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Inhomogeneous HfO: layer growth at atomic layer deposition

Aarne Kasikov?, Aivar Tarre!, Guillermo Vinuesa?

Thin HfO, films atomic layer deposited from hafnium alkyl amide and oxygen plasma were analysed using spectroscopic ellipsometry and
X-ray reflectivity. Low refractive index of the material for samples with less than 30 nm thickness marks the index inhomogeneity at the first stage
of growth. The transition from rising density to a more stable growth takes place at about 10 to 25 nm film thickness. HfO, films used for resistive
switching experiments demonstrate either clockwise or counterclockwise behaviour depending on the film thickness. The reason for this may be
the disruption of the conductive filament at different metal-insulator interfaces, which could be favoured by several mechanisms.

Keywords: hafnium thin films, spectroscopic ellipsometry, growth inhomogeneity, atomic layer deposition, packing density, resistive switching,
filament formation.

1. Introduction

Hafnium oxide (HfO,) is a material highly used in its pure form or mixed with other dielectrics in optics as an optical coating
due to its high laser-induced defect threshold [1,2], and in electronics as the dielectric [3]. There have been the attempts to use it as
resistive switching material for random access memories [4,5], explore the ferroelectric properties of HfO, orthorhombic or
monoclinic phase [6] and to use of the films for gas sensing [7]. The thin films based on hafnium dioxide have been produced by
atomic layer deposition (ALD) [6,8,9], plasma-enhanced ALD [1,10], sputtering [11], reactive electron gun evaporation [12],
reactive molecular beam epitaxy [13] or by ion-assisted deposition [14]. For HfO; films deposited by ALD the 3D growth due to
the onset of crystallization have been shown at the first stages of growth with the coalescence of the 3D islands afterwards [15].
Crystallization of the material has also been shown to cause a transversal negative optical inhomogeneity for films with thickness
over 100 nm [7,12,16].

2. Instrumentation

The HfO; films were grown on Si(100) substrates in the R200 Advanced (Picosun, Finland) atomic layer deposition reactor
using tetrakis(ethylmethylamino)hafnium (TEMAH, 99%, Strem) and O plasma as precursors. The growth sequence was 0.3-8-
15-8 s (for TEMAH pulse — N2 purge — O2/Ar plasma pulse — N2 purge, respectively). The films were grown by 50 - 500 ALD
cycles at the temperatures ranging from 150 to 400 °C.

The films were analysed ex situ using spectroscopic ellipsometry (SE), X-ray reflectivity (XRR) and X-ray diffraction.
Ellipsometry measurements were performed at 75° incidence angle using GES-5E ellipsometer (Semilab, Hungary) with microspot
option. The ellipsometric spectra were analysed using WinEllill and SEA (Semilab) programs. The X-ray measurements were
performed using an X-ray diffractometer SmartLab (Rigaku, Japan).

Tauc-Lorentz and Cauchy dispersion models were used to obtain the film parameters. For thinnest films, Tauc-Lorentz
dispersion failed due to heaping of the parameters. As the detailed analysis of the film optical properties for films with thickness of
tens of nanometres is complicated, the simplest Cauchy dispersion model was used in analysis for all the films and a function of
refractive index dependence on thickness found. The low refractive index of the films pointed on defectness (see below) of the
thinner HfO; films, so one term for absorption was included in the model.

Electrical characterization of the films was carried out by means of a Keithley 4200-SCS semiconductor parameter analyser and
a probe station. DC voltage was applied to the top electrode, while the bottom one remained grounded in all cases. Current-voltage
(1-V) measurements were made to observe the resistive switching effect shown by some of the devices by applying voltage sweeps.
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3. Experimental
3.1 Ellipsometry results

The SE refractive index values obtained in the attempt to characterize our thinner films were abnormally low, reaching the
values below 1.5 for the thinnest samples grown using 55 ALD cycles. This means that we have not yet reached the stable growth
mode at this point. For illustration of the situation, the arbitrary refractive index dependence of some material on film thickness is
presented in Fig. 1. If a refractive index of the film rises with thickness and the ellipsometric parameters of the film are obtained in
homogeneous layer approximation (the vertical and horizontal lines creating a rectangle characterizing the optical thickness of the
film by its calculated thickness and refractive index), the refractive index result should be lower than the refractive index on the
upper interface of the film and higher than that at the lower interface (in contact with the substrate).
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Fig. 1. A model refractive index dependence on thickness for inhomogeneous film. The points mark the ellipsometry results for
calculation in homogeneous approximation.

Using XRR we saw the film density values for 500 cycles of ALD growth being dependent on the deposition temperature
(Fig. 2). If the material maximum density is taken from monoclinic phase cell parameters [17] as 10.14 g/cm?® and HfO, maximum
refractive index [18,19] at 633 nm as n = 2.1, we can estimate the refractive index for this wavelength at each temperature using
Bruggeman effective media approximation

n2-n?
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Here, f is the relative density of the material, n, and n, the refractive indices of the material and the air, n, = 1. We propose that
the refractive index n,; corresponds to the material with main part of the material deposited in stable mode.

