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The use of thin-films made by atomic layer deposition (ALD) is increasing in the field of optical sensing. ALD TiO2
has been widely characterized for its physical and optical properties, but systematic information about the in
fluence of thermal history to optical and mechanical properties of the film is lacking. Optical applications require
planar surface and tunability of the refractive index and residual stress. In addition, mechanical properties such
as elastic modulus and film hardness influence the performance of the layer, especially, when optics is integrated
with microelectromechanical systems. In this work, optical properties, density, elemental analysis, residual
stress, elastic modulus and hardness of as-grown ALD TiO2 thin films on silicon were studied at temperature
range from 80 to 350 ◦ C and influence of post-ALD thermal annealing was studied on films annealed up to 900
◦
C. ALD TiO2 films were under tensile stress in the scale of hundreds of MPa. The stress depended both on the
ALD temperature and film thickness in a complex way, and onset of crystallization increased the residual stress.
Films grown at 110 and 300 ◦ C were able to withstand post-ALD annealing at 420 ◦ C without major change in
residual stress, refractive index or extinction coefficient. Elastic modulus and hardness increased upon crystal
lization with increasing ALD temperature. The results presented here help to improve the design of the optical
devices by choosing films with desired optical properties, and further help to design the post-ALD thermal budget
so that films maintain their desired features.

1. Introduction
TiO2 is a polymorphic material [1,2], and at temperature range used
in thermal atomic layer deposition (ALD), it exists at least in amorphous,
anatase and rutile forms [3–6]. Its electrical [7–9] and optical properties
[10–14] depend on the film morphology. Titanium dioxide (TiO2) grown
by ALD from titanium tetrachloride (TiCl4) and deionized water (H2O)
has been widely studied since the first experiments under the names of
molecular layering and atomic layer epitaxy [15–18]. The nucleation
and the growth of ALD TiO2 is known to be sensitive to different sub
strates and substrate terminations [4,19–31]. The onset of crystallisation
and the grain growth are shown to be both thickness, and growth

temperature dependent [19,21,32–42].
Considering the use of ALD TiO2 in optical applications requires
precise understanding, not only of the desired optical properties of the
grown films, but also of the material properties and their dependence on
process conditions. For ALD TiO2, both tensile and compressive residual
stress have been measured at temperature range from 80 to 300 ◦ C
depending on the used substrate material [13,43,44,48]. The mechani
cal properties such as elastic modulus and hardness, have been studied
by X-ray methods [45,46], interfacial mechanical testing [47] and
nanoindentation [48–50]. As post-ALD thermal treatments are known to
create, for example adhesion problems [51], it is important to do sys
tematical characterization of the relation of processing conditions to
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optical and mechanical properties of the material.
The goal of this work was to gain better understanding of the residual
stress, elastic modulus, and hardness in ALD TiO2 films related to their
use in optical applications. The physicochemical, mechanical, and sys
tem properties of ALD TiO2 were studied as a function of process tem
perature, film thickness and storage time in air. Investigations on the
effect of the post-ALD annealing on optical properties and residual stress
of the TiO2 film were also carried out. This article continues the article
series on mechanical characterization of ALD thin films previously
published on Al2O3 [49,52,53], Al2O3-TiO2 nanolaminates[49,54,55,
56] and TiO2[48,49,53].

