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Temperature Invariant, Nearly Zero Temperature Coefficient
of Resistivity in Si-Doped Titanium Nitrides

S. Novia Berriel, Corbin Feit, Md. Rafiqul Islam, Jia Shi, Somilkumar J. Rathi,
Ajit Dhamdhere, Hae Young Kim, Patrick E. Hopkins, Talat Rahman, Duy Le,

and Parag Banerjee*

Materials with near-zero temperature coefficient of resistivity (nz-TCR) are
critical for precision electronics operating across wide temperature ranges, yet
achieving ultra-stable resistivity remains a challenge. Here, a mixed nitride
Ti—Si—N thin film system is demonstrated exhibiting exceptional nz-TCR
stability (0.05 ppm K=) from 80 to 420 K, realized through atomic-level
control of electron scattering mechanisms. By tuning Si content in TiN (2—4
at%), a TCR transition from metallic (positive) to insulating (negative)
behavior is induced, with optimal stability at Tij ¢3Siy o, N. Atomic layer
deposition enables precise synthesis, while structural, electronic, and thermal
characterization, supported by density functional theory-based calculations,
reveal that nz-TCR arises from a control of elastic mean free path and average
diffusion length of electrons. The elastic mean free path (0.712 nm)
approaches the lattice parameter (0.455 nm), and the average diffusion length
(5.5 nm) aligns with the size of Si decorated grains (5.66 nm), thus leading to
temperature invariant electronic transport. This work provides a generalizable
design principle for ultra-stable nz-TCR resistors using composition control

coefficient of resistivity (TCR) is the param-
eter that quantifies the variability of p as a
function of T. Generally speaking, TCR >0
in a metal because of increased scattering
processes that results in an increase in p as
T increases.!!! On the other hand, TCR <0
broadly defines insulators, amorphous met-
als, and disordered alloys.[?} Transitioning
across these two categories is the intrigu-
ing regime of a nz-TCR material, which
demonstrates minimal resistivity change
with T. Foil resistors,3 antiperovskites, ¢!
and nanocomposites!’'% with individual
components of opposing TCRs, have all
demonstrated nz-TCR behavior. From an
applications perspective, nz-TCR materials
are attractive candidates for use in wearable
strain sensors,['"1? and resistors!’! in quan-
tum and microelectronics.

The nz-TCR behavior is governed by

and grain-boundary engineering.

1. Introduction

Electrical resistivity (p) is a property that exemplifies the flow
and collective behavior of electrons in a material. Temperature

the empirical Mooij rule,l'3] which pre-
dicts that TCR ~0 behavior emerges for
materials with p of 100-150 uQ cm.
The rule can be explained by recognizing that p in conduc-
tors is related to the elastic electron mean free path, I,. At tem-
peratures where I, approaches the fundamental limit of inter-
atomic spacing “a,,” p saturates and becomes independent of
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Figure 1. a) Survey of nz-TCR materials (x-axis) — top graph; and the corresponding temperature range within which nz-TCR is demonstrated—-bottom
graph. Data has been organized as a function of increasing temperature range, from left to right. All references cited in text. Data from the current work
is highlighted in red. b) Variation of TCR as a function of at% Si in Tif./100)Six/100)N- The open symbols are from Feit et al.,[21 and the filled symbols
correspond to this work. The region between 2—4 at% Si provides a series of samples with nz-TCR.

temperature. This condition is known as the Mott-Ioffe-Regel
(MIR) limit.[1415]

Maintaining the thermal stability of nz-TCR has been
a long-standing challenge. This behavior is underscored in
Figure 1la that summarizes nz-TCR materials reported till
date.3-68-101216=26] The top graph reports the TCR (in ppm K1)
while the bottom graph shows the upper and lower temperatures
and range AT, in which nz-TCR behavior is exhibited. For exam-
ple, solution-processed nanoparticle thin films!'2l show a TCR of
0.799 ppmK-~'. However, the AT = 20 K only. On the other hand,
vacuum arc remelted high-entropy alloy!?®! Al, ,cCoCrFeNi has a
non-trivial TCR of 72 ppmK~! and a wide AT = 355.8 K. Thus,
it is challenging to obtain low nz-TCR behavior with the widest
temperature regime of stability.

