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Abstract 

The research effort in the field of Hot Wire CVD (also called Catalytic CVD or initiated CVD) 

has increased considerably over the last 10 years. An increasing variety of thin film materials 

can be obtained with this method, with good feedstock utilization and high deposition rate. 

The properties of the deposited films are notably different from those of films made with 

conventional methods. A number of applications, such as diamond deposition, functional 

polymer deposition, and passivating silicon nitride deposition, has already found its way to 

commercial manufacturing. In this paper we discuss some of the modern research issues in 

the realm of Hot Wire CVD (Cat-CVD) and i-CVD. 

Introduction 
 
Hot Wire CVD (also called Catalytic CVD or initiated CVD) is an elegant low pressure 

deposition technique to deposit functional films, both inorganic and organic, based on the 

decomposition of precursor sources at a heated metallic surface.  

The technique is attractive in many ways. The most important advantages are:  

� The deposition of thin films is plasma-free (i.e. without the risk of a damaging 

bombardment of energetic ions on the deposited films or of losing functionality of 

precursor molecules).  

� It is an easily scalable method. Scaling to large areas merely requires an increase in 

catalytic surface along with a proportionally larger supply of source gases.  

� Substrates (whether rigid or flexible) can easily be handled as they do not have a role 

in the decomposition process. Step coverage is excellent, and uniformity can easily 

be optimized as substrates can be moved during deposition without any difficulty. 
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As can be deduced from the evolution of the number of publications over the last 20 years 

(see Fig. 1), the growth rate in the interest in HWCVD has increased from 1999. The peaks in 

this graph are due to the biannual international conferences, which have been held since 

2000, in the even years. The four different names that are listed relate to the various forms of 

this technique. The term Hot Filament CVD (HFCVD) is the oldest and normally used in the 

field of deposition of diamond and other carbon-containing layers. The term i-CVD is the 

newest and is used to describe polymer deposition using initiator molecules and monomer 

precursors. HWCVD and Cat-CVD are mutually exchangeable terms for the process of 

depositing (mainly) inorganic thin films in general. 

 

In this paper we discuss some of the modern research issues in the realm of Hot Wire CVD 

(Cat-CVD) and i-CVD as presented at the 5th International Conference, held in Cambridge, 

MA, USA, in August 2008. 

 

Filament issues 

An important issue is the lifetime of the catalytic metallic filaments. A long life of the filaments 

is desired in order to prevent frequent exchanges of the filaments, which would lead to 

downtime of the capital-intensive vacuum equipment. Verlaan et al. [1] have studied the 

reactions of heated tantalum filaments with ammonia (NH3), both as pure gas and diluted with 

silane (SiH4), and found that deleterious reactions with nitrogen are prevented when SiH4 is 

part of the mixture, as is the case when SiNx films are deposited. The interaction of Ta 

filaments with CH4, NH3, and H2, a mixture often used for the formation of carbon nanotubes 

(CNTs), leads to the formation of crystalline TaC0.275N0.218, which is unfavorable. With respect 

to the longevity of Ta filaments for amorphous and microcrystalline silicon deposition, Van der 

Werf et al. [2], have found that annealing the filaments at 2100-2200 oC in vacuum is a 

straightforward method for “regeneration” of the filaments. The catalytic surface of the Ta 

filament is the first to recover, leaving an inner ring of silicidated metal. Prolonged annealing 

leads to a decrease in thickness of this inner ring, and eventually all Si is removed. 

 

Especially for the deposition of oxides, the usable filament life is an important issue. This will 

be further discussed in the next session. 

Deposition of metal oxides  

 

Oxides can be made either (i) by admitting oxygenated gaseous sources to the reactor and forming 

oxygen containing precursors at the filaments, while preventing oxidation of the filament itself, or (ii) by 

deliberately oxidizing the filament and subsequent chemical vapor transport (Lee et al. [3], Thangala et 

al. [4], White et al. [5]) of the metal oxides. In the latter case the filament itself is used as the source of 
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the metal, leading to the formation of nanoparticles or nanorods.  

