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Chapter 1 

Framework and overview of the research 



2 

I. Solar cell related research 
 

A. The three solar cell generations 
The present global research efforts in the field of solar cells can be 

categorized in three generations, following Green et al. [1]. The “first generation” 

consists of conventional wafer–based crystalline silicon solar cells, which have 

dominated terrestrial photovoltaics since the introduction of the world’s first 

successful solar cell in 1954 [2]. The less material intensive thin film technology 

forms the basis for the “second generation”, which is generally regarded as the 

successor of first generation solar cells but has not lived up to that promise yet as 

reflected in their market share of 6% in 2005. The “third generation” is characterized 

by revolutionary new concepts, either based on conversion efficiencies far exceeding 

those of current first and second generation solar cells or on substantially lower 

production costs. 

Most of the investigated solar cell concepts can be divided into these three 

generations as is shown in Table 1, which also shows the corresponding cumulative 

market share in 2005. First generation solar cell technology, which is based on 

mono– and multi–crystalline silicon (also called poly–crystalline), has benefited 

enormously from the fast developments in the integrated circuit (IC) industry. In 2005, 

the cumulative world production of first generation solar cells was 1.6 GW, which 

corresponds to a market share of 94 %. Currently, first generation technology has 

reached maturity and both mono– as well as multi–crystalline silicon solar cells are 

increasingly mass produced as is witnessed by the yearly 30–40 % increase in 

production volume in the photovoltaic industry [3]. To sustain this production volume 

growth with the corresponding cost reduction, the industry critically depends on the 

availability of high–throughput manufacturing tools, which was a problem in the early 

days of large volume commercial cell production. Apart from lower manufacturing 

costs induced by mass production, increasing conversion efficiencies offer another 

option for cost reduction. New, high efficiency solar cell concepts based on crystalline 

silicon are therefore actively investigated [4]. Examples of already commercialized 

high efficiency solar cells are the back–contact solar cell and the Heterojunction with 

Intrinsic Thin film (HIT™) solar cell manufactured by SunPower Corporation (U.S.A.) 

and Sanyo (Japan), respectively [5,6]. 

The 6 % remaining market share in 2005 was taken by second generation 

solar cells, consisting mainly of contributions of amorphous silicon (a–Si:H), 

cadmium telluride (CdTe) and copper indium diselenide (CIS) solar cells. Other high 

potential thin film technologies are based on the creation of crystalline silicon thin 

films either by crystallization of amorphous silicon or by epitaxial growth on low cost 

substrates such as glass [7,8]. Although some of these thin film solar cell concepts
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Table 1: Solar cell concepts divided into three solar cell generations. 

First generation: Silicon wafer based 

Mono–crystalline silicon diffused emitter 

Single crystal silicon; Commercialized on large scale; Record efficiency 24.7 %*. 
 

Silicon heterojunction (SHJ) 

Single crystal silicon; Amorphous silicon emitter and back surface contact; 

Simple fabrication process; Commercialized; Record efficiency 21.8%. 
 

Multi–crystalline silicon diffused emitter 

Centimeter–sized grains of single crystal material; Defects at grain boundaries; 

Commercialized on large scale; Record efficiency 20.3 %. 
 

Ribbon silicon (EFG and String) 

Alternative fabrication of crystalline silicon wafers; Contains crystallographic 

defects; Commercialized; Record efficiency 17.7% [9]. 

2005 production: 1652 MW† 

2005 market share: ~94 % 

 
Arnstein, Germany 12 MW; 

http://www.sunpower.com 

Second generation: Thin film 

Hydrogenated amorphous silicon (a–Si :H) 

Deposited from silane containing gas mixtures; Direct bandgap; Light–induced 

degradation; Small scale production ; Record efficiency 9.5%. 
 

Hydrogenated microcrystalline silicon (μc–Si:H) 

Deposited from silane–hydrogen mixtures; Nanometer–sized crystalline silicon 

grains; Record efficiency 10.1%. 
 

Cadmium Telluride (CdTe) 

Chalcogenide; Small scale production; Record efficiency 16.5%. 
 

Copper Indium Gallium Diselenide (CIGS) 

Chalcogenide; Small scale production; Record efficiency 18.8%. 
 

Copper Indium Diselenide (CIS) 

Chalcogenide; Small scale production; Record efficiency 11.4% [10]. 
 

Thin film crystalline silicon 

Crystallization of a–Si:H or epitaxial growth; Small scale production; Record 

efficiency 16.6%. 

2005 production: 108 MW 

2005 market share: ~6 %  

 
Ellensburg, USA 1.6 kW; 

http://www.brookssolar.com 

Third generation: New concepts 

A: “Low–cost concepts” 
Organic 

Plastic or polymer; Potentially cheap; Record efficiency 4.8%. 
 

Dye sensitized (Grätzel) 

Mimics photosynthesis; Record efficiency 10.4%. 

B: “High–efficiency concepts” 
Multi–junction devices of III–V semiconductors 

Better use of solar spectrum; Elaborate production process; Record efficiency 

32.0%. 
 

Hot carrier 

Prevents charge carriers from losing energy to lattice. 
 

Up/down conversion 

Converts multiple non–absorbable photons into absorbable photons. 

2005 production: 0 MW 

2005 market share: ~0 %  

 
Polymer solar cell; 

http://www.afrlhorizons.com 

 

* Record efficiencies on cell level. M.A. Green, K. Emery, D.L. King, Y. Hishikawa, and W. Warta, Progress in Photovoltaics 15, 35 (2007). 
† From PV News 25, April 2006 
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are commercialized on a small scale, second generation solar cell technology is still 

far less developed than first generation technology. To a large extent, this is caused 

by the lack of high–throughput manufacturing equipment on the market. A similar 

lack also delayed the commercial implementation of first generation solar cell 

technology as mentioned before. An extensive review of thin film solar cell concepts 

and their market status is beyond the scope of this thesis, but can be found in Ref. 11 

and 12. 

Most third generation solar cell concepts are far from the commercial stage 

and various technologies with breakthrough potential are investigated world wide. 

Within this category a subdivision can be made based on a cost reduction or high 

efficiency incentive. A good example of a solar cell concept that has the potential for 

inexpensive mass production is the class of organic solar cells. However, the current 

record conversion efficiency must be increased significantly to make 

commercialization of organic solar cells economically viable [13]. On the other hand, 

examples of third generation concepts capable of reaching significantly higher 

efficiencies are multi–junction solar cells based on III–V semiconductors , hot carrier 

solar cells, and solar cells that incorporate up– or down conversion of photons 

[14,15]. These concepts, often based on semiconductor nanotechnology aim on using 

the energy content in sunlight more efficiently by creating multiple electron–hole 

pairs per incident photon or by extracting “hot” photoexcited charge carriers from the 

solar cell that did not lose their energy to the lattice yet. Another exciting research 

branch is focused on the secrets of photosynthesis, the natural process that converts 

sunlight into chemical energy. Dye sensitized cells (Grätzel cells) try to mimic this 

process and have a current record efficiency of ~11% [16]. Rapid advances in 

nanotechnology and molecular biology hopefully provide the means for future 

breakthroughs in solar energy conversion. 

To explore the cost–effectiveness of the three solar cell generations, it is 

useful to take an economic perspective by considering the conversion efficiency and 

the production costs per unit area as is shown in Fig. 1. First generation solar cells (I) 

are characterized by high production costs per unit area and intermediate conversion 

efficiencies. The thin film concepts (II), on the other hand, can potentially be produced 

at substantially lower production costs, but their efficiency is also significantly lower 

compared to first generation solar cells. Finally, third generation solar cells combine 

low production costs with intermediate conversion efficiencies (IIIa), or vice versa, 

intermediate production costs with a high conversion efficiency (IIIb). Figure 1 

demonstrates that third generations solar cells have a large potential to become 

economically viable, at least when the existing technological challenges will be 

overcome. 
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Until 2015 however, it is expected that the strongly expanding solar cell 

market will still be dominated by first generation crystalline silicon solar cells, despite 

the upcoming silicon feedstock shortage [3]. This (temporary) shortage results in 

increasing prices for silicon wafers and provides a window of opportunity for 

accelerated introduction of advanced production technologies of high efficiency and 

thin film solar cells modules. After 2015, it is expected that the market share of 2nd 

generation solar cells will increase and eventually (after 2025) 3rd generation solar 

cells will penetrate the market bringing down the costs significantly. 