Herein, we report a mixed nitride Ti, o Si; o, N with an nz-TCR
of 0.05 ppmK-"! stable from 80-420 K, i.e., a temperature range
of AT = 340 K. This is highlighted in red in Figure 1a. The de-
velopment of the Ti, o4 Sij o, N composition with the desired nz-
TCR behavior is arrived through our previous work,!?!l where
the TCR of a range of Tij_ 100 Siy109N compositions (0%< x
<24.2%) were reported as open symbols shown in Figure 1b.
According to this graph, a crossover in TCR is to be expected
between 2—4 at% Si. By synthesizing films within this targeted
composition range, a cluster of TCR values were indeed gener-
ated with nz-TCR behavior as given in Figure 1b with filled sym-
bols, while the inset shows the TCR averaged over triplicate sam-
ples for a given composition. Within the 1.16 + 0.978 ppmK™!
sample set at 2 at% Si, one sample demonstrated a nz-TCR of
0.05 ppmK~" as shown in Figure la. This paper discusses the
detailed electrical, thermal, chemical, and structural character-
ization of the TijgSij, N films with ab initio calculations that
lead to a detailed understanding of the mechanisms for nz-TCR
behavior.
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2. Results

2.1. Electrical and Thermal Transport

Figure 2a shows p for a 142.3 nm TiN film with temperature
varying as, 80 K< T <420 K. The pg is 178.76 pQ cm and re-
mains unchanged till T ~160 K.?”] Thereafter, p increases where
P00k 1S 180.67 pQ cm and is comparable to the reported p of
polycrystalline TiN between 160-230 pQ cm.[?8] The variation
of p as a function of temperature for Ti, 5Siy 0, N is shown in
Figure 2b. The addition of Si to TiN film leads to an increase in
resistivity.?!] Here pgo = 304.78 puQ cm, pyox = 304.80 uQ cm
and p,,0x = 304.74 pQ cm. Notably, the variation of p is neg-
ligible and accounts for only a change of 0.021 % between 80
to 420 K.
The TCR is obtained as,[*”!

_1(d
TCR = o (dT> (1)

where p, is the reference resistivity chosen to be the resistivity
at the lowest temperature (80 K). TCR as a function of tempera-
ture for TiN is shown in Figure 2c. Between 80 K< T <160 K,
the TiN TCR lies between —27.84 and 12.08 ppmK~!. There-
after, the TCR increases with temperature, reaching a value
of 98 ppmK~! at 300 K and 130 ppmK~! at 420 K. TCR for
Ti 05510, N is shown in Figure 2d. Across the entire tempera-
ture range tested, i.e., 80 K< T <420 K, the TCR varies from
a maximum of 1.61 ppmK™ (at 320 K) to a minimum of
—5.92 ppmK-~ (at 410 K). The average TCR across this range is
0.05 + 0.9 ppmK-1.

We continue to discuss electrical measurements using
Table 1 and return to the discussion on thermal conductivity

© 2025 Wiley-VCH GmbH
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Figure 2. a) Change in p vs T for (a) TiN and b) Tij ggSig g, N Note: y-axis range kept the same for both (a,b). Variation of TCR vs T for c) TiN and
d) Tig 93Sigo2N. €) TDTR measured the total thermal conductivity of TiN, Tig 93 Sig 92N, Tig 914Sig 086N, and Tig 758 Sig 242N films. f) Temperature-dependent
theoretical Lorenz number (Lyy) to the Sommerfeld value (Ly), assuming, pj,,,/A = 0.1 for TiN and p;,,,/A = 0.2 for Tig 44Sig 0N, ®p = 580 K for both
TiN and Tig 93Sig o2 N- g) Electron thermal conductivity vs T for TiN and Tig 93 Sig o2 N. h) Lattice thermal conductivity vs T for TiN and Tig ggSig gy N.

Table 1. Table of at% Si, TCR, resistivity at 300 K (p300x), carrier concentration at 300 K (n30k), mobility at 300 K(uzp0k), and elastic mean free path at

300 K (I,]300x)- Here, the room temperature resistivity uncertainty is 0.700 uQ cm; Mobility uncertainty is + 2 cm? Vs~

1

)

Mean free path uncertainty is

0.002 nm. TCR listed is average over 80-420 K, and all other entries are room temperature (300 K) values for a representative sample out of 3 tested at

each Si content.

at% Si TCR [ppm K] P300 [M€2.cm] f30x [em™] Hilso0x [em? Vs™] lel300k [nM]
0 76.80 180.7 8.52x 10%° 40.56 7.787
2 0.05 304.7 1.41x 102 1.46 0.712
2.6 1.41 309.2 3.41x 102 5.91 1.803
2.7 5.73 318.6 6.14 x 1021 3.19 1.183
3.9 4.96 333.4 9.91x 10% 18.90 3.816
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as given in Figure 2ef, subsequently. Hall measurements de-
convolute two important parameters which contribute to film
resistivity: 1) carrier concentration (n) and 2) Hall mobility (u),
where p = (nepy)'. Additionally, from this data the elastic mean
free path (I,) can be computed as,*!