furnace was ATV Technologies GmbH PEO-603. Films examined were
targeted to be 100 nm thick.
2.2. Characterization
Film thicknesses were measured with spectroscopic reflectometry
SCI FilmTek 2000M, and 49-point automated measurement recipe. The
refractive index and extinction coefficient for the automated measure
ment recipe were determined, from films grown at 300 ◦ C (using 5000
cycles), with SCI FilmTek 4000 at wavelength range from 480 to 1650
nm. For some wafers, thickness and refractive index were measured with
a Plasmos spectroscopic ellipsometry using 633 nm wavelength (HeNe
-laser) and 70◦ incident angle. Optical characterization of refractive
index and extinction coefficient over a range from UV to NIR on wave
length range from 190 to 1650 nm was done using spectroscopic
reflectometry SCI FilmTek4000. Optical measurements were done after
ALD, and repeated after post-ALD thermal annealing at 300, 450 and
900 ◦ C.
X-ray reflectivity (XRR) and a gracing incidence X-ray diffraction
(GIXRD) analysis were carried out using a Philips X’Pert Pro diffrac
tometer. Film thickness, density and crystallographic structure were
measured and analyzed using Cu-alpha wavelength with 40 kV / 40 mA
voltage and current, respectively. Crystallite sizes were calculated using
Scherrer equation [57] from (101) peak. Selected samples were also
examined for crystallinity with tapping mode atomic force microscopy
(AFM), Digital Instruments NanoScope Dimension 3100 equipment
using 3 x 3 µm scan and 512 sample size. AFM rms roughness was
analyzed for samples after first order flattening.
Time-of-flight elastic recoil detection analysis (TOF-ERDA) was
made with self-built equipment using 10.2 MeV 35Cl and 11.9 MeV 63Cu
ions from a 1.7 MV Pelletron accelerator [58]. Rutherford backscat
tering (RBS) was used to determine the Cl levels.
Residual stress was determined by the wafer curvature method using
Veeco DEKTAK V200-Si stylus profilometer. Wafer curvature was
measured before and after ALD using 120 mm long scan parallel and
perpendicular to the wafer flat, and residual stress was calculated using
Stoney’s equation [59,60]. For selected wafers, the residual stress was
determined after ALD, and after post-ALD annealing using laser-based
wafer curvature measurement tool, Toho Technology FLX-2320-S
equipment, and 120 mm scan in parallel and perpendicular to the
wafer flat. In both cases the residual stress values were reported with the
maximum measurement uncertainty as calculated in Ref. [52]. The
maximum measurement uncertainty for these two tools are different
mostly, because of the uncertainty in the bow measurement and wafer
placement. For example, in the case of ALD Al2O3 under 200 MPa re
sidual stress, the maximum measurement uncertainty composes of three

2. Experimental
2.1. Sample preparation
ALD TiO2 films were grown on 150 mm p-type (100) silicon wafers
from Okmetic Oyj. Double side polished (DSP) 380 ± 5 µm thick wafers
were used for the wafer curvature measurements, and single side pol
ished (SSP) wafers of 675 ± 15 µm for other characterization. Wafers
were wet cleaned before ALD using RCA -cleaning (SC-1, DHF and SC-2).
Cleaned wafers were covered with 1 - 2 nm thick chemical oxide. The
major reason for the use of the RCA -cleaned silicon surface was to get
controllable surface condition for the film growth.
The ALD reactor was a single-wafer Picosun® R-150 tool with three
reactant lines. The tool was equipped with a load-lock. The intermediate
space pressure was about 7 hPa. There was a constant 200 sccm ultra
pure nitrogen 6.0 flow through the reactant lines to the reaction space,
and 300 sccm nitrogen flow to the intermediate space located between
the reaction space and the heated vacuum chamber wall. Electronic
grade TiCl4 from SAFC Hitech with purity of 99.995%, and deionized
H2O with resistivity of 18.2 MΩ⋅cm were used as precursors. The TiCl4
bubbler was kept at 14 ◦ C with a Peltier cooling element, and the
bubbler for the H2O at room temperature. TiCl4 and H2O precursor dose
and purge times were 0.1 and 4.0 s, respectively. The growth tempera
ture was varied from 80 to 350 ◦ C, and the number of growth cycles from
190 to 7400, corresponding nominal film thicknesses of about 10 to 300
nm. As the pulse and purge times were kept constant through the tem
perature range, we are aware that the process may not have fully cor
responded to saturated ALD, especially at lower growth temperatures.
The influence of the post-ALD annealing on optical properties and
residual stress was studied on low resistivity, 380 ± 5 µm thick, DSP
silicon wafers to enable reliable optical measurements also in the near
infrared (NIR) region. Films were grown at temperature range from 110
to 300 ◦ C, and selected samples were post-ALD annealed at 300, 450,
and 900 ◦ C for 30 min under 1000 sccm nitrogen flow. The annealing

Fig. 1. (a) Thickness as a function of ALD cycles for TiO2 grown at 110, 200 and 300 ◦ C on silicon. In (b) average growth per cycle is presented as a function of ALD
temperature. GPC values, calculated from thickness values measured with XRR and spectroscopic reflectometry were in line.
2
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Table 1
Spectroscopic reflectometry, ellipsometry, XRR and XRD results measured for ALD TiO2 thin films. The growth per cycle values was calculated from thickness measured by reflectometry divided by the number of growth
cycles.
Growth
temperature
[◦ C]
80
110
150
200
200
200
200

