to highlight that OZ equation take into
account the interaction of the centers, therefore, this
equation can adequately describe polydispersive sys-
tems [42,43].

The gyration radius, i.e. the root mean square
value of the distances of any point in the shape volume
of the agglomerates from its center of mass, is obtained
from the correlation length as in equation 8:

R, =£(3)/n .j=123 (8)

The Kratky curves were well fitted with three
spheres composed by at least one hard sphere (n,
= 4) and two rougher surface one (3 < n_ < 4)
[24,25,40,42] in equation 6, a representative average
sphere radius R, (k = 1,2,3) was computed by equa-
tion 9.

- {\E] (3)" R, 9)

The results of the fitting procedure are placed in
Table IV and shows that the larger centers of scattering
extracted by Kratky maximum peak can be separated
in three smaller spheroids with radius varying between
1.14 to 2.67 nm. The exponential parameter n, of this
set of spheroids varies between 3.3 and 4.0, showmg
that the morphological features in the film have spher-
ical shape with rougher surfaces or even with sharp
interfaces. Also, the average radius R; R, and R,
tracted from equation 7, indicate a small increase of the
average radius for the LASER treatment.

From these results, the morphology of the haf-
nium aluminate films annealed by RTP (samples G1
and G2) can be modeled as an arrangement of three
types of spheroids to represent the morphology of the
phase separation after the thermal treatments. It is im-
portant to highlight that although the R value extract-
ed by fitting the Kratky plot suggests the system to be
composed by spheroids with different sizes, they can
be understood as localized crystalline agglomerates of

Table V. Parameters extracted fitting the by Kratky plot using the
three different spheroidal shapes

Sample n, R f n R f, n R f,

1 1 2 2 2 3 3 3

G1 39 183 06 40 202 03 40 114 01
G2 35 195 08 31 209 02 40 157 0.0

G3 40 263 07 39 239 01 325 169 02
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spheroids with different sizes (1.1-2.2 nm) and with
different crystalline phases.

As already mentioned before, although the cen-
ters of scattering formed in the film annealed by LA-
SER are larger, its low scattering intensity indicates
that the quantity of them is less than in those annealed
by RTP, because the scattering intensity is proportional
to the number of particles [18,19]. In addition, the
absence of HfO, peaks in the GIXRD spectra of the
samples annealed by LASER (sample G3) shows that
this compound remains predominantly in amorphous
phase with crystalline facets of Al, O, . As a result,
considering that GISAXS also points out the existence
of centers of scattering, the system can be interpreted
as larger (1.7-2.7 nm) spheroids of crystalline Al, ,O,
embedded in an amorphous matrix.

According to the literature for similar systems
[8,13,34], the size of the nanoparticles depends on the
Al concentration within the film. Lower concentra-
tions of Al yields bigger nanoparticles, while high con-
centration of this element leads to the formation small
nanoparticles with complex geometry with dimensions
within the same order here obtained (= 6 nm)[8,34].
On the other side, in addition to the Al concentration
dependence of the nanoparticle formation, our results
highlight that the phase separation depends on the an-
nealing method as well as of the composition of the
annealing atmosphere.

IV. CONCLUSIONS

Hafnium aluminates films with 50 mol% of Hf
were deposited onto Si(100) using atomic layer depo-
sition. The films were annealed by RTP at 1000 °C for
60 s in pure N, or N,+5%0, and by LASER at 1200
°C for 1 ms in pure N,.

The XRR curves were fitted using the PAR-
RAT32 code [29] that also takes into account the
roughness effect upon the reflectivity. The fitting was
performed using a four-layer model since the films were
non-homogeneous in depth, because a interdiffusion
effect was observed during the thermal treatments.

For the films annealed by RTP in N, phase sep-
aration takes place, promoting the formation of HfO,
and Al,, O, crystalline phases. In contrast, the films
annealed by LASER remain predominantly amorphous
with crystalline facets of Al O, .. Also, non-homoge-
neous distribution of the chemical elements within the
dielectrics gave rise to the formation of several regions
which can be viewed as sub-layers, each of them with
arbitrary electron density and thickness. As a result,
Kratky curves pointed out to the coexistence of dif-
terent features described by difterent gyration radius
yielding GISAXS scattering profiles with polydisper-
sive characteristics.
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Finally, the samples annealed by RTP were in-
terpreted as agglomerates of spheroids with different
sizes in the range of 1.1 to 2.2 nm and with different
crystalline phases whereas the samples annealed by LA-
SER were interpreted as larger spheroids of crystalline
Al O, (1.7-2.7 nm) embedded in a matrix predom-
inantly amorphous. From CMOS technology point of
view, LASER annealing method is more suitable for
gate dielectric application because diminish the unde-
sirable phase crystalline separation, even at tempera-
ture as great as 1200°C during 1ms.
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