 

When using the first method, atomic oxygen is thought to play a role. The transition metal with the best 

resistance against oxidation is iridium. Exposing an Ir filament to O2, the production of atomic O has 

been confirmed (Umemoto et al. [6]). Oxidation of Ir by O2 at 1 Pa is not very severe. In this respect, Ir 

is better than W. The O2 decomposition rate is 40%. Therefore, HWCVD is a suitable method to 

generate O radicals. Possible applications of this process are O treatments of substrates and/or 

formation of metal oxides.   

 

Using the first method mentioned above for Al2O3 deposition, Ir again appears to be the right choice 

due to its oxidation resistance. It is however a very rare and expensive metal. It has been found that 

alternative filament materials are suitable as well. For instance, Chromel, SUS 304, and Alchrom-O 

catalyzers have been found to be suitable for the decomposition of TMA and O2, to form the desired 

Al2O3 layers, while preventing CHx incorporation (Ogita et al. [8] and Kudoh et al. [9]).  

 

Using the second method, WO3 (for electrochromic devices) can be deposited by generating 

nanoparticles from a W wire (White et al. [5]) or MoO3 (for battery electrodes) can be obtained from a 

Mo wire (Lee et al. [3]).  

 

Silicon-Carbon and Carbon structures  

SiC 

Microcrystalline SiC:H (µc-SiC:H), due to its high band gap, is of interest as doped window 

layer in solar cells and detectors. Chen et al. [9] have optimized thin films of this material 

using Re wires at a temperature of 1800 – 2100oC. Remarkably, all µc-SiC:H films behave 

strongly n-type. Therefore the material is used as the n-type layer in an n-i-p structure. The 

cell, which is 1.1 um thick µc-Si:H cell, n-side illuminated, on a textured ZnO transparent 

window had an efficiency of 8.0%. The generated current is 23 mA/cm2. Finger et al. [10] 

report on the use of monomethylsilane (MMS), in which case the efficiency for µc-Si:H solar 

cells could be raised above 9%.  

The structure of the thin films varies from amorphous SiC:H with small embedded Si 

nanocrystalls to nanocrystalline cubic silicion carbide (nc-3C-SiC). Tabata et al. [11] report 

that the first form is obtained at Tfil < 1600oC and the latter form at Tfil > 1700oC if the pressure 

is kept at 2 Torr. The filament temperature can be lowered if the pressure is higher.  

The deposition of cubic SiC is intensively investigated because of its valuable applications in 

high power, high frequency, and high temperature electronic applications. If SiC is deposited 

on an insulator, as in SiCOI applications, it is also valuable for low power electronic devices 
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and microelectromechanical systems (MEMS). Miura et al. [12] use W hot-mesh CVD (as is 

also used for the deposition of GaN, as discussed further on) and in this way cubic SiC of 

10 nm thickness could epitaxially be grown on Si, at low T. The mesh temperature was 

1600oC and the substrate temperature 700-800oC. 

SiC is usually made from SiH4/CH4/H2 mixtures. In order to obtain layers with higher 

crystallinity, alternative precursors are under study. Shi et al. [13] have investigated 

silacyclobutane (SCB) molecules. The reaction products were studied by vacuum UV laser 

ionization time-of-flight mass spectroscopy. It is proposed that the silene (H2SiCH2) radical 

should be a good precursor to achieve the desired stoichiometric forms of SiC.  

At the end of the SixCy composition scale is diamond-like carbon and diamond, which can 

readily be made by HWCVD using CH4 and H2. Ashfold et al. [14] have studied the gas phase 

chemistry and H2 activation during deposition of diamond and B-doped diamond. Gupta et al. 

[15] have added sulphur to microcrystalline diamond and nanocrystalline carbon thin films 

deposited on Mo substrates, with an eye on the field emission properties. This led to a 

surface modification due to thioalkylthiol functional groups, as found by means of Raman 

spectroscopy, Auger electron spectroscopy, and X-ray photoelectron spectroscopy 

measurements. The presence of thioalkylthiol groups as moieties appeared to help to 

augment the field electron emission. 

