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Abstract: With the rapid development of modern science and technology, the stability and reliability
of electronic components become essential. Low-temperature drift resistors (LTDRs) are of importance
owing to their excellent performance and stability in different temperature environments. LTDR
technology is now widely used in the industrial field. This paper reviews the research status of LTDRs
in order to provide reference for researchers and engineers in related fields. First, the basic principle
of LTDRs is briefly discussed. A brief explanation of the mechanism behind low-temperature drift is
illustrated. Second, the materials, types, and manufacturing processes of LTDRs are classified and
discussed. The review ends with a brief conclusion concerning the challenges from mechanism to
application and the future outlook.

Keywords: low temperature drift resistors; temperature coefficient of resistance; alloy materials;
thin-film resistors

1. Introduction

With the rapid development of electronic information technology, analog circuits with
digital-to-analog conversion and other linear or nonlinear characteristics are in great de-
mand [1]. Especially for high-precision analog circuits, certain feedback circuits, precision
measurement equipment and fine instruments, resistors with low temperature coefficients
are imperative to maintain circuit precision and stability [2,3]. To improve the precision and
resolution of circuits, it is essential to enhance the performance of thin-film resistors. Thus,
the temperature coefficient of resistance (TCR) is very crucial for circuit functionality, as the
fluctuation of ambient temperature can induce undesirable alterations in circuit performance.

High-precision thin-film resistors exhibit excellent characteristics such as high resis-
tivity, low TCR, high stability, absence of parasitic effects, and low noise, leading to their
widespread use in hybrid analog integrated circuits [4]. Low temperature drift resistors
(LTDRs) are components whose resistance values exhibit minimal variation in different
temperature environments. LTDRs can be applied in numerous fields, including aerospace,
automotive, analog-to-digital converters, etc. For applications requiring precise measure-
ments and calibration, high-performance LTDRs enhance circuit accuracy by mitigating
errors caused by temperature fluctuations [5]. For high-precision analog circuits, variations
in resistance values directly impact the output accuracy [2]. For these applications, the role
of TCR is to mitigate resistance value fluctuations, ensuring circuit stability, precision, and
enhanced reliability.

In this review, we aim to provide a summary of research activities concerned with
LTDRs. Initially, theory and hypothesis are discussed to explain why LTDRs exhibit low
temperature coefficient characteristics. Then, methods for measuring the temperature
coefficient of resistance are introduced. Furthermore, various factors affecting TCR in
existing technologies are analyzed, including materials and manufacturing processes.
Finally, the review is concluded with some perspectives on developments in the future.
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2. Theory and Hypothesis of TCR

Numerous studies have identified factors that affect the temperature coefficient in the
manufacturing process. However, there are limited studies on the specific mechanisms
governing how these factors influence TCR. Some theoretical hypotheses regarding fac-
tors that influence the resistive mechanism were proposed. For example, Gladun et al.
found that the crystallization degree of silicon-chromium (CrSi) thin films is significantly
correlated with their electrical properties [6]. With the film evolving from amorphous to
polycrystalline composite, the electrical resistivity would change [7]. Moreover, in the
annealing process, the formation of CrSi2 grains dictates the transport behavior. However,
Cuong et al. assumed that the variation in the TCR of TiOxNy thin-film resistors is primarily
attributed to changes in grain size rather than changes in the degree of crystallinity [8]. To
clarify the mechanism of TCR, it can be introduced in two aspects.

2.1. Electron Mean Free Path

According to the Drude model [9], the resistivity (ρ) of a metal is given by the follow-
ing formula:

ρ =
A

ne2λ
(1)

where A is a constant related to the electronic structure of the metal. n is the number of
free electrons per unit volume. e is the charge of an electron. λ is the mean free path of an
electron, which is the average distance an electron can travel freely before being scattered
by the lattice.