2
! =@x9.2 nm (2)

(4

where, the r, is the effective “radius of influence” of one free elec-
tron and given as, r, = (—)'/3 and, a, is the Bohr radius. These
data are collectively preslgﬁted in Table 1 as a function of at%
Si (determined by X-ray photoelectron spectroscopy (XPS) and
shown below) including the average TCR (from 80-420 K), resis-
tivity (p;g0x), Carrier concentration(nsgg,), Hall mobility (1 |500x)
and electron mean free path (l]x) - all at 300 K. The abso-
lute value for TCR decreases from 76.80 ppmK~! for TiN to
0.05 ppmK-~"! for the Ti, ¢5Si, ,N. Further addition of Si to 3.9
at% maintains the low TCR value, and for Ti, 4 Sij 43N is only
marginally higher at 4.96 ppmK~!. The p;, increases monoton-
ically upon Si addition,?!! where for TiN = 180.7 pQ c¢m and for
Tig.061510,030N = 333.4 uQ cm.

For TiN, room temperature free electron concentration (r;4)
is 8.52 x 10%° cm™>. Upon addition of 2 at% Si, the nyy, in-
creases by 16 X to 1.41 X 10% cm™3. This surprisingly high
value signifies a maxima in free electron concentration in the
Ti-Si-N system and can be compared to the value of epitax-
ially grown, single crystal TiIN of 5 x 10%* by Johansson et
al., and 8.3 x 10?2 cm™ by Gall et al.’'*2] Upon continued
Si addition, the n,,, decreases and at 3.9 at% Si the nyp =
9.91 x 10%° cm . The iy |30k follows an inverse trend, where TiN
has a room temperature mobility of 40.56 cm? Vs~!. This value
drops to 1.46 cm? Vs™! for the Ti 445y, N. Further increase in
at% Si causes the |50 to increase and for the Tij o4, Sij 030N =
18.90 cm? Vs,

The 1|50k is given as the last column in Table 1. The TiN
has a mean free path of 7.787 nm and significantly decreases
to 0.712 nm for Tij ¢ Sij, N, which in turn approaches the lat-
tice parameter value of 0.424 nm (determined with X-ray diffrac-
tion (XRD) and shown below). As Si at% increases, the mean free
path increases to 3.816 nm for Ti, g4, Sij 30N, similar to reported
values.l**)

Time-domain thermoreflectance (TDTR) measurements
were performed to understand the electron-phonon in-
teractions in Ti ,Si N (0< x <0.242) films as a function
of temperature (200 K< T <475 K). Figure 2e shows that
the total thermal conductivity is highest for TiN, followed
by Tige5Si00o N, Tig 91451086 N, and lowest for Tiy55Si,4,N
films due to an increase in electron and phonon scattering
in the presence of Si.3*3¢l Within one sample, an increase
in thermal conductivity with increasing temperature is con-
sistent with prior observations.’’*! However, the overall
reduction in thermal conductivity of TiN with the addition of
2 at% Si is minor and falls within the uncertainty range of
TiN. This suggests a non-negligible phonon contribution to
the thermal conductivity of TiyesSiy N, indicating that the
reduction in electronic thermal conductivity does not affect the

Adv. Mater. 2026, 38, 14483

€14483 (4 of 11)

www.advmat.de

total thermal conductivity of these films within our experimental
uncertainty.

To understand the thermal conductivity change that arises
from the addition of Si in TiN, we analyze the electron
component of thermal conductivity through a temperature-
dependent Lorenz number calculation. The temperature-
dependent theoretical expression for the Lorenz number
ratio, Ly,(T)/L,, considering the predominance of normal pro-

cesses of electron-phonon and impurity scattering, is given
by!40-45]

Pimp T > 0,
Ly (T) _ =+ (5) 5 (%) o)
Ly 5 2 2 H(%2)
Pimp T 0y 3 (kg Op 1 7\
() (%) e 2(2) () - 24
Where, L, is the Sommerfeld value of the Lorenz number (L, =
2.44 x 1078 QWK2). Here k; is the Fermi wave vector; ®, and
qp are the Debye temperature and wavevector, respectively; the
Debye integrals J, can be expressed as,

®D E')D/T XX
D) = _*€ 4
r(F)- g

In this equation, k;/qp is related to the electron-phonon in-
elastic small-angle scattering (vertical processes). The Debye
wave vector for both films is found to be g, = 0.837 A~! assuming
a sound speed!“®! of 9076 m s~! and a Debye temperaturel* ! of
®p, =580 K. The Fermi vector for TiN and Ti o4 Si; o, N are 0.293

and 0.747 A~1, respectively, calculated from**! k, = [3p? n]%. In
this calculation, we utilize the resistivity and carrier concentra-
tion listed in Table 1.

