
Solid-State Electronics 198 (2022) 108471

A
0

Contents lists available at ScienceDirect

Solid State Electronics

journal homepage: www.elsevier.com/locate/sse

Modeling electrical resistivity of CrSi thin films✩

K. Sonoda a,∗, N. Shiraishi b, K. Maekawa a, N. Ito a, E. Hasegawa b, T. Ogata a

a Renesas Electronics Corporation, 751, Horiguchi, Hitachinaka, 312-8511, Ibaraki, Japan
b Renesas Electronics Corporation, 1-1-1, Yahata, Minami, 861-4195, Kumamoto, Japan

A R T I C L E I N F O

Keywords:
Thin film resistor
Chromium silicon
Phase transition
Grain growth
Modeling
Simulation

A B S T R A C T

Electrical properties of CrSi thin films are modeled considering phase transitions and grain growth during
annealing. The effective medium approximation is used to calculate the electrical resistivity of the film which
comprises several phases including grain boundaries. The phase transition from as-deposited amorphous to
poly-crystalline including a meta-stable state leads to high resistivity within a certain range of annealing
temperature.
1. Introduction

CrSi based thin films are attracting attention because of their
high electrical resistivity and low temperature coefficient of resistivity
(TCR) [1]. Electrical properties of CrSi thin films depend on microstruc-
ture of the constituting materials [2]. Post-annealing changes transport
properties because of crystallization [3]. In order to optimize wafer
process conditions to achieve desired transport properties, quantitative
modeling of the effect of annealing on the electrical properties is
required.

In this study, electrical properties of CrSi thin films are modeled
considering phase transitions and grain growth during annealing. Ex-
perimental data of Cr–Si–C thin films with Si/Cr atomic ratio slightly
larger than 2 [2] are used for model validation. The atomic ratio of
carbon, which is lower than those of chromium and silicon in the films,
is not explicitly included in the formulation of the model for simplicity.

2. Modeling

We formulate the phase transitions during annealing using temper-
ature-dependent transition rates between phases. Volume fractions of
each phase are obtained by solving rate equations. The electrical resis-
tivity is calculated based on the volume fractions.

2.1. Phase transitions

The rate equations, which is schematically shown in Fig. 1, are
derived based on physical analysis results of the thin films annealed
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with various temperatures [2]. Scanning transmission electron micro-
scope (STEM) is used to observe microstructure including grain radius.
X-ray diffraction (XRD) and nanobeam diffraction (NBD) are used to
determine crystal structure. The initial phase, which is labeled as
Region 1, is as-deposited amorphous Cr1−𝑥Si𝑥 (a-Cr1−𝑥Si𝑥) with 𝑥 =
0.68. The intermediate phase is polycrystalline Cr5Si3 (p-Cr5Si3). As
the Si/Cr atomic ratio of Cr5Si3 is lower than that of the initial a-
Cr1−𝑥Si𝑥, the intermediate phase is accompanied by elementary silicon
according to the principle of mass-balance. The region including p-
Cr5Si3 and the elementary silicon is labeled as Region 2. The final
phase is polycrystalline CrSi2 (p-CrSi2), which is the stable phase of
Cr–Si alloys with Si/Cr atomic ratio around 2 [4,5]. The composition
ratios, 𝑟2 and 𝑟3, of the elementary silicon by volume in Regions 2 and
3, respectively, are calculated using the principle of mass-balance with
mass numbers (Si: 28, Cr: 52) and mass densities (Si: 2.28 g∕cm3 [6],
Cr5Si3: 6.05 g∕cm3 [7], CrSi2: 5.02 g∕cm3 [8]).

The rate of Transition 𝑖(= 1, 2, 3) shown in Fig. 1 at annealing
temperature 𝑇an is expressed as

𝑃𝑖 = 𝜈
𝑇mp − 𝑇an

𝑇mp
exp

(

−
𝐸a𝑖
𝑘𝑇an

)

, (1)

which is based on the expression for crystal growth [9] with the lattice
vibration frequency 𝜈 = 1 × 1013 Hz [10], the melting point 𝑇mp =
1763 K [11], and the activation energy 𝐸a𝑖.