 

B. Framework of the current research 
The work described in this thesis was carried out in collaboration with OTB 

Solar B.V. within the “HR–CEL” project. This project is part of the Economy, Ecology, 

Technology program funded by the Netherlands Ministry of Economic Affairs, the 

Ministry of Education, Culture and Science and the Ministry of Public Housing, 

Physical Planning and Environment. OTB Solar B.V. develops and sells industrial tools 

for inline production of crystalline silicon solar cells. The company took a license on 

the use of the expanding thermal plasma (ETP) source, which was developed and 

patented by the Eindhoven University of Technology [17], for the deposition of 

amorphous silicon nitride (a–SiNx:H) antireflection coatings on crystalline silicon 

solar cells. OTB Solar’s first commercial product, the “DEPx”, uses three ETP sources 

and is well suited for high throughput production in an inline configuration because of 

the high deposition rates attainable with the ETP technique [18–20]. 

The collaboration with OTB Solar B.V. and the general consensus that the 

photovoltaic market will be dominated by crystalline silicon solar cells for at least 

Figure 1: The three generations of solar cells viewed from an economical perspective based on

production costs and conversion efficiency. The dashed lines represent equal costs per unit

energy produced. Free after Green [1]. 
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another decade, provided the reason to focus this thesis work on first generation 

solar cells. Within this field, two main points of interest can be distinguished with 

respect to thin film and plasma processing. In the first place, it is important to 

facilitate high–throughput production by investigation and optimization of high–rate 

deposition techniques for the synthesis of functional materials applied in solar cells. 

The a–SiNx:H antireflection coating that can be deposited at high rates with the DEPx 

system is a good example of such a functional material. Apart from its antireflection 

properties, the a–SiNx:H film increases the solar cell efficiency significantly by 

passivating defects in the bulk of multicrystalline silicon and by reducing the 

recombination loss at the surface of crystalline silicon. In Part I of this thesis, the 

properties of this layer and the details of the deposition process using the ETP source 

are researched extensively. 

Secondly, improved solar cell concepts that yield higher conversion 

efficiencies or a less complicated fabrication process are actively being studied. With 

the shrinking of the wafer thickness in solar cells, the importance of controlling the 

interface properties has drastically increased. This is evidenced by the recent interest 

in materials that provide excellent passivation of surface defects on crystalline silicon 

wafers. Another application that critically relies on accurate control of the interface 

properties is the silicon heterojunction solar cell [21], which uses ultrathin 

amorphous silicon films deposited on a crystalline silicon wafer to create emitter and 

back surface contacts. Hence, Part II of this thesis is focused on a general approach to 

study the interface formation between a wafer and a thin film deposited on top. Our 

laboratory is equipped with several diagnostic techniques that are exceptionally 

suited to study different aspects of the interface formation. Due to the emerging solar 

cell applications of amorphous silicon deposited on crystalline silicon (e.g. as surface 

passivation material [22] or in the silicon heterojunction (SHJ) solar cell [6]), the 

interface formation between these materials was chosen as a model system. In 

addition, extensive experience with high–rate deposition of amorphous silicon using 

the ETP source is present in our group at the Eindhoven University of Technology [23]. 

Eventually, when the present fundamental and technological barriers are overcome, 

the ETP technique might also be used for high–throughput deposition of amorphous 

silicon using the industrial DEPx system for solar cell applications. 

 

C. Outline of this thesis 
The remainder of this chapter as well as the rest of this thesis is divided into 

two parts, which deal with the aforementioned subjects within first generation solar 

cell research. Section II gives an overview of the HR–CEL project and discusses the 

characterization of the ETP plasma source in terms of reactive species, which is 

described in detail in Chapters 2 and 3 of this thesis. In addition, the a–SiNx:H 
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deposition mechanism is discussed in more detail, which is the main subject of 

Chapter 4. 

Section III deals with the second part of the thesis and starts with background 

information about the applications of a–Si:H deposited on crystalline silicon wafer 

substrates. The choice for this model system is substantiated and the experimental 

approach to unravel the growth of ultrathin a–Si:H films on various wafer substrates 

and the corresponding interface formation between the wafer and a–Si:H film is 

presented. Subsequently, we discuss the change in dielectric function observed for 

ultrathin films in Chapter 5 and the formation of a hydrogen rich interface layer in 

Chapter 6. 

Finally, the last section of this chapter (Sec. IV) looks out to fundamental as 

well as technological challenges within the field of thin film and plasma processing 

related to solar cell technology. 

 

II. Silicon nitride deposition by the expanding thermal plasma technology 
 

A. The HR–CEL project 
While the potential of a–SiNx:H as an antireflection coating was already 

recognized in the early eighties [24,25], wide–scale implementation into solar cell 

production lines was hindered for a long time by the lack of equipment for large scale 

production. OTB Solar reacted on the industrial demand for silicon nitride mass 

production equipment and developed the DEPx, a commercial tool based upon the 

expanding thermal plasma (ETP) technique. The remote ETP technique, patented and 

developed by the Eindhoven University of Technology [15], is capable of high rate 

deposition of many materials including silicon nitride [21–28], which makes it 

extremely suitable for high–throughput production [29]. Additional details about the 

working principle of the ETP technique can be found in Frame 1. Figure 2 shows the 

lab–scale reactor employing the ETP technique as well as the commercial DEPx 

system. This high throughput system with the sophisticated Linear Motor System 

used for carrier transport, yields high quality silicon nitride coatings with a good 

uniformity over the total carrier width of 36.5 cm [30]. The DEPx distinguishes itself 

from competitors by its high deposition rate (4–20 nm/s), small inline footprint (4.5 x 

2.5 m) and low gas consumption, which ensure low operational costs. In the same 

year as the market introduction of the DEPx system, the “HR–CEL” project was started 

(2002). At this point in time, the multicrystalline silicon solar cell industry was largely 

making the transition from TiO2 to a–SiNx:H as an antireflection coating, because it 

was evident that passivation of bulk defects by hydrogen incorporated in the a–SiNx:H 

layers would be a very important factor to increase the efficiency of solar cells based 

on intrinsically defect–rich multicrystalline silicon. It was already demonstrated 
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within the Sunnovation project [31] for lab–deposited a–SiNx:H films that the bulk 

passivation properties of films deposited by SiH4–NH3 containing ETP plasmas were 

substantially better than those deposited by SiH4–N2–H2 containing ETP plasmas [19]. 

In addition, a clear correlation between mass density of the a–SiNx:H and the level of 

bulk passivation [20] was demonstrated for films deposited from SiH4–NH3 plasmas. 

Therefore, the current project was initially focused on transferring the good bulk 

passivation properties obtained in the lab to films deposited with the industrial DEPx 

system. In this process, the refractive index of the a–SiNx:H film, which correlated 

directly to the mass density, was used as control variable, while nuclear analysis by 

Rutherford backscattering measurements provided an independent determination of 

the mass density. Simultaneous optimization of the refractive index and absorption 

coefficient of the deposited a–SiNx:H film using spectroscopic ellipsometry, yielded a 

substantial increase in the mass density [32]. Multicrystalline silicon solar cells that 

included these layers showed a clear increase in conversion efficiencies from 14.3 to 

15.3 %, when the mass density increased from 2.05 to 2.45 g/cm3 [18]. This increase 

in efficiency as a function of mass density was attributed to the passivation of defects 

in the bulk of the multicrystalline silicon during a high–temperature process step, as 

was first reported by Hong et al. [20]. The method for passivating a semiconductor 

substrate using ETP deposited a–SiNx:H was patented by OTB Solar B.V. [33]. 

