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tudy of ultrathin TiN films by ALD:
influence of film thickness and substrate on
composition, structure, sheet resistance and
durability

Kaushik Baishya, ab Luděk Hromádko,a Jan Brodský,cd Raul Zazpe, *ab

Jhonatan Rodriguez-Pereira ab and Jan M. Macak *ab

This study investigates ultrathin titanium nitride (TiN) films in terms of their crystallographic structure,

surface chemistry, sheet resistance and mechanical durability. These TiN ultrathin films were created by

Atomic Layer Deposition (ALD) using TiCl4 and NH3 as precursors. The process consisted of 100, 200,

300 and 400 deposition cycles yielding ultrathin films 4.7, 9.4, 14.1 and 18.8 nm in thickness,

respectively. Different planar substrates were employed, namely Si wafers, soda lime glasses and Ti foil.

Based on image analyses, the deposition rate of 0.047 nm per cycle for ALD TiN (at 400 °C) was

determined. A sheet resistance of 287 U/, was achieved for the 18.8 nm film. X-ray diffraction (XRD)

analysis confirmed the formation of cubic TiN with increasing crystallinity and texture with increased

thickness. Sputter depth profiling in tandem with X-ray photoelectron spectroscopy (XPS) distinguished

the uppermost oxidized surface from the stoichiometric TiN core in the films. Scratch tests

demonstrated an enhanced adhesion and scratch resistance with ALD TiN films, aligned with the

observed microstructural improvements. The comprehensive correlation between the film thickness, and

their chemical composition, crystalline structure and mechanical performance highlights the vital role of

ALD parameters in preparing TiN thin films for advanced technological applications.
1. Introduction

Titanium nitride (TiN) exhibits many favorable properties, in
particular excellent mechanical hardness, and good thermal
and electrical conductivities.1 Thus, TiN has been employed in
numerous applications, such as hard wear-resistant coatings,2

as an excellent diffusion barrier in Ultra-Large Scale Integration
(ULSI) technologies, and as a material for capacitor electrodes
in Dynamic Random Access Memory (DRAM).3,4 Also, the cata-
lytic properties of TiN have gained signicant interest due to its
unique surface chemistry and electronic structure. These
properties can be suitable for applications, such as ammonia
synthesis, nitrogen xation, and the oxygen reduction reaction.
Due to their potential to serve as a cost-effective alternative to
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ology, Technická 3058/10, Brno, 61600,

Mendel University in Brno, Zemědělská 1,
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precious metal catalysts, TiN-based catalysts have been recently
explored for sustainable industrial applications.5–8

Thin lms of TiN can be prepared using a wide range of
vacuum deposition processes, such as reactive magneton
sputtering,9–13 molecular-beam epitaxy,14,15 chemical vapor
deposition (CVD),3,16–18 physical vapor deposition (PVD)
including pulsed laser deposition (PLD)19,20 and also the sol–gel
process21 under a nitrogen or ammonia atmosphere. Due to its
excellent hardness and chemical resistance, etching TiN is
challenging for micro or nanostructuring using conventional
techniques, such as dry etching.22 TiN lms grown by CVD
suffer from severe Cl contamination due to the use of TiCl4 as
a Ti precursor, which brings down the lifetime of the integrated
circuit due to the corrosive nature of Cl.23,24 Also, CVD oen
requires elevated temperatures (600–1000 °C) and there are
challenges in regulating the thickness and morphology of the
developing lms.25 Similarly, TiN lms produced by PVD lack
step coverage and homogeneity,19,20 and oen suffer from vari-
ations in the crystalline structure and texture, which can impact
their performance.26 In addition, Plasma-Enhanced CVD (PE-
CVD) operates at lower temperatures, compared to thermal
CVD, and there is still a need for substrate heating to ensure
good quality lms, which may limit the use of temperature-
sensitive substrates.19
Nanoscale Adv.
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In contrast, Atomic Layer Deposition (ALD) overcomes the
limitations of the above-mentioned deposition techniques and
enables precise control of lm thickness, based on self-limiting
lm growth, conformal and uniform coating, and reduction of
particle formation.27–36 Studies have reported variation of elec-
trical and physical properties of ALD TiN, prepared from
different precursors, using different numbers of ALD cycles and
deposition temperatures. For instance, the ALD TiN lm at 425 °
C using TiCl4 showed a resistivity of ∼200 mU cm.37 Another
study reported the use of an optimized thermal NH3 -based
process with a growth rate of 0.06 nm per cycle and a resistivity
value of 53.103 mU cm.29 TiN lms prepared by ALD using TiCl4
and highly pure NH3 (99.999%) show appreciably low lm
resistivity (∼200 mU cm) under optimum deposition condi-
tions.30 In another study, ALD TiN lms prepared using TEMATi
at 425 °C showed the lowest carbon content and lowest resis-
tivity (∼220 mU cm) compared to other metal−organic Ti
precursors.31Use of hydrazine (N2H4) as a promising N source to
replace traditional NH3 for ALD of TiN lms to achieve low-
resistivity has been studied.38,39 Another study reported that
an increase in the NH3 ow from 500 to 4000 sccm led to a drop
in the resistivity values of approximately 20%, while the TiN
hardness and modulus increased by 75% and 40%, respec-
tively.32 Also, the ∼40 nm thick TiN layer deposited by Plasma-
Enhanced ALD (PE-ALD) can achieve consistent uniformity,
maintaining sheet resistance (R,) > 95% across a 6-inch
wafer.40 On the other hand, avoiding plasma can help to protect
temperature-sensitive substrates from damage.