The electrical resistivity depends upon the “mean free path” of the electrons or the
average distance that electrons can travel before they are scattered [10]. When the thickness
of the material becomes sufficiently small, many properties and characteristics that it
exhibits in its bulk form undergo significant changes. It comes from increased surface
interactions as well as absorption and scattering effects [11]. The electrical resistivity of
material in bulk form is different from that in nanoscale. It can be understood that it occurs
with the mean free path of conduction electrons reduced due to increased scattering effects.
Obviously, the electrical resistivity and other properties of thin films may exhibit different
behaviors if the materials shrink to dimensions on the nanoscale.

The low temperature drift characteristics result from the short electron mean free path
as demonstrated in some studies [12,13]. Mooji et al. found that the electrical properties
of NiCr alloy in bulk and thin film have no change. It was discovered that the low TCR
is an inherent characteristic of the alloy [12]. Except for NiCr, numerous disordered
alloys containing transition metals exhibit similar electrical conductivities in both bulk
and thin-film forms. For these materials, there is a correlation between resistivity and
the temperature coefficient. It is concluded that the anomalous electrical properties of
alloy resistors may be attributed to the very short mean free path of electrons in these
materials. The electron mean free path is so small that it cannot be reduced any more.
With temperature increasing, scattering intensifies during electron transmission. However,
the electron mean free path does not decrease further, leading to a stable temperature
coefficient. NiCr with a mean free path of 0.4 nm has an ultra-low value of TCR [13]. The
behavior of electrical conduction in alloys with low TCR can be significantly explained by
the assumption that these alloys reach a minimum electron mean free path. This minimum
value must exist, as the mean free path cannot be less than the interatomic spacing based on
the definition of mean free path. With the mean free path limited, any further reduction in
the mean free path caused by phonons is prevented, resulting in the resistivities of different
alloys differing in relatively narrow margins.

2.2. Balance Between Two Temperature Coefficients

For some metal-semiconductor thin films, there is another hypothesis explaining their
low temperature drift characteristics. Some studies indicate there is a balance point between
regions with high and low temperature coefficients. The value of TCR can even reach zero.
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Nozomi et al. investigated the changes in resistivity and TCR of Cr-Si-C thin films in the
annealing process [14]. It was observed that the resistivity exhibited a sudden change in
the range from 450 ◦C to 600 ◦C. The peak was located at 540 ◦C. Around 510 ◦C, the TCR
continuously increased, transforming from a negative to a positive value. During annealing
above 450 ◦C, the TCR was negative in the amorphous state. As chromium silicide crystals
grew, the TCR turned positive.

Thus, it is concluded that the TCR is determined by both the amorphous and crys-
talline phases. The TCR of the amorphous phase is negative. As shown in Figure 1, with
temperature increasing, Cr-rich crystals with positive TCR appear. As the Cr-rich crystals
grow larger, the resistivity decreases and TCR increases. It is determined by the balance
between the amorphous regions and the crystalline regions.
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Figure 1. Schematics of microstructure and electrical current path model for Cr–Si–C films (a) as-
deposited, (b) annealed at 540 ◦C for 10 min, and (c) annealed at 1000 ◦C for 10 min [14].

Thus, it is concluded that the TCR is determined by the interplay between the amor-
phous and crystalline phases. At lower temperatures, the entire phase is in an amorphous
state, where conductivity increases with temperature because the increased temperature
allows charge carriers to escape their self-induced traps and hop to the next available site.
As the temperature continues to increase, the phase begins to transition into a crystalline
state, exhibiting more metallic characteristics. During this transition, Cr-rich crystals with
a positive TCR emerge, as shown in Figure 1b. As these Cr-rich crystals grow larger, the
resistivity decreases and TCR increases because the increased temperature gives rise to
increased phonon-induced scattering. The entire TCR of the resistor is determined by the
balance between the amorphous regions, which have a negative TCR, and the crystalline
regions with a positive TCR.

