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A technique for ﬁlms deposition with a composition gradient over the substrate area was suggested.
(TiO2)x(HfO2)1 − x ﬁlms with a monotonously varying coeﬃcient “x” over the length of the sample (combinatorial library) were prepared using the physicochemical features of atomic layer deposition (ALD) method.
Systematic research on the deposited ﬁlms thickness and optical properties was carried out by the methods of
monochromatic (scanning) and spectral ellipsometry using the appropriate dispersion models. This allowed
estimating the range of HfO2 and TiO2 concentrations, realized in the sample deposited by the proposed technique. The variation ranges of the thickness d, refractive index n(E), and optical band gap Eg were found. The
obtained results provide further information on the chemical reactions occurring in this kind of ALD processes.

1. Introduction
The molecular layering (ML) method was proposed in the 60th of
the last century by the group of Leningrad scientists, led by V.B.
Aleskovskii [1,2,3]. Nowadays, the ML method is commonly known as
“atomic layer deposition” (ALD). The ALD process occurs as a result of
time-separated, alternating self-limiting surface reactions between the
functional groups of solid state and the supplied reagents [3,4,5,6]. The
method is considered as capable to provide the highest indexes of
homogeneity and uniformity of coatings.
The multicomponent materials are currently used in many areas.
ALD method has been extensively developed for design of such complex
materials. The use of the mixture of two precursors for the preparation
of binary oxide ﬁlms has been reported already in [7]. However, this
technique has not been widely spread yet. The traditional approach to
the production of multicomponent ﬁlms by ALD is to successively layer
the components at a predetermined ratio m/n (m and n are the numbers
of cycles of each component) [8,9]. The ratio of cycles determines the
chemical composition. The dependence of the ratio of ﬁlm components
on the ratio of cycles is not always linear, and additional studies of this
dependence are required to control the composition.
The methodology of the studies implies deposition of the sample
series with diﬀerent cycle ratios. Further their composition and
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properties are investigated, and ﬁnally, the dependence curve is
plotted. The disadvantage of this approach is the discreteness of composition variation, since m and n are integers. There is always a risk of
error with interpolation when the dependence of composition and
properties on the deposition conditions is nonlinear and nonmonotonic.
Moreover, numerous series of experiments may be required to precisely
deﬁne the necessary conditions. In the searching experiments, it is more
convenient to use the combinatorial approach, creating ﬁlms with a
continuous composition gradient (combinatorial library) over the substrate area, and investigating the dependence of properties on the
chemical composition and conditions of ﬁlm preparation, using local
methods [10,11,12]. But the issue is not trivial when ALD used.
A combinatorial approach was suggested and tested by us on the HfTi-O system. Due to contrasting optical properties of HfO2 and TiO2,
this system is practically interesting for creating materials with a tunable refractive index and a band gap [13,14,15]. A strong correlation
between the chemical composition and the optical properties enables
rapid estimation of the Hf/Ti ratio at any point in the sample by using
non-destructive optical measurements. Comparing the obtained dependences with the conditions of the deposition, we can identify some
additional features of the ALD process resulting from the joint use of
two metal-containing reagents.
The purpose of this work is to synthesize (TiO2)x(HfO2)1 − x ﬁlms,
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Two examples of ﬁlm-growth techniques without an intermediate
pulse of H2O vapor have been found in the literature. TixAl1 − xO2 ﬁlms
deposited at diﬀerent successions of fully saturated precursor pulses
were investigated [17]. The passivation eﬀect of TiC4 on the Al precursor chemisorption was found to be imperfect. The technique was
referred to as “atomic layer deposition using successive supply of metal
precursors”. The term “atomic partial layer deposition” was suggested
in [18]. The authors obtained the Hf1 − xTixO2 ﬁlm on a single sample,
using dimethylamide precursors TDMAH and TDMAT. According to the
authors' assumption, the surface coverage was decreased by decreasing
the time of the TDMAH vapor pulse, and then the TDMAT vapor pulse
was applied for complete saturation. The data on the composition
gradient and the inﬂuence of the time of TDMAH pulse on the ﬁlm
composition have not been reported.
2.2. Details of ALD-process
(TiO2)x(HfO2)1 − x ﬁlms with constant or monotonically varying
composition over the length of the sample were obtained at deposition
temperature Tdep = 250 °C using the Sunale R-200 Picosun OY
(Finland) tool. Film deposition was performed on p-Si (100) wafer of
120 × 20 mm. Substrates were not subjected to special chemical
treatment, but taken from a recently opened cassette. The native SiO2
thickness was previously measured to be ~2 nm (ellipsometry).
TEMAH and titanium (IV) tetrachloride TiCl4 were used as Hf and Ti
precursors, respectively. These precursors are well known and still relevant for the ALD of HfO2 and TiO2 thin ﬁlms [19,20]. The reports on
their joint use for (TiO2)x(HfO2)1 − x ﬁlms deposition have not been
found. Water vapor was used as an oxygen source. The silicon substrate
was placed over the diameter of a pedestal for one of its ends to lie in
the area where the maximum vapor ﬂow of TEMAH was directed.
TEMAH dose, insuﬃcient to completely saturate the surface of the reaction chamber, was set by the following parameters: temperature of
the precursor container THf_evap = 75 °C and pulse time tHf_pulse = 0.5 s.
TiCl4 pulse parameters, reliably providing complete coverage of the
entire reaction chamber, were chosen to be TTi_evap = 25 °C and
tTi_pulse = 0.1 s. The water vapor pulse parameters were set to be
TH2O_evap = 20 °C and tH2O_ pulse = 0.6 s. The reaction chamber purge
time with an inert gas (N2, 99.999%) between pulses tpurge = 6.0 s.
Further in the discussions, purge will not be mentioned, but it will be
understood that it was necessarily performed after each pulse of reagent
vapors. 800 supercycles of the following pulse sequence were performed with the above parameters: TEMAH pulse/TiCl4 pulse/H2O
pulse. The ﬁlm with a composition gradient over the substrate area was
expected to result from the operation.
A series of control samples (CS) was obtained to solve auxiliary
problems, as well as to improve the interpretation reliability of the
already known data. In all cases, 800 reaction cycles were carried out at
T = 250 °C. HfO2 and TiO2 thin ﬁlms (CS-1 and CS-2) were used as
reference points in the calculation using Bruggeman eﬀective medium
approximation (BEMA) model. CS-3 was deposited by using a pulse of
TEMAH vapor, which was suﬃcient for the surface saturation of the
whole reaction chamber (THf_evap = 100 °C and tHf_pulse = 1.6 s). The
TiCl4 vapor pulse followed by the TEMAH pulse insuﬃcient for saturation was used while depositing the CS-4 sample (Table 1). The
study of the CS-3 sample reliably conﬁrmed the attainment of the upper
concentration limit for HfO2 in the gradient sample. Investigation of CS4 sample enabled evaluation of the surface coverage, growth character
and the chemical composition of the ﬁlm with a change in the order of
the reagent pulses.