The volume fractions 𝜙𝑖 of Region 𝑖 is obtained by solving the rate
equation

�̇� = 𝑨𝝓, (2)
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Fig. 1. The schematic diagram of the phase transitions during annealing.

where

𝝓 =
⎡

⎢

⎢

⎣
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𝜙2
𝜙3

⎤

⎥

⎥

⎦

, (3)

𝑨 =
⎡

⎢

⎢

⎣

−(𝑃1 + 𝑃2) 0 0
𝑃1 −𝑃3 0
𝑃2 𝑃3 0

⎤

⎥

⎥

⎦

. (4)

If the transition rates do not depend on time, the rate equation can be
analytically solved as

𝝓(𝑡) = e𝑨𝑡𝝓(0). (5)

As the initial phase of the whole system is a-Cr1−𝑥Si𝑥, the initial
condition is expressed as

𝝓(0) =
⎡

⎢

⎢

⎣

1
0
0

⎤

⎥

⎥

⎦

. (6)

The volume fractions of a-Cr1−𝑥Si𝑥, p-Cr5Si3, p-CrSi2, and Si are 𝜙1,
1 − 𝑟2)𝜙2, (1 − 𝑟3)𝜙3, and 𝑟2𝜙2 + 𝑟3𝜙3, respectively.

The physical analysis results also indicate that the higher the an-
nealing temperature, the larger the grains of p-Cr5Si3 and p-CrSi2 [2].
Assuming that the grain growth exponent is two [12], the observed
grain radius in STEM images after annealing time 𝑡an is expressed by

𝑟g = min
(

𝑘gg0 exp
(

−
𝐸agg

𝑘𝑇an

)

𝑡1∕2an , 𝑟gmin

)

(7)

with 𝑘gg0 = 1 × 102 nm∕s1∕2, 𝐸agg = 0.5 eV and 𝑟gmin = 0.5 nm [13] as
shown in Fig. 2. The same radius is used for both p-Cr5Si3 and p-CrSi2
for simplicity.

2.2. Electrical resistivity

The electrical resistivity of the thin film which comprises a-Cr1−𝑥Si𝑥,
p-Cr5Si3, p-CrSi2, and Si is calculated using the effective medium ap-
proximation [14–16]. In the approximation, the effective conductivity
𝜎e of the compound which comprises randomly distributed materials A
and B with the volume fraction ratio 𝜂 ∶ 1 − 𝜂 is given by

𝜂
𝜎A − 𝜎e

𝜎A + (𝑛 − 1)𝜎e
+ (1 − 𝜂)

𝜎B − 𝜎e
𝜎B + (𝑛 − 1)𝜎e

= 0, (8)

here 𝜎A and 𝜎B are conductivities of materials A and B, respectively,
nd 𝑛 is the dimension of the compound, which is two for thin films.
o describe composite materials with more than two components,
he iterative method [17] is applied, in which two components are
teratively merged until the whole system is expressed by one effective
edium.
2

Fig. 2. The grain radius as a function of the annealing temperature. The annealing
time is 10 min.

Table 1
The resistivity and TCR of each material normalized by the absolute measured values
of the as-deposited sample. The grain radius 𝑟g is in nanometers.

Material Normalized 𝜌 Normalized TCR

a-Cr1−𝑥Si𝑥 1.09 −0.768
Cr5Si3 0.459 12.4
CrSi2 0.725 3.04
Si 19.4 −3.41
grain boundary 0.258∕𝑟g −13.1

In order to include the effect of grain boundary, the resistivity of a
polycrystalline material is expressed as a sum of a crystalline part and a
grain boundary part: 𝜌p = 𝜌c + 𝜌gb. According to the Mayadas–Shatzkes
(MS) model [18], the grain boundary part 𝜌gb is described by

𝜌c
𝜌c + 𝜌gb

= 3
[1
3
− 𝛼

2
+ 𝛼2 − 𝛼3 log

(

1 + 1
𝛼

)]