In addition to thermally activated conduction, tunneling effects should also be con-
sidered. The relative contributions of these processes to the overall conductivity vary
according to the degree of recrystallization and bridging between islands [15]. The de-
posited film comprises metallic islands embedded in a semiconductor amorphous part.
Electron transport within the film occurs via activated charge-carrier generation and tun-
neling between the metallic islands. The tunneling effect increases with temperature,
enhancing electron probability to surmount barriers and thus reducing resistance. So, it
results in a negative temperature coefficient. As the metallic composition increases, the
islands coalesce to form a metallic channel structure. Eventually, a continuous metallic
conduction path that yields a positive temperature coefficient appears. Consequently, the
balance of different parts in the resistor results in a very low TCR. In summary, the phase
undergoes a transition from a negative temperature coefficient to a positive one. What we
are interested in is the intermediate zone within this transition, specifically the state at zero
temperature coefficient, where the balance between the amorphous and crystalline phases
results in a neutral TCR.

Based on the above discussion, for thin-film resistors, there are more factors that affect
their resistivity, such as grain boundary scattering [16], surface scattering [17], and impurity
scattering. Adding aluminum impurities to CrSi resistors can cause significant changes in
the TCR [18]. Further research is needed to develop an accurate model. Additionally, the
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surface morphology of thin films is critical for the performance of high-precision thin-film
resistors with ultra-thin resistive layers [19]. In ultra-thin films, size effects are pronounced,
with resistivity being significantly influenced by the surface roughness of the thin film.

3. Current Advances in LTDRs
3.1. Methods for Measurement and Characterization

First, it is necessary to define the physical quantity of the change in resistance with
temperature.

The relationship between resistance R(T) and temperature T satisfies the following
function [20]:

R(T) = R′ ×
(

1 + α(T − 300) + β(T − 300)2
)

(2)

where R′ is the reference resistance at 300 K, and α and β are the first-order and second-
order coefficients, respectively. R(T) can be obtained by testing at different temperatures,
and then α and β can be obtained by polynomial fitting. Nevertheless, another definition is
widely applied, as below.

The TCR quantifies the relative variation in resistance for a 1 ◦C temperature increment,
expressed in parts per million per degree Celsius (ppm/◦C).

TCR =
R − R0

R0(T − T0)
× 106

(
ppm°C−1

)
(3)

T represents the measurement temperature, while R and R0 denote the resistance at
temperature T and room temperature T0, respectively. The term “ppm” signifies parts per
million. Figure 2 shows the temperature dependence of the resistivity of the Ti/TiN resistor.
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Figure 2. The temperature dependence of the resistivity of the Ti/TiN resistor [21].

Thick-film resistors are manufactured by firing a special paste consisting of a binder,
carrier, and metal oxides on a substrate [22]. Thick-film resistive glazes have environmental
unfriendliness issues, with a TCR of about 100 ppm [23]. Low-temperature drift thin-film
resistors include surface-mount thin-film resistors and alloy-film precision resistors, whose
TCR can approach zero. In the manufacturing of integrated circuits, LTDRs are generally of
the thin-film form, as shown in Figure 3a. The TCR for diffused and polysilicon resistors
can reach absolute values exceeding 250 ppm [2,24], whereas thin-film resistors offer a
broader range of sheet resistance (from 10 Ω/sq to 100 kΩ/sq), lower and adjustable
TCR, superior tolerance, enhanced reproducibility, linear electrical behavior, and reduced
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parasitic capacitance values. Square resistance is defined as the resistance between opposite
sides of a square-shaped conductive film. It is a measure of the resistivity of the material
per unit thickness and is an important parameter for characterizing thin-film conductors.
The square resistance is a characteristic that remains constant regardless of the size of the
square. It solely depends on the material’s resistivity and the thickness of the film. The
standard formula for calculating square resistance is

Rs =
ρ

d
(4)

The material’s resistivity (ρ) is quantified in Ohm-meters (Ω·m), and the film thickness
(d) is specified in meters (m).

