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ABSTRACT: Being a non-stoichiometric silicon-metal compound, MnSi₁.₇ has generated significant research interest on account 

of its promising thermoelectric properties, structural stability, and compatibility with silicon-based technologies. Being a complex 

tetragonal structure and semimetallic in nature, MnSi₁.₇ provides the ideal medium of moderate electrical conductivity-high Seebeck 

coefficient-low intrinsic thermal conductivity. This review deals with the current understanding of MnSi₁.₇ with respect to the crystal 

structure, synthesis methods, and basic physical properties. Strategies of doping, nanostructuring, and making composites are 

discussed for improving its thermoelectric performance. Challenges in phase control and efficiency enhancement are presented 

along with the review; future avenues on device integration and energy-harvesting applications are pinpointed. 
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I. INTRODUCTION 

With increasing outlook on energy consumption trends, climate change, and resource depletion, the demand for efficient, 

sustainable, and environmentally benign energy materials correspondingly rises. Amongst several ways toward making energy 

sustainable, thermoelectric materials have had good effects because of their ability to convert heat energy into electricity without any 

moving parts or emissions. The performance of thermoelectric materials is determined by the dimensionless figure of merit ZT = 

(S²σT)/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, and κ is the total thermal 

conductivity (both electronic and lattice contributions)[1]–[3]. For high ZT may be obtained by putting all these interdependent 

parameters into a delicate balance, which is quite a demanding task in material engineering. 

In the past few years, excellent progress has been witnessed in the arena of high-performance thermoelectric materials like Bi₂Te₃ 

[4], PbTe [5], and SnSe [6]. However, their actual deployment depends on several factors such as scarcity of elements, toxicity 

considerations, poor thermal stability, and a very high production cost. Due to this, interests have soared on the design prototype for 

alternative thermoelectric materials consisting of abundant, minimally toxic elements. From this point of view, transition metal 

silicides present themselves as potential candidates in high-temperature thermoelectric applications due to chemical stability, 

mechanical strength, thermal resistance, and environmental safety[7]. 

Among various metal silicides, manganese silicides, and in particular the non-stoichiometric MnSi₁.₇, have attracted interests due 

to positive thermoelectric and electronic properties. The MnSi₁.₇ belongs to the Nowotny chimney ladder (NCL) phases, characterized 

by a more complicated intermetallic crystal structure, in which transition metal "chimneys" are interspersed by group-IV "ladders." 

This unique nanostructuring leads to uncommon electronic transport behavior, where low-dimensional electronic conduction can be 

maintained while maintaining a fairly low phonon thermal conductivity, as needed for thermoelectric application. Besides, MnSi₁.₇ is 

made up of elements manganese and silicon, both abundantly found, non-toxic, and cheap, rendering it highly attractive for application 

on a bulk scale and in a sustainable manner [8]. 

MnSi₁.₇ generally has a preferred stoichiometry at or just above Mn₄Si₇ and often crystallizes in a tetragonal crystal structure and 

often is indexed in either P4₁2₁2 or P4/nmm structure depending on the synthesis route. Depending upon the stoichiometry and 

microstructure, the family of materials can be described as a narrow-bandgap semiconductor or semimetal; for example, the Seebeck 

coefficient usually produces a value between +100 and +300 µV/K that suggests p-type conduction is dominant, however, if the 

stoichiometry and the relative amounts of Mn:Si, point defects or impurities can influence the electrical and thermal conductivity and 

carrier concentration [9]. The thermal conductivity in general is 3 - 6 W/m·K (typical range) and can often be adjusted by the creating 

nanostructures and composites to further improve the overall thermoelectric performance of the materials [10]. 
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While these beneficial properties remain intact, MnSi₁.₇ remains an emerging thermoelectric material, and not fully tested or 

optimized for many of its functional attributes. The ZT of MnSiᵡ is low (in it's high temperature (~800 K) region it is closer to 0.2 - 

0.3), which is not make this material commercially viable for thermoelectric devices. There have been recent studies in doping with 

transition metals: Fe, Co, Ni as well as producing forms like composites and nano-structured, which have demonstrated ideal pathways 

for improving thermoelectric performance. In terms of work to optimize thermoelectric effiency (i.e. improving ZT), mechanical 

alloying or thin film preparation (e.g. SPS) gives researchers the opportunity to influence the size of the grains, defect concentration 

and microstructure to optimize the scattering of phonons, as well as to improve properties of charge transport [11], [12]. 

Another area of interest pertains to the magnetic and electronic properties of manganese silicides. While MnSi has helical magnetic 

order and skyrmion lattice, MnSi₁.₇ showed weaker magnetic interactions due to a unique structure and leftover silicon. However, its 

behaviour is still investigated under doping and reduced dimensions for spintronics and magneto-thermoelectric applications [13]. 

The compatibility of MnSi₁.₇ with silicon substrates makes it a desirable option for on-chip thermoelectric generators (TEGs) and 

microscale energy harvesters. Thin films of MnSi₁.₇ can be fabricated via chemical vapor deposition (CVD), molecular beam epitaxy 

(MBE), or sputtering methods which would allow integration with CMOS technology. These properties can create many additional 

uses for MnSi₁.₇ away from bulk thermoelectric modules towards MEMS-based sensors, thermal management, or wearable electronics 

[14]. 

As interest in this material continues to grow, along with substantial potential for its application, it is timely to consolidate current 

knowledge of MnSi₁.₇ and provide a path forward. This review is intended to summarize the knowledge base on MnSi₁.₇ by first 

providing a structural and phase stability summary, then focusing on synthesis methods, utility such as thermoelectric and magnetic 

materials, and enhancing utility through chemical (doping) or structural (nanostructuring/complexing) modification. It is also 

important to highlight areas of persistent challenge such as phase purity control, minimizing thermal conductivity while allowing for 

high electrical properties, and scale-up from synthesis approaches to device application [15], [16].  

Importantly, this review also synthesizes the literature to provide future direction when discussing the development of MnSi₁.₇ as a 

functional material for application in next-generation energy extraction and multi-functional approaches [17]. 