For monocrystalline silicon solar cells the bulk material generally contains a 

low density of defects and consequently the passivation of defects on the silicon 

surface, which are largely responsible for the recombination of photogenerated 

charge carriers in these types of solar cells, has become important to increase the 

efficiency. This is especially true due to the decreasing thickness of the silicon wafer 

substrates used in solar cells. The level of surface passivation, expressed by the 

Figure 2: (a) The lab–scale reactor used for the silicon nitride plasma chemistry experiments. 

The plasma source is situated on the right side of the picture. (b) The “DEPx” system for

commercial silicon nitride deposition produced by OTB Solar B.V. (dimensions: 4.5 x 2.5 m2). 

(a) (b)
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Frame 1: The expanding thermal plasma technique for silicon nitride deposition 
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 � � 

� � � � �
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� � � � 	
� � � � � � � � �(a) (b)  

Figure 3: (a) Schematic overview of the ETP plasma source, the cathodes and anode, the 

nozzle used for NH3 injection and the ring used for SiH4 injection. (b) A picture of a pure Ar 

expansion from the nozzle. The SiH4 injection ring is visible. 

Figure 3 shows a schematic overview of the so–called cascaded arc plasma source used 
in the ETP technique [15] for high rate deposition of materials such as amorphous silicon 
[21], silicon dioxide [24], amorphous carbon [25], zinc oxide [26] and amorphous silicon 
nitride [17]. The plasma is created at high pressure in a narrow channel (typically 4 mm in 
diameter and a few centimeters in length) filled with a non–depositing gas such as Ar, N2 
and/or H2 by applying a dc voltage between one or more cathodes and one common 
grounded anode. The cathode(s) and anode are separated by typically four ‘cascaded’ 
plates which are at floating potential. The discharge is current controlled between 30 and 
75 A and the voltage is typically 40 V when operated at a typical Ar flow of 55 standard 
cm3 s–1 (sccs). In this case the high pressure of typically 400 mbar and high gas 
temperature in the plasma channel, result in very effective ionization of the Ar atoms and 
the ionization degree in the plasma channel can be as high as 10–20 %. As reported 
previously [47], the plasma expands supersonically from a conical shaped nozzle into a 
low pressure reactor at typically ~0.2 mbar until it reaches the stationary shock that is 
situated approximately 7 cm from the source exit. Subsequently, the expansion 
continues subsonically and in this stage the plasma can be characterized as recombining 
plasma as no electrical power is coupled into the plasma in this downstream zone. The 
electron temperature is low (0.2–0.3 eV) and as a consequence electron impact induced 
chemistry and ion bombardment due to the plasma self bias are virtually absent, contrary 
to the situation in many conventional plasma techniques. When the expanding thermal 
plasma (ETP) source is operated at pure argon, the main reactive species are Ar+ ions 
(downstream ionization degree 5–10 %) as the density of argon metastables is more 
than a factor of 10 lower than the Ar+ density [49]. In this situation the Ar+ density 
increases linearly with the arc current [48]. When molecular gases (e.g., H2 and/or N2) are 
admixed in the operating gas of the plasma source, the ionization degree in the 
downstream plasma is effectively quenched by molecular ion–electron recombination 
and the plasma source acts as an efficient atom (H,N) source. 

The Ar–NH3 and Ar–NH3–SiH4 plasmas discussed in this thesis are generated by 
injecting a NH3 flow (0–17 sccs) at the outlet of the plasma source operated at pure Argon 
via a slit in the nozzle. The SiH4 flow (0–5 sccs) is injected via an injection ring located at 
approximately 8 cm from the plasma source exit. 
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surface recombination velocity, was deduced from charge carrier lifetime 

measurements using a contactless inductively coupled photoconductance tester 

(Sinton Consulting, WCT100) [18]. Preliminary studies into the surface passivation 

were not very successful, despite the fact that these layers did yield a fair level of bulk 

passivation [34]. After reaching an excellent level of bulk passivation for a–SiNx:H 

films deposited by the commercial DEPx system using SiH4–NH3 plasmas, the interest 

in the surface passivation properties of these films was renewed. Fortunately, the 

films with excellent bulk passivation properties also showed excellent surface 

passivation properties demonstrated by a constant effective surface recombination 

velocity Seff of ~60 cm/s over the refractive index range from 1.9 to 2.4. The levels of 

bulk as well as surface passivation reported here are comparable to the values 

obtained by other state–of–the–art commercial deposition techniques with lower 

deposition rates of the a–SiNx:H. More details on the bulk and surface passivation 

properties of the a–SiNx:H films deposited by the industrial DEPx system can be found 

elsewhere [18]. Apart from surface passivation by silicon nitride, excellent levels of 

surface passivation by hydrogenated amorphous silicon, silicon dioxide, and 

aluminum oxide film were reached in our group [35–37]. The details of this work will 

be described in a second thesis within the HR–CEL project [38]. 

During the HR–CEL project, spectroscopic ellipsometry (SE) has played an 

important role as it provides a relatively easy measurement of the dielectric function 

of the deposited a–SiNx:H film. Apart from the optimization of bulk and surface 

passivation properties using SE, efforts were undertaken to gain insight into the 

dynamics of the a SiNx:H growth by real time SE and atomic force microscopy (AFM) 

measurements. These fundamental studies showed that a growth process with a slow 

time–increase in surface roughness is beneficial for the deposition of high density 

films [39]. However, the high growth rates of the ETP deposited a–SiNx:H complicated 

the data analysis of the real time SE measurements to such an extent that information 

about the first 100 nm of growth could not be extracted accurately. Exactly this 

thickness range is used for deposition of a–SiNx:H antireflection coatings with a 

typical thickness of 70–90 nm. Therefore, it was decided to postpone the real time SE 

measurements until the measurement speed or signal–to–noise ratio of the 

spectroscopic ellipsometer was improved. A viable option to increase the signal–to–

noise ratio of the measurements is the use of a brighter light source, such as the 

cascaded arc light source [40,41]. The feasibility of this option was demonstrated, but 

the cascaded arc light source has not been incorporated in the spectroscopic 

ellipsometer yet. 

Apart from critical issues that had to be solved for successful commercial 

implementation of the DEPx system such as the bulk and surface passivation 

properties of the deposited a–SiNx:H films, there existed a genuine interested (from 
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industry as well as scientific point of view) into the reactive species produced by the 

plasma source operated at argon–ammonia mixtures. Remarkably, only few 

experimental studies on the chemistry in NH3–based plasmas have been reported in 

the literature, despite the widespread application of these plasmas for surface 

treatment and deposition. Although ammonia radical species (N, NH and NH2) are 

expected to be very important for surface treatment as well as for deposition, none of 

the reported studies addressed the chemistry involved in NHx radical production in 

detail. Also for the NH3–SiH4 plasma, which is widely used in the semiconductor as 

well as in the solar cell industry to deposit a–SiNx:H, the details of the plasma 

chemistry itself are largely unknown. Consequently, also the species responsible for 

a–SiNx:H growth are not identified yet. In the literature, two growth mechanisms for 

deposition of a–SiNx:H from NH3–SiH4 plasmas are proposed. The first one is based 

on gas phase creation of amino–silane radicals, while in the second mechanism the 

silicon–nitrogen bond is created on the surface of the growing film by incident SiHx  

(x = 0–3) and NHx (x = 0–2) radicals. In both mechanisms however, NHx radicals are 

expected to play a key role. Therefore, the plasma chemical investigations reported in 

this thesis work have been concentrated on the NHx radicals and the most important 

results are summarized in the next section. 