Fig. 1. Pulse sequence for the gradient sample deposition: initial FHG-covered surface (a).
The surface after interaction with an insuﬃcient dose of TEMAH (b) followed by TiCl4
saturation pulse (c) and surface hydroxylation (d). The cycle repeated N times (e) and
resulted in the HfxTi1 − xO2 ﬁlm with desired concentration gradient (combinatorial library) over the length (f).

using the ALD method with a monotonically varying composition over
the sample length, followed by point-by-point investigation of their
optical characteristics by monochromatic (scanning) and spectral ellipsometry.
2. Experimental
2.1. ALD of the gradient ﬁlm
Our plan to assemble a thin-ﬁlm combinatorial library is shown
schematically in Fig. 1. Previously, during the experimental work on
the ALD of HfO2 ﬁlms from a precursor system: tetrakis-ethylmethylamido hafnium (IV) [Hf(NC2H5CH3)4, the common abbreviation is
TEMAH] – water H2O, we detected the process conditions under which
the wedge-shaped ﬁlms were growing due to an insuﬃcient dose of
TEMAH vapor [16]. When TEMAH reacts with the functional hydroxyl
groups (FHG), the gas phase is depleted of this reagent. Farther from the
TEMAH supply source, the surface concentration of unreacted FHG
monotonically increases. The phenomenon starts at certain threshold
concentration (Fig. 1(b)). Applying immediate pulse of another metal
precursor (but TEMAH) suﬃcient to react with all the remaining FHG
after the TEMAH half cycle without hydroxylation of the surface by
H2O vapor pulse induces the formation of the layer with monotonically
varying composition (Fig. 1(c)). The ﬁlm with a continuous concentration gradient is formed as a result of predetermined reproduction
of the pulse sequence (Fig. 1(d–f)). The importance of this approach is
that it enables point-by-point scanning of the entire continuous set of
compositions, using local methods.