 

II. CRYSTAL STRUCTURE AND PHASE STABILITY 

Manganese silicides are a group of transition metal silicides, which have been widely studied in conjunction with their 

thermoelectric, magnetic, and electronic properties. Manganese silicides include structures that are classified as Nowotny chimney 

ladder (NCL) phases. They contain two interpenetrating sublattices (which are referred to as the steps), that consist of transition metal 

“chimneys” and main-group element “ladders”. The odd and complicated crystal structure provides an explanation for the anisotropic 

transport behaviors as well as the low lattice thermal conductivity often observed in these types of structures, which is also recognized 

as favorable traits for thermoelectrics. MnSi₁.₇ has been particularly of use and a point of interest due to its balance of relatively simple 

composition and complex structure as a vehicle for managing electron and phonon transport in these silicide structures through 

structural design and dopant strategies [18], [19]. 

MnSi₁.₇ has a tetragonal crystal structure, generally indexed by the space group P4₁2₁2 (No. 92) or P={4}2₁m, dependent upon 

the order and measurement method. The unit cell contains helical arrangements of manganese atoms making the "chimney," while 

the silicon atoms creating the surrounding "ladder." While Mn and Si sublattices independently have periodicities, their matching 

cannot coexist, resulting in structural incommensurability which characterizes NCL phases. Again, this incommensurate feature 

scatters phonons on multiple length scales and interferes with coherent heat transport, thus inhibiting the lattice's contribution to 

thermal conductivity. The helical Mn chains propagate along the crystallographic c-axis; therefore, the conduction is along the c-axis 

and gives rise to anisotropic electronic properties. The silicon sublattice occurs as an attractive structure, maintaining the framework, 

but also bonds and transfers charge with the manganese to modify the electronic density of states near the Fermi level [20]. 

The structural complexity of MnSi₁.₇ is, in part, due to its stoichimetric sensitivity. It is a line compound; essentially, it forms at a 

nearly fixed Mn:Si ratio of about 4:7, and has a very narrow homogeneity range. In contrast, other silicides such as MnSi, or Mn₁₅Si₂₆ 

show broader overall solid solubility ranges. Small variations in stoichiometry can lead to a variety of secondary phase formations, 

or cause major changes in transport behaviour through changes in carrier concentration or the creation of defects. Just a small excess 

of Mn leads directly to the generation of antisite defects, or interstitial Mn atoms, all of which affect electrical and magnetic behaviour. 

Similarly, silicon rich compositions have extra Si atoms in interstitial positions, which sometimes allow vacancy formations, 
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providing further scattering centres for both electrons and phonons. Whether these are detrimental and/or beneficial depends on the 

intended functional property [14]. 

The Mn–Si binary phase diagram shows several silicide phases such as MnSi, Mn₅Si₃, Mn₄Si₇, and Mn₁₁Si₁₉, along with Mn₁₅Si₂₆. 

Mn₄Si₇ (MnSi₁.₇) shows up in the stability window between MnSi and the higher silicides. The phase is stable at high temperatures 

(>1000 °C), and is typically produced during solid-state diffusion, or melt-based processes when the Mn:Si ratio is controlled. This 

phase remains thermodynamically stable up to ~1273 K (1000 °C); once temperatures exceed this certain threshold, it may decompose 

or transform into other silicide phases. Formation of MnSi₁.₇ has been noted in annealing treatments of both thin films and bulk 

samples, related most frequently in terms of the studies to reaction-diffusion processes whereby Mn layers were deposited onto silicon 

wafer substrates. The formation temperature and sequence is dictated by the substrate, the heating rate, and the surrounding 

atmosphere. For example, growth of Mn₄Si₇ in a reduced or vacuum-like condition is fairly reliable, whereas any surface oxidation 

of Mn or Si would inhibit a standard reaction of Mn₄Si₇ and the possibility for potential secondary oxides [21], [22]. 

Manganese silicide (MnSi₁.₇) also has a moderate negative enthalpy of formation (ΔHf) that demonstrates some inherent stability 

from a thermodynamic perspective. The stability of the structure is due to the significant covalency of the Mn–Si bonding and metallic 

bonding in the material, which allows it to withstand destructive thermal or chemical attack. This is particularly important in larger 

devices that adhere to thermoelectric specifications and applications where thermal cycling and elevated temperatures can lead to 

microstructural development or phase separation in unstable materials. The stability of MnSi₁.₇ when exposed to high temperatures 

and its compatibility with widely used substrates such as silicon lends itself to integration with other devices in creating a 

thermoelectric device for application in energy harvesting applications and on-chip implementations such as microscale Peltier coolers 

[23]. 

The synthesis of MnSi₁.₇ in bulk and thin-film forms has demonstrated that structural and phase stability are highly process-

dependent. In bulk synthesis, arc melting, solid-state reaction and spark plasma sintering (SPS) are common synthesis approaches. 

Arc melting, SPS and solid-state methods, or powder methods, and choose the method appropriate for their needs. The phase-pure 

Mn₁₄Si₇ should be obtained using one of these bulk synthesis formats, and proper annealing must occur with well-mixed elemental 

powders at an appropriate temperature after any bulk synthesis method where the powder can be mixed well and the elemental 

powders were kept quiet for annealing. Another bulk mechanical process, mechanically alloying, can achieve MnSi₁.₇ 

thermodynamically from a combined long-term milling method followed by annealing where crystallization occurs. Thin films of 

MnSi₁.₇ can be synthesized using reactive deposition or sputtering or molecular beam epitaxy (MBE) learned from the Si(100) or 

Si(111) substrate previous synthesis methods. Each of these methods has reported success in epitaxial growth, but the orientation will 

depend on the experimental setup and deposition method, as well as associated parameters ion any single method listed previously. 

The crystalline texture and orientation of MnSi₁.₇ films has a direct consequence for their associated anisotropic transport properties, 

which are fundamental for directionally-dependent thermoelectric efficiency [24]. 