Figure 3 presents the results of the modelling of HfO; films for 633 nm wavelength depending on temperature. For thicker
samples the results obtained using Tauc-Lorentz and Cauchy dispersion models coincide quite well while for 55 cycle films no
reliable results were obtained using Tauc-Lorentz dispersion. For 110 and 500 cycle samples the Bruggeman EMA modelling
results proceeding from [18] maximal refractive index value is also presented. We see that the refractive indices calculated from
XRR densities do not differ much. Including the refractive index dependencies into the model for thicker films gave only the hints
of refractive index rising with film thickness but not quantitative information.

Now, we present the refractive index results at 633 nm from SE calculations dependent on film thickness (Fig. 4). If we take
a logarithm of the cycle number (or logarithm of the calculated film thickness value), the results could be quite well approximated
by a linear function. It means that the refractive index for a mean material is given through the integral of film optical thickness
(Fig. 1) as

%foxn(x)dx = aln(X) + b. 2

Here, the left side of the equation corresponds to the mean refractive index of the film with thickness X. Moving film thickness
(defined either in growth cycles or in physical thickness values) on the right side, we get

foXn(x)dx =aXnX)+bX ©))

and after differentiation, the local refractive index will approximately be presented as
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n(x) = (a+ b) + aln(x) 4)

After the ellipsometric analysis of the films, this procedure was performed for each temperature, with cycle number or a film
thickness as an argument, and for different absorption terms used (1/4, 1/42 or 1/23). In all the cases the correlation value R? between
the measured and modelled spectra was about 0.999, so there was no reason to use more elaborate dispersion model. The maximum
value for parameter uncertainty was 25% for regression constant a and 7.5% for regression constant b.
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Fig. 2. Thick films (500 ALD cycles) density values Fig. 3. Refractive index values at 633 nm for the HfO,
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Fig. 4. Refractive index dependence on the number of ALD cycles. Linear (a) and semilogarithmic (b) dependencies on the cycle
number.

The semilogarithmic graph allowed to guesstimate the refractive index values at the film thickness points and the thickness
values where the stable growth (taken here as the local refractive index equalling thick material index) is achieved. It happens at
about 100 to 250 growth cycles (approximately 15 to 25 nm film thickness) from 150 to 350 °C growth temperature (Fig. 5).

The available objects deposited using 220 ALD cycles at 200 and 300 °C allow us to give more physical presentation of
refractive index behaviour. Fig. 6 shows stabilizing of the films mean refractive index taking place between 110 (second thickness
point) and 500 (fourth point) cycles of growth. So, we have two possible regressions on a figure, either for samples from 55 to 220
cycles (regl), or for samples 55 to 500 cycles (reg2) as it is obtained for other process temperatures where the 220 cycle samples
were not available. A similar picture is obtained for 300 °C (not shown).



Journal of Electrical Engineering, Vol. 74, No. 4, 2023 249

—=—150°C 21
c 23F  —e—200 :C ) n —&— measured, SE
S, %280 OC ’ 20{ —e—regl
g -:- zgg °g 2.08 1.9 —Areg2
R VA T R ®1 200°c
8 20F 1.8
c 2 3~
19} 171
18} .
A/ ’ 1.6
17} .
100 1000 13 ' ' ' '
ALD cycles 2.0 25 30 35 “OIND
Fig. 5. Calculated film local refractive index values at Fig. 6. Film ellipsometric refractive index behaviour
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horizontal lines show the refractive index calculated growth. Different linear regressions can be drawn with
from XRR data for 500 cycles films grown at 150, 250 different choice of measurement points.
and 350 °C.

Figure 7 presents the modelled dependence of the refractive index on thickness for a film grown at 200 °C. The local refractive
index rises faster and reaches the index value we proposed for a stable film (500 cycles), while the (mean) index calculated from
the ellipsometric data in our homogeneous film approximation continues to grow due to lower refractive index values at the first
stages of the growth. Using regl calculated up to 220 cycles growth (about 27 nm), we get near stable growth from 12 nm thickness
on, the reg2 dependence used for a full set of samples beforehand would stabilize later. Both models eventually fail at higher
thickness values.
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Fig. 7. The estimated local refractive index dependences reach the value of the maximum refractive index for a thick film obtained
from XRR. Calculations with two linear regression dependencies using the refractive index values from ellipsometry. Data for
200 °C.