 

B. Plasma chemistry of the Ar–NH3 and Ar–NH3–SiH4 plasma used for silicon nitride 
deposition 

The fundamental plasma chemical issues described in the previous section 

were investigated at the lab–scale ETP reactor situated at the Eindhoven University of 

Technology and are described in Chapters 2–4 of this thesis. The large history in 

plasma chemical investigations of the Plasma & Materials Processing group provided 

an ideal background for the characterization of the reactive species produced by the 

plasma source and the identification of the growth precursors for a–SiNx:H deposition 

from ammonia–silane containing plasmas. Figure 4 (a) shows the lab–scale ETP 

reactor equipped with optical access for the detection of gas phase species by cavity 

ring–down absorption spectroscopy [42] and a Langmuir probe system [43] to 

measure the ion density and electron temperature. Figure 4 (b) shows the same setup 

with a (threshold ionization) mass spectrometer [44] installed to probe neutral as well 

as ionic species in the plasma beam, while a residual gas analyzer was used to probe 

the background gas composition. First, these diagnostics were used to identify the 

most important reactive species in the Ar–NH3 plasma, that serves as the source for 

reactive species to dissociate the SiH4 injected in the plasma used for a–SiNx:H 

deposition. Subsequently, the effect of SiH4 injection was investigated, focusing on 

the role of the reactive species in the deposition of silicon nitride. 
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The measured absolute densities of NH and NH2 radicals in the expanding Ar–

NH3 plasma and their production mechanism are discussed in Chapter 2. These 

results are extended in Chapter 3 with N radical and ion composition measurements 

in the plasma. The absolute densities of N, NH and NH2 radicals in the plasma are in 

the order of 1012 cm–3. All together, the results of Chapter 2 and 3 provide a thorough 

understanding of the important processes in the Ar–NH3 plasma generated by the ETP 

plasma source, which is used to dissociate SiH4 in the case of silicon nitride 

deposition. Table 2 gives an extensive overview of the values of various important 

plasma parameters and the techniques used to measure them. It must be noted that 

to date none of the other commercial plasma sources for a–SiNx:H deposition have 

been characterized as extensively as the ETP source. 

Chapter 4 discusses the effect of SiH4 addition to the plasma and investigates 

the role of the N, NH and NH2 radical species in the growth mechanism of silicon 

nitride. It was shown that N and NH2 radicals are mainly responsible for the 

incorporation of atomic nitrogen in the film, while silicon atoms are most likely 

brought to the surface in the form of SiHx (x=0–3) radicals. In the near future, detailed 

measurements of the SiHx (x=0–3) radical densities by cavity ring–down 

spectroscopy or threshold ionization mass spectrometry are planned to elucidate the 

role of the SiHx radicals further. The insights into the densities of the plasma species 

and their role in the deposition process gained in this thesis work are beneficial to 

effectively optimize process conditions or to adapt the deposition process to new 

applications. 
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Figure 4: Overview of the plasma diagnostics used to unravel the chemistry of the Ar–NH3 and 

Ar–NH3–SiH4 plasmas used to deposit silicon nitride. (a) The cavity ringdown absorption 

spectroscopy setup is shown, together with the Langmuir probe system. (b) The threshold 

ionization mass spectrometry setup is shown as well as the residual gas analyzer. The triple 

stage differentially pumped mass spectrometer probes the plasma in direct line–of–sight. 
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Table 2: Summary of the ETP plasma properties including the diagnostic techniques used to 

measure them. 

Plasma property Parameter range Plasma diagnostic Reference 

Electron 

temperature 
0.1–0.3 eV 

Thomson scattering; 

Langmuir probe 

[45,46] 

Ch. 2, 3 

Ion density 
~1013 cm–3 (pure Ar plasma) 

1010–1011 cm–3 (Ar–NH3 plasma) 

Thomson scattering; 

Langmuir probe 

[45,46] 

Ch. 2, 3 

Ar* metastables 

density 
< 1012 cm–3 (pure Ar plasma) Absorption spectroscopy [47] 

NHx and SiHx 

radical densities 

~1012 cm–3 (NHx in Ar–NH3 plasma) 

~1011 cm–3 (SiHx in Ar–NH3–SiH4 

plasma) 

Threshold ionization mass spectrometry; 

Cavity ring down spectroscopy; 

Laser induced fluorescence 

Ch. 2–4 

Ion energy at 

substrate 
1–2 eV 

Langmuir probe 

Ion mass spectrometry 
[45] 

Gas temperature 1000–2000 K 
Cavity ring down spectroscopy; 

Laser induced fluorescence 
[48,49] 
Ch. 2 

Heat load on 

substrate 
0.3–0.6 W cm–2  [50] 

 

III. Deposition of ultrathin amorphous silicon films for solar cell applications 
 

A. Background information 
The second part of this thesis is focused on high conversion efficiency 

concepts within the first generation solar cells. The ongoing introduction of complex 

high efficiency cell structures at the research level, as well as the overall increase in 

cell performance observed in industry has emphasized the importance of a good 

quality interface between the different layers in the solar cell. In particular, the 

interface between the silicon wafer and the deposited thin film on top is very 

important to increase the efficiency of crystalline silicon solar cells. This is witnessed 

by the present high efficiency concepts that incorporate dedicated layers of silicon 

dioxide, silicon nitride, or amorphous silicon for surface passivation of the front as 

well as the backside of the silicon wafer. Besides its application for surface 

passivation, amorphous silicon is also used in the silicon heterojunction solar cell 

(SHJ) that relies critically on the interface quality as well. 

Despite the importance of a good quality interface between the materials in 

the solar cell, the physical properties of these interfaces have not been investigated 

in full depth. The mechanism of surface passivation as well as the working principle of 

the SHJ solar cell, which is based on the deposition of ultrathin amorphous silicon 

layers on both sides of a silicon wafer as emitter and back surface contact [51,52], is 

not well known. This is demonstrated by the fact that to date no solar cell lab was able 
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reproduce the SHJ solar cell efficiencies reported by inventor Sanyo. Recently, the SHJ 

solar cell has gained considerable attention and therefore the research efforts into  

a–Si:H growth on silicon wafers were intensified. These research efforts have resulted 

in evidence that the surface condition prior to a–Si:H deposition is crucial, as well as 

the creation of a sharp interface between the c–Si and the a–Si:H. In addition, it was 

demonstrated that epitaxial growth and a subsequent transition to the amorphous 

phase is undesirable for SHJ applications [21,53]. Therefore, further insight into and 

ultimately control of the interface properties is important to increase the efficiency of 

first generation solar cells to the next level. 

The second part of this thesis is focused on gaining more insight into the 

interface created in the deposition of ultrathin amorphous silicon films on crystalline 

silicon. Good control of this interface might for example enable high–throughput 

industrial deposition of amorphous silicon with the DEPx system. However, some 

fundamental and technological issues need to be solved before such a commercial 

application can be realized. Therefore, we focus on the detection of the properties of 
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Figure 5: The UHV hot wire CVD deposition setup equipped with three in situ and real time 

diagnostics to study the interface created during the growth of ultrathin amorphous silicon

films. Infrared absorption spectroscopy in the attenuated total reflection (ATR) geometry is used

to probe silicon–hydrogen bonds in the growing films, while spectroscopic ellipsometry (SE) is

used to monitor the dielectric functions and the thickness of the film. The third diagnostic is the

interface– and surface–sensitive second–harmonic generation (SHG) technique that is used to 

monitor the optical resonance of the Si–Si bond at ~3.4 eV. 
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the interface between the amorphous silicon and the underlying wafer substrate. In 

addition, we investigate the properties of the ultrathin a–Si:H films, that might be 

very different from the bulk film properties. Specific questions that come to mind are: 

What is the influence of the process conditions on the interface layer? Is the interface 

atomically sharp or more like a gradient layer? How are ultrathin a–Si:H films different 

from “bulk” material? Can we grow an atomically sharp interface between crystalline 

and amorphous silicon without an intermediate epitaxial silicon layer? 