However, all the mentioned studies discussed ALD of TiN
mostly on Si wafers. Actually, a comparison of the structure,
oxidation, sheet resistance and mechanical stability among
ALD TiN ultrathin lms (below 20 nm) has not been explored
yet. Such studies can provide a thickness-dependent evolu-
tion of the ALD TiN lms' properties. In this work, we depos-
ited ultrathin TiN lms by ALD using 100, 200, 300, and 400
cycles on different substrates, including Si wafers, soda lime
glasses and Ti foil. We performed a detailed analysis of the
physical, electrical, and mechanical properties of these ultra-
thin TiN lms and the impact of surface oxidation on these
properties. Differences in crystallinity and texture as a func-
tion of the type of substrate are discussed. Moreover, scratch
tests on ALD TiN lms are reported for the rst time in this
study, to the best of the authors’ knowledge. Overall, these
results will provide insights for better understanding of ALD
ultrathin TiN lm behavior and the potential application
limits.
2. Experimental section
2.1. Preparation of Si wafers, Ti foil and soda lime glasses

The Si wafer, soda lime glass and Ti foil substrates were cleaned
using the following cleaning protocol before ALD processes.
The substrates were dipped in acetone, isopropanol and
distilled water under sonication for 5 min for each solvent and
nally dried by blowing N2.
Nanoscale Adv.
2.2. Atomic layer deposition of TiN

ALD of TiN thin lms (Beneq-TFS 200) was carried out at
a deposition temperature of 400 °C with a base pressure of
approximately 2 mbar using TiCl4 (99.99+%, STREM) as a Ti
precursor and NH3 as the N precursor. N2 (99.9999%) was used
as a carrier gas applying a ow rate of 500 standard cubic
centimeters per minute (sccm) in a continuous ow process.
One ALD cycle was composed of the following sequence: TiCl4
pulse (500 ms)- purge (4 s)-NH3 pulse (2.5 s)- purge (5 s)-NH3

pulse (2.5 s)- purge (5 s). Accordingly, cleaned Si wafers with
native SiO2, soda lime glasses, and Ti foil were coated with 100,
200, 300, and 400 ALD cycles of TiN, and are denoted as 100c,
200c, 300c, and 400c in the study. A thicker lm with 600c ALD
TiN was produced on a Si wafer as shown in the cross-sectional
SEM image in Fig. S1. The thickness of this ALD TiN layer was
statistically evaluated to be ∼28 nm and the growth rate of ALD
TiN at 400 °C was therefore calculated to be z0.047 nm per
cycle. Hence, the calculated thickness values of 100c, 200c, 300c
and 400c ALD TiN are 4.7, 9.4, 14.1 and 18.8 nm, respectively.

The evaluation of the morphology and the thickness of the
100c, 200c, 300c and 400c ALD TiN thin lms on the different
substrates was conducted using a eld-emission scanning
electron microscope (SEM, JEOL JSM 7500F). SEM character-
ization studies were carried out by applying an accelerating
voltage of 5 kV, a beam current of 20 mA and a probe current of
30 pA. r-Filter was applied to combine signals (1[thin space (1/6-
em)] : [thin space (1/6-em)]1) from secondary and backscattered
electrons. The thicknesses of TiN thin lms were measured and
statistically evaluated using proprietary Nanomeasure soware.