2.3. Spectral ellipsometry
Ellipsometric angles Ψ and Δ were measured as a function of λ in
the spectral range of 1.37–4.5 eV (λ ~280–900 nm) using an ELLIPS1891 SAG ellipsometer (ISP SB RAS design) [21]. The instrumental
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Table 1
Conditions of the control samples deposition.
Sample no

Pulse sequence

Film

Thickness, nm

CS-1
CS-2
CS-3

TEMAH + H2O
TiCl4 + H2O
TEMAH (suﬀ. dose)
+ TiCl4 + H2O
TiCl4 + TEMAH (insuﬀ. dose)
+ H2O

HfO2
TiO2
(TiO2)x(HfO2)1 − x

64 ± 1
41.5
51 ± 1

(TiO2)x(HfO2)1 − x

39 ± 1

CS-4

spectral resolution was 0.01 eV, and the recording time of the spectrum
did not exceed 20 s. The incidence angle of the light beam with respect
to the sample was equal to 70°. The four-zone measurement method
was used with subsequent averaging over all the four zones. During
measurements the light beam was oriented so that its major axis was
located along equal thickness lines in order to reduce the random error,
caused by the wedge shape of the sample.
The recorded Ψ(Ε)exp and Δ(Ε)exp spectra were further used to solve
the ellipsometry inverse problem (EIP) and to ﬁt the calculated spectral
dependences of the ellipsometric angles Ψ(Ε)calc and Δ(Ε)calc to the
experimental ones in accordance with the basic equation of ellipsometry:

tg Ψ⋅exp(iΔ) = Rp R s

(1)

where Rp and Rs are the coeﬃcients of p- and s-polarized light waves.
For ellipsometric calculations we used an optical model of a singlelayer reﬂecting system: a transparent isotropic ﬁlm on an absorbing
substrate. The spectral dependences of the polarization angles were ﬁt
in the entire spectral range for m points of the spectrum by minimizing
the error function σ:
m

σ2 =

1
⋅ ∑ [(Δexp − Δcalc )2 + (Ψexp − Ψcalc)2 ],
m i=1

(2)

where Ψexp, Δexp, Ψcalc, and Δcalc are experimental and calculated
parameters.
Appropriate models were used to calculate dispersion dependences
of the ﬁlms n(E) and k(E). BEMA model [22,23] is given by Eq. (3):

N2i − N2ef ⎞
= 0,
2
2 ⎟
⎝ Ni + 2Nef ⎠

∑ ⎛qi

Fig. 2. Dependences of experimental and computed ellipsometrical parameters Ψ(E) and
Δ(E) for a point near the gradient sample center.

⎜

i

2.4. Scanning monochromatic ellipsometry

(3)

The ﬁlm thickness and refractive index proﬁles were measured
using a scanning high spatial resolution ellipsometer “Microscan” (ISP
SB RAS design) [26]. Ellipsometric angles were measured at a wavelength of 632.8 nm; and the beam incidence angle on the sample was
60°. The maximum spatial resolution of the instrument along the axes
“x” and “y” in the scanning mode was ~10 μm. The step used in the
work was 0.5 mm.

where Ni, Nef are the complex values of refractive indexes of the i-th
component and the eﬀective medium, and qi is the volume fraction of
the i-th component.
Tauc-Lorentz (TL) model (Eq. (4)) was described in detail in
[23,24,25]:
m
Ai⋅Ei⋅Ci⋅(E − Eg )2
1
⎧
for E > Eg
⎪∑ × 2
(E − E2i )2 + C2i ⋅E2
εi (E) = i = 1 E
⎨
⎪0
for E ≤ Eg
⎩
N
∞ ξ⋅ε i (ξ)
2
dξ,
εr (E) = εr ( ∞ ) + ∑ × P ×
Eg ξ 2 − E2
π
i=1