Next, techniques such as the four-point probe method [25] and the Van der Pauw
method [26] are utilized in measuring resistance, as shown in Figure 3b,c. The four-point
probe method is a direct technique for measuring the resistivity of materials, particularly
suitable for thin films and surface layer resistivity assessments. This method employs four
probes equally spaced apart, making contact with the sample surface—two for current in-
jection and the other two for voltage measurement. Consequently, this approach minimizes
the impact of contact resistance on the measurement results. The Van der Pauw method
is a more sophisticated technique capable of measuring the resistivity of samples of any
shape, including thin films and irregularly shaped specimens. This approach typically
utilizes a set of current probes and a set of voltage probes at the periphery of the sample.
By measuring the voltage and current at different locations, the sample’s resistivity can be
calculated. By measuring the resistance values at different temperatures, we can obtain the
TCR. Changing the temperature typically requires a sealed, stable chamber.
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Characterization of thin-film resistors can be accomplished through various methods.
For instance, X-ray diffraction (XRD) can be utilized to determine the crystal lattice structure
as shown in Figure 4, unit cell dimensions, etc. [28,29]. We can employ scanning electron
microscopy (SEM) to examine the surface morphology of the samples and utilize X-ray
photoelectron spectroscopy (XPS) for the identification of specific elements and for valence
state analysis [30].
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3.2. Types and Composition of Materials in LTDRs

Different types of materials, like metallic elements, alloys, and organic substances,
possess varying electrical properties. The TCR of an alloy is typically less than the TCR
of a metal, as shown in Table 1. Thus, LTDRs are generally made of alloy materials.
Low temperature drift thin-film resistors are found including NiCr, TaN, SiCr, and other
materials [32]. Each material has a different resistivity, but all have a minimal temperature
coefficient, allowing them to be used for fabricating LTDRs with various resistance values.
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Table 1. Different materials with resistivity and TCR [12,32].

Material Resistivity (µΩ·cm) TCR (ppm/◦C)

Cu 0.000172 >3900
Ag 0.000158 3800
Ni 0.00068 6900
Cr 0.00129 3000

CuNi 110 <100
AlV 200 <100
CrNi 110 <100
CuGe 100 <100
CrSi 2600 200
MoSi 1300 125

However, the data in this table are not absolute, because as the film resistance thickness,
material composition ratio and other factors change, the electrical properties will also
change accordingly, as shown in Table 2.

Table 2. Comparison of resistance of different materials [32].

Square Resistor Resistance Film Material

200 Ω/sq MoSi2/NiCr
2 kΩ/sq SiCr/Cr-SiO
20 kΩ/sq SiCr

To prevent oxidation of thin-film resistors, which could affect their electrical properties,
a passivation layer is typically deposited over the resistors to isolate them from oxygen.
For instance, in SiCr, the formation of an amorphous SiO2 structure reduces the pathways
for grain boundaries and oxygen diffusion, thereby enhancing the oxidation resistance [33].

Adjusting the composition ratio of an alloy can modify the resistance value and
temperature coefficient [1,3]. Choi et al. doped Mn into Bi4Ti3O12 thin films to mitigate
the impact of oxygen vacancies on the film’s performance. They successfully reduced the
leakage current, enhancing the electrical properties of the thin film [34]. Guangke et al.
discovered that doping ZrB2 thin-film resistors with silver (Ag) can decrease the resistance
of the thin film. ZrB2 has a negative TCR, while Ag has a positive TCR. Furthermore,
when the atomic percentage of the doped silver is 33.9%, the thin-film resistor exhibits
a temperature coefficient close to zero [35]. As shown in Table 3, Waits altered the ratio
of silicon to chromium in SiCr resistors. They found that when the atomic percentage of
chromium (at%) is at 27%, the TCR approaches zero. As shown in Figure 5, the effect of the
target composition (CrB2 component) on the resistance and TCR is significant.

Most materials currently used for LTDRs are alloys. In recent years, some new ma-
terials have been discovered with a lower temperature coefficient, such as polycrystalline
ceramics [23,36]. Searching for new materials may become a new direction in LTDR research.