While MnSi₁.₇ is thermodynamically stable at an equilibrium condition, once it is in a non-equilibrium state, it can be sensitive to 

non-stoichiometry and microstructural defects that form during processing. Microstructural defects such as grain boundaries, twin 

domains, dislocations, and stacking faults are common in polycrystalline samples, which can have a profound effect on transport 

behavior. While microstructural defects scatter phonons, which is often desirable for thermoelectrics, and reduce lattice thermal 

conductivity, they can also localize charge carriers or reduce mobility. The defect density and distribution can be deliberately 

programmed to optimize electrical transport properties. Transition metals (e.g. Co, Fe) or main group elements (e.g. Al, Ge) can be 

deliberately doped to tune carrier concentrations, band structure, and defect energies. Doping can also impact phase stability through 

changes in the local chemistry or strain in the lattice [25]. 

MnSi₁.₇ is less structurally complex than its higher-order homologues (Mn₁₁Si₁₉ and Mn₁₅Si₂₆) while still preserving many of their 

beneficial thermoelectric features. The larger some forms of higher manganese silicides (HMS), the more incommensurability and 

longer unit cells, which seem to reduce thermal conductivity while sacrificing electrical conductivity (more electron scattering and 

disorder). This represents a useful compromise as the somewhat complicated structure gives us a relatively easy-to-synthesis phase 

that is relatively pure, provides low thermal conductivity, has good electronic properties, and allows us room to integrate into devices 

[26]. 

It is also important to note that MnSi₁.₇ has outstanding resistance to oxidation. The silicon-rich surfaces of the material have a 

thin native oxide, which forms naturally to passivate the surface and prevent further oxidation. This resistance to oxidation contributes 
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to the environmental stability of MnSi₁.₇ in ambient or oxidizing atmospheres. The oxidation of MnSi₁.₇ is superior to many 

chalcogenide-type thermoelectric materials, such as Bi₂Te₃ or PbTe, that can be thermally volatile and are sensitive to moisture, and 

present toxicological issues, which would make MnSi₁.₇ an environmentally benign, and thermally stable for higher temperature 

thermoelectric applications [27]–[29]. 

To conclude, the crystal structure and phase stability of MnSi₁.₇ are fundamentally important facets of MnSi₁.₇ as an efficient 

thermoelectric material. The unique chimney-ladder structure introduces anisotropy into the electronic properties of MnSi₁.₇ while 

reducing the intrinsic thermal conductivity. Importantly the stoichiometric range of MnSi₁.₇ is narrow and characterized by thermal 

stability, allowing for stability and processing. By understanding and exploiting the complex structure–property–processing 

relationships of MnSi₁.₇, it is possible to cultivate rational design approaches in order to optimize its performance as a thermoelectric 

material. Future work may involve high-resolution structural characterization (e.g., synchrotron-based X-ray diffraction and 

transmission electron microscopy), modeling of defect energetics from first principles, and doped or composite studies, all aimed at 

rendering an improved figure of merit, and hence thermoelectric performance. Such work would enable the development of safer, 

efficient, stable and low-impact thermoelectric materials for energy conversion applications [24]. 

 

III. SYNTHESIS METHODS 

The synthesis of MnSi1.7, a compound in higher manganese silicides (HMS), is a very important consideration that affects the 

phase purity, crystal structure, microstructure, and therefore its thermoelectric and physical properties. Due to the narrow homogeneity 

range of MnSi1.7 (for most of the literature, this compound is referred to as Mn4Si7), and the sensitivity of MnSi1.7 with respect to 

stoichiometry, the synthesis approach needs to be calibrated accordingly to incorporate maximal control over atomic composition, 

grain size, defects, and crystal orientation. Methods for the synthesis of MnSi1.7 can be grouped into three main categories: bulk 

synthesis techniques, thin-film deposition techniques, and methodologies that leverage non-equilibrium or advanced synthesis 

methods to yield grain size and crystal orientational control. Each method has its benefits and challenges, particularly if the target 

application is for bulk thermoelectric modules, or microscale devices for instance [24]. 

A. Bulk Synthesis 

Traditionally, bulk MnSi₁.₇ has been produced using conventional solid-state reaction techniques due to their convenience and 

ease of scale. This method always involves weighing and mixing high-purity elemental manganese and silicon powders in a 

stoichiometric ratio (4:7 atomic ratio) and then mechanically milling and heating at high temperature (usually between 900°C and 

1100°C) under an inert atmosphere (e.g. argon). The movement of Mn and Si atoms through solid-state diffusion allows nucleation 

and growth of the MnSi₁.₇ phase. However, because the diffusion kinetics of solid-state reaction processes are slow, phase purity often 

necessitates relatively long annealing times (up 48-72 hours). Sometimes, several grinding and re-annealing stages will be conducted 

to achieve greater homogeneity and to eliminate any unreacted phases, such as MnSi or free Si[30]. 

Another method is arc melting with improved homogeneity and rapid alloying. In this process, elemental powders are weighed 

stoichiometrically and melted using a high-current arc in a protective argon environment but as the arc moves faster than the melting 

rate, this technique can provide rapid interdiffusion, although the rapid cooling afterward may also cement an intermediate metastable 

or secondary phase. Thus, arc-melted ingots are often subsequently annealed to relieve internal stresses and transform into the 

thermodynamically stable MnSi₁.₇ phase. Arc melting is suitable for producing dense poly-crystalline samples that can be used for 

thermoelectric characterization [31]. 

The advantages of Spark Plasma Sintering (SPS) in producing dense bulk MnSi₁.₇ samples are remarkable. In SPS, the mixed or 

pre-synthesized powders are placed inside a graphite die and a pressure is applied while simultaneously heating the graphite die 

through pulsed DC current. The process is conducted typically at 800°C–1000°C with short dwell times (5-10 min). The rapid 

densification process minimizes grain growth, retains nanoscale characteristics and suppresses oxidation, yielding bulk samples 

capable of enhanced thermoelectric performance (via nanostructuring-induced phonon scattering). SPS has been successful in 

producing dense compacts, with reduced porosity and appropriate mechanical integrity from MnSi₁.₇, which are often desired 

properties for device manufacturing [10]. 

Mechanical alloying is frequently utilized as a preparatory step before SPS or annealing, which consists of high energy ball milling 

of Mn and Si powders under inert conditions. If milled under inert gas for an extended period of time (10–40 hours), it is possible that 

amorphization occurs, or only part of the MnSi₁.₇ phase is crystallized, with the remaining powder crystallizing upon later heat 
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treatment. Mechanical alloying introduces a high degree of defects and strain, which could enhance phonon scattering, but can also 

decrease electrical conductivity if not controlled. One of the advantages of mechanical alloying is that it can generate nanostructured 

or metastable MnSi₁.₇ forms that could be difficult to generate under equilibrium conditions. But mechanical alloying also brings 

challenges, such as contamination from the milling media, as well as a small distribution of particle size distribution [32]. 