The roughness of all substrates coated with TiN using 100c,
200c, 300c and 400c was determined by Atomic Force Micros-
copy (AFM, Bruker Dimension FastScan) on an area of 1 × 1 sq.
mm. Scanasyst-Air tips (f0 = 70 kHz) were used. The average
roughness values are calculated from 5 different scans on each
sample.

X-Ray photoelectron spectroscopy (XPS, Kratos Axis Supra)
was used to evaluate the surface chemical composition of all
TiN lms. A monochromatic Al Ka (1486.7 eV) X-ray source
operated at 250 W was employed. Depth proling on Si wafer
coated with 400c ALD TiN was performed using Ar+ ion ux
sputtering (5 keV) with 3 × 3 mm sq. cluster size for a total of
42 min with each sputtering duration of 3 min. Additionally, the
rate of surface oxidation was studied by XPS on 100c, 200c, 300c
and 400c ALD TiN exposed for 0 h, 48 h, 1 week, 3 weeks, 11
weeks and 16 weeks. The binding energy scale was not refer-
enced to adventitious carbon (284.8 eV); instead the signal of
Ti–N at 454.9 eV was used, due to the sputtering experiments,
where the carbon signal disappeared. Analysis of data was done
using CasaXPS soware, and the elemental sensitivity factors
provided by the manufacturer were used for the quantitative
analysis. Ti 2p spectra were tted using the Shirley-type back-
ground, asymmetric Lorentzian functions LA (0.98, 2, 150) for
the Ti–N components and mixed Gaussian–Lorentzian func-
tions GL (30) for oxynitride, oxide and satellite peaks. The area
ratio 2 : 1 and the binding energy distance constraints between
the spin–orbit splitting (Ti 2p3/2 and Ti 2p1/2) 6.0 eV for Ti–N
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Parameters for scratch measurements on Si wafer coated
with 100c, 200c, 300c and 400c ALD TiN

Parameter Value Unit

Type Progressive — —
Loading Scanning load 0.03 mN

Begin load 0.03 mN
End load 10 mN
Loading rate 19.94 mN min−1

Displacement Speed 400 mm min−1

Length 200 mm min−1
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View Article Online
species, 5.7 eV for oxides and 5.0 eV for shake-up satellites, were
considered.

X-ray diffractometry (XRD) was performed using a Pan-
alytical Empyrean with a Cu tube and a Pixcel3D detector.
Grazing incidence X-ray diffraction was performed to obtain the
diffraction patterns of the as-deposited 100c, 200c, 300c and
400c ALD TiN thin lms on all substrates. The incident angle
was 1°. The patterns were recorded in the 2q range of 5–65°, the
step size was 0.026°, and the time per step was 11 s.

The four-probe electrical characterization was performed on
glass samples (unexposed) and coated with TiN using 100c,
200c, 300c and 400c with a custom-made box equipped with
a head containing 4 probes arranged in line with 1 mm spacing
in combination with a Keithley 2401 Source Meter. A standard
method was employed, where outer probes were supplying the
current, while the inner probes measured the voltage difference.
The optimal measuring current of 30 mA was experimentally
determined for all samples according to current sweeping in the
range from 0 to 100 mA with a step of 5 mA. Additionally, the
same set of samples were exposed to the atmosphere for 48 h, 1
week, 3 weeks, 11 weeks, and 16 weeks to study the inuence of
the potential surface oxidation on the sheet resistance. Three
Fig. 1 SEM top-view images of a Si wafer, soda lime glasses and Ti foil co
represent 20 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
measurements were performed on each sample at different
places to obtain data for the calculation of the mean value and
standard deviation.