Figure 2f presents the calculations of Equation (3), showing
that Ly;, /L, ~1 for TiN implying that thermal conductivity in TiN
is electronically driven, while Ly, /L, <1 for Ti; 44 Si; o, N. The cal-
culated electron thermal conductivity also reduces by at least 40%
in Ti| ¢g Siy o, N compared to TiN. The reduced Lorenz number in
Tiy 05 Sig o, N supports the fact that the phononic contribution in
Tij 0551y 0, N is non-negligible due to the relative similarity in ther-
mal conductivity to the TiN film presented in Figure 2e.

To illustrate this effect further, the electron contribution
(K electron) t0 thermal conductivity for TiN and Tij ¢¢Siy o, N across
200 K< T <400 K is shown in Figure 2g. Compared to TiN, the
presence of Si in Tig ogSiy o, N lowers ko through alloy scat-
tering, as Si atoms act as point defects introducing additional,
temperature-independent scattering centers. This reduces /, and
conductivity, o (= 1/p), thereby suppressing k. yon as confirmed
by Table 1. It is also noted that although electron—phonon scatter-
ing intensifies at higher temperatures and is expected to reduce
o, the Wiedemann-Franz relation (K ecpon = LoT) dictates that
the explicit linear dependence on T outweighs the reduction in
o, leading to a net increase in K .on. THiS increase in K geqyron
therefore reflects the balance between stronger scattering and the
linear T term, rather than serving as direct microscopic evidence
of electron—phonon interactions. The lattice contribution to ther-
mal conductivity (kKponen) s shown in Figure 2h for TiN and
Tig.0551,0,N between 200 K< T <400 K. Overall, k5,0, decreases
with increasing temperature due to enhanced phonon-phonon

© 2025 Wiley-VCH GmbH
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Figure 3. a) XPS fine spectra of Ti 2p for TiN (bottom) and Tig ggSig 9, N (top). b) XPS fine spectra of N 1s for TiN (bottom) and Tig g5Sig 9, N (top). c) XPS
fine spectra of Si 1s for TiN (bottom) and Tig ggSig g, N (top). d) XPS fine spectra of O Ts for TiN (bottom) and Tig 93Sig o, N (top). The deconvoluted

peaks designated by roman numerals are described in the text.

Umklapp scattering.’*>!l As temperature rises, the population
of high-energy phonons increases, leading to more frequent mo-
mentum non-conserving events that shorten the phonon mean
free path and reduce k4,0, Bounded by the uncertainty of the
MeASUTeMents, K pponon £0T Tig 0515 o, N is higher compared to TiN
thus, resulting in comparable k.

2.2. Materials Characterization

In Figure 3a, XPS fine spectra of Ti 2p are compared for TiN and
Tig 955190, N- For TiN, the Ti 2p; , binding energy is at 455.39 eV
with a spin-orbit splittingl®? of ~5.70 eV (Peak I). The peak
located at 458.88 eV can be attributed to Ti—O bonds (Peak
III). The peak in between and positioned at 457.17 eV repre-
sents Ti—N—O (Peak I1).1°*) The Ti 2p spectrum for Ti o5 Sij 0, N
shows the Ti 2p;;, located at 454.41 eV (Peak I). A peak cor-
responding to Ti—O is found at 457.68 eV (Peak III), and a
Ti—N—O peak is found at 455.98 eV (Peak II). There is no
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indication of any Ti—Si bonding, in line with our previous
work.[?!]

The N 1s spectra are shown in Figure 3b. The N—Ti for TiN
was centered at 397.26 eV (Peak I). A N—H bond is indicated by
a peakl®?] at 399.71 eV (Peak 1II). For Ti g5 Siy 0, N, the N—Ti peak
is centered at 396.65 eV (Peak I) and the N—H peak is centered
at 399.80 eV (Peak III). A N—Si bond is also found centered at
398.21 eV (Peak II) that is not present in the TiN spectrum.

The Si 2p spectra are shown in Figure 3c. No Si is detected in
TiN. For Tij o5 Siy 0, N, Si—N bonding is observed®¥ at 101.72 eV
(Peak I) in line with the N—Si signature seen in Figure 3b. In
addition, the Si—O peak® is found to be at 103.31 eV (Peak II).
Comparing the area under the deconvolved peaks for the Si—N
(area of 50) and Si—O (area of 160), it appears that the Si—O is
more dominant in the TijqSi;, N films. Finally, in Figure 3d,
the O1s spectrum for TiN shows an O—Ti peakl®! at 531.26 eV
(Peak I) and a lesser O—H peak®] at 533.76 eV (Peak II). The
spectrum for Ti, 44 Sij o, N has the O—Ti peak at 529.75 eV (Peak
I) and the O—H peak at 534.51 eV (Peak III). Mirroring the Si 2p