Growth
cycles

Reflectometer
thickness (49 pts) [nm]

St.dev.(49
pts) [nm]

1662
1924
2312
247
493
1233
1850

96.6
98.0
97.8
9.8
18.6
48.8
71.3

2001

2467

2001
2
2

Thickness/
cycles [nm]

Refractive index
@633 nm (5 pts)

1.9
2.2
2.6
0.3
0.5
1.2
2.3

St.dev.
(49 pts)
[%]
2.0
2.2
2.7
3.0
2.7
2.4
3.2

2.42
2.45
-

XRR
thickness
[nm]
102.2
101.5
99.5
9.5
18.0
47.7
67.0

0.0581
0.0510
0.0423
0.0401
0.0377
0.0497
0.0385

100.7

2.9

2.9

2467

103.9

3.8

3.55
3.70
3.75
3.75
3.75
3.85
3.90

XRR
roughness
[nm]
0.5
0.2
0.3
0.4
0.4
0.4
0.7

0.0408

2.60

93.4

3.85

0.8

3.7

0.0421

2.66

92.9

3.85

1.2

4933

229.8

7.1

3.1

0.0466

-

-

-

-

200

7400

372.6

8.0

2.1

0.0504

-

-

-

-

250

1953

101.9

0.6

0.6

0.0522

2.59

92.4

3.70

3.2

300
300
300
3003

319
531
1062
2124

13.0
23.2
48.3
105.5

0.6
0.3
0.6
0.8

4.6
1.3
1.2
0.8

0.0408
0.0437
0.0455
0.0497

2.73

11.9
21.2
45.5
109.8

3.80
3.80
3.80
3.85

1.0
1.6
3.3
3.3

3003
3002

2124
6373

101.5
323.5

1.0
2.4

1.0
0.7

0.0478
0.0508

-

91.5
-

3.80
-

4.3
-

350

2030

97.8

1.1

1.1

0.0482

-

105.0

3.85

4.0

200

3

1

Duplicated sample grown at 200 C.

2

Sample too rough for XRR measurement.

3

Duplicated sample grown at 300 ◦ C.

XRR density
[g/cm3]

GIXRD observed peaks

Crystallite size from
(101) peak [nm]

(101)
(101), (004), (200), (211),
(204)
(101), (103), (004), (112),
(200), (105), (211), (204),
(215)
(101), (004), (200), (105)
(211), (204)
(101), (103), (004), (112),
(200), (105), (211), (204)
(101), (103), (004), (112),
(200), (105), (211), (204),
(215)
(101), (112), (200), (211),
(204),(202)
(101)
(101), (211)
(101), (200)
(101), (004), (200), (105),
(211), (204),(202)
(101), (200), (211)
(101), (112), (200), (211),
(204)
N.A.

32.3
26.6
29.7
27.6
28.9
32.1
26.9
14.3
27.0
24.2
24.0
23.0
30.5
N.A.

◦
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Fig. 3. GIXRD peaks for ALD TiO2 samples grown at temperatures from 110 to
300 ◦ C. Targeted film thickness for these samples was 100 nm.

Fig. 2. Impurity concentrations and O/Ti ratio as a function of ALD tempera
ture. Targeted film thickness was 100 nm. Results for the 110, 200 and 300 ◦ C
samples were published already in Ref. [48], and for 150 and 250 ◦ C samples in
Ref. [54], and repeated here for completeness.