The scratch measurements on Si wafers coated with TiN
using 100c, 200c, 300c and 400c were carried out using a high-
resolution cantilever on an NST3 tester (Nanoscratch Tester) by
Anton Paar. A 2 mm radius indenter was used for the same with
the test parameters mentioned in Table 1.
3. Results and discussion

Fig. 1 shows top-view SEM images of ultrathin TiN ALD lms,
prepared using 100c, 200c, 300c and 400c on Si wafers, soda
lime glasses and Ti foil. Additional SEM images for all uncoated
and ALD TiN coated substrates at lower magnication are
shown in Fig. S2. No signicant differences between samples
prepared by different numbers of ALD cycles can be observed in
the case of Si wafers. There is an island growth of ALD TiN
deposited on Si wafers, beyond the nucleation stage (typically
around 1–3 nm). Furthermore, with higher thickness, the
morphology evolves into polycrystalline lms with distinct
islands observable.41 In contrast, particle-like structures are
visible on the soda lime glasses coated with ALD TiN. Although
the reason behind these structures is unknown, a trend in the
size and density of the particles can be observed at lower
magnication, as shown in Fig. S2. While the size of the parti-
cles decreases, the density increases with the higher number of
ALD TiN cycles. Last but not least, in the case of Ti foil, which is
by far not as planar, there are numerous small metallic islands/
bumps that become overcoated and increase their overall size
with a higher number of ALD TiN cycles. These islands/bumps
on Ti foil have already been there before any ALD process, as
shown in Fig. S2.
ated with 100c, 200c, 300c and 400c ALD TiN, respectively. Scale bars

Nanoscale Adv.
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From the AFM images shown in Fig. 2 in the same layout as
used for the SEM images in Fig. 1, the island/grain structures
are visible in all substrates, coated with ALD TiN. The images
reveal a transition from a lower to a higher number of distinct
grains with increasing number of ALD cycles.

To gain additional evidence on roughness, Root-Mean-
Square (RMS) values were calculated from 5 scans at different
areas. The results are shown in Fig. 3 in the form of box plots.

These plots show signicantly lower RMS values of control/
uncoated samples of each type, which is expected. The trend
of increasing roughness indicates the grain growth and surface
reconstruction, with roughness reecting the surface
morphology changes seen in SEM and AFM images in Fig. 1 and
2, respectively. The average roughness increased from 2.8 nm to
∼6.1 nm in the case of Si wafers. This implies that the very at
surface of a Si wafer promotes the growth of relatively smooth
TiN ultrathin lms with gradual roughening, as the number of
ALD cycles increased. The roughness increased progressively
and steadily from control to 400c ALD TiN. Similarly, the trend
of increase in roughness of soda lime glasses ts well with the
SEM results. With the increasing density of particles with more
ALD cycles, the roughness increases on soda lime glasses from
1.2 nm for control samples to 8.6 nm for ALD of TiN using 400c.
The formation of particles/grain like structures on a Si wafer
and soda lime glass can be due to the mismatch in crystal
structure of these substrates and ALD TiN lms.42 The Ti foil
surface with 400c ALD TiN showed the highest average RMS
value (∼80 nm) among all substrates and cycle numbers, indi-
cating large grain formations and more signicant surface
texture changes. These RMS roughness trends conrmed the
inuence of both the substrate type and the number of ALD
cycles on surface morphology and roughness of TiN ultrathin
Fig. 2 AFM scans (across 1 × 1 sq. mm) for Si wafers, soda lime glasse
respectively. Scale bars represent 100 nm.

Nanoscale Adv.
lms. This has practical implications in tailoring the surface
properties like adhesion, wear resistance and others.

The crystallinity and preferred orientations of ALD TiN lms
on all substrates were characterized by X-ray diffractometry. The
intensity and sharpness of the peaks turned out to be inu-
enced by different substrates. On Si wafers, as shown in Fig. 4a,
the presence of rather broad (111), (020) and (022) diffraction
peak reections was revealed, corresponding to the Fm�3m
(cubic) group of TiN with a lattice parameter of 4.2213 Å, with
moderate broadening signal formation of polycrystalline lms.
On soda lime glasses, as shown in Fig. 4b, TiN peaks were also
rather broader, suggesting a nanocrystalline character of TiN.
The presence of characteristic diffraction peaks of TiN, (111) at
z36.85°, (200) at z42.81°, and (220) atz62.15° conrmed the
crystallinity of the as-deposited ultrathin lms.23,41 Finally, on Ti
foil, as shown in Fig. 4c, these diffraction peaks were also
revealed, but sharper and more intense.

Only in the case of Si wafers and soda lime glasses with 100c
ALD TiN, the XRD patterns show rather weak, broad, or even
absent TiN reections. This indicates less pronounced crystal-
linity, smaller grain size, or a partially amorphous structure. In
contrast, for 200c, 300c, and 400c ALD TiN, the peaks are
sharper and more intense, which directly reects improved
crystallinity, preferred orientation, and an increase in average
grain size. This corresponds to a general trend that increased
lm thickness provides a better environment for crystal growth
and strain relaxation.