To check the reliability of our modelling we can compare the optical parameter results obtained with different arguments. The

measured refractive index values for 250 °C deposition temperature using different absorption functions are presented in Fig. 8a.
We see that except for thinnest sample, the refractive index values do not depend much on absorption model.
On the other side, the absorption index values at 355 nm for 150 °C deposition temperature (Fig. 8b) can be under doubt as they
behave not as a smooth function on thickness and have clearly lower values than the samples grown at other temperatures. All the
power functions give similar absorption dependencies, while for all temperatures over 200 °C it is better to use the higher power
functions to describe the absorption index (Fig. 8d).

We suppose the reason may be the onset of crystallization already at lower thicknesses for films grown at higher temperatures
while at 150 and 200 °C the material remains amorphous over full range of thicknesses and we can speak about porous network of
hafnia only.
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Fig. 8. The refractive index dependence on film thickness at 633 nm (a); the absorption index dependence on ALD growth cycles
at 355 nm for different power functions used to describe the absorption term (b-d). The growth temperatures are marked on graphs.

3.2 Resistive switching

Devices with no electrochemically active metals as electrodes and based on HfO, are known to deliver the resistive switching
mechanism due to the valence-change mechanism (VCM) [20]. In VCM based samples, applying an electric field leads oxygen
vacancies to form conductive filaments (CFs) through the dielectric, short-circuiting the metal electrodes and decreasing the
sample’s resistivity (SET process). Another electric field disrupts these filaments, increasing again the resistivity (RESET process),
but never as if the sample was pristine. Both the SET and RESET processes will take place only after the CFs are formed for the
first time after the electroforming process, which usually requires a much larger applied voltage than the SET, as well as a current
compliance in order not to irreversibly damage the sample [21,22].

Two of the 200 °C ALD grown Ti/TiN/Ti/HfO,/Pt/Cr metal-insulator-metal devices (HfO; thickness about 8.5 nm and 14 nm
according to SE) have shown excellent bipolar resistive switching capabilities (BRS). However, as can be seen in Figs. 9 (a) and
(b), a dependence on film thickness was observed, with the thinner sample delivering counter-clockwise resistive switching (CCW
RS) and the thicker film showing clockwise (CW) RS [5]. The approximate local refractive indices for 50 and 100-cycles films
were about 1.65 and 2.0 on upper interface found using the procedure presented above, accordingly, and the estimated packing
densities for these cases would be 0.61 and 0.90. This change in resistive switching polarity has also been observed for the same
ALD grown samples but with inverted metal electrodes (Pt/Cr/HfO- (8.5 and 14 nm)/Ti/TiN (Figs. 9 (c) and (d)). This proves that
the RS polarity dependence on thickness is repetitive.

The explanation behind the different resistive switching behaviours was hypothesized to be due to the filament breaking at
different metal-insulator interface, as the previous studies suggest [23,24]. The CCW RS is well studied and reported in several
other studies, it is believed to be caused by the Ti cap behaving as an oxygen reservoir, thus creating an oxygen-vacancy rich zone
near the top electrode. This allows the formation of a CF with its thicker part near the Ti cap [24]. Nevertheless, the CW RS has
also been reported by other authors in a previous work that studied similar samples as the ones presented here [25]. In this study,
the polarity change occurred in a 5.5 nm HfO; thick layer that showed both CW and CCW RS. The change in polarity was based
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on a current overshoot provoked by parasitic capacitances discharge, that leads to further ion migration after the electroforming
process. Indeed, for the samples presented here, the thicker sample showed a much higher electroforming voltage (-8 V) than its
thinner counterpart (4 V), which could favour the mechanism proposed by Brivio et al [25]. Furthermore, both the studies conducted
by Vinuesa and Brivio [5,25], respectively, observed an anomalous peak that indicates the two mechanisms (CW and CCW)
competing in the 14 nm sample. The 14 nm sample has also shown unipolar resistive switching (URS) (Fig. 10), and it cannot be
ruled out that the URS is competing with the CW or CCW RS [26], leading to the polarity change with the HfO, layer thickness
increase. This explanation is plausible, as URS has been observed in MIM stacks with the same layer configuration as the one
presented here [27].
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Fig. 9. 1-V curves of the TiN/Ti/HfO,/Pt/Cr with HfO, layers of 8.5 nm (a) and 14 nm (b). I-V curves of the Pt/Cr/HfO,/TiN/Ti
with HfO; layers of 8.5 nm (c) and 14 nm (d).
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Fig. 10. I-V curves of the unipolar resistive switching exhibited by the TiN/Ti/HfO/Pt sample with a 14 nm thick HfO, layer.
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Moreover, because the Ti cap has the same thickness in both devices, but the HfO- layer is 5 nm thicker, the titanium layer is
no longer thicker than the HfO,, and thus, could not form a large enough oxygen vacancy rich zone near the Ti/HfO; interface This
could also lead to the polarity change of the 14 nm thick device (Fig. 11). The measured packing densities may also be the reason
behind the filament disruption occurring at different metal - insulator interfaces, as the thinner sample has also a lower packing
density in the HfO/Ti interface. This is significant because this interface composition changes as the device goes through the
switching in sub-sequent cycles, and metal-insulator interactions are of critical importance in VCM devices [28].
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Fig. 11. Schematics of the resistive switching mechanisms for the TiN/Ti/HfO/Pt with HfO, thick layers of 8.5 nm (a) and 14 nm
(b). Cited from [5] https://doi.org/10.3390/electronics11030479