With increasing ALD temperature, GPC decreased at temperature
range from 80 to 200 ◦ C (Table 1 and Fig. 1b). For films grown at higher
temperatures, above 200 ◦ C, GPC was higher, and remained nearly
constant, independent of the growth temperature. Films grown at 250 ◦ C
and up were uniform in thickness, as the st.dev. was ~1% for about 100
nm thick films, compared to the higher non-uniformity of ≥ 2% of the
films grown at lower temperatures. The refractive index, measured with
ellipsometry, increased from 2.4 to 2.7, as ALD temperature was
increased from 110 to 300 ◦ C, except for a drop around 250 ◦ C.
XRR density and roughness increased with increasing ALD temper
ature, as presented in Table 1. The density was experiencing a similar
drop, around 250 ◦ C, as detected for refractive index. With increasing
film thickness, from about 10 to 100 nm, XRR roughness increased from
0.4 to 1.2 nm, and 1.0 to 4.3 nm for films grown at 200 and 300 ◦ C,
respectively.
According to TOF-ERDA and RBS, the impurity concentration
decreased with increasing growth temperature. Impurities and O/Ti
ratio for 100 nm TiO2 are presented in Fig. 2. The main impurity was
chlorine and its concentration decreased from 2.9 ± 0.1 to <0.05 at. %,
as the ALD temperature was increased from 80 to 350 ◦ C. Hydrogen
concentration was at maximum, 2.6 ± 0.2 at. %, at lowest growth
temperature, and decreased to under detection limit of < 0.05 at. % at
350 ◦ C. The O/Ti-ratio remained near stoichiometric TiO2.
The as-grown TiO2 was amorphous at low growth temperatures, 80,
110 and 150◦ C, and at lower film thicknesses (Table 1 and Fig. 3). A
polycrystalline film with anatase was observed for about 50 nm TiO2
film, grown at 200◦ C. For films grown at 300 ◦ C, anatase phase was
already detected for about 10 nm film. No other phases were detected.
Crystallite size (Table 1) did not change with a systematic manner, as at
200 ◦ C the crystallite size was at largest on thinnest polycrystalline film,
thereafter decreased, and again increased with around 380 nm thick
film.
The AFM rms surface roughness for about 100 nm TiO2 samples,
grown at 200, 250, 300 and 350 ◦ C, decreased with increasing growth
temperature; rms values were 8.5, 6.3, 6.4 and 5.8 nm, respectively.
AFM images are presented in Fig. 4. Large plate-like crystals with some
large grains were detected for sample grown at 200 ◦ C. For sample
grown at 250 ◦ C, grains were larger compared to 200 ◦ C sample, and for
samples grown at 300 and 350 ◦ C, the grain size decreased.
ALD TiO2 films were characterized also after the post-ALD annealing.
The film thicknesses, measured by reflectometry, increased slightly due
to annealing for samples grown at 110◦ C (Table 2). With sample grown
at 300 ◦ C, a thickness change was detected only after annealing at 900
◦
C. The hydrogen concentration decreased for sample grown at 110 ◦ C
upon annealing. For samples grown at 300 ◦ C, no major changes in
impurity content were detected, and most of the values were near or
under the detection limit. Density measured by XRR increased upon the

factors: the substrate thickness (380 ± 5 µm) of about 5 MPa, the film
thickness (100 ± 1 nm) of about 2 MPa, and bow and wafer placement
uncertainty for 120 mm scan length causing error in measurement
repeatability. Maximum measurement uncertainty thus varies between
individual samples.
Besides measuring as-grown films, the influence of the storage time
to residual stress was studied by means of wafer curvature measurement
with duplicated samples using both Veeco DEKTAK V200-Si and Toho
Technology FLX-2320-S tools. With first tool, the first measurement was
done within 30 min after ALD process was finished and repeated after
one day, two days, one week, and continued with increasing time in
terval. With the latter tool, the first measurement was made within 30
min after the ALD process was finished and repeated in 5-minutes in
tervals during 72-hour measurement period. During about 220 days
measurement period, the wafers were stored in ISO 4 cleanroom. The
Toho Technology FLX-2320-S was also used for analyzing the thermal
stability of the as-grown film by thermal cycling. The wafer curvature
was measured in-situ during the thermal cycling. The controlled heating
rate was 10 ◦ C/min, from 25 to 500 ºC, and cooling back to room tem
perature took more time. This heating-cooling cycle was repeated three
times continuously for each sample. During the thermal cycling wafers
were under continuous nitrogen flow.
Nanoindentation was performed with a Hysitron Triboindenter for
the elastic modulus and hardness using a cube-corner indenter with a
90◦ total induced angle and 40 nm tip radius. The indent depth was kept
less than 10 % of the film thickness. The elastic modulus was determined
also with laser-generated surface acoustic wave (LSAW) measurements
using the density values measured by XRR. The elastic modulus values
were calculated using Poisson’s ratio of 0.27 [46] for ALD TiO2. Mea
surement methods are described in detail in Ref [52].
3. Results
3.1. Structural and optical properties
Thickness as a function of ALD cycles for TiO2 films grown at 110,
200 and 300 ◦ C is presented in Fig. 1a. Thickness increase was linear as a
function of ALD cycles at 110 ◦ C, except for the thinnest sample (192
cycles), which had substantially lower average growth per cycle (GPC)
value compared to the other samples. For films grown at 200 and 300 ◦ C,
growth was slightly nonlinear with upward curvature. The growth
nonlinearity was largest with TiO2 grown at 200 ◦ C. In every case, the
extrapolated intercept with y-axis was negative, most probably because
of the change in growth upon onset of crystallization, as crystallites
grow faster than amorphous material.
4
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Fig. 4. AFM images of TiO2 grown at (a) 200 ◦ C, (b) 250 ◦ C, (c) 300 ◦ C, and (d) 350 ◦ C using 2467, 1953, 2124, and 2030 growth cycles, respectively, composed of
0.1-4.0-0.1-4.0 s pulse-purge sequence. Image scale was 3 x 3 µm and sample size 512. In (b) one particle detected in Figure was excluded from analysis (marked with
the square).