© 2025 Wiley-VCH GmbH
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Figure 4. a) XRD of TiN and Tig ggSig g, N, b) Crystallite size as a function of at% Si obtained from XRD data using the Scherrer equation. c) HAADF TEM
image of a TiN grain. The lower inset shows the fast Fourier transform (FFT) of the grain. The FFT pattern corresponds to [001] oriented grain shown as
the top inset. d) HAADF TEM image of a Tig 93Sig g, N grain. The lower inset shows the FFT of the grain. The FFT pattern corresponds to [011] oriented

grain shown as top inset.

spectrum in Figure 3¢, the O—Si peak dominates and is centered
at 532.03 eV (Peak II).[52]

Thus, while the O binds to Ti in TiN films, the presence of 2
at% Si in the film causes the O to redistribute by bonding with
both Ti and Si. Since the Gibbs free energy of formation for SiO,
and TiO, is similar, the propensity for O to bond to Si could be
related to the difficulty of replacing the Ti—N bonds with Ti—O
bonds.

Figure 4a shows the XRD pattern for TiN and Tij ¢gSiy o, N.
TiN crystallizes as a face-centered cubic (fcc) structure, and the
diffraction peaks were identified according to JCPDS 38-1420.
We note that the lattice parameter for the fcc TiN crystal struc-
ture is 0.424 nm. For TiN, the two strongest peaks are identified
as (111) and (220). For Ti, ¢5Sij(, N, the (200) peak intensity in-
creases relative to (111) and (220). The change in peak intensities
from (111) preferred to (200) preferred has been reported in lit-
erature for Ti, ,Si,N films.[>*3¢] Patscheider et al., have reported
amounts as small as 1-3 at% Si added can lead to a loss (111) ori-
entation, which is a charge-neutral plane.>®! This behavior can be
attributed to the Si restricting the growth of TiN grains with (111)
orientation. Additionally, no peak shifts are seen upon Si addi-
tion, indicating little to no Si-based strain in the TiN lattice. This
result is surprising given that the ionic radiusl3-68-1216-20.22-2657]
for Ti** (at a coordination number, CN = 6) is 61.7 pm, whereas
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for Si** (CN = 6) is 40.0 pm. A substitution of Si** for Ti**, there-
fore seems unlikely and will be further clarified when describing
transmission electron microscopy (TEM) results.

The crystallite (grain) size “¢” is determined using the Scher-
rer equation as, ¢ = prie' Here, K is the shape factor = 0.94, 4

is the wavelength of the X-ray (Cu Ka = 0.154 nm), g is the full
width half maximum (FWHM) of the peak, and 6 is the Bragg an-
gle. The error in estimated grain diameter cannot be clearly quan-
tified here, as every method of determining crystal size yields a
different estimated diameter.”®! Figure 4b indicates decreasing
grain size with increased Si content. For TiN, the crystallite size
is 5.95 nm, while for Ti, 4Si, o, N the crystallite size is 5.66 nm.
At the highest Si content, 24.2%, the crystallite size reduces to
2.42 nm.

Figure 4c shows a high-resolution TEM (HRTEM) of a rep-
resentative TiN grain. The FFT in the inset of the grain shows
cubic symmetry and matches the fcc crystal structure with [001]
zone axis in line with XRD. Figure 4d shows HRTEM of the
Tij 05 Sig 0p N film. The FFT of the grain shows hexagonal symme-
try and matches the fcc crystal structure with [011] zone axis in
line with XRD.

From the wide field-of-view scanning transmission electron
microscopy (STEM) image Figure 5a, the average grain size for
TiN is 5.99 + 1.63 nm in line with XRD data above. STEM
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Figure 5. STEM EELS analysis of TiN: a) Low magnification image showing the boxed region analyzed for EELS. Elemental maps for b) Ti, c) N, d) Si,
and e) O. STEM EELS analysis of Tig o3Sig ¢, N; f) Low mag image showing boxed region analyzed for EELS. Elemental maps for g) Ti h) N i) Si, and
j) O. The primary difference in the two samples is observed in the Si mapping, where most of the Si is observed as segregated to the grain boundaries.

electron energy loss spectroscopy (EELS) mapping of TiN is
shown in Figure Sb—e. Ti and N appear to be uniformly dis-
tributed. The O can also be detected as well and is uniformly
distributed. As expected, the elemental mapping reveals no pres-
ence of Si. In Figure 5f, a large field of view for the Ti; 45 Sij o, N
sample is shown with an average grain size of 5.75 + 1.85 nm.
Figure 5g—j shows Ti| 44 Siy 0, N elemental distribution for Ti, N,
O, and Si.

The most striking aspect of the EELS is the Si elemental map,
where Si is observed decorating the grain boundaries. This obser-
vation is also shown for Cul®*! and Ni-doped TiN.[®] The cations
tend to reside in the grain boundaries lowering their energy as
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lattice strains are better accommodated in these disordered re-
gions. These cations further present energetic barriers for dis-
location motion thus, “pinning” the dislocations and preventing
grain growth.