4. Error balances

At our calculations, we have used the ALD cycle numbers and SE thickness values for films. The thickness values obtained
from XRR are systematically lower than the SE values. The confronting results of ellipsometry and XRR measurements are due to
a fact that using ellipsometry we take a possible SiO, natural oxide layer into account as a part of deposited film on Si substrate
(refractive indices about 1.45, 1.9 and 4, correspondingly) while for XRR the film thickness is achieved without SiO, component
due to high density of the HfO, material (10.14 g/cm?®) against the nearly identical density values for Si substrates (2.33 g/cm®) and
SiO; film (2.20 g/cm? for amorphous silica). Table presents the film thickness values obtained using XRR and SE for films at two
growth temperatures — 200 and 300 °C.

Table 1. ALD HfO; film thicknesses obtained from XRR and ellipsometry
(model with k = 1//12 for absorption index dispersion)

Growth temperature, °C ALD cycles d, nm (XRR) d, nm (SE)
200 55 5.4 9.2
110 114 13.8
220 24.0 26.4
500 46.5 514
300 55 4.4 8.8
110 9.9 12.9
220 23.0 26.0
500 44.3 47.8

We cannot comment on the error components for X-ray reflectivity measurements of the thinner samples with poorly defined
structure. However, XRR does not demonstrate the fall of material density at lower thicknesses at the same amount as ellipsometry
does. Still, the quality of the XRR modelling is also somewhat improved if we define the lower density sublayer in contact with
surface.
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The ellipsometric modelling using the fixed film thickness from X-ray reflectivity would result in the refractive indices over 2.1
for most of 500 cycles samples at 633 nm. For comparison, we tried to correct the refractive index obtained using XRR thicknesses
as

d

1 XRR

n=n S E——— 5
XRR RR+15 ( )

taking 1.5 nm for the estimated SiO; natural oxide thickness. Here, dxgr is obtained from X-ray reflectivity and nxgr from
ellipsometric modelling with fixed film thickness dxgr. In this case, all the obtained refractive indices for 500 cycle samples
remained below 2.1 value. Applying the XRR thickness values to SE data for thinner films results in refractive index about 2.1 for
them, moving after correction into 1.8 range (not shown). The correct silicon oxide thickness after the deposition process is not
known.

By the same reason, we are aware that the real refractive index of our thin films is somewhat higher and their thickness somewhat
lower than the data obtained from SE calculations. Therefore, the particular local refractive index values from our calculations may
be taken as guesstimates, though the direction of the physical processes is seen.

5. Conclusions

Thin films deposited using ALD process and TEMAMH in our deposition conditions occur to possess quite inhomogeneous nature
at the first stage of growth. This factor clearly influences the refractive index values obtained using ellipsometry and in lesser
amount the densities obtained using X-ray reflectivity. However, if we have success looking for a suitable model to describe the
behaviour of material mean refractive index over a range of film thicknesses, we can perform the calculations and then find the
approximate profile of material refractive index inside the film. In our case, the result would be refractive index rising for first 15
to 25 nm of the film growth depending on temperature.

Modelling the thin films with undefined structure creates problems in choosing the correct dispersion model for SE. We see that
the character of the power function used for absorption index in the model may have a profound influence on the obtained absorption
values though the fit quality does not change much. The higher powers are preferable for HfO; films where the crystallization takes
place.

The resistive switching in HfO; thin films demonstrates the influence of switching behaviour on film thickness. While the
8.5 nm thick HfO, films showed counter-clockwise behaviour, the thicker films (14 nm) displayed a clockwise resistive switching
effect. This influence was also demonstrated by other devices with the same layer disposition and fabrication process but inverted
bottom and top electrodes, which showed the same thickness-dependence on resistive switching polarity. A revision of previous
literature suggests that this polarity change is due to the conductive filament breaking at different interfaces. Several mechanisms
could be behind this: (i) current overshoot due to parasitic capacitances discharge, (ii) the relatively thinner Ti cap for the thicker
sample, which prevents the formation of enough oxygen vacancies near the Ti/HfO, interface, (iii) the change in material density
in this metal-insulator interface and (iv) competition between CW and CCW RS, as well as URS. We propose that the change of
material density together with its structure and defectivity may be a reason for such behaviour of atomic layer deposited HfO..
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