transition from anatase to rutile (sample grown at 300 ◦ C and annealed
at 900 ◦ C), but appeared to decrease with sample grown at 110 ◦ C and
annealed at 450 ◦ C.
Refractive index, n and extinction coefficient, k were characterized
as a function of the wavelength, from ultraviolet to infrared, from 190 to
1650 nm wavelengths, for as-grown and post-ALD annealed samples.
The results are presented in Fig. 5. The sample grown at 110 ºC, had
foggy surface after post-ALD annealing at 300 ºC; no measurable change
was detected in refractive index or extinction coefficient, the latter
remained at a zero value for wavelength range from 380 to 1645 nm.
Only after annealing at 450 ºC, a clear drop was seen in refractive index,
and in extinction coefficient a change at wavelengths below 380 nm, and
again from 1470 nm upwards. Film grown at 200 ◦ C had k >
0 throughout the wavelength range. Film grown at 300 ◦ C had a zero k
value at wavelength range from 380 to 485 nm, and no change was
detected upon annealing at 450 ◦ C. Change in refractive index and k
values were seen after post-ALD annealed at 900 ºC.

temperatures and with different film thicknesses. Fig. 6 presents the
residual stress of ALD TiO2 as a function of film thickness for films grown
at 110, 200 and 300 ◦ C. Amorphous films were measured to have about
the same level of residual stress, independent of the ALD temperature.
For TiO2 grown at 200 ◦ C, with onset of crystallization, the residual
stress first increased with increasing film thickness, reached a maximum
for about 100 nm film and thereafter decreased. The residual stress for
TiO2 films grown at 300 ◦ C decreased slightly with increasing film
thickness. When the residual stress of about 100 nm samples were
studied as a function of the ALD temperature, presented in Table 3, the
residual stress reached the maximum level with onset of crystallization
around 200 ◦ C, and thereafter decreased.
The residual stress was also characterized as a function of storage
time in air after the film growth. The first measurement was done within
30 minutes after the ALD process was finished, and measurements were
repeated with increasing time intervals during 220 days measurement
period. The residual stress values, based on stylus profilometry results,
showed somewhat deviation from measurement to measurement (Fig. 7)
and it seemed that there was a continuous decrease in residual stress
with sample grown at 300 ◦ C, as the stress relaxed some from 540 to 470
MPa during the storage. The shelf-lifetime series was repeated with a