2.3. Density Functional Theory (DFT) Calculations and Modeling
Out of the 21 different configurations of TiN unit cells with
Si and O inserted (Figure S1, Supporting Information), all but

three instances yielded metallic behavior (Table S1 and Figure
S2, Supporting Information), supporting the idea of TCR >0 in
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Figure 6. a) Variation of at% Si with SiO, shell covering TiN crystal. Each curve represents the addition of one monolayer (ML) to the SiO, shell. The red
boxed region shows the likeliest SiO, shell thickness of ~1 ML, given, 5 nm< ¢ <6 nm and 2< at% Si <3. b) Schematic of the proposed grain edge with
1 ML of SiO, inserted between two TiN grains. The structure shown is fully relaxed (ionic relaxation) and shows in-plane Si—O bonds with out-of-plane
Si—N bonds to adjacent TiN grains. c) Density of states (DOS) calculated for the structure in (b), demonstrating the presence of finite DOS at the Fermi

level (i.e., at E =0 eV) and therefore, metallic conductivity.

the Ti—Si—N system. For these three cases, DFT calculations in-
dicate that a direct Si to O bonding is a necessary requirement
for bandgap opening, supporting the experimental observation
from XPS where the Si preferentially bonds with O. Furthermore,
the EELS data shows evidence that the Si is present at the grain
boundaries.

Using this information, we have constructed a geometric
model which consists of a TiN nanocrystal with a conformal layer
of SiO, on the surface. It is likely that such a layer may exist as
SiO, , though experimental observation is challenging. Figure 6a
shows a series of trend lines with the variation of at% Si vs “¢,”
for varying monolayers (ML) of SiO,. Under the assumption of a
conformal coverage, it can be seen that for Si of 2-3 at%, there can
only be 1 ML of SiO, that can cover a 5-6 nm grain, shown as a
red boxed region. Therefore, the idealized grain boundary can be
constructed as shown in Figure 6b, where two grains of TiN are
separated by 1 ML of SiO,. The structure, as fully relaxed, shows
in-plane Si—O bonds and out-of-plane Si—N bonds. The calcu-
lated electron density of states (DOS) of the system in Figure 6¢
shows a finite DOS at the Fermi level, indicative of metallic con-
ductivity. As expected, the origin of the finite DOS is the TiN,
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as also evidenced by a slightly positive TCR for many films with
2< at% Si <4 (Figure 1b, inset). Such a structure is amenable to
direct tunneling.[®! Increasing the Si at% to >4 at% leads to fur-
ther Si grain boundary segregation, i.e., a thicker SiO, layer and
results in an increase in resistance leading to a TCR <0.

3. Discussion

We contextualize our experimental results within the framework
proposed by Kaveh and Mott for disordered metals for predict-
ing the temperature dependence of conductivity.l®’] Such an ap-
proach for Ti, o4 Si; o, N films can be justified given the nanocrys-
talline nature and the grain boundary segregation of Si, which
provides a high concentration of scattering centers. Using the
Kubo-Greenwood formulation, the conductivity can be related
to the Boltzmann conductivity, modulated by a scattering factor
which is a probability term that is integrated in k-space with an
upper limit given by g,,,, = 7/l,, where I, is previously defined in
Equation (2) as the elastic mean free path; and a lower limit given
DY Gpin = 7/ L Here, L, is the electron diffusion length given

? “max

as, Lyax = (%lelm)l/z. Here, I, is the inelastic mean free path and
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indicated by our thermal conductivity measurements to play a
non-trivial role for Ti, 5Si, o, N. The temperature dependence of
the conductivity, o(T) is then given as —

e [ 1 (kl)’

70 | Ly 3y

o (T) = 5)

Tsueil®®! has evaluated the temperature dependence of the
above equation and shown that when TCR ~0, [, = %(kple)“le.
For Ti, o5 Sig o, N given l,|5p0x = 0.712 nm and the Fermi wave vec-
tor at 300 K, kg|3p0x = (37°1399)"* = 7.47 nm™'; and we get from
Equation (5), I,y = 84.6 nm. The maximum diffusion length is
then given as,

Lyax =5.5nm (6)

Thus, our calculations for Tij s Siy 0, N suggest that there are
two limiting length scales (corresponding to g,,,, and g,,,) for
electrons to experience scattering. One is given by I, (0.712 nm)
which, as previously stated, approaches the lattice constant of
0.424 nm and leads to the MIR limit being satisfied. The sec-
ond length scale is given by L,,,y (5.5 nm), which is the effective
electron diffusion length. This value is remarkably close to the
crystallite size (5.66 nm from XRD) of the Ti o4 Sij o, N-