 

Carbon Nanotubes 

Carbon structures, carbon nanotubes (CNTs), carbon nanofibers (CNFs) and other forms 

such as nanowalls (CNW), nanocoils, etc., can readily be synthesized using HWCVD.  

 

T. Itoh et al. [16] found that a DC substrate bias enhances the nucleation of carbon 

nanowalls. The substrate voltage has to be positive, with values up to 150 V. It would also 

seem that merely applying the voltage is enough (i.e., that plasma is not needed). The current 

flow of thermal electrons might be essential in this process. Le Normand et al. [17] use 

plasma enhanced HWCVD of CNTs and they report that the CNTs are only obtained in 

HWCVD when the electric discharge was on. It is suggested that the ions have a crucial role 

in the pre-treatment and activation of the catalytic particles. Hong et al. [18] report that the 

substrate temperature is more important than gas phase diffusion. They have achieved up to 

2-mm long vertically aligned dense CNT forest growth in just 20 minutes. Houweling et al. [19] 

have used soft nanolithography for catalyst application, using a colloidal silica self-ordered 

monolayer mask, to achieve a regular matrix of isolated CNTs.  

 

In a different application of CNTs, the CNTs themselves were used as a mask (Lee et al. [20]) 

to pattern poly(styrene-alt-maleic anhydride) (PSMa) substates by exposing the masked 
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substrate to a low energy oxygen plasma. This procedure yields sub-50 nm structures, which 

can be of interest for structured application of specific quantum dots. 

 

  

Silicon Nitride and Gallium Nitride 

Silicon Nitride 

 

Silicon nitride deposited by the HWCVD technique is probably the first material that will find 

large scale applications. This is probably also the reason why there is a decreasing number of 

scientific papers on SiNx:H deposition nowadays.  

 

HWCVD SiNx:H layers have been shown to have very high mass density (> 3 g/cm3) by 

Verlaan et al. [21] They have compared the results in HWCVD with those obtained in low-

frequency parallel plate PECVD, rf PECVD, and microwave PECVD (MW PECVD). Using 

elastic recoil detection (ERD), Rutherford back scattering (RBS), and Fourier-transform 

infrared (FTIR) measurements, it is shown that the relative atomic density does differ for the 

different deposition methods. 

 

In a study about HWCVD N2 and H2 treatments of µc-Si:H material, Mazaki et al. [22] report 

that N2 is decomposed at the filaments at 2000oC. However, the presence of H2 prevents 

decomposition of N2. This does explain why SiNx:H layers cannot be obtained by HWCVD 

from only SiH4 and N2.  

 

The new direction in SiNx deposition is the quest for lower deposition temperatures in order to 

facilitate devices on low cost polymer substrates as well as for barrier layers in plastic 

electronics. Alpuim et al. [23] have made progress on low T SiNx:H. At 100oC, still transparent 

films with refractive index of 1.93 can be made, though the BHF etch rate is faster than that 

for the films made at 250oC. The deposition rate is in the range of 1-3 Å/s.  

 

SiNx is also used to embed Si nanocrystals in. These Si nanocrystals may be used as the 

absorber material in solar cells, thus offering the advantage of the ability to change the band 

gap of the absorber by tuning the size of the nanocrystals (Panchal et al. [24], Swain et al. 

[25], Antisen et al. [26]). In these papers, HWCVD is found to be straightforward method to 

deposit alternating Si and SiNx layers that can be annealed afterwards to form such 

nanocrystals, though Antisen et al. [26] report to have simply used Si-rich SiNx:H (not a 

multilayer structure) for the precipitation of the nanocrystals. 
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Gallium Nitride  

 

Thin film GaN finds applications in optoelectronic devices, such as laser diodes and blue light-

emitting diodes (LEDs). GaN and other III-N nanowires can be obtained in a catalyst-assisted 

vapor-liquid-solid system.  This method starts with molten metal droplets at the substrates, 

which are then supersaturated with N from either N2 or NH3 gas that is dissociated at the 

wires (Thangala et al. [4]).  