 

B. The interface between amorphous and crystalline silicon 
To gain insight into the interface between amorphous silicon and crystalline 

silicon, a multi–diagnostic approach was applied. We implemented three real–time 

and in–situ diagnostics that can be operated simultaneously during the growth of 

ultrathin amorphous silicon films on crystalline silicon substrates, as is shown 

schematically in Fig. 5. Spectroscopic ellipsometry (SE) detects the change in 

polarization state of light upon reflection off a sample and yields information about 

the optical and structural properties of the films. Attenuated total reflection (ATR) 

infrared absorption spectroscopy was used to measure the stretching vibration of SiH, 

SiH2 and SiH3 groups in the hydrogenated amorphous silicon and yields information 

about the bonded atomic hydrogen content in the films. Finally, the surface and 

interface sensitive, non–linear optical technique of second–harmonic generation 

(SHG), was used to resonantly probe the Si–Si bonds in the interface layer. The use of 

these three all–optical and therefore non–intrusive techniques simultaneously, both 

in–situ and in real–time during thin film growth is unique and can yield detailed 

information about different aspects of the growth process. 

The first experiments employing SE and ATR infrared absorption spectroscopy 

were carried out on GaAs substrates that are well suited for infrared measurements at 

elevated temperatures. Subsequently, all three diagnostics were used simultaneously 

and in real time during a–Si:H growth on Si(100) with native oxide intact. Finally, the 

a–Si:H was deposited on hydrogen terminated crystalline silicon and monitored by all 

three diagnostics simultaneously during the growth process. The real–time 

ellipsometry measurements of the deposition of ultrathin a–Si:H clearly indicated a 

change in the dielectric functions of the ultrathin layer with respect to the bulk film 

values (Chapter 5). An elaborate data analysis procedure showed that the optical 

bandgap of the a–Si:H is higher for thinner films. In the literature, this effect is often 

assigned to quantum confinement effects or to excess hydrogen content in the 

ultrathin film. Using ATR infrared absorption spectroscopy we found evidence for the 

creation of a hydrogen rich interface layer with a thickness of 10–24 Å, depending on 

substrate temperature (Chapter 6). The presence of this interface layer was 

corroborated by secondary ion mass spectrometry. Nevertheless, we showed that this 
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excess hydrogen is probably not responsible for the increasing bandgap for ultrathin 

a–Si:H films. On the other hand, the observed bandgap shift as a function of the film 

thickness could be accurately fitted by a 1D quantum confinement model. Therefore, 

we suggest that the increase in bandgap observed for films with decreasing thickness 

is caused by quantum confinement effects of the electron wavefunction in the a–Si:H 

(Chapter 5). 

After the exploratory work reported in Chapters 5 and 6, the investigations of 

the interface between hydrogen terminated silicon and a–Si:H were started. The last 

part of this section discusses recent experimental results on ultrathin a–Si:H films 

deposited on hydrogen terminated crystalline silicon that are not included in this 

thesis as a separate Chapter. In these experiments, we frequently observed an 

epitaxial start of the silicon growth process at substrate temperatures as low as 150 

°C. This epitaxial layer breaks down to the amorphous phase at a certain thickness. 

However, an epitaxial thickness of ~20 Å, as is shown in the high resolution 

transmission electron microscopy (HRTEM) images in Fig. 6, is already undesirable for 

SHJ applications. Using spectroscopic ellipsometry and infrared absorption 

spectroscopy we were able to resolve the breakdown transition to amorphous silicon 

growth for epitaxial films when this occurred at a thickness larger than approximately 

200 Å. However, these techniques were not able to distinguish between the two 

samples shown in Fig. 6, which is between an epitaxial or amorphous start of the 

growth process. In contrast, preliminary SHG measurements shown in Fig. 7 show a 

clear difference in real time behavior between these samples, which suggests that 

this technique is very well suited to detect breakdown of epitaxial growth to 

amorphous growth also for ultrathin films. For SHJ solar cells, that depend critically on 

the quality of the interface between the crystalline silicon wafer and the a–Si:H thin 

film, an in situ tool that can distinguish between epitaxial and amorphous initial 

Figure 6: High resolution transmission electron microscopy (HR–TEM) images of two films 

deposited under identical conditions. (a) Shows a sharp interface between amorphous silicon 

and the hydrogen terminated crystalline silicon substrate (a), while (b) shows an epitaxial start 

of the growth process that is subsequently followed by a gradual breakdown to amorphous 

silicon growth. The epitaxial layer is approximately 20 Å thick. The lines are guides to the eye 

that indicate the location of the interfaces between the different materials. 

10 nm
c-Si substrate

epitaxial layer

amorphous material

10 nm
c-Si substrate

amorphous material

Al protection layer
(a) (b)
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growth is very important. SHG could be such a diagnostic, but more experiments are 

needed to establish the ability to distinguish between epitaxial and amorphous initial 

growth further. Finally, these multi–diagnostic studies will contribute to the 

identification of the mechanisms behind epitaxial as well as amorphous silicon 

growth, resulting in better control of the interface formation between the silicon film 

and the crystalline silicon substrate. 

 

IV. Outlook to the future 
 

Crystalline silicon solar cells currently dominate the photovoltaic market and it 

is expected that they will continue to do so for at least a decade. To sustain the 

current developments in the solar cell field in terms of production volume growth and 

technological improvements, several challenges in the field of thin film and plasma 

processing need to be tackled. Bigger production systems with higher throughput are 

required to maintain the annual production volume growth for first generation, as well 

as second generation solar cell technology. Besides a higher throughput, significant 

innovation of manufacturing processes of crystalline silicon solar cells will take place 

in order to increase the conversion efficiency or decrease the production costs. The 

wet chemical etch processes used to create surface texture on the wafers and to 

remove the phosphorous glass after emitter diffusion can for instance be replaced by 

dry etch processes using plasmas. This will allow the combination of various process 

steps in one vacuum system, such as the phosphorous glass etch and the deposition 

Figure 7: The second–harmonic (SHG) intensities observed during the deposition of the silicon

films shown in Fig. 6. One film grows amorphous instantaneously (open dots), while the other

starts to grow epitaxially (solid dots) and breaks down to amorphous growth after

approximately 40 seconds. The growth conditions as well as surface pretreatment were

identical for both films and the growth rate was approximately 30 Å/min. 
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of the antireflection coating. Eventually, all process steps could be incorporated in an 

inline vacuum process, in which raw wafers enter and finished solar cells come out. 

Apart from the innovations in the production technology, new cell concepts 

that incorporate functional layers for antireflection, surface passivation and light 

trapping will be introduced. To control the properties of these layers and the 

interfaces between them, fundamental studies (preferentially under well defined 

ultrahigh vacuum conditions) are necessary. Dedicated experimental studies will 

result in an improved understanding of the mechanisms responsible for surface 

passivation. In addition, they will lead to a better control of the interface that is 

created in the growth process. The multi–diagnostic approach to study the interface 

created in the growth of thin silicon films on crystalline silicon that was started in this 

work, has great potential to yield useful information about the interface quality as 

well as the growth process of amorphous and epitaxial silicon films. This generic 

approach is not limited to the model system of a–Si:H deposited on crystalline silicon 

wafers that was used in this study, but can also be applied to many other systems in 

which the properties of the interface between substrate and deposited film are under 

investigation. 
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Chapter 2 

Density and production of NH and NH2 in an 

Ar–NH3 expanding plasma jet* 

The densities of NH and NH2 radicals in an Ar–NH3 plasma jet created by the 

expanding thermal plasma source were investigated for various source operating 

conditions such as plasma current and NH3 flow. The radicals were measured by 

cavity ring–down absorption spectroscopy using the (0,0) band of the 
3 3A X −Π ← Σ  transition for NH and the (0,9,0)–(0,0,0) band of the 2 2

1 1A A X B←  

transition for NH2. For NH, a kinetic gas temperature and rotational temperature of 

1750 ± 100 K and 1920 ± 100 K were found, respectively. The measurements revealed 

typical densities of 2.5×1012 cm–3 for the NH radical and 3.5×1012 cm–3 for the NH2 

radical. From the combination of the data with ion density and NH3 consumption 

measurements in the plasma as well as from a simple 1–dimensional plasma 

simulation model, the key production reactions for NH and NH2 are discussed. 