XPS depth proling on Si wafers with 400c ALD TiN was used
to study the variation of elemental composition, chemical
states, and thickness-dependent properties across the thickness
of the TiN lm. Fig. 5a shows the atomic concentration (%) for
C, N, O, Ti and Si as a function of the sputtering time. At the very
s and Ti foil coated with ALD TiN using 100c, 200c, 300c and 400c,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Roughness values (root mean square, RMS), obtained by AFM in the form of the box-plot for (a) Si wafers, (b) soda lime glasses and (c) Ti
foil coated with TiN ALD films using 100c, 200c, 300c and 400c.

Fig. 4 XRD patterns of ALD TiN films deposited on (a) Si wafers, (b)
soda lime glasses and (c) Ti foil. Peaks for individual planes of TiN peaks
are assigned in (c).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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onset, an O concentration of ∼18% was recorded, which had
a decreasing trend during the sputtering period. During the
initial sputtering duration of 0–6 min, Ti and N concentrations
were approx. 40% and followed the same trend. This equal
percentage conrms rather stoichiometric TiN near the surface,
as expected for ALD TiN lms. Simultaneously, O is also present
at the surface (∼18–20%) of the unexposed (0 h) sample.
However, the C signal disappears during the initial minutes of
sputtering. The Si concentration from the substrate was 0%
until 6 min of sputtering, indicating effective coverage by TiN
with little breakthrough from the substrate. A sharp increase in
the Si concentration begins at 9 min and at around 24 min
rapidly climbs to ∼90% indicating the approach to the Si wafer
surface, as the TiN lm was sputtered through. The Ti and N
also fall off gradually from ∼32% aer 9 min to ∼4% aer
27 min of sputtering. O also decreases gradually aer 9 min of
sputtering, consistent with the removal of the oxide-rich surface
and transition into the substrate. This prole conrms
a uniform and well-controlled ALD TiN deposition on Si wafer
surfaces. The surface O (and minor C) content indicates typical
air-exposure and adventitious contamination occurring before
the measurement (sputtering), not intrinsic to TiN. The depth-
prole in Fig. 5a strongly supports that effective ALD TiN
deposition was achieved on the Si wafer surface, with a sharp
interface and stoichiometric surface coverage, veried by
elemental XPS signals as a function of the sputtering time.

To gain better insights into the surface chemical state
evolution of the ALD TiN 400c lm, the high-resolution Ti 2p
XPS spectra with their characteristic spin–orbit splitting of Ti
2p3/2 and Ti 2p1/2 were peak tted on three different sputtering
stages (0, 12 and 36 min). The results are shown in Fig. 5b–d. At
0 min of sputtering the Ti 2p spectrum was curve tted using 8
components, which correspond to three different chemical
environments and one pair of characteristic TiN satellites
(Fig. 5b). The rst doublet (red peaks) centered at ∼454.9 and
460.9 eV was related to Ti–N bonds. The second pair of
components (blue peaks) located at ∼456.1 and 461.8 eV was
attributed to Ti–O–N species (TiOxNy). The broader olive peaks
were associated with the TiN shake-up satellites at ∼456.9 and
461.9 eV. Finally, the contribution of the orange doublet,
assigned to Ti–O bonds (TiO2) was found at ∼458.1 and
Nanoscale Adv.
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Fig. 5 (a) XPS depth profile of 400c ALD TiN on Si wafers; a change in atomic concentration (%) vs. sputtering time and evolution of the Ti 2p
peak after (b) 0 min, (c) 12 min and (d) 36 min of sputtering.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

4/
20

26
 1

0:
40

:2
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
463.8 eV. Aer 12min of sputtering as shown in Fig. 5c, the peak
tted Ti 2p spectra exhibited the same chemical species as the
as-deposited. However, the intensity of the components related
to oxides species, namely TiOxNy and TiO2 notably decreased.
Upon further sputtering (36 min), as shown in Fig. 5d TiN is
nearly fully removed, and hence, the signal weakens due to
thinning and an increasing substrate inuence. At 24 min (data
not shown) no new distinct species compared to 36 min of
sputtering (Fig. 5d) appeared.