GaN can also be obtained by decomposing appropriate source gases, such as TMG and NH3 

at the filaments or at a mesh. The gases can be supplied either in an intermittent or an 

alternating fashion to enhance the chemical transport to the substrate.  A ruthenium-coated 

tungsten mesh at 1100oC was used by Komae et al. [27] and by Yasui et al. [28].   

 

Thin film semiconductor silicon  

 

Thin film semiconducting silicon films can be obtained in a controlled way exhibiting either 

amorphous, protocrystalline, nanocrystalline, microcrystalline, polycrystalline, or even 

epitaxial nature.  

 

Mazaki et al. [29] aim at deposition of µc-Si:H with a high crystalline content. Like Chung et al. 

[30], they use a quite high pressure in the range of 4 – 12 Torr. Although the films have a 

higher crystalline fraction, the porosity of the films also increased. Li et al. [31] report on the 

growth defect development of µc-Si:H or nc-Si:H using HWCVD on rough light-scattering 

substrates, as used in n-i-p solar cells. This has led to useful criteria for the morphology of the 

surface of these substrates that help to prevent shunting paths in the cells.  

 

Chung et al. [30] and Kim et al. [32], at Seoul National University have pursued the deposition 

of c-Si directly on glass at temperatures below 400oC. To suppress the amorphous content of 

the polycrystalline films, HCl was added during HWCVD. At 10 Torr, 320oC, Tfil of 1600oC, an 

SiH4 flow of 10 sccm, and HCl flow up to 28 sccm, the crystallinity was found to be very much 

enhanced, as became clear from Raman spectroscopy. Kim et al. [32] claim that crystalline 

nanoparticles that are formed near the wire contribute to the growth of c-Si films, which would 

be a preferred condition, whereas the amorphous nanoparticles that would be formed near 

the substrate due the lower local temperature should be avoided.  

 

In another method to obtain polycrystalline thin films on glass for solar cell applications, 

Ohdaira et al. [33] use flash lamp annealing of HWCVD a-Si:H. They take benefit of the low 

initial H content in such films, which allows direct millisecond crystallization during which self-
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heating leads to very fast lateral crystallization speeds. The crystallized films have high quality 

as evidenced from band-band luminescence and carrier lifetime measurements.  

Laser crystallization of HWCVD a-Si:H, rather than flash lamp annealing, is undertaken by 

Wuu et al. [34], who obtained grains in excess of 100 nm and Hall mobilities around 100 

cm2/Vs.  

 

Novel Si structures like Si nanowires (Si NW) have been obtained by Liu et al. [35], by 

glancing angle deposition in HWCVD. Si nanodots (Si QD) have been obtained by Salivati et 

al. [36], by first seeding a surface with Si adatoms from HWCVD, which is followed by CVD at 

600oC, using disilane (lower p, and Ifil only at 4 A). 

 

Epitaxial growth of Si by HWCVD on c-Si substrate is also readily achieved. Martin et al. [37] 

however report that only above 620 oC epi-growth is successful. A model predicts the 

maximum growth rate and silane utilization. In some instances there is spontaneous 

pyramidal texturing. Teplin et al. [38] demonstrate the growth of n-type and p-type epitaxial 

films over 10 µm thick on (100) silicon wafers and at growth rates of over 200 nm/min by 

HWCVD from SiH4 gas.  Dislocation densities ≤105 cm-2 have been achieved by optimizing 

surface preparation. An n-type film with an electron density of 7.8 x 1016 cm-3 was shown to 

have a Hall mobility approaching the impurity-scattering limit of 786 cm2/Vs.  

 

Polymers  

Initiated chemical vapor deposition (iCVD) enables the fabrication of chemically well-defined 

thin polymeric films on complex objects with micro- and nano-scale features. By depositing 

polymers from the vapor phase, many wetting and solution effects are avoided, and conformal 

films can be created. In iCVD, the deposition rate is enhanced and chemical functionalities of 

the polymers’ constituents are maintained by including a thermally labile initiator in the feed 

stream. Due to the low energy required when using an initiator, delicate substrates can be 

coated. 