3.2. Residual stress
The residual stress was measured for samples grown at different
5

**
anatase
anatase
anatase
anatase
anatase
rutile

new sample series and more precise measurement equipment (Toho
Technology FLX-2320-S, laser profilometry). Results showed no changes
in residual stress upon 220 days measurement period.
Selected samples grown at 110 and 300 ◦ C were annealed after the
ALD at 300, 450 and 900 ◦ C. The residual stress was measured before
and after the annealing using Toho Technology FLX-2320-S. Due to postALD annealing, the residual stress decreased for samples grown at 110
◦
C, from initial 413 to 260 MPa, and further to 128 MPa, when annealed
at 300 and 450 ◦ C, respectively as presented in Table 2. For samples
grown at 300 ◦ C, the residual stress increased with increasing post-ALD
annealing temperature.
The temperature cycling, made with in-situ wafer curvature mea
surement using Toho Technology FLX-2320-S tool, from room temper
ature up to 500 ◦ C and back to room temperature, showed differences in
thermal behavior between the samples grown at different temperatures,
from 110 to 300 ◦ C, presented in Fig. 8. The residual stress curve of the
TiO2 film grown at 300 ºC was reversible and returned close to its
original value, initially starting from 450 MPa and ending to 385 MPa. In
films grown at lower temperatures, at 110 and 200 ºC, irreversible
change in the residual stress was detected already during the first heat
cycle around 440 and 260 ◦ C, respectively, as there was an abrupt rise
detected in stress values. In following heating and cooling cycles, no
further changes were detected. The sample grown at 110 ◦ C had rise in
residual stress from initial 440 to 840 MPa and the sample grown at 200
◦
C had similar rise in initial residual stress from 470 to 780 MPa.

Chemical
H
0.80
0.40
0.40
0.10
<0.10
<0.10
0.20

composition [atm.%]
±
C
±
0.10
<0.05
0.10
0.15
0.05
0.10
0.18
0.05
0.05
<0.05
<0.10
<0.10
0.10
0.10
0.05

Cl
1.50
1.70
1.90
0.20
<0.05
<0.05
<0.05

±
0.20
0.20
0.20
0.10
-

O
66
66
65
67
67
67
68

±
1
1
1
1
1
1
1

Ti
32
32
32
33
33
33
32

±
1
1
1
1
1
1
1

GIXRD
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3.3. Elastic modulus and hardness

Post-ALD
Temp
[◦ C]
300
450
450
900

annealing
Film thickness
[nm]
st.dev
101.6
5.7
106.7
4.5
108.7
1.0
110.1
0.9

Residual stress
MPa
±
260
13
128
5
348
13
967
26

Thin film characterization
XRR density
XRR roughness
[g/cm3]
[nm]
3.65
0.6
3.75
0.8
3.45
0.9
3.75
1.0
3.85
4.5
3.85
4.5
4.15
4.0

Elastic modulus values were measured with two methods: nano
indentation and LSAW, and the values are reported in Table 3 as a
function of film thickness and ALD temperature. Approximately stable
elastic modulus values were measured with nanoindentation for films
grown at temperatures below 300 ◦ C. Films grown at 300 ◦ C and above
had somewhat higher elastic modulus values, although with higher
result deviation.
The elastic modulus values measured with LSAW for about 100 nm
films increased with increasing ALD temperature from about 107 to 170
GPa, as growth temperature was increased from 80 to 200 ◦ C. At higher
temperatures, slightly lower modulus values were measured as pre
sented in Table 3. In addition, with increasing film thickness, the
maximum modulus was measured from about 70 to 230 nm thick films
grown at 200 ◦ C with onset of crystallization. For samples grown at 300
◦
C, the modulus values decreased from 175 to 165 GPa with increasing
film thickness.
Hardness, measured with nanoindentation from about 100 nm thick
films, increased from 6.7 to 10.5 GPa with increasing ALD temperature
(Table 3), from 80 to 250 ◦ C and thereafter stabilized. Maximum
hardness was measured for thinnest sample grown at 300 ◦ C, and at this
temperature hardness decreased with increasing film thickness.
4. Discussion
The growth of the ALD TiO2 was studied as a function of ALD cycles
at different temperatures. For amorphous films, grown at 110 ◦ C, linear
growth as a function of the ALD cycles was measured. Slight non-linear
growth as a function of ALD cycles was detected for films grown at 200
and 300 ◦ C. The non-linear growth behavior, usually accompanied with
onset of crystallization [5,61,62], was most noticeable for films grown at
200 ◦ C. Consequently, the thicker the film, the larger was the average
GPC, calculated by dividing the measured thickness with ALD cycles.
One reason for the origin of the increased GPC could be faster growth of
the crystallites in the upward direction, leading to increased surface
area, and thus measured thickness [63]. Also increased hydroxyl group
(OH) density upon crystallization has been reported to cause increase in
the GPC [61,64]; in this work, we can neither confirm nor exclude such
an effect.