∫

3. Results
Fig. 2 shows typical experimental dependences ψ (E) and Δ (E). The
obtained curves are of a distinctive dielectric type. The ﬁlms under
study may be considered as transparent at photon energies E < 3 eV.
Opaqueness of the ﬁlms under study becomes noticeable at E > 3.
Further processing of the experimental Ψ (E) and Δ (E) dependences is
related to solving the EIP with Eq. (1) and obtaining values of thickness
as well as dispersion dependences n(E) and k(E) of the ﬁlms.
First of all it was necessary to choose the optical model of the reﬂecting system. Analysis of the results has showed that the experimental curves are well described by a simple optical model of a singlelayer isotropic ﬁlm on the absorbing substrate. This model was used for
processing data of scanning ellipsometry (λ = 632.8 nm, E = 1.96 eV)
and a detailed study of the distribution of thickness and refractive index

(4)

where ε is the complex dielectric function, Ai, Ci and Ei are the force,
the broadening and the energy position of the i-th oscillator, and Eg is
the optical band gap.
The spectral data used in the TL dispersion model were edited in
advance for more accurate ﬁtting. The data situated near and directly at
the transition point of the parameter Δ (E) from 0 to 360° were
manually deleted from the array, which helped to eliminate the eﬀect of
the method artifacts on minimizing the error function (Eq. (2)). The
calculations were performed using a model with three oscillators. When
the oscillators coincided in the ﬁnal solution, they were combined into
a single one.
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Table 2
Calculated parameters of Tauc-Lorentz model for the P1-P9 points and control samples.
Calculations according to the TL model
Point/CS no

d, nm

Eg, eV

ε∞

Ai, eV

Ei, eV

Ci, eV

σ·10− 3

CS-1 (HfO2)
CS-3
P1–P4
P5
P6
CS-4

64.80
49.91
49.46
47.14
42.59
38.91

3.845
3.340
3.518
3.494
3.417
3.346

2.275
2.761
2.707
2.714
2.742
2.957

34.94

3.098

2.865

P8

32.13

2.963

2.832

P9

36.00

2.881

2.864

CS-2 (TiO2)

41.50

3.013

2.993

7.241
5.798
5.301
5.055
4.778
4.641
4.551
4.196
4.820
4.125
4.735
4.037
4.415
5.210
3.957
4.282
4.844

1.961
2.398
2.392
2.044
1.605
1.491
1.466
0.779
0.955
0.660
0.949
0.402
0.479
0.558
0.358
0.568
0.570

5.337
1.947
0.976
0.514
0.968
1.684

P7

75.504
27.718
119.121
130.656
145.209
88.597
44.301
36.604
73.962
33.943
70.135
29.072
34.035
34.121
40.371
41.429
41.934

3.094
2.497
4.385

0.944

hydroxyl groups, and the concentration of FHG capable to react
with TiCl4 increases;
III. The sample ends with the area with a length of ~15 mm
(L = 105–120 mm) and a refractive index n = 2.45.

Fig. 3. The thickness and refractive index dependence (λ = 632.8 nm, one-layered
model) on coordinate for the sample obtained by using TEMAH (insuﬃcient dose)/TiCl4/
H2O sequence repeating 800 times (a) and color image of the gradient sample (b).

over the length of the gradient sample (Fig. 3).
Further, the following techniques and models are used to calculate
the dispersion dependences n(E) and k(E):