                                                                        
* Published as: P.J. van den Oever, J.H. van Helden, C.C.H. Lamers, R. Engeln, D.C. Schram, 

M.C.M. van de Sanden, and W.M.M. Kessels, J. Appl. Phys. 98, 093301 (2005). 
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I. Introduction 
 

Ammonia (NH3) plasmas have widespread applications in research and 

industry for the (surface) treatment of materials. NH3 plasmas are, for example, used 

for modifying the wettability and bio–compatibility of polymers [1–3], for improving 

the gas permeability of membranes [4], for inducing surface passivation of electronic 

devices [5,6], and for nitridation of dielectric and metallic materials [7,8]. Ammonia is 

also admixed in plasmas used for the synthesis of carbon nanotubes [9,10] and for 

ligand abstraction and nitridation during atomic layer deposition of metal nitrides 

[11–13]. One of the most important applications of NH3–based plasmas in industry to 

date is, however, the deposition of silicon nitride films. These films – generally 

deposited from ammonia–silane plasmas – have numerous applications, ranging 

from dielectric materials in the microelectronics industry to antireflection coatings for 

crystalline silicon–based photovoltaics [14,15] and encapsulation films for organic 

light emitting diodes [16]. 

Despite their widespread application, only few experimental studies on the 

plasma chemistry in NH3–based plasmas have been reported. Miller and Baird have 

addressed the plasma decomposition of NH3 in radiofrequency plasmas [17], while 

Pringle and co–workers have addressed the ion–chemistry in a helical resonator [18]. 

These studies have not addressed the chemistry involved in ammonia radical 

production in detail. These radical species, however, are very likely most important 

during surface treatment. The interaction of NH and NH2 plasma radicals with the 

surface of different materials has been addressed by Fisher and co–workers, using a 

molecular plasma beam in combination with laser–induced fluorescence for radical 

imaging [19–21]. Laser–induced fluorescence has also been used to determine the 

density of NH and NH2 produced by NH3 decomposition on a heated tungsten filament 

[22]. For deposition systems, few studies of the NH3 plasma chemistry have been 

reported using primarily mass spectrometry (e.g. ammonia–silane chemistry for 

silicon nitride deposition [23,24] and recently also the ammonia–acetylene chemistry 

for carbon nanotube deposition [25]). In pure NH3 plasmas as well as depositing 

plasmas based on NH3, the chemistry is very complex and much remains unknown 

about the NH3 dissociation and its products. 

To obtain more insight into the chemical reactions involved in the dissociation 

of NH3 in plasmas, we have investigated the NH3 dissociation process with respect to 

NH and NH2 radical production. These studies were carried out using the expanding 

thermal plasma (ETP) technique, whose remote operation leads to a relatively simple 

chemistry, which facilitates plasma chemical investigations. Besides the 

technological relevance for NH3 plasma surface treatment, the investigations can also 

be of astrophysical relevance [26,27]. Our particular interest lies, however, primarily 
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in gaining a better understanding of the ultrahigh–rate deposition process of silicon 

nitride films by the expanding thermal plasma [15,28], in which silane is cracked by 

reactive ion and radical species (such as NH and NH2) in the Ar–NH3 plasma jet.  

After presenting the basics of the ETP technique in Sec. II, we present the 

experimental details of the cavity ring–down measurements carried out to determine 

the NH and NH2 radical densities (Sec. III). In the results section (Sec. IV), we present 

the measured NH and NH2 radical densities as a function of NH3 flow and current in 

the plasma source. Supported by data on the ion density and NH3 consumption, we 

argue that NH3 dissociation in the ETP technique is governed by Ar+ ions emanating 

from the plasma source. For NH, the key chemical reactions are charge transfer of NH3 

with Ar+ and dissociative recombination with electrons, while the NH2 production 

appears to involve more reactions such as ion–molecule and H–abstraction reactions. 

This basic reaction mechanism is supported by a 1–dimensional plasma simulation 

model. The conclusions are presented in Sec. V. 

 

II. Expanding Thermal Plasma setup 
 

The Ar–NH3 plasma jet is produced using the Expanding Thermal Plasma (ETP) 

technique described extensively in the literature (see e.g. Ref. 29 and 30). As shown 

in Fig. 1, this technique uses a cascaded arc plasma source to produce an Ar plasma 

at sub–atmospheric pressure (typically 400 kPa). In the cascaded arc, a dc current is 

drawn between three cathodes and one common grounded anode through a narrow (4 

mm diameter) channel filled with argon gas. The cathode region and anode are 

separated by several “cascaded plates”, which are at floating potential. The plasma 

expands supersonically through a conically shaped nozzle into a low–pressure 

reactor (typical pressure is 20 Pa), and after a stationary shock at approximately 5 cm 

from the nozzle, the expansion continues sub–sonically. When going from supersonic 

to subsonic expansion, the directed velocity of the plasma changes from ~1800 m/s 

to ~600 m/s. In the downstream region the electron temperature (~0.3 eV) is low, 

which can be attributed to the expansion and to the fact that no electrical power is 

Figure 1: Schematic representation of the expanding Ar–NH3 plasma jet. 
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coupled into the plasma in that region. Precursor gases can be injected into the Ar 

plasma jet, either through a slit in the nozzle or through an injection ring situated 

downstream in the jet. 

In the present experiment, the plasma source is operated at a pure Ar flow of 

55 standard cm3s–1 (sccs), and the current through the arc channel is controlled 

between 30 and 70 A with a typical voltage of 40 V. The expanding Ar plasma was 

characterized in detail in our previous work and a brief description of some of the key 

findings is given here. In the downstream region, the Ar+ ion and electron density are 

in the order of 1013 cm–3. The metastable argon density Arm is directly linked to the ion 

density but is typically lower by a factor of 10 [31]. From the combination of radial ion 

density measurements and the forward velocity in the expansion, the equivalent flow 

of Ar+ ions emanating from the source is estimated. For a current of 45 A, we found an 

“Ar+ ion flow” of 2–3 sccs, corresponding to an average Ar ionization degree of ~5% 

in the plasma source. Furthermore, the Ar+ ion flow increases linearly with the plasma 

current for a constant Ar flow through the source [29,30]. 

Two injection locations of NH3 are used: NH3 is either injected in the nozzle 

before the expansion or ~8 cm downstream the expansion via a stainless steel 

injection ring. The NH3 flow range used is 0.5–17 sccs, and the downstream pressure 

is kept constant at 20 Pa by adjusting the gate valve to the pump. A substrate holder 

is positioned downstream at ~39 cm from the source. Furthermore, besides the cavity 

ring–down system that will be discussed in detail in the next section, the setup is also 

equipped with a Langmuir probe [29], that can measure ion and electron densities at 

~36 cm downstream from the source, and a residual gas analyzer for basic mass 

spectrometry measurements, which is situated at ~56 cm from the source in the 

plasma beam. 

 

III. Cavity ring–down spectroscopy on NH and NH2 

 
Cavity ring–down spectroscopy (CRDS) [32] was used to measure the density 

of the NH and NH2 radicals in the downstream plasma at a position of 36 cm from the 

source. Briefly, CRDS is based on the injection of a laser pulse in a stable optical 

resonator (cavity) that consists of two high reflectivity mirrors. The decay rate of the 

light inside the resonator is detected through one of the mirrors. Cavity ring–down 

prevents the most common limitation of absorption measurements as the decay rate 

is independent of the intensity of the light pulse and is therefore not affected by 

pulse–to–pulse energy fluctuations of the laser system. For an “empty” cavity, this 

decay rate is simply determined by the reflectivity of the mirrors and the cavity length, 

but the decay rate becomes faster when absorbing (or scattering) species are present 

in the cavity. From the difference in decay rate between these two conditions, the 
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absorption due to the species in the cavity can be determined. Consequently, the 

number density of the species can be calculated when information on the cross 

section and absorption path length is available. 