, (9)

where 𝛼 = (𝑙0∕𝑑)(𝑅∕(1 − 𝑅)), 𝑙0 is the background mean free path,
𝑑 is the average distance between grain boundaries, and 𝑅 is the
reflection coefficient. Assuming 𝛼 ≪ 1, 𝜌gb∕𝜌c ∼ (3∕2)𝛼 = 𝑙1∕𝑑 is
obtained, where 𝑙1 = (3∕2)(𝑅∕(1 − 𝑅))𝑙0. Considering the distance
between grain boundaries are proportional to the grain radius, the grain
boundary resistivity 𝜌gb is inversely proportional to the grain radius.
Note that different TCRs are assigned to 𝜌c and 𝜌gb in this study, because
the conduction across grain boundaries includes thermally activated
process, which is not considered in the derivation of the original MS
model. The same grain boundary resistivity is used for both p-Cr5Si3
and p-CrSi2 for simplicity.

3. Results and discussion

Activation energies of the transitions and resistivities and TCRs of
each material are optimized to minimize the root mean square error
between measured and calculated resistivities and TCRs.

The extracted activation energies, 𝐸a1, 𝐸a2, and 𝐸a3 are 2.44 eV,
6.36 eV, and 2.52 eV, respectively. Note that these values may depend
on atomic ratio of as-deposited films.

The extracted resistivities and TCRs are shown in Table 1. Crys-
talline Cr5Si3 and CrSi2 show relative low resistivity and positive TCR
while amorphous Cr1−𝑥Si𝑥 show relative high resistivity and nega-
tive TCR, which is known as Mooij correlation [19]. Semiconductor
Si shows higher resistivity compared with Cr–Si alloys and negative
TCR. The grain boundary shows negative TCR, which suggests that
the conduction across grain boundaries includes thermally activated

process.
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Fig. 3. The temperature dependence of the rate of the transitions shown in Fig. 1.

Fig. 4. The volume fraction of each phase. The annealing time is 10 min.

The rate of transitions with the extracted activation energies as
hown in Fig. 3 suggests that meta-stable crystals appear first, which
s known as Ostwald step rule [20]. The meta-stable state remains
ithin a certain range of annealing temperature around 540 ◦C as

shown in Fig. 4. Note that 𝐸a1 and 𝐸a3 are close to the measured
ctivation energy 2.6 eV for silicide formation in multi-layered thin
ilms of chromium and amorphous silicon [21].

Calculated resistivities and the TCRs are in good agreement with
easured data as shown in Figs. 5 and 6. The high resistivity within a

ertain range of annealing temperature around 540 ◦C can be explain
y the Si region which is the residue of the phase transition from
s-deposited a-Cr1−𝑥Si𝑥 to meta-stable poly-crystalline Cr5Si3. Above
00 ◦C, the as-deposited a-Cr1−𝑥Si𝑥 is completely transformed to sta-
le poly-crystalline CrSi2 and the resistivity is lower than that of
s-deposited a-Cr1−𝑥Si𝑥. The gradual decrease of resistivity and the
ncrease of TCR above 600 ◦C comes from the grain growth which
s shown in Fig. 2. A slight increase in measured resistivity between
00 ◦C and 700 ◦C may be attributed to carbon-related phases, which
re not considered in our present phase transition model. The relation
etween the resistivity and the TCR with various annealing temper-
tures is also well expressed by the proposed model as shown in
ig. 7.

. Conclusion

The electrical properties of CrSi thin films were modeled consid-
3

ring phase transitions and grain growth during annealing. The phase
Fig. 5. The resistivity of the thin film as a function the annealing temperature. The
resistivity is normalized by the measured value of the as-deposited sample.

Fig. 6. The TCR of the thin film as a function the annealing temperature. The TCR is
normalized by the absolute measured value of the as-deposited sample.

Fig. 7. The dependence of resistivity and TCR on annealing temperature.

transitions from as-deposited amorphous to poly-crystalline including
a meta-stable state lead to high resistivity within a certain range of
annealing temperature.
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