A series of 9 points (P1–P9) was chosen for a detailed study of optical properties. It should be mentioned that the sample was not damaged due to non-destructive type of ellipsometric measurements.
Characteristics of any other points may be investigated later if required.
Fig. 4 shows the dispersion dependences n(E) and k(E), calculated on
BEMA. Due to a practically complete similarity of the dispersions in
points P1–P4, Fig. 4 shows only one of them. In addition, dispersions
nHfO2 (E), kHfO2 (E), nTiO2 (E), and kHfO2 (E), obtained in the study of CS1 and CS-2 samples and used as reference, are shown.
One of the BEMA ﬁtting parameters is the eﬀective volume fraction
of a component. According to the known values of molar masses and
the density of TiO2 (M = 80 g/mol, ρ = 4.23 g/cm3) and HfO2
(M = 210.5 g/mol, ρ = 9.68 g/cm3) the volume fraction can be converted into the molar one by equation x ≈ 1.16q / (1 + 0.16q), where
x is the molar and q is the volume fraction of TiO2 in the ﬁlm.
Evaluation of the chemical composition over the length of the sample,
obtained using a pulse sequence: TEMAH (insuﬃcient dose)/TiCl4/
H2O, is shown in Fig. 5. Thus, one can see the realization of the idea of
gradient sample deposition by applying TEMAH and TiCl4 pulses
without intermediate surface hydroxylation.
Fig. 5 shows that the value of x well agrees with the results the
refractive index measurement using the scanning single-wave
(λ = 632.8 nm) ellipsometry, allowing further use of monochromatic
measurements for the composition evaluation. Variation of the TiO2
molar fraction over the gradient is in the range of x ≈ 0.37–1. The
estimate of the chemical composition of CS-3 and CS-4 samples is also
shown.
As noted, the estimation of optical band gap on the basis of dispersions calculated on BEMA model for above samples is incorrect due
to a large misﬁt between the experimentally measured ellipsometric
parameters and the calculated ones behind the assumed absorption
edge. Fig. 6 shows n(E) dispersions, calculated by the TL model for
points P1–P9 and control samples. The parameters of the model are
given in Table 2. It can be seen that the calculation results for points
P1–P4 slightly deviate from the dispersion dependence of CS-3 sample,
but compared to the n(E) HfO2 ﬁlm (CS-1) the deviation is insigniﬁcant.
The dispersion calculated for point P9 also passes a little lower than the
one of pure TiO2. This can be explained by minor incorporation of HfO2
in the ﬁlm composition that also agrees with the thickness value, which

1) Direct and independent n and k were calculated at each point of the
spectrum; and the thickness of the layer was determined in advance
in the “transparency window” of the sample (E < 3 eV; k = 0)
[23];
2) The values n and k were determined using an eﬀective medium
model (for example, Bruggeman), while a mixture of individual
phases of HfO2 and TiO2 was taken as a component describing the
(TiO2)x(HfO2)1 − x ﬁlm. Dispersions of HfO2 and TiO2 ﬁlms were
calculated in advance using the approach 1.
3) Calculation was carried out in accordance with the dispersion model
describing the interaction of photons with an absorbing medium, for
example, the TL approximation.
The calculation parameters using the approaches 1–3 are described
in Tables 1, 2.
Fig. 2 also shows a comparison of the ﬁt quality of BEMA and TL
models. It can be seen that the use of BEMA does not provide a good ﬁt
for the experimental and calculated parameters in the E > 3.5 eV region. Consequently, the application of this model should be limited to
assessing the chemical composition. The corresponding dispersion dependences cannot be used to estimate such characteristic as the optical
band gap. The TL dispersion model was subsequently applied to process
the experimental results for solving this problem.
It should be noted that the thickness has a relatively narrow range
(Fig. 3(a)). It is convenient to distinguish three sections along the
sample:
I. A constant refractive index n = 2.22–2.23 is observed in the region
L = 0–60 mm (L is the distance from the sample edge). Under these
conditions, one can see the maximum surface coverage by chemisorbed TEMAH molecules. There is minimal concentration of FHG
capable of reacting with subsequent TiCl4 in section I;
II. Then, there is an about 45 mm long region (L = 60–105 mm) where
the refractive index continuously increases. Here, the depletion of
gas phase by TEMAH vapor occurs as a result of its reaction with
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Fig. 6. Refractive index n(E) dispersion for the P1–P9 points and control samples calculated by using Tauc-Lorentz model.