 

For instance, Chen et al. [39] have produced poly(vinylimidazole) (PVI) and 

poly(vinylimidazole)-poly(vinylpyrrolidone) (PVI-PVP) films, retaining the highly functional 

imidazole group. The growth rate was proportional with the pressure as 1000 nm/h.Torr.  

Gupta et al. [40], have produced poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) films, 

that have low surface energy and thus high hydrophobicity and oleophobicity. This is due to 

the F-moieties that are intact at the surface. The iCVD process of PPFDA can be used to 

functionalize membranes that have pores with very high aspect ratio (~80).  
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Device applications 

Solar cells 

HWCVD has been proven to be suitable for the deposition of various solar cells: single and 

multijunction p-i-n and n-i-p cells, with amorphous (protocrystalline) and microcrystalline 

(nanocrystalline) silicon components, and also a-SiGe cells, as well as silicon heterojunction 

cells or so called HIT cells.  

 

Here we mention the results obtained by Li et al. [31] at Utrecht University of a nc-Si:H single 

junction n-i-p cell with a stable efficiency of 8.6% and a triple junction cell with an efficiency of 

10.9% and only 3.5% relative light-induced degradation. The avoidance of microcracks is 

reported to be essential for obtaining a high yield of devices.  

 

Mahan [41] at NREL have obtained 8.64% efficiency for a-SiGe solar cells containing a Ge 

content of 40 at.-%. This cell has much potential, because the absorber layer has not been 

bandgap-profiled yet. The deposition rate for such layers, at 0.41 nm/s, is relatively high. 

Similar to HWCVD a-Si:H layers, no ion bombardment appears to be needed to achieve 

protocrystalline SiGe layers, as is evidenced from the medium range order as observed by X-

ray diffraction. 

 

Muñoz et al. [42] studied the use of textured wafers for HIT cell applications with HWCVD 

emitter layers. It appeared that the loss in implied voltage (Vimpl) for KOH textured wafers is 

limited to around 25 mV. The Barcelona group has had promising results for heterojunction 

cells with HWCVD emitters up to 15.4%.  

 

A different trend is the research towards low temperature deposition of thin film solar cells, in 

order to facilitate flexible silicon solar cells on plastic foil. Alpuim et al. [43] have investigated 

the deposition of p-i-n a-Si:H solar cells at 150oC on polyethylene naphtalate (PEN) and 

obtained an efficiency of 4% under AM1.5 illumination. Villar et al. [44] have likewise studied 

the deposition of solar cells at 150oC by HWCVD. These devices are n-i-p cells on Ag/ZnO. 

The devices made on Corning 1737 glass (not yet on PEN) show 4.62% efficiency.  

For completeness in this solar cell section, we mention here once more the cells made using 

HWCVD µc-SiC:H as a doped window layer. Chen et al. [9] have obtained cells with an 

efficiency of 8.0% with this window layer. Finger et al. [10] report on the useage of 

monomethylsilane (MMS) for uc-SiC:H deposition, in which case the efficiency for µc-Si:H 

solar cells could be raised above 9%.  
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TFTs 

Also high quality TFTs, suitable for pixel addressing in flat panel displays, have been made 

using HWCVD. Apart from the better ON and OFF currents for HWCVD TFTs than for their 

PECVD counterparts, Nishizaki et al. [45] have also observed superior stability under 

accelerated bias and current stress tests. 

Applications of Hot-Wire CVD in device processing  

 

Hot-Wire CVD is also successfully used for patterning purposes. Takachi et al. [46] have used 

the superhydrophobic property of iCVD deposited PTFE to produce a mask on a substrate, so 

that liquid solutions of functional material (metals, semiconductors, dielectrics) could be 

adsorbed in a simple dipping process in a selective way to form a pattern on this substrate. 