Table 3. The relationship between the chromium (Cr) percentage in SiCr resistors and their resistivity
as well as temperature coefficient [37].

at. % Cr ρ (Ω·cm) TCR (ppm/°C)

30 0.0058 +100
27 0.0074 ~0
25 0.0095 −100
19 0.026 −500
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3.3. Fabrication of LTDRs

Many studies in the literature emphasize reducing TCR through the fabrication process.
The impact of process parameters on the performance of resistors is extremely significant.
Fabrication methods for thin-film resistors encompass a variety of techniques. They in-
clude chemical approaches such as thermal oxidation [39],chemical vapor deposition [40],
electroplating, and anodic reaction deposition, as well as physical methods like vacuum
evaporation [41], sputtering [42], ion beam [43], epitaxy [44], etc. Different fabrication
methods for thin films can yield films with varying properties. Even for the same material,
due to differences in homogeneity, defects, and internal stress caused by deposition, LTDR
performance can vary greatly. The choice of fabrication method must be tailored to the
desired properties of the thin film. Taking low temperature drift resistors of SiCr as an
example, the industrial standard typically involves magnetron sputtering, followed by
high-temperature annealing for fabrication. In the fabrication of CuNi resistive thin films,
Hur et al. found that varying deposition temperatures resulted in distinct temperature
coefficients of resistance [25]. Y. C. Kwon et al. discovered that the sputtering power also
affects the TCR of the resistor, as shown in Figure 6a [5]. They sputtered SiCr resistors
under conditions of 100 W, 200 W, and 300 W, using the same annealing conditions, and
ultimately found that the TCR decreased with increasing sputtering power.
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Figure 6. (a) SiCr resistor sputtering power and TCR relationship [5]. (b) Resistivity of the deposited
28 Cr-72 Si 40 Cr-60 Si and 55 Cr-45 thin-film resistors. (c) Temperature coefficients of resistivity (TCR)
of the deposited CrSi-based thin-film resistors [3].

Interestingly, Wang et al. experimentally observed that as the sputtering power for
SiCr increased, the temperature coefficient of resistance of the resistors increased [45]. This
may be related to other conditions during the resistor’s fabrication process. In summary, the
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factors mentioned above are interrelated and collectively influence the electrical properties
of the thin film.

Cuong et al. discovered that altering the nitrogen/argon flow ratios during Ti sputter-
ing can induce a phase variation from Ti to TiN in thin-film resistors. Therefore, modifying
the TCR is possible, as shown in Figure 7a [46]. J. Zhu et al. modified the sputtering
atmosphere in their experiments with SiCr resistors. They observed that the introduction
of nitrogen led to the formation of SiNx components in the final thin film. The nitrogen
doping partially suppressed the growth of CrSi grains, which had a significant impact on
the TCR of the thin-film resistor [4].
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To achieve a low temperature coefficient and stable resistive film quality, thermal
treatment of thin-film resistors is imperative. Generally, the growth process of thin films
introduces various crystal defects, which can be mitigated through annealing to reduce the
defects present during film growth. Proper thermal treatment is essential for amorphous
films produced by sputtering to stabilize their properties. As shown in Figure 8, different
annealing temperatures lead to different resistance and TCR. Vanden presented evidence
that structural change happened in CrSiO films during annealing [48]. With the formation
of the dielectric phase in the CrSiO thin films, their electrical properties changed.