The close correlation of the lower and upper bounds of elec-
tron scattering to structural parameters in the TijgSiy o, N film
points to two unique aspects of our work. From a synthesis per-
spective, we demonstrate a rationally designed mixed nitride film
where the precise addition of Si segregates at the grain boundary,
limits grain growth, and “getters” intrinsic O from the TiN ma-
trix. From a physics perspective, we show that the length scales
for electron scattering, i.e., electron elastic mean free path and
the electron diffusion length closely relate to two of the struc-
tural characteristic lengths, i.e., lattice parameter and the grain
size, of the Ti 44 Si o, N films, thus providing robust temperature-
invariant resistivity.

4, Conclusion

In summary, we demonstrate that atomic-layer-deposited
Tiy 05 Sig 0, N films achieve an ultralow temperature coefficient of
resistivity (0.05 ppm K~') across an exceptionally broad temper-
ature range (80-420 K). This stability arises from a scattering
mechanism governed by Si doping, where Si segregates to grain
boundaries; confines crystallite sizes to 5.66 nm, and getters O
from the TiN matrix. This results in increased charge carrier con-
centration and reduced mobility. Crucially, the elastic mean free
path (0.712 nm) approaches the lattice parameter (0.424 nm),
and the electron diffusion length (5.5 nm) is similar to the crys-
tallite size, creating a temperature-invariant scattering regime
bounded by these structural dimensions. Thus, by leveraging
a combination of precise atomic doping and mesoscale grain
boundary engineering, our findings in a mixed nitride conductor
establish a design paradigm for materials to demonstrate highly
stable, near-zero temperature coefficient of resistivity.
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5. Experimental Section

Atomic Layer Deposition (ALD): All films were deposited by ALD on
the Eugenus 300 mm commercial QXP 8300 mini-batch system. The sub-
strates used were 1000 A of SiO, on Si (100). The TiN was deposited
at 450 °C using titanium tetrachloride (TiCl,) and ammonia (NH3). The
Ti—Si—N films were also deposited at 450 °C using TiCl,, NH;, and
dichlorosilane (DCS). The target film thickness on all samples was 120—
150 nm, as measured by X-ray reflectometry (XRR). Dose saturation for
the precursors was achieved at a few seconds each. The deposition pres-
sure was maintained in the 1-7 Torr range. The different levels of silicon
incorporation were achieved by varying the number of DCS pulses added
to the TiCl,/NH; process. This information is a part of proprietary Eu-
genus recipes. In this work, the nomenclature used to label the films is
Ti1.(¢/100)Six/ 100N, with at. 96 Si, measured via XPS.

Characterization: Temperature-dependent van der Pauw (vdP) resis-
tivity measurements were conducted using a JanisST500-1-2CX com-
mercial probe station with gold-plated tungsten probe tips of 200 um
tip diameter. Details of the set-up are provided in multiple past
publications.[216465] Briefly, samples in triplicate were used to get average
statistics for each Ti-Si-N film composition. Indium dots were pressed into
the four corners of the film to serve as electrodes for probe placement. A
Keithley2400 source meter supplied a constant 100 uA current across two
adjacent contacts, and voltage was measured across the other two. The
Resistivities of the films were measured over a temperature range from 80
to 420 K in 10 K intervals with an average pressure ~120 x 1073 Torr.

Room temperature Hall measurements were performed under mag-
netic fields of 0.2135 and —0.2135 T. The Hall voltage (Vi) was measured
by applying current to opposite corners of the sample, 1 and 3, and the
voltage was measured across the remaining terminals, 2 and 4 (V,4). This
measurement was repeated for V5, V13, and V. All four of these voltages
were measured at both positive and negative magnetic fields. V\; was cal-
culated by subtracting the voltages in the negative magnetic field from
their counterparts in the positive magnetic field, subsequently summing
those voltages, and dividing by eight. From there, carrier concentration
was calculated using,

IB
n=
qVut

™

where, I is the applied current of 100 mA, B is the magnetic field in Tesla, g
is the electron charge, and tis the film thickness in cm. Hall carrier mobility
(uy) was also calculated from Vi, using,

Vit

=15, @)