* amorphous film

Residual stress
MPa
±
413
17
413
17
415
17
630
37
327
13
316
12
329
12
ALD growth
Temp
Film thickness
[◦ C]
[nm]
st.dev
110
99.2
3.2
110
99.8
3.3
110
99.5
3.3
200
103.8
4.6
300
108.7
1.0
300
108.6
1.0
300
108.0
1.3

Table 2
Thin film characterization results of ALD TiO2 samples grown at 110, 200 and 300 ◦ C after the ALD and post-ALD annealing at 300, 450 and 900 ◦ C are presented here. Measurement uncertainty of the residual stress
measurement is in MPa and it presents uncertainty of the measurement system. Wafer curvature measurements were made with Toho Technology FLX-2320-S.
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Fig. 5. (a) Refractive index presented as a function of wavelength for samples grown at 110, 200, and 300 ◦ C and for selected samples annealed at 300, 450, and 900
◦
C. Wavelength range was from 190 to 1645 nm. In (b) the extinction coefficient for the same samples is presented as a function of wavelength.

Fig. 6. Residual stress is presented as a function of the film thickness for films grown at (a) 100, (b) 200, and (c) 300 ◦ C. The symbols present median stress values
and bars present calculated maximum measurement uncertainty.
Table 3
The residual stress, elastic modulus and hardness as a function of the film thickness and ALD temperature.
ALD temperature

Film thickness

[◦ C]
80
110
150
200

[nm]
97
98
98
19
49
71
101
230
370
102
23
48
102
324
98

250
300

350
*

Wafer curvature measurement
Residual stress
[MPa]
±
452*
29
413*
32
382
78
230
329
391
137
800
122
630*
51
726
116
500
60
684
77
580
338
579
134
327*
19
362
27
304*
19

Nanoindentation
Elastic modulus
[GPa]
st.dev
156
19
152
5
149
4
154
8
159
7
165
16
170
10
165
16
167
45
165
15

Hardness
[GPa]
6.7
6.9
7.3
8.5
10.5
13.6
11.2
9.7
7.9
9.6

st.dev
0.3
0.1
0.1
1.0
0.8
1.7
0.7
1.0
2.0
1.4

LSAW
Elastic modulus
[GPa]
st.dev
107.4
0.4
126.7
0.5
129.0
0.5
128.0
3.4
137.4
2.9
172.2
0.6
171.2
0.6
173.2
0.3
125.6
0.3
153.4
0.1
175.2
1.1
166.9
0.4
166.5
0.6
164.4
0.0
167.5
0.6

Measured with Toho Technology FLX-2320-S.

The optical and structural characterization of these films revealed a
drop around 250 ◦ C in refractive index and density, this is in line with
previous results [44]. At this temperature, AFM revealed a rough sur
face, with large grains and platelets. The rough layer characteristics
might explain the drop detected in refractive index and density.
Refractive index correlated well with the density at ALD temperatures
below 250 ◦ C. Both chlorine and hydrogen concentrations decreased
with the increasing growth temperature, as reported earlier [28] and

there was a negative correlation in the refractive index and chlorine
concentration with the increasing growth temperature.
A plot of the extinction coefficient as a function of the wavelength for
film grown at 110 ◦ C, showed that film has zero k for wavelength range
from 380 to 1645 nm, and also after post-ALD annealing at 450 ◦ C,
meaning that film is not absorbing at this wavelength range. The film
grown at 300 ◦ C, had zero k value at wavelength range from 380 to 485
nm, and annealing at higher temperature (900 ◦ C) lead to rise in k. Film
7

O.M.E. Ylivaara et al.

Thin Solid Films 732 (2021) 138758

work even for duplicated samples, the results agree well with most nu
merical results published [44,13,48] for ALD TiO2 on silicon, and sup
port the conclusion that the residual stress of the ALD TiO2 is a sensitive
function of process parameters. Small fluctuations in temperature, film
thickness and precursor doses most likely affect the crystallization and
thereby the residual stress.
The effect of post-ALD annealing has been studied on ALD TiO2 films
mainly for structural properties [66] but also for residual stress [13]. For
initially amorphous sample grown at 120 ◦ C post-ALD annealing has
been reported to increase residual stress [13]. In this work, the residual
stress decreased due to film cracking with increasing post-ALD anneal
ing temperatures for samples grown at 110 ◦ C. This is assumed to be
caused by the crystallization and related increase in density upon
annealing of the initially amorphous film. The film grown at 300 ◦ C and
annealed at 900 ◦ C (Table 3), experienced a notable rise in the residual
stress after annealing at 900 ◦ C, upon structural change from anatase to
rutile. The residual stress remained unchanged during the repeated
thermal cycling of sample grown at 300 ◦ C, indicating 500 ◦ C temper
ature was not high enough to initiate structural changes in the anatase
film. The films grown at lower temperatures 110 and 200 ◦ C experienced
non-reversible abrupt rise in residual stress already during the first
heating cycle at temperatures of 440 and 260 ◦ C, respectively. In this
sense results presented here were in line with Jõgi et al.[67] as ac
cording to their result the crystallization of the amorphous film to
anatase is easier than re-crystallization from anatase to rutile, as large
anatase grain size retards the phase transformation, and higher thermal
activation energy is needed to initiate rutile nucleation [66,67].