Fig. 4. Dispersions of refractive index n(E) and absorption coeﬃcient k(E) for the P1–P9
points and control samples CS-1, CS-2 calculated by Bruggeman eﬀective medium approximation model.

at this point is a little lower than the value obtained for pure TiO2 ﬁlm
(CS-2, Table 1).
Fig. 7 shows the dispersions of k(E) in the f(E) = (αE)1/2 coordinates, where α = 4πk/λ. The corresponding technique for estimating the optical band gap was used for (TiO2)x(HfO2)1 − x ﬁlms,
obtained by radio frequency sputtering using HfTi alloy target [27].
Because of the complex character of the k (E) dispersion, the evaluation
of Eg value for the TiO2 ﬁlm and the point P9 of the gradient sample

Fig. 7. Absorption coeﬃcient k(E) dispersions for the P1–P9 points and control samples
CS-2-4 calculated by using Tauc-Lorentz model and plotted at f(E) = (αE)1/2 axes.

using this technique is diﬃcult. Fig. 8 shows the distribution of the
optical band gap values over the substrate area (P1–P8). The data,
calculated for CS-3 and CS-4, are also shown.
Fig. 5. Chemical composition evaluation over the gradient sample
and control samples CS-3 and CS-4.
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hydroxylation step (CS-1 vs CS-3, and CS-2 vs CS-4, Table 1).
The thickness and optical properties of the gradient sample region
(L = 0–60 mm) were found to be virtually identical with the same
parameters, calculated for the CS-3 sample, supplied with a saturating
dose of TEMAH. This indicates that the plateau of constant composition
(x ≈ 0.37–0.40) is conditioned by the chemistry of surface reactions,
rather than by the small dose or short delivery time. Thus, the realization of the concentration gradient from x = 0 to x = 1 is complicated
by the non-ideality of the processes using TEMAH and TiCl4. Deposition
of a gradient ﬁlm by means of the TiCl4 (insuﬃcient dose)/TEMAH/
H2O pulses sequence was not realized due to high vapor pressure of
TiCl4 and technical diﬃculties of supplying an insuﬃcient dose. But
even in this case, a concentration gradient was not expected from x = 0
to x = 1, as shown by the investigation of optical properties of the CS-4
sample ((TiO2)x(HfO2)1 − x, x = 0.6). This also agrees with the known
in-situ studies of the kinetics of TiO2 ﬁlms growth from TiCl4 and H2O
precursors. It was shown in [29] that this process is largely non-ideal
due to re-chemisorption of HCl, surface migration, and desorption of Ti
(OH)xCl4 − x intermediate particles (1 ≤ x ≤ 3). Incomplete Ti-O-Al
surface passivation by chemisorbed TiCl4 was also proved in [17]. According to the estimates of [30], this combination of precursors is
capable to realize the growth of only 15–30% of the monolayer per
cycle. Perhaps, using a diﬀerent pair of precursors would allow a wider
variation of the composition.
The important observation is the uniformity of the CS-4 sample
thickness, despite an insuﬃcient TEMAH vapor dose. In the case of
hydroxylated surface of the substrate, the interaction between FHG and
TEMAH results in much faster depletion of gas phase with a corresponding gradient. If the surface concentration of FHG is reduced by
TiCl4 vapor pulse, one can see an increase in the surface area that can
be uniformly coated using the same dose of TEMAH. This observation
may serve to increase the cost-eﬀectiveness of multicomponent ALD
processes.

Fig. 8. Optical band gap evaluation over the gradient sample (P1–P8, 0.37 ≤ x ≤ 0.9)
and control samples CS-3 and CS-4.