Subsequently, the PTFE can be removed in an atomic H treatment by PECVD (Matsumura 

[47]). Similarly, Trujillo et al. [48] suggest using a monolayer assembly of colloidal 

nanoparticles (much like Houweling et al. [19]) to define the pattern as a method to pattern 

low-k dielectrics deposited by iCVD, such as tetravinyltetramethylcylcotetrasiloxane (V4D4). In 

addition, UV light exposure can be used to selectively alter a masked monolayer of the V4D4 

layer.  

 

The removal of oxides has been shown to be achieved by NH3 treatment (removing metal 

oxides from lead-free solder (Kagata et al. [49]). NH3 is also used to preventing oxygen 

incorporation in SiCN films. The unwanted O can originate from the use of HMDS (Hasan et 

al. [50]).  

 

The surface passivation of crystalline silicon by silicon thin films, deposited by HWCVD, has 

been studied in situ during film growth by Gielis et al. [51], using spectroscopic ellipsometry 

and second-harmonic generation (SHG). This has been correlated with ex-situ lifetime 

measurements.  

 

Scaling up 

 

HWCVD is a very suitable technique for homogeneous deposition of thin films on 

continuously moving substrates in an in-line manufacturing system. This process is further 

aided by the fact that transport of insulating substrates (such as glass) during deposition can 

be easily arranged as the substrate is not part of the decomposition mechanism as in plasma 

enhanced CVD. Rigorous grounding of the moving substrates is not required, and no special 

care needs to be taken to make shields or liners equipotential planes. Utrecht University has 
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shown that amorphous as well as microcrystalline silicon thin films with device-quality 

properties can be achieved on moving substrates (Bink et al. [52]).  

By iCVD, conformal coatings of insoluble polymers can be produced essentially at room 

temperature, on fragile and complex surfaces. Lewis et al. [53] report on scaled-up batch-wise 

and roll-to-roll coating processes. 

 

The challenge in flexible displays and lighting applications is that an impermeable water vapor 

and oxygen barrier film must be developed. Aresta et al. [54] propose a SiO2-based multi-

layer system deposited by means of a combined initiated-CVD/ plasma- enhanced CVD. 

Nakayama et al. [55] propose organic/inorganic hybrid material (OIHM) as a candidate for 

such functional flexible films. Plasma-deposited Si-doped polyethylene is combined in 

multilayer structures with a-SiCN, deposited by “organic Cat-CVD”, on a polyethylene-

naphthalate (PEN) film. The water-vapor transmission rate is typically in the order of 0.001 

g/m2/day, for a total coating thickness of 300 nm. The a-SiCN layers could also be used as 

high-k dielectrics for flexible devices. The electrical breakdown field for a SiCN film with a 

thickness of 200 nm on a glass substrate was higher than 6.5 MV/cm. 

 

Conclusion 

This article attempts to give a more or less complete overview of the latest achievements in 

materials and processes using HWCVD. It discusses the recent understanding on the action 

of the filaments during catalytic decomposition of source gases, and the utilization of chemical 

reactions with the filaments to produce nanoshaped carbides, nitrides, or oxides. Deposition 

of thin films is achieved in the SixNyCz system over a huge range of x,y, and z values. Device-

quality semiconductor silicon layers have been proven to provide solar cells and thin film 

transistors as good as the state of the art, while the deposition method is likely to be more 

cost efficient. Many types of carbon structures have been made, including nanotubes, 

nanowalls, and structures ranging from amorphous carbon to diamond like films.   

Silicon nitride as well as gallium nitride are very promising materials as made by HWCVD. 

Functional polymers can be coated on a huge variety of substrate materials and shapes, and 

in addition they offer the possibility to be used as mask. HWCVD has been shown to offer 

advanced opportunities in surface treatments and patterning. Finally, it is shown that HWCVD 

can be scaled up and several companies are already commercially exploiting the technique 

for specific applications. 
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Fig. 1. Number of publications in the field of HWCVD over the last 20 years (courtesy of 

V. Verlaan, Utrecht University). 
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