B. Thin-Film Synthesis 

For microelectronic and microscale thermoelectric applications, manganese silicide (MnSi₁.₇) thin films are frequently prepared 

by vapor-phase deposition (e.g. magnetron sputtering) to enable accurate control of thickness, composition and orientation of film. 

Magnetron sputtering can be done either DC or RF. In the context of sputtered films, co-sputtering is where Mn and Si targets are 

sputtered onto substrates (e.g. Si(100) or Si(111)) simultaneously. Sputtering rates for Mn and rates for Si are varied in order to 

achieve a certain stoichiometry. In some cases, pre-alloyed Mn₄Si₇ targets are utilized to sputter solely from a single target plate, 

instead of two. Additional important considerations include the substrate temperature during sputtering and some careful attention to 

post-sputter annealing treatment and conditions. MnSi₁.₇ films typically arrive from solid-phase epitaxy taking place during annealing 

[23]. 

Molecular Beam Epitaxy (MBE) has the capability of film growth on an atomic scale and allows very good quality, epitaxial 

MnSi₁.₇ layers to be formed. MBE deposition usually involves the evaporation of Mn and Si at ultra-high vacuum pressures resulting 

in layer-by-layer deposition and fine control of the film composition. MBE-grown MnSi₁.₇ thin films do show excellent crystallinity 

with very low defect densities which is ideal for studies that depend on intrinsic transport properties. Unfortunately, MBE growth 

conditions are expensive and time-consuming and limit the use of MBE in research-scale synthesis and studies of fundamental aspects 

of material properties [33].  

Another very effective route for the formation of MnSi₁.₇ films on silicon substrates is a solid-phase reaction, where a very thin 

layer of Mn is evaporated or sputtered onto crystalline Si, then annealed at a temperature between 500–800°C. The annealing process 

causes the diffusion of Mn into the silicon and the stepwise formation of different manganese silicides at the metal–silicon interface, 

with MnSi₁.₇ forming only under specific temperature and film thickness conditions. The phase that is ultimately completed depends 

on the original stoichiometry of the film, the annealing profile used, and the orientation of the Si substrate. The solid-phase reaction 

process for forming MnSi₁.₇ films on silicon substrates is particularly amenable to integrated thermoelectric devices as the deposition 

and annealing procedures are compatible with current CMOS processing [34], [35]. 

Chemical Vapor Deposition (CVD), as well as its offshoot Metalorganic CVD (MOCVD), has also been investigated for MnSi₁.₇ 

thin-film synthesis. Both of them utilize gas-phase precipitation of Mn- and Si-precursors, which provides a thin-film on heated 

substrates. As of now, CVD and MOCVD have been used less frequently for MnSi₁.₇; however, they do promise the potential for 

conformal coatings and larger-area deposition which could be practical for device-scale fabrication. Ongoing problems exist on how 

to identify practical volatile precursors in order to get controlled compositions and avoid contamination [31]. 

C. Advanced and Non-Equilibrium Techniques 

To further improve the thermoelectric performance of MnSi₁.₇, the use of advanced synthesis techniques that enable 

nanostructuring, doping, or composites has been explored. Melt spinning has been included amongst several key approaches to 

synthesizing MnSi₁.₇ materials. Using melt spinning is a technique which involves cooling liquid MnSi₁.₇ on a stamping machine 

categorized as a revolving stamping wheel. The molten material cools rapidly producing thin ribbons of MnSi₁.₇ which can be 

amorphous or fine-grained. The melt-spun ribbons or flakes can be consolidated under hot pressing or SPS to bulk material that is 

nanostructured with improved phonon scattering and reduced thermal conductivity [36].  

Furthermore, high-pressure synthesis and laser ablation have also been explored in experimental projects to develop metastable 

or nanocrystalline forms of MnSi₁.₇ with electronic or magnetic properties that may be of interest. This work is primarily exploratory 

while attempting to produce forms of MnSi₁.₇ that differ from the original phase. Electrodeposition onto silicon substrates have been 

studied; however, challenges related to the control of composition and phase purity in electrochemical routes remains a major obstacle 

[31]. 

A further aspect is the use of MnSi₁.₇ as a composite material constituent, whereby it is embedded within polymer, carbon 

nanotube, or oxide phase matrix. These composite materials can be made via in-situ growth, ball milling or in-situ methods and 

designed to provide improved mechanical properties and flexibility or hybrid thermoelectric properties. In the composite case the 

https://doi.org/10.47191/ijcsrr/V8-i6-11
http://sjifactor.com/passport.php?id=20515
http://www.ijcsrr.org/
http://www.ijcsrr.org/


International Journal of Current Science Research and Review 

ISSN: 2581-8341    

Volume 08 Issue 06 June 2025    

DOI: 10.47191/ijcsrr/V8-i6-11, Impact Factor: 8.048   

IJCSRR @ 2025   

 

www.ijcsrr.org 

  

2804   *Corresponding Author: Zahra Norouzi                                                            Volume 08 Issue 06 June 2025 

                   Available at: www.ijcsrr.org 

                                                              Page No. 2799-2812 

 

intent is to use the beneficial material properties of MnSi₁.₇ whilst avoiding drawbacks of MnSi₁.₇ such as brittleness or lower ZT 

values [37]. 

D. Post-Synthesis Treatments 

Post-synthesis treatments are critical to optimizing the structural and functional properties of MnSi₁.₇ regardless of the synthetic 

pathway employed. Post-synthesis treatments include thermal annealing to increase crystallinity, surface polishing or etching to 

enhance contact interfaces, and doping through ion implantation or diffusion. Doping with elements like Fe, Co, and Al, or Ge for 

calming purposes has been widely examined for complex modulation of carrier concentration and increasing power factor. In thin 

film processing, rapid thermal annealing (RTA) is often applied to activate phase transformation and grain alignment along preferred 

directions. In bulk sample processing, hot isostatic pressing and multiple hours of annealing in a vacuum can be completed to reduce 

effects of residual internal stress and porosity as much as possible [15]. 