The cavity used in the present work consisted of plano–concave mirrors with a 

100 cm radius of curvature and 2.5 cm diameter, placed 112 cm apart on flexible 

bellows. In front of the mirrors an Ar flow was injected to protect the mirrors from 

reactive plasma species. The NH radical was detected using high–reflectivity mirrors 

with a optimum reflectivity at 340 nm (Laser–Optik, R = ~0.998), while for the NH2 

radical detection the optimum reflectivity was at 560 nm (Laser–Optik, R = ~0.999). 

Laser light pulses were generated by a Sirah PrecisionScan–D dye laser pumped by 

the second–harmonic of a Spectra–Physics GCR–4 Nd:YAG laser working at a 

repetition rate of 10 Hz. For NH detection, Pyridine 1 laser dye was used to create 

~680 nm light, which was subsequently frequency doubled to ~340 nm by a KDP 

crystal. For NH2 detection, the ~600 nm output of the dye laser operated on 

Rhodamine B laser dye was directly used. To avoid saturation of the transition of 

interest the amplifier stage of the dye laser was not used in the latter case. The laser 

intensity was further reduced by a set of filters while a UV attenuator was used for the 

340 nm laser light. The typical pulse energy in front of the cavity was 100 μJ/pulse. 

Detection took place by means of a photomultiplier tube (Hamamatsu R928) at the 

other cavity mirror through a narrow bandpass filter, which blocked the plasma light. 

For every laser shot the photomultiplier signal was processed separately by a 100 

MHz, 12 bits data acquisition system (TU/eDACS [33]). All decay rates were single–

exponential and were analyzed by a weighted least squares fit of the logarithm of the 

transient data. To improve the signal–to–noise ratio an average of 20 ring–down 

times was taken for all measurements. The absorption loss by the radicals was 

determined from the difference in decay rate in a pure Ar plasma and an Ar–NH3 

plasma. If necessary, a minor baseline correction was carried out to account for small 

changes in mirror reflectivity. For the NH2 measurements an oscillating behavior of the 

baseline signal was observed (which is common for mirrors in the wavelength range 

around 600 nm [34]) that hampered the baseline correction procedure and resulted in 

a slightly lower experimental accuracy compared to the NH measurements. 

The NH radical was detected on the (0,0) band of the 3 3A X −Π← Σ  transition 

around 340 nm, as shown in Fig. 2(a) [35,36]. Apart from transitions of the (0,0) band, 

this spectrum also shows some hot band transitions of the (1,1) band. The rotational 

temperature of NH was extracted from the Boltzmann plot shown in Fig. 3(a), in which 

the statistically–weighted integrated absorptions Aint (K )/(2K+1) obtained from the 

spectrum are plotted as a function of the rotational energy. In this expression, K is the 

rotational quantum number. This procedure yields a NH rotational temperature of 

1920 ± 100 K.  For the density measurements, the  “isolated” P33(9)  absorption line at  
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339.62 nm (29444.28 cm–1) was used, as indicated in the spectrum in Fig. 2(a). The 

density information is determined by scanning the laser over the absorption line and 

using the integrated absorption cross section, which is calculated from the oscillator 

strength reported in literature [36]. For the integrated absorption cross section a value 

of 8.3×10–21m2cm–1 was found for the absorption line under investigation (see 

Appendix A). This method is insensitive to the laser linewidth and the Doppler 

broadening effect. Doppler broadening was used to determine the kinetic gas 

temperature of the NH radicals by deconvoluting the experimental absorption lines 

into a Lorentzian laser linewidth and Gaussian Doppler contribution. This procedure, 

carried out on a set of distinct measurements, yielded a laser linewidth of 0.11 ± 0.01 

cm–1 at a wavelength of 29444 cm–1 and a NH kinetic gas temperature of 1750 ± 90 K 

with no clear dependence on the NH3 flow, as can be seen in Fig. 3(b). The laser 

linewidth is also consistent with the manufacturer’s specifications [37] and with 

earlier data obtained for this laser system [33]. The NH kinetic gas temperature is in 

fair agreement with the rotational temperature and it reflects the gas temperature in 

the plasma expansion as thermalization occurs quickly under the conditions used. 

The gas temperature is also in good agreement with previous measurements in 

plasmas of different gas mixtures [33]. The NH2 radical was detected at the (0,9,0)–

(0,0,0) band of the 2 2
1 1A A X B←  transition at ~597 nm [38,39] as shown in Fig. 2(b) 

and the “isolated” PQ1,N (7) absorption line at 597.38 nm (16739.90 cm–1)* was used 

for the density measurements using a procedure similar to the one for NH. From the 

                                                                        
* This absorption line is in fact a spin doublet that is not resolved by the measurements. 

Figure 2: Spectra of (a) NH and (b) NH2 as measured with cavity ringdown spectroscopy. A

plasma source current of 45 A and a NH3 flow of 5 sccs are used for the measurements of the

spectra. The absorption line positions reported in the literature are indicated in the upper part

of the graphs, as are the absorption lines used for the density measurements (marked by an

asterisk). 
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oscillator strength [39] an integrated absorption cross section of 7.4×10–21m2cm–1 

was deduced for this particular absorption line. 

The total NH and NH2 densities were calculated by taking into account the 

densities in all possible states assuming a Boltzmann rotational distribution and a 

rotational temperature of 1750 K. For NH and NH2, the density in the hotbands was 

also taken into account by assuming equal temperatures for rotation and vibration 

and using the vibrational energies reported in the literature [35,40]. The density in the 

hotbands is approximately 8% of the total density for NH and approximately 39 % for 

NH2. In the Appendix the derivation of the integrated absorption cross sections and 

the calculation of the corresponding total densities of NH and NH2 are given. The 

largest uncertainty in the absolute values of the densities reported is generated by 

the assumption about the absorption path length for the radicals in the plasma, 

which is estimated to be 30 cm [41]. This error can be as large as a factor of three for 

the local absolute densities. Finally, it is important to note that optical saturation can 

be neglected for both NH and NH2 as was verified by measuring the absorption line–

intensities for both radicals as a function of the laser energy coupled into the cavity. 

 

IV. NH and NH2 densities and plasma chemistry 

 
Figure 4 shows the absolute densities of the NH and NH2 radicals and the NH3 

molecules in the expanding Ar–NH3 plasma as a function of the NH3 flow injected 

through the injection ring. The argon flow used is 55 sccs, the arc current is 45 A, and 

Figure 3: (a) The statistically–weighted integrated absorptions Aint (K )/(2K+1) for several 

rotational lines (P33 branch) of the (0,0) band of the 3 3A X −Π ← Σ  transition of NH as a function 

of the rotational energy. The rotational temperature was determined from the slope of the linear

fit (dashed line). (b) The kinetic temperature of the NH radical determined from the Doppler 

broadening of the P33(9) absorption line on the (0,0) band of the 3 3A X −Π ← Σ  transition as a 

function of the injected NH3 flow. The dashed line represents the average value. 