4. Discussion
The study of thickness and optical properties made served to obtain
important data of the ALD process features. Let's try to discuss the results in more detail.
First, the speciﬁc feature on the thickness proﬁle should be noted
(Fig. 3). There is a pronounced minimum at L ≈ 98 mm (point P8).
Apparently, in this region the concentration of chemisorbed TEMAH
decreases to the critical value, which, on the one hand, fails to provide
suﬃcient HfO2 growth and, at the same time, hampers the TiCl4 chemisorption. As the concentration of n(||Oe)Hf(NC2H5CH3)4 − n further
decreases, the eﬃciency of the chemical reaction n ||OeH + TiCl4
(g) → (n||Oe)TiCl4 − n + nHCl(g) increases, which accelerates the
growth per cycle and, correspondingly, thickness. Thereat, closepackage arrangement is not observed. The lattice parameters of the
(TiO2)x(HfO2)1 − x become closer to the parameters of pure TiO2 when
the x value further increases. This improves the consistency and increases the packing density and the growth per cycle [28]. As follows
from the evaluation of the chemical composition according to BEMA,
the mole fraction of TiO2 at this critical point is x = 0.9.
The second important feature is the signiﬁcant deviation of dispersion dependencies of CS-3 and CS-4 from those of HfO2 and TiO2
ﬁlms. This indicates the mutual incorporation of oxides, despite the
assumed saturation of the surface and the absence of intermediate hydroxylation. The calculated mole fraction of TiO2 for these samples is
xCS03 = 0.35 and xCS04 = 0.60. The used TiCl4 or TEMAH doses provide the growth of ﬁlms of simple oxides (TiO2 or HfO2) in the ALDmode over the entire area of the reaction chamber (CS-1 and CS-2
samples). But if precursors are used jointly without intermediate hydroxylation (CS-3 and CS-4 samples), they prove incapable to prevent
the second precursor chemisorption, regardless of the delivery order.
The reason for this phenomenon is non-ideality of the process: steric
hindrance, reversibility of chemisorption, high atomic-scale inhomogeneity of FHG distribution on the multicomponent solid surface,
and the eﬀect of HCl byproduct vapors. Reactions (n ||Oe)Hf
(NC2H5CH3)4 − n + TiCl4 and (n ||Oe)TiCl2 + Hf(NC2H5CH3)4 with
HfeTi bonds formation could be also taken into account; however, it
does not agree with the results of spectroellipsometric studies that are
sensitive to the formation of intermetallic bonds. The dispersion dependences obtained in this study indicate that the ﬁlms are dielectric. In
addition, in the case of signiﬁcant contribution of these reactions to
solid phase formation, this would most likely increase the growth per
cycle. Meanwhile, values of thickness of (TiO2)x(HfO2)1 − x ﬁlms are
lower than those of simple oxide ﬁlms (with the same number of reaction cycles), compared with the ﬁrst precursor that is supplied after

5. Conclusion
Thus, the problem of depositing (TiO2)x(HfO2)1 − x ﬁlms with continuous composition gradient over the substrate area for combinatorial
library production was solved by supplying TEMAH and TiCl4 vapor
pulses without intermediate surface hydroxylation. The thickness and
optical characteristics were point-by-point investigated by the monochromatic (scanning) and spectral ellipsometry. The optical band gap
and chemical composition of the ﬁlms were estimated on the basis of
numerical calculations using the Tauc-Lorenz model and Bruggeman
eﬀective medium approximation. The mole fraction of TiO2 may range
within x ≈ 0.37–1. The optical band gap reaches Eg = 3.68 eV at the
maximum HfO2 concentration. The study of the thickness and optical
parameters of the gradient sample and control samples obtained under
suitable conditions allowed us to reveal the features of forming the
ﬁlms with complex composition in this kind of ALD processes. First, the
presence of pronounced minimum was observed on the thickness proﬁle. It could form due to certain surface concentration of (n ||Oe)Hf
(NC2H5CH3)4 − n groups which hinder the reaction n(||OeH) + TiCl4
(g) → (n ||Oe) TiCl4 − n + nHCl (g). The mismatch between the crystal
lattice parameters of the formed multicomponent solid phase and the
eﬀective diameters of the precursor molecules may be considered as
one more reason. The unavoidable mutual incorporation of TiO2 and
HfO2, regardless of the TEMAH and TiCl4 doses, and their supply order
should be taken into account. In addition, the uniformly coated area
was found to increase if the surface concentration of functional hydroxyl groups was in advance reduced by using the Ti precursor pulse.
The obtained information can help to study the mechanisms of
chemical reactions that occur during the (TiO2)x(HfO2)1 − x ﬁlms deposition from TEMAH and TiCl4. The proposed combinatorial approach
may be useful for a wide range of volatile precursors in ALD of multicomponent systems along with the results of independent methods.
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