HH

TDTR was used to measure thermal conductivity and related parame-
ters for Ti-Si-N films. This technique relies on a laser-based pump-probe
approach in which one laser source was used to provide a localized and
modulated heating event to the sample, causing perturbative temperature
fluctuations on the sample surface, while a secondary laser source probes
the change in reflectivity due to this pump thermal perturbation. The
change in probe beam reflectivity was related to the temperature change
on the sample surface, which is in turn related to the thermal resistance
giving rise to the thermal gradient induced by the pump heater. This ther-
mal gradient was impacted by the Ti-Si-N film, and this thermal resistance
was determined based on a multilayer thermal models rooted in the cylin-
drical heat equation.[%] A TDTR set-up consisted of a Ti: Sapphire laser
(Spectra Physics Tsunami) with a central wavelength of ~808 nm oper-
ated at 80 MHz repetition rate was spilt into a pump beam and a probe
beam via a two-tint configuration discussed elsewhere.[67-6°] The pump
beam was modulated at a frequency of 8.4 MHz employing an electro-
optic modulator (EOM) in its path. This beam modulation produced a
periodic temperature rise on the surface of a sample which changed its
reflectivity. A balanced photodetector and a lock-in amplifier were used to
detect the change in reflectivity of the sample surface induced at the pump
modulation frequency. To convert the optical energy to thermal energy,

© 2025 Wiley-VCH GmbH

dny) suonipuoY pue swwe | 8yl 89S *[9202/20/.2] o ARiqiauliuQ A3 @100 (N apre(D eluibiIA JO AiseAlun - sunidoH Youked Aq 81 TSZ0Z BWPe/Z00T OT/I0p/Lod A3 | 1M AReiq 1Bl |Uo"paoueApe//Sd1Y WO.j papeojumod ‘9 ‘9202 ‘S60VTZST

YEIY

85UB917 SUOWILLIOD BAITEe.1D 8 |eal|dde sy Aq peusenob afe se e YO 8sn Jo Sa|nJ oy AreiqiT auljuo A3]IA\ UO (SUONIPUOd-pue:


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

an 80 nm Al transducer was deposited on the sample surface. Pump and
probe beams were focused coaxially to 20 and 10 um diameters, respec-
tively, on the sample surface by passing through a 10x objective. TDTR
constants used for calibration and modeling are provided in Section S2
and Table S2 (Supporting Information). TDTR sensitivity analysis and the-
oretical fit to experimental data is provided in Section S2 and Figure S3
(Supporting Information).

XPS was carried out using a ThermoFisher Scientific K-Alpha+ XPS
system. The X-ray source used was a monochromated Al Ka beam
(1486.6 eV). Charge compensation was not used for the samples, as the
low Si content was such that the samples were still conducting. The sam-
ples were sputtered at a rate of 0.2 nm s™! to clean the surface. The at%
Si of the samples was determined at an etch level of 2 nm and normal-
ized without considering the O content in the film. Spectra were shifted
relative to a charge reference of adventitious carbon at 284.8 eV. XRD was
conducted on a Bruker JV-DX with a wavelength of Cu Ka = 1.54 A was
used. The scans were used to determine crystallinity of the films, as well
as crystallite size via the Scherrer equation.[’?] Room temperature mea-
surements were made under atmospheric pressure. This tool uses a Soller
slit, which limits the spread of the X-ray beam, incident and refracted, to
improve the signal-to-noise (S/N) ratio. The presence of the slit must be
accounted for when making Scherrer calculations.!”"! This correction had
been made by the software on the tool automatically. TEM and EELS mea-
surements were done using a JEOL ARM-200F to image the grains and
determine elemental distribution. The tool had an accelerating voltage of
200 keV, with a TEM resolution of 0.19 nm and an EELS energy resolu-
tion of 0.4 eV. The samples were prepared for TEM using a focused ion
beam (FIB) system, Thermo Fisher Helios G4. Image] software was used
to analyze the TEM images.

Density Functional Theory (DFT):  DFT calculations were performed us-
ing the Vienna ab initio Simulations Package (VASP),[7273] employing the
projector augmented wave (PAW)!7475] method and plane-wave basis set.
The Perdew—Burke—Ernzerof (PBE)[’677] functional was used within the
generalized gradient approximation (GGA) for describing the exchange-
correlation of electrons. A cutoff of 450 eV was set for plane-wave expan-
sion to achieve a total energy convergence within 1 meV atom™~'. The va-
lence electron configurations for Ti, N, Si, and O are 3d%4s?,25%2p3, 3s23p?,
and 2s22p*, respectively. The Brillouin Zone of the primitive unit cell of TiN
was sampled with a Monkhorst-Pack gridl78] of (17 x 17 x 17) for geom-
etry optimization, and (27 x 27 x 27) for calculating electronic density of
states (DOS). For modeling the SiO, grain boundary in TiN (Figure 4b), 8

layers of \/§>< \/ETIN(OOU slab, and 1 layer of SiO, were used. The Bril-
louin Zone was sampled with a 9 x 9 x 2 grid for structural optimization
and 18 x 18 x 4 for DOS calculation. All structures were optimized us-
ing a conjugated gradient approach until the residual forces on each atom
(ionic core) became smaller than 0.01 eV AT,

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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