The inuence of the surface oxidation upon extensive expo-
sure time under ambient conditions (i.e. laboratory air) on 100c,
200c, 300c and 400c ALD TiN lms, coated on soda lime glasses,
is shown in Fig. 6. The recorded initial O concentrations, ob-
tained for 100c, 200c, 300c and 400c, are approx. 30%, 20%,
21% and 18%, respectively. Additionally the respective thick-
nesses for 100c, 200c, 300c and 400c ALD TiN are 4.7, 9.4, 14.1
and 18.8 nm (as calculated from the measured growth rate from
Fig. S1). The reason for the lowering of O content with increased
ALD cycles is that XPS measures the top ∼5–10 nm; hence the
Ti-oxide signal dominates the thinner lms, but the Ti-oxide
signal gets averaged with a much larger low-oxygen TiN signal
as lms thicken, lowering the overall oxygen percentage seen by
Nanoscale Adv.
XPS. Moreover, the change in atomic concentration of C, N, O,
and Ti can be clearly observed between different exposure times
in air: time 0 (unexposed), 48 h, 1 week, 3 weeks, 11 weeks and
13 weeks. The “others” represent the combined concentration
of elements related to the substrate. This might be due to an
oxide layer, formed upon exposure to ambient conditions, that
constitutes a larger fraction of the total lm thickness in
thinner ALD TiN lms, resulting in a higher overall O 1s signal.5

It is clear from these results that all ALD TiN lms accumulate
oxygen and moisture aer exposure, allowing oxygen atoms to
react with the TiN surface, forming TiO2 and oxynitride species.

The O concentration increases slightly during the ambient-
air exposure from 0 h to 16 weeks, due to the low rate of
surface oxidation. However, the rate of oxidation seems to
stabilize over the course of time, possibly due to the passivation
effect of the oxide layer on the TiN surface, which is common
with transition metal nitrides and oxides.43 Overall, the surface
oxidation occurs at a steady rate, over different exposure
periods, but an increasing C contamination was also observed.
The initial N concentrations recorded at 0 h for 100c, 200c, 300c
and 400c ALD TiN were ∼19%, ∼27, ∼29% and 30% respec-
tively. The N concentrations gradually decreased in the case of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Variation of atomic concentrations of C, O, Ti, and N species as a function of exposure times, determined by XPS for 100c, 200c, 300c,
and 400c of ALD TiN on soda lime glasses.
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100c and 200c ALD TiN with the exposure time, implying that
TiN is partially converted to TiO2 by replacement or coverage of
nitrogen. The thicker ALD TiN lms (300c and 400c) retained
high N concentration and stabilize around 23% at longer
exposures, probably due to improved coverage and resistance to
ambient conditions. Similar to N, Ti concentrations recorded at
0 h range from∼19 to∼25% at 16 weeks, indicating a dense TiN
lm structure. Although a gradual decrease in Ti concentrations
is observed in all cases, the decrease is more evident for 100c
and 200c ALD TiN. This is possibly due to easier penetration of
ambient oxygen and moisture into these thinner lms, as also
indicated by relatively high elemental concentrations
(predominantly Si from the substrate) of ∼18% and 13%,
respectively. Overall, the Ti and N concentrations are more
stable (Ti: ∼25–19%; N: ∼29–21%) during the entire exposure
period, indicating that increased ALD cycles preserve the TiN
stoichiometry better during the ambient exposure.

In addition to long-term observation of the composition by
XPS, the sheet resistance of 100c, 200c, 300c, and 400c of ALD
TiN on soda lime glasses was also investigated as a function of
different exposure times. The results are shown in Fig. 7.
Unexposed (marked as 0 h) 400c ALD TiN exhibited the best
sheet resistance (287 U/,) across all samples and times. At 0 h
of exposure, 100c ALD TiN showed the highest sheet resistance
© 2026 The Author(s). Published by the Royal Society of Chemistry
at ∼222.3 kU/, compared to 200c (2.5 kU/,), 300c (519 U/,)
and 400c (287 U/,) at the same exposure time. This trend of
decreasing sheet resistance with higher ALD TiN cycles was
retained throughout the entire data set. The lowest resistivity
achieved in this work – 540 mU.cm – for 400c (as a result of
multiplying 287 U/, with 18.8 nm of thickness) is very
comparable to that in other publications. A comparative table
(Table S1) for different ALD processes used for preparing TiN
thin lms, in terms of precursors, growth rate and resistivity is
provided in the SI.