All things considered, synthesis of MnSi₁.₇ relies on careful control of myriad parameters that extend from elemental composition 

through processing temperature, atmosphere, and post-treatment. Synthesizing MnSi₁.₇ competitively with sound structural form and 

thermoelectric character depends on the method of synthesis especially when considering if the end use is for bulk thermoelectric 

modules or thin film microgenerators, as well as phase purity and structural integrity. The progress of hybrid and advanced post-

treatment methods can further advance possibilities for practical end-use of MnSi₁.₇ as a nanoparticle thermoelectric material for the 

next-generation of energy conversion [38]. 

 

IV. 4. THERMOELECTRIC PROPERTIES 

The thermoelectric performance of MnSi₁.₇ is determined by Seebeck coefficient, electrical conductivity, thermal conductivity, 

and the figure of merit, ZT. MnSi₁.₇, as an example of a degenerate semiconductor that exhibits p-type conduction primarily due to 

native defect(s) and minor stoichiometric variation, is intrinsically doped with relatively high carrier concentration levels (1020 to 

1021) which greatly affects the transport properties. The electrical conductivity (σ) of MnSi₁.₇ is generally in the order of (104) to 

(105) S/m at room temperature, where it decreases in a metallic manner with increasing temperature. This is related to the temperature 

dependent phonon scattering and it has been shown that phonon scattering takes over charge carrier movement at higher temperatures. 

MnSi₁.₇ possesses an anisotropic structure with a chimney-ladder motif, which means that electrical transport properties of MnSi₁.₇ 

are directionally dependent. The conductivity along the c-axis is greater than the basal plane in single crystals and oriented thin films. 

Directionally dependent electrical transport in MnSi₁.₇ can also be achieved through texture engineering of thin films during synthesis, 

to modify electrical transport properties for improved thermoelectric performance [32], [39]. 

The Seebeck coefficient (S) of MnSi₁.₇ is positive, indicating hole conduction, and generally between 100 and 250 μV/K at room 

temperature. S increases with temperature to approximately 600-700 K and reaches peak values before decreasing slightly due to 

intrinsic carrier excitation and bipolar conduction. The relatively large thermopower measured is due to multiple valence bands and 

anisotropic effective masses near the Fermi level that comprises a rather complex band structure. The interaction between the valence 

bands and the scattering mechanism concerning the carriers implies an energy filtering effect which enhances the magnitude of the 

Seebeck coefficient. Variations in carrier concentration from doping or alloying can strongly influence SSS; for example, doping 

either heavier elements such as Ge or Al can affect the effective mass and density of states, which can improve the thermopower [40]. 

Thermal conductivity (κ) in MnSi₁.₇ is characteristically quite small, in the range of roughly 2-4 W/m·K at room temperature and 

decreasing with increasing temperature. The small lattice thermal conductivity (κl) in MnSi₁.₇ arises mainly from its complicated and 

incommensurate chimney-ladder crystal structure, which causes strong phonon scattering. Intrinsic lattice defects such as vacancies 

and antisite disorder and microstructural features due to synthesis methods (e.g., grain boundaries from spark-plasma sintering) 

contribute to strong suppression of phonon transport in MnSi₁.₇. The electronic part of thermal conductivity (κe) obeys the 

Wiedemann-Franz relation and increases with electric conductivity, but it only makes up a small portion of the total thermal 

conductivity. Also noteworthy in terms of thermal transport, anisotropy is observed, with slightly lower (κ) values observed along the 

c-axis, consistent with greater phonon scattering due to one-dimensional Mn chains [14]. 

In MnSi₁.₇ the power factor (S2σ) is typically between 1 and 3 mW/m·K2 in the range of 600–700 K. Together with the intrinsic 

low thermal conductivity, these numbers lead to dimensionless figure of merit (ZT) numbers between 0.4–0.7 at elevated 

temperatures, which while moderate compared to cutting edge thermoelectric materials, show exceptional charge and heat transport 
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in MnSi₁.₇ and make it a promising material for medium temperature energy harvesting. These ZT values will also depend on doping, 

microstructure, and crystallographic orientation thus making synthesis control important [20]. 

Substitutional doping (i.e. doping on the Mn sites with Fe, Co, or Ni) and alloying have both been significantly explored to enhance 

thermoelectric properties. A promising aspect of substitutional doping is that it can adjust the carrier concentration and mobility since 

doping typically always increases electrical conductivity, however it comes with a corresponding drop in Seebeck coefficient that is 

explained due to the trade-off between carrier density and thermopower. At the same time, we have established that partially 

substituting at Si sites with other elements (e.g. Ge, Sn or even Sb) can improve phonon scattering through mass fluctuation and strain 

field effects that should continue to reduce the lattice thermal conductivity while slightly canying the electronic band structure, and 

the newly synthesized solid solution will impart a new level of compositional disorder. Thus, all doping forms (substitutional or 

alloying) will be used to decouple the key electrical and thermal transport parameters for optimizing ZT [41]. 

Nanostructuring and compositing also play a big role in thermoelectric performance. Nanocrystalline MnSi₁.₇ made by high-

energy ball milling followed by spark plasma sintering has reduced lattice thermal conductivity due to increased phonon scattering at 

grain boundaries. Embedding MnSi₁.₇ in composite matrices (oxides or carbon-based materials) can further reduce thermal transport 

while maintaining electrical conductivity. These methods introduce multiple length scales of scattering centers, effectively reducing 

thermal conductivity without killing electrical pathways [25]. 

Anisotropic transport properties from the chimney-ladder crystal structure show up in both bulk and thin film forms of MnSi₁.₇. 

Single crystal studies show higher electrical conductivity and power factor along the c-axis which is due to the alignment of Mn 

chains that facilitates hole mobility. Electrical transport perpendicular to these chains is reduced due to increased carrier scattering. 

This anisotropy means that texturing and epitaxial growth can enhance thermoelectric performance by aligning the conduction 

pathways. Properties can withstand long exposure to temperatures of up to 800 K under inert atmospheres, in contrast with many 

chalcogenides which begin to sublimated or oxidize when exposed to this temperature and goes very hot itself. The thermal stability 

of MnSi₁.₇ will enable it to be used in the harshest thermal environments such as waste heat recovery in industrial processes [41].  