Fig. 7. Residual stress presented as a function of storage time. For samples
grown at 110, 200 and 300 ◦ C measured using two different tools.

grown at 200 ◦ C, was absorbing through the wavelength range, though
at low levels.
The TiO2 was detected to be amorphous at low growth temperatures.
Anatase peak was detected in GIXRD for about 50 nm films grown at 200
◦
C. At higher temperature, 300 ◦ C, anatase peaks were already present
for 10 nm thick film. These findings correlate with previously published
results, but onset of crystallization has been slightly varying depending
on the study [23,34–37,65,20]. The grain size correlates with the earlier
findings for ALD TiO2 on silicon [32,65] as for polycrystalline samples,
the grain size decreased with increasing ALD temperature.
The change in residual stress of ALD TiO2 is linked with changes in
crystallinity detected by GIXRD and AFM. For the amorphous films, the
residual stress was stable as a function of the film thickness, in accor
dance with findings made for other amorphous ALD materials: Al2O3
[52], and Al2O3-TiO2 nanolaminates [54]. At 200 ◦ C, where the onset of
crystallization was detected, elevated residual stress was measured. In
addition, a large variation in residual stress was detected for duplicated
samples grown at 200 ◦ C, and also different anatase peaks were observed
in GIXRD. The finding of Lyytinen et al. [48] supports the observation
that even between the duplicated samples the crystallization is not
progressing in the same stage, as they detected the sample grown at 200
ºC (sample included also in this study) to have an mixture of anatase
agglomerates in an amorphous matrix. On base of these findings,
probably random nucleation of anatase crystallites influence the
nucleation phase and order of crystallinity between the duplicated
samples as different diffraction peaks were observed in GIXRD (Table 1).
The residual stress measured for TiO2 in this work is compared with
earlier results in Fig. 9. Considering the stress variation detected in this

Fig. 9. Comparison of published ALD TiO2 stress data as a function of ALD
temperature. Symbol (■) refers to results presented in this work and is the
residual stress value; bars present calculated maximum measurement uncer
tainty values.

Fig. 8. Residual stress measured in-situ during the repeated post-ALD thermal cycling for films grown at (a) 110 (b) 200 and (c) 300◦ C. The heating ramp rate was 10
◦
C/min and temperature range was from about room temperature up to 500 ◦ C and during the subsequent cooling back to about room temperature.
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Thickness change during the post-ALD annealing, was most probably
due to growth of interfacial SiO2, proposed already by Methapanon et al.
[25] and McDonnell et al.[29]. Hydrogen was the only impurity that was
detected to decrease upon thermal annealing; at a general level, Jõgi
et al. [67] have reported the post-ALD annealing to decrease impurities
and increase amount of crystalline phases.
Change in elastic modulus was mainly attributed to change in crys
talline structure, as the highest elastic modulus values were measured
around crystallization temperature. The elastic modulus values
measured with LSAW showed more temperature, and thickness de
pendency than the elastic modulus derived from nanoindentation
measurements. In principle, the methods should yield the same values
for the isotropic films, but systematic differences may emerge as the
nanoindentation measurement may suffer from the substrate effect,
especially with the crystalline materials. For the LSAW measurement,
the surface roughness should not influence to the elastic modulus result,
in the roughness range studied in this paper [68].
There are several sources reporting mechanical properties of thin
films to have strong correlation with film density [69,70]. In this study,
no linear correlation between density and hardness or residual stress
was detected, but upon structural transition, changes in stress, elastic
modulus and hardness were detected.
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