As shown in Fig. 6, gradual oxidation was observed (1 week to
3 weeks) in the case of 200c, 300c and 400c samples, and
a similar trend was also evidenced in the increase in sheet
resistance. During that transition period, sheet resistance
increases from 2.6 kU/, to 2.9 kU/, for 200c, 518 U/, to 550
U/, for 300c and 295.10 U/, to 299.1 U/, for 400c ALD TiN.
However, the sudden change in the sheet resistance for 100c
ALD TiN coated soda lime glass aer 11 weeks is somewhat
unexpected and can be assigned to potential crack/damage due
to repeated probing during the measurements. In the remain-
ing time period (11 or 16 weeks), the sheet resistance further
increased or leveled-off, depending on the particular lm.

Additionally, the mechanical properties of the TiN ultrathin
lms were investigated. Scratch test results on uncoated and Si
Nanoscale Adv.
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Fig. 7 The sheet resistance of 100c, 200c, 300c and 400c of ALD TiN films on soda lime glasses, evaluated by 4-probe measurements.
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wafers coated with TiN ALD lms using 100c, 200c, 300c and
400c are shown in Fig. 8. The scratches visible as straight lines
were made as the stylus on the indenter moved at a constant
velocity, while linearly increasing the applied force. Hence, the
longer the scratch, the higher the stability of the TiN ultrathin
lm with increasing mechanical force before failure. According
to the data obtained, 100c ALD TiN was scratched with Lc = 7.9
Fig. 8 Panoramic picture of the scratches during the scratch measurem
and 400c ALD TiN. Lc1 = critical load.

Nanoscale Adv.
mN, very similar to 7.6 mN and 7mN for 300c and 400c ALD TiN
coated Si wafers, respectively. However, for 200c ALD TiN the
recorded Lc is 5.8 mN which shows that from Fig. 8 no specic
trend of Lc vs. ALD TiN cycles can be concluded. Due to the
thinness of the ALD TiN lms on all the samples, no visible
delamination occurred and was visible. However, there is
a difference in the point at which scratching becomes evident
ents on uncoated Si wafers and wafers coated with 100c, 200c, 300c

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between the samples. It appears that this threshold is lower for
the sample without the TiN lm, suggesting that the presence of
the ALD TiN lm inuences the scratch resistance of the
samples. It is important to note that the values across the
different samples are very close, and there is no clear relation-
ship between the lm thicknesses and the critical load (Lc)
values.

4. Conclusions

TiN ultrathin lms of different thicknesses were deposited on Si
wafers, soda lime glasses and Ti foils using ALD and varying
numbers of ALD cycles (100, 200, 300 to 400 ALD cycles). For
that, TiCl4 and NH3 were used as Ti and N precursors, respec-
tively. The deposition rate of ALD TiN at 400 °C wasz 0.047 nm
per cycle. This nominally yielded TiN lm thickness of 4.7, 9.4,
14.1 and 18.8 nm, respectively. XRD patterns conrmed the
formation of cubic TiN, with increasing crystallinity and
preferred orientation as the cycles increased, notably enhanced
on Ti foil and Si wafers, compared to glass. The lattice param-
eter remained close to the standard value of 4.221 Å, indicating
high-quality crystalline TiN phase formation. The XPS depth
proling, performed on Si wafers coated with 400c ALD TiN
lms showed the quality, chemical environment and evolution
of the TiN lm with the sputtering time. The TiN lms coated
with different numbers of ALD cycles were exposed to ambient
air for different times. The XPS depth proles revealed that the
thicker lms (200c, 300c and 400c) exhibited lower overall O
content, due to the reduced relative inuence of this surface
oxide and improved lm density. In terms of mechanical
behaviour of the TiN lms, scratch tests showed that the critical
load for lm failure increased from approximately 5 mN for the
uncoated Si wafers to around 7–8 mN for the ALD TiN coated
ones, reecting an enhanced adhesion and a scratch resistance.
In terms of the sheet resistance, the 400c ALD TiN lm with
a thickness of ∼18.8 nm showed the lowest sheet resistance of
287 U/,. This comprehensive dataset highlights that
increasing ALD cycles enhances TiN lm crystallinity, reduces
surface oxidation effects, and improves mechanical robustness,
underscoring the importance of optimizing TiN lm thickness
and substrate choice for targeted applications.
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