The thermoelectric behavior of MnSi₁.₇ depends on a combination of inherent crystal structure, doping, microstructure, as well as 

the anisotropic nature of these materials. As such there is more research to be done in production and understanding the tuning of 

different properties of MnSi₁.₇ through development in dependent production and using new composites will enable improvements in 

the material's figure of merit and more competitive levels for real-world applications [34]. 

 

V. DOPING AND COMPOSITES 

The potential to enhance the thermoelectric performance of MnSi₁.₇ through doping and composite formation represents an 

important field of research, and, as previously noted, ultimately pertains to the tight coupling of electrical and thermal transport 

phenomena. Doping studies of MnSi₁.₇ has mainly aimed synthesize charge carriers and or processes for scattering to improve 

electrical conductivity and Seebeck coefficient with minimal or no increase in thermal conductivity. Carrier injecting to dope is easy 

to accomplish, but to properly dope requires an understanding of the band structure and phonon transport in order to achieve any level 

of significant gain in the thermoelectric performance properties [42]. 

Transition metal doping on the manganese sublattice has been extensively studied with Fe and Co as the most studied dopants. 

These two elements largely serve as the dopants due to their small ionic radii so that when Fe or Co substitutes a Mn atom it can 

maintain the original Mn sublattice with little distortion. Fe doping mainly maintains the hole carrier concentration by introducing 

localized acceptor states, which results in improved electrical conductivity, although the Seebeck coefficient is lowered somewhat. It 

should be noted that it is important to have fine control of the concentration as well, as having too many dopants causes further 

scattering and decreases mobility while diminishing the beneficial effect of increased conductivity. Many of the same trends are also 

observed for Co, although in general Co will produce subtle differences in carrier effective mass and mobility due to electronic 

structure differences between Co and Fe. These materials can also influence subsequent magnetic interactions in the material which 

can have downstream effects on electronic transport although this has not been studied [43]. 

At the silicon site, the heavier group 14 elements; Ge and Sn are used to cause mass fluctuation scattering to impair lattice thermal 

conductivity. Doped materials create localized strain fields and mass differences to scatter phonons having longer mean free paths 

bringing about an effective scattering of the phonons that are the dominant carriers of heat. Doping at the Si site has a larger impact 

on phonon spectrum as compared to Mn-site doping, consequently, lower lattice thermal conductivity can be maintained with small 
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degradation of electrical properties. Ge doping may also cause a small shift higher of the valence band maximum which can increase 

the density of states effective mass, leading to increases in the Seebeck coefficient. Sn doping, while more limited due to solubility, 

has a stricter phonon scattering impact because of its larger mass and its larger size than Si. All these considerations must ultimately 

lead to a much lower thermal conductivity (40% reduction) which is crucial for enabling the ZT enhancement without requiring 

extrinsic nanostructuring [8]. 

Co-doping, which is simultaneous substitution at the Mn and Si sites, takes advantage of the results from both of the methods 

explained in this section. For example, Fe and Ge, the effects of the two dopants were synergistic; the carrier concentration from the 

Fe was increased by the reduced lattice thermal conductivity from the Ge. This is a powerful way to simultaneously address the lattice 

and electronic thermoelectric effects and allows them to be partially decoupled, otherwise they are entirely dependent on one another. 

In many cases, the co-doping experiments will produce a better result than the single-site doping experiments. Recently, investigations 

into very low levels of doping with the rare-earth elements or other transition metals have shown possible advantages as they are 

targeted towards inducing resonant energy levels or impurity band with the intention of sharpening the density of states, near the 

Fermi level. These largely remain experimental in the case of MnSi₁.₇ [23]. 

Nanostructuring and composite manufacturing approaches offer an additional degree of freedom, i.e., the ability to reduce thermal 

conductivity independent of electronic transport. While high-energy ball milling and spark plasma sintering resulted in polycrystalline 

MnSi₁.₇ that can be reduced to grain sizes down to the nanometer scale, we observed a fundamental difference in the phonon scattering 

due to grain boundaries. Unlike the otherwise intrinsic point defect scattering due to doping, grain boundary scattering relates to the 

phonons at greater length scales and can provide reductions in lattice thermal conductivity of 30–50%. The challenge lies in 

maintaining high electrical conductivity while increasing carrier scattering at the grain boundaries, which means optimization of 

sintering parameters and grain boundary chemistry is critical for helping to maintain charge carrier mobility [17]. 

MnSi₁.₇ based composite materials contain secondary phases in the form of oxides (SiO2, Al2O3) or carbonaceous materials 

(graphene, carbon nanotubes), which can scatter phonons at various wavelengths, and also strengthen the composition mechanically 

and thermally. Solomon and teammates also noted that composites must be designed such that they do not produce electrically 

resistive interfaces (otherwise they will deteriorate overall conductivity, even if it varies or increases thermal conductivity significant 

amounts). Published work has shown that small amounts (a few weight percent) of material in the composite can scatter phonons an 

additional 10-20%, (in addition to promoting an increase in ZT as a whole). Significantly, the capacity of interface chemistry and 

morphology in composites in promoting carrier scattering is still a research topic [44]. 

Films of layered composites and heterostructures made of MnSi₁.₇ in concert with other thermoelectric materials are also 

promising. These are capable of interface energy filtering, i.e., scattering low-energy carriers preferentially and thus increasing the 

average energy of carriers that are involved in electrical transport. This mechanism, therefore, increases the Seebeck coefficient 

without compromising electrical conductivity and has been documented for layered nanocomposite films and superlattices involving 

MnSi₁.₇. These architectures, therefore, provide a physical basis to design devices featuring anisotropic transport properties and 

enhanced mechanical robustness [36]. 

Practically, doping and composite strategies have promoted the MnSi₁.₇-base materials' enhanced stability in thermal cycling and 

oxidation conditions exhibiting typical behaviors for a working thermoelectric device. This higher bossibility to thermal degradation, 

in conjunction with the improved performance indicators, renders doped and composite MnSi₁.₇ promising for mid-temperature waste 

heat recovery and other energy harvesting applications [45]. 