Films deposited at lower temperatures tend to form small islands. Because the lower
mobility of the islands prevents them from moving, they remain in place where they
first land on the substrate. As annealing progresses, small, continuous film structures
coalesce into an island structure, leading to a significant change in resistance, as shown
in Figure 9 [38]. Sonoda et al. observed that [49] with annealing, the crystalline phase of
SiCr resistive thin films gradually transitions from the initial amorphous Cr1−xSix to the
polycrystalline phase Cr5Si, and with further increases in annealing temperature, ultimately
to CrSi2, as shown in Figure 10a. The amorphous Cr1−xSix exhibits a higher resistivity
and a positive temperature coefficient, whereas Cr5Si3 and CrSi2 have lower resistivity
and a negative temperature coefficient of resistance. Broek’s discovery of irreversible
changes in the electrical properties of films as annealing proceeds confirms this claim [50].
Different annealing atmospheres can also affect the performance of resistors, as shown in
Figure 11. Lai found the best annealing conditions for NiCr resistors include annealing
in N2 atmosphere, at a temperature of 250 ◦C. With the annealing time of 540 s, the TCR
varied between −220.8 and 444.2 ppm/K [51].
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Figure 8. Variation in (a) resistivity as a function of annealing temperature. (Inset) Product of
carrier concentration and mobility as a function of annealing temperature. (b) TCR and hysteresis of
resistance in the TiNxOy thin films as a function of annealing temperature [8]. (c) TCR variation at
the sputtering power of 200 W for 30 min annealing time according to the annealing temperature [5].
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Figure 9. Resistance measurement during heat treatment. (a) Resistance changes during heat
treatment of a 20 nm Si70Cr30 film in air. Time changes as indicated by the numbers, l–2 being the first
heating step and so on. The rise that starts at 275 ◦C is caused by crystallization of the CrSi2 phase.
This phase is also responsible for the increasing curvature in the higher branches in (a); the curvature
is defined as dTCR/dT [50]. (b) Resistivity annealing curves for (i) the electron-beam co-evaporated
CrSi3 alloy film, and (ii) the Cr/Si bilayer on thermally oxidized silicon wafer substrate. The broken
lines are reversible cooling curves. In the figure, (A)–(D) indicate the different stages of the annealing
process [28].
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Figure 10. (a) Schematic diagram of the phase transitions during annealing. (b) The resistivity
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temperature. The TCR is normalized by the absolute measured value of the as-deposited sample [49].
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Figure 11. The temperature dependence of the TCR of Ni–Cr embedded thin-film resistor:
(a) 540 s × N2; (b) 300 ◦C × N2; (c) 540 s × air [51].

As shown in Table 4, different manufacturing processes, the magnitude of current
used, and ambient temperature can all lead to varying resistivity results in resistors. Further
research is needed to understand the mechanisms behind these variations.

Table 4. Comparison of DC electromigration for SiCr resistors [2].

Resistor Type Thickness (nm) Resistivity
(Ohm·cm)

Current
(A/cm2) Tambient (◦C) Tresistor (◦C) EA (eV)

Cr(70%)Si(30%) 5 5.5 × 10−3 1.0 × 107 25 \ \
CrSi 10 2.0 × 10−3 3.2 × 106 150–225 380–480 3.0
CrSi 10 2.7× 10−4 1.0 × 107 \ 386 1.46
CrSi <10 <1.5 × 10−3 1.0 × 107 190–230 n/a 0.71–0.84

4. Conclusions and Outlook

The LTDR has made significant advancements, yet it continues to present a complex
interplay of material properties, fabrication techniques, and the control of microstructural
attributes. The intrinsic characteristics of materials such as NiCr, TaN, and SiCr have been
better understood through meticulous research, leading to the development of resistors
with minimal TCR.

Despite the progress, several challenges remain in the development and application
of LTDRs. The accurate mechanisms behind low-temperature drift are not yet fully eluci-
dated. It is necessary to pursue further research to obtain a more accurate physical model.
A deeper comprehension of how the microstructure affects resistivity and temperature
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coefficients could enable improvements in fabrication processes, potentially reducing grain
boundary scattering and enhancing film uniformity. Thus, achieving higher precision and
consistency in resistive performance is possible [52]. Future research directions can include
the exploration of innovative material systems, the refinement of fabrication methodologies,
and a more profound investigation into the underlying physical mechanisms that govern
temperature-dependent resistive variations. This could enable the development of LTDRs
with a lower TCR, at a lower cost and with greater precision. Additionally, it is necessary
to strengthen studies on the long-term stability and reliability of LTDRs to ensure their
sustained performance in practical applications [2,53]. Custom-designed LTDR solutions
for specialized applications, such as aerospace, medical equipment, and precision measure-
ment, will be vital. Many systems in extreme environments require LTDRs to maintain
their stability. The future of LTDR technology is poised for growth, with the potential
to significantly enhance the performance and reliability of electronic systems in different
temperature environments.
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