 

VI. MAGNETIC PROPERTIES 

The magnetic properties of MnSi₁.₇ are intricate and closely tied to the electronic structure, atomic arrangement, and intrinsic 

defects. While MnSi is a well-known itinerant helimagnet, engaging in nontrivial phases of magnetism, MnSi₁.₇ with its silicon-rich 

and non-stoichiometric composition presents more subtle and varied magnetic phenomena. The understanding of these magnetic 

properties is important because such phenomena represent fundamental physics, and charge carriers' scattering performance affects 

the thermoelectric properties of the material [46]. 

A. Intrinsic Magnetic Behavior 

Generally speaking, MnSi₁.₇ features localized magnetic moments mainly derived from the 3d electrons of manganese atoms 

embedded in the silicon matrix. The extra silicon atoms considered with respect to MnSi generate vacancies and lattice distortions, 
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thereby altering Mn–Mn exchange interactions and leading to weaker or frustrated magnetic ordering as opposed to the relatively 

strong magnetic ordering in MnSi. Consequently, MnSi₁.₇ may show features of a weak itinerant ferromagnet or weak antiferromagnet 

or spin glass, depending on synthesis conditions, doping, and thermal history [43]. 

Magnetization studies reveal a broad magnetic transition well below room temperature, commonly between 30 and 60 K, around 

which weak ferromagnetic or cluster glass behavior is found. Above this temperature, the magnetic susceptibility of MnSi₁.₇ usually 

follows Curie-Weiss law, corresponding to paramagnetic localized moments with antiferromagnetic or ferromagnetic interactions. 

The theoretical spin-only moment expected for Mn²⁺ or Mn³⁺ ions is often larger than the effective magnetic moments calculated from 

susceptibility data, pointing to an important hybridization between the Mn 3d orbitals and Si sp states as well as partial delocalization 

of electrons [47]. 

B. Magnetic Ordering and Exchange Mechanisms 

Magnetic ordering in MnSi₁.₇ is controlled by indirect exchange mechanisms such as conduction electron-mediated Ruderman–

Kittel–Kasuya–Yosida (RKKY) interactions. Competition between ferromagnetic and antiferromagnetic coupling leads to complex 

magnetic states, such as potential spin-density waves or short-range magnetic clusters. Neutron scattering experiments detected 

signatures of these incommensurate magnetic structures, whereas long-range magnetic order is generally weaker and less well-defined 

than in stoichiometric MnSi [16], [26]. 

In addition, magnetization hysteresis measurements exhibit small coercive fields and low remanence, as anticipated for soft 

magnetic behavior and magnetic disorder. The magnetic softness is attributable to the disordered Mn atom arrangement and lattice 

defects that annihilate coherent spin alignment. Even at low temperatures, spin fluctuations suggest that MnSi₁.₇ is near a magnetic 

quantum critical point, where small perturbations can dramatically alter the magnetic ground state [48]. 

C. Influence of Doping on Magnetic Properties 

Doping MnSi₁.₇ with other transition metals like Fe, Co, or Ni adds complexity to its magnetic properties. Fe doping in general 

increases ferromagnetic interaction by boosting local magnetic moments and exchange coupling and results in a higher magnetic 

transition temperature along with enhanced magnetization. Co and Ni dopants, on the other hand, reinforce or destroy magnetic order 

depending on concentration and distribution [22]. 

Moreover, doping induces additional disorder and magnetic inhomogeneities on a local scale, which are responsible for low-

temperature spin-glass-like freezing. This magnetic frustration not only affects magnetization but also transport behavior through 

enhanced electron-magnon and electron-spin scattering pathways. Experimental work shows that this type of scattering increases 

electrical resistivity and modifies the temperature dependence of the Seebeck coefficient below 100 K. Rare-earth metal doping has 

been less studied but is also expected to form new magnetic phases due to their strong spin-orbit coupling and large localized moments. 

These dopants can also form magnetic anisotropy, which influences spin-dependent transport effects [49]. 

D. Magnetic Anisotropy and Spin Dynamics 

While bulk MnSi₁.₇ possesses weak magnetic anisotropy due to crystal field interaction and spin-orbit coupling, strain engineering 

and microstructural adjustment can enhance anisotropic magnetic properties. This is of interest in future spintronic devices, where 

spin orientation control and control over domain wall motion are crucial. Electron spin resonance and Mössbauer spectroscopy 

provide data on spin relaxation times and local magnetically structured environments, with proof of dynamic spin fluctuations and 

slow relaxation being characteristic of spin-glass or cluster-glass states [38]. 

The coupling of magnetism and thermoelectricity in MnSi₁.₇ is a new research field. Spin-disorder scattering and magnetic 

fluctuations can hinder carrier mobility at low temperatures, negatively affecting electrical conductivity but occasionally augmenting 

the Seebeck coefficient by enhanced energy-dependent scattering. The dual functionality of magnetism in charge transport makes 

MnSi₁.₇ an interesting model system for the exploration of spin-dependent thermoelectric effects [49]. 

E. Theoretical Insights 

First-principles density functional theory (DFT) calculations complement experiment by describing the electronic and magnetic 

structure of MnSi₁.₇. Calculations indicate magnetic moments at Mn sites are reduced from free-ion values due to hybridization with 

silicon, and the ground state of magnetism is lattice parameter and doping level sensitive. Computational simulations also discover 

competing ferromagnetic and antiferromagnetic exchange interactions, consistent with the rich magnetic phases observed [22]. 
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Moreover, through simulations, strain and chemical replacement are discovered to modify competition between itinerant and 

localized magnetism, offering ways of designing magnetic states with improved thermoelectric performance. The coordination 

between spin, charge, and lattice freedom in these studies is crucial in order to develop multifunctional MnSi₁.₇-based materials [42]. 

 

VII. THIN FILMS AND MICROELECTRONIC APPLICATIONS 

The integration and combination of MnSi₁.₇ into thin films have also gained significant interest due to the promise of being utilized 

in microelectronic and thermoelectric devices. Thin films provide specific advantages such as tunable microstructure, improved 

mechanical flexibility, and compatibility with microfabrication techniques enabling novel device structures not readily available to 

bulk materials. In addition, thin films allow dimensionality effects on electronic, thermal, and magnetic properties to be probed that 

can lead to improved thermoelectric figure of merit with respect to bulk analogs [25]. 

A. Thin Film Growth Techniques 

Various deposition methods have been employed for the preparation of MnSi₁.₇ thin films, including molecular beam epitaxy 

(MBE), sputtering, pulsed laser deposition (PLD), and chemical vapor deposition (CVD). Among these, sputtering and MBE are most 

popular as they provide exact composition control and high-purity crystalline film growth. Selection of substrate, deposition 

temperature, and post-annealing are basic parameters that influence phase formation, stoichiometry, and microstructure [50]. 

MBE growth enables epitaxial MnSi₁.₇ films with controlled thickness and flat interfaces, enabling fundamental studies of 

quantum confinement and interface phenomena on transport properties. Sputtering, however, offers scalability and the capability to 

deposit on a wide substrate range like silicon wafers, glass, and elastomeric polymers and is advantageous for device integration [51]. 

B. Structural and Microstructural Characteristics 

Thin MnSi₁.₇ films possess microstructures that are dissimilar to the bulk due to the constraints imposed by substrates and 

deposition methods. Films typically exhibit columnar grain structures with grain dimensions on the order of a few nanometers to 

hundreds of nanometers. Grain boundaries, dislocations, and interfacial strain have dramatic impacts on charge and phonon transport 

[32]. 

Highly controlled anneal processes are typically employed to increase crystallinity and phase purity, which contribute to higher 

carrier mobility and lower defect scattering. However, high-temperature annealing can jeopardize silicon diffusion or phase 

transformation and have to be optimized with respect to thermal budget during fabrication [43]. 

C. Thermoelectric Properties of MnSi₁.₇ Thin Films 

The thermoelectric figure of merit of MnSi₁.₇ thin films is established through dimensional confinement and microstructural 

effects. Reduced thickness produces enhanced phonon boundary scattering, which effectively lowers lattice thermal conductivity 

while potentially preserving or even improving electrical conductivity through quantum confinement effects on electronic density of 

states [52]. 

Experiments have shown that MnSi₁.₇ thin films with optimized microstructure exhibit higher Seebeck coefficients and power 

factors compared to bulk samples. The anisotropy of thin films can be used to achieve directional thermoelectric properties useful for 

integrated microscale energy harvesting or cooling applications [25], [53]. 

Additionally, nanoscale composition and superlattice structure modulation by means of MnSi₁.₇ layers interspersed with other 

materials have also been studied. These architectures enable energy filtering of charge carriers and enhanced phonon scattering at 

interfaces, raising the thermoelectric figure of merit [37]. 

D. Microelectronic and Device Integration 

MnSi₁.₇ thin films are of potential to be incorporated in microelectronic devices, particularly as thermoelectric modules for 

scavenging energy and on-chip cooling. Their silicon compatibility allows them to be directly deposited onto semiconductor wafers 

without difficulty, facilitating monolithic integration with sensors and microprocessors [13]. 

Thin-film thermoelectric generators (TEGs) composed of MnSi₁.₇ can be applied to recycle waste heat from electronics to achieve 

thermal management and improve energy efficiency in microelectronics. With the capability to fabricate arrays of micro-TEGs with 

micron-scale dimensions, power density and heat flux management can be designed and optimized flexibly [21]. Besides, MnSi₁.₇ 

films are promising candidates for spintronic devices due to their magnetic properties, allowing for the investigation of spin-
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caloritronic effects such as spin Seebeck effects. By combining thermoelectric and spin functionalities in thin films, potential 

multifunctional devices with enhanced functionality would be achieved [54]. 

E. Challenges and Future Directions 

Although the benefits, a number of challenges need to be overcome to fully realize MnSi₁.₇ thin films in microelectronics. 

Consistent phase purity and stoichiometry at nanometer thicknesses demand strict control of deposition parameters and substrate-film 

interactions. Interface engineering is vital to suppress thermal boundary resistance and electron scattering at film-substrate interfaces. 

Furthermore, the control and understanding of strain-induced defects and compositional inhomogeneities remain at the forefront of 

transport property optimization. Advances in in situ characterization techniques during film growth will assist with real-time 

monitoring and control of the same [50]. 

Future research areas include exploring low-dimensional MnSi₁.₇ nanostructures such as quantum wells and nanowires, wherein 

higher density of states and phonon scattering can result in a much greater ZT. Substrate integration into flexible substrates has the 

promise to enable wearable thermoelectric generators for self-powered electronics. Hybrid devices combining MnSi₁.₇ films with 

other functional materials could offer new opportunities for energy harvesting and nanoscale thermal management [55]. 

 

VIII. CONCLUSION 

MnSi₁.₇ is a good contender among the thermoelectric materials that offers an interesting set of earth-abundant constituents, 

structural durability, and silicon-technology amenability. The Nowotny chimney ladder structure of MnSi₁.₇ is accountable for an 

optimal balance of mid-range electrical conductivity, high Seebeck coefficient, and naturally low thermal conductivity—

characteristics key to successful thermoelectric behavior. While the current figure of merit (ZT) of MnSi₁.₇ is relatively low compared 

to that of state-of-the-art thermoelectrics, advances in doping, nanostructuring, and composite engineering have displayed a strong 

potential for performance enhancement. 

The large-scale thin-film synthesis and integration of MnSi₁.₇ are now well established, and the way is now open for its application 

in microscale energy harvesters and on-chip thermoelectrics. Achieving optimum phase purity, defect structure control, and thermal 

conductivity minimization without compromising electrical properties, though, continues to be challenging. Exploration of the 

intrinsic structure–property relationships, coupled with innovative processing and doping strategies, will be required to unlock the 

full potential of MnSi₁.₇. 

In the future, MnSi₁.₇'s green compatibility, heat tolerance, and compatibility with existing silicon technologies make it an 

interesting candidate for next-generation energy conversion and heat management technologies. By overcoming current limitations 

and leveraging its unique properties, MnSi₁.₇ could be a development driver toward sustainable, high-efficiency thermoelectric devices 

and multi-functional energy systems. 
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