 

Trot = 1920 K Tkin = 1750 K 
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the downstream pressure is 20 Pa. The radicals were measured at 36 cm from the 

plasma source whereas the NH3 density is calculated from the partial NH3 density 

taking into account its consumption as measured by mass spectrometry at 56 cm from 

the plasma source. The NH density increases rapidly with increasing NH3 flow and 

saturates at a level of ~2.5×1012 cm–3 for NH3 flows greater than 3 sccs. Initially, also 

the NH2 density increases fast with the NH3 flow, but for flows higher than 3 sccs the 

NH2 density increases more gradually. The NH2 density shows no saturation and 

reaches a maximum level of ~3.5×1012 cm–3 for the experimental conditions used. The 

Figure 4: (a) The NH, (b) NH2 and (c) NH3 density as a function of the injected NH3 flow. The NH 

and NH2 density was measured by cavity ringdown spectroscopy, while the NH3 density was 

calculated from the partial NH3 density taking into account its consumption as measured by 

mass spectrometry. The dashed lines are simulation results from a simple 1–dimensional plug 

down model using literature values for the reaction rates. The dotted line shows the modeled 

NH2 density when the rate of reaction R4 (NH3 + H  NH2 +H2) is set to a value that is a factor of 

7.5 higher than reported in the literature. For this higher rate, no change in the modeled NH 

density is observed, while the change in the modeled NH3 density is also negligible. 
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NH3 density increases almost linearly with the NH3 flow showing a deviation at low 

NH3 flows, where the consumption of NH3 in the plasma is significant [see Fig. 5(b)]. 

The maximum NH3 density is approximately 3×1014 cm–3, which is substantially 

higher than the NH and NH2 densities. Within the experimental accuracy, we obtained 

similar results for both ring injection and nozzle injection of NH3. 

The dissociation of NH3 is ruled by reactive species emanating from the 

plasma source, such as Ar+, metastable argon atoms, Arm, and electrons. In the 

following, we show that argon ions most likely govern the dissociation of NH3, as is 

the case in most plasma processes using the ETP source operated on argon. Electron–

induced dissociation and ionization of NH3 are not very important due to the low 

electron temperatures (~0.3 eV) in the expanding thermal plasma. Figure 5(a) shows 

the ion density determined by Langmuir probe measurements for an arc current of 

45 A. The ion density (and electron density) in a pure Ar plasma is very high* and 

corresponds to an Ar+ flow emanating from the source of 2–3 sccs [29,30]. 

                                                                        
* The ion density decreases exponentially downstream due to the very effective charge transfer 

reactions of the ion with the injected NH3 molecules, followed by very fast dissociative 

recombination of the resulting molecular ion. 

Figure 5: (a) The ion density and (b) the equivalent flow of consumed NH3 as a function of the 

NH3 flow. The ion density was measured by means of Langmuir probe measurements and the 

consumed NH3 flow was determined by means of mass spectrometry experiments. The lines 

serve as a guide to the eye. 
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Table 1: Reactions and rate constants. 

 Reaction Branching ratio Rate constant (cm3s–1) Ref. 

 Ar + NH3
+ 87%   

 Ar + NH2
+ + H 7% 1.84×10–9 [44] R1 Ar+ + NH3  

 ArH+ + NH2 6%   

 NH2 + H –   

 NH  + p H2 + (2–2p) H         (p =0,1) – 1.8×10–7* [45] R2 NH3
+ + e 

 N + q H2 + (3–2q) H             (q =0,1) –   

R3 NH3
+ + NH3  NH4

+ + NH2  1.8×10–7 [49] 

R4 NH3 + H  NH2 + H2  
4×10–12       

(3×10–11)† 
[48] 

 NH3 + H 85 %  (69 %)‡   

 NH2 + H + H 13 %  (21 %) 1.8×10–7§ [50,42] R5 NH4
+ + e 

 NH2 + H2 2 %  ( 10 %)   

 NH + H 34 %   

 N+ H + H 66 % 1.8×10–7§ [42] R6 NH2
+ + e 

 N + H2 0 %   

R7 NH+ + e  N + H  1.8×10–7§  

R8 ArH+ + e  Ar + H  1.8×10–7§ [43] 

 

When NH3 is injected downstream in the plasma, the ion density decreases 

drastically until it has decreased about three orders of magnitude for NH3 flows >3 

sccs. This drastic decrease of the ion density can be attributed mainly to the reaction 

mechanism, in which Ar+ ions undergo charge transfer reactions with NH3 producing 

predominantly NH3
+ (for other branching products see Table 1): 

Ar+ + NH3  → Ar + NH3
+,    (1) 

with a reaction rate constant of 1.84×10–9 cm3s–1
 [44]. Subsequently, the molecular 

ions produced recombine dissociatively with electrons, 

  → NH2 + H       

NH3
+ + e  → NH + p H2 + (2–2p) H  (p=0,1)    (2) 

→ N + q H2 + (3–2q) H (q=0,1) 

                                                                        
* Estimated rate constant for dissociative recombination reactions.  
† This value is used in the model calculations shown by the dotted line in Fig. 4(b). 
‡ In the model, the branching ratios reported in Ref. 50 were used. These are in fair agreement 

with earlier results reported in Ref. 42 that are denoted between brackets. 



35 

These dissociative recombination reactions typically have a rate constant of  

1×10–7 1/2
êT  cm3s–1, [45] which leads to a rate of 1.8×10–7 cm3s–1 for an electron 

temperature êT of 0.3 eV. The combination of these two reactions with their high 

reaction rates explains the very fast decrease in ion density when going from a pure 

Ar plasma to an Ar–NH3 plasma. Penning ionization of NH3 by argon metastables is 

not important because the Arm density in the expanding thermal plasma is typically 

more than a factor of 10 lower than the density of Ar+ ions* [31], and the reaction rate 

(4.2×10–11 cm3s–1 [46]) is also considerably smaller than the one of reaction (1). 

More evidence for the fact that the argon ions dominate the NH3 dissociation 

is obtained by considering the consumed NH3 flow, which is calculated by multiplying 

the relative NH3 consumption with the injected NH3 flow. Figure 5(b) shows that the 

consumed NH3 flow saturates at ~3 sccs, which is, within the experimental accuracy, 

slightly higher or equivalent to the Ar+ ion flow emanating from the plasma source 

(See Sec. II). The NH3 consumption saturates relatively slowly (for a NH3 flow of ~7 

sccs), which might indicate that a small amount of the NH3 is dissociated by radicals 

produced by the initial NH3 dissociation reactions. For completeness, we also mention 

that pyrolysis of NH3 molecules due to the relatively high plasma temperatures can be 

neglected as this reaction has a rate constant below 1×10–18 cm3s–1 for a gas 

temperature of 1750 K [47]. For this gas temperature, also the dissociation of NH3 by 

hydrogen atoms, which are produced by other NH3 dissociation reactions, does not 

seem to play a significant role based on its relatively low reaction rate of ~4×10–12 

cm3s–1 [48], but this reaction will be re–considered below.  

To further test our hypothesis that the NH3 dissociation is dominated by Ar+ 

ions, we measured the NH and NH2 densities for varying Ar+ ion flow from the ETP 

source by changing the plasma current. The argon ion flow is approximately linear 

with the plasma current and ranges from ~1.6 sccs at a current of 30 A to ~5 sccs at a 

current of 70 A. Figure 6(a) shows the NH and NH2 densities as a function of the 

plasma current for high NH3 flows (such that NH3 is abundantly present and therefore 

not a limiting factor), and Fig. 6(b) shows the consumed NH3 flow calculated from 

mass spectrometry data. Taking into account the experimental uncertainty in the  

measured Ar+ flow, both the NH density and the consumed NH3 flow increase linearly 

with the Ar+ flow reaching a density of ~5×1012 cm–3 and a consumed flow of ~6 sccs, 

                                                                        
* Argon metastables, Arm, in a pure Ar plasma are produced downstream by 3–particle 

recombination of Ar+ with electrons. When molecular gases are admixed, this reaction channel 

for Ar+ loss is highly unlikely and therefore the Arm density is lower than the Ar+ density by more 

than a factor 10. 
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respectively. The NH2 density, however, increases initially and subsequently remains 

constant at ~4×1012 cm–3. 

The NH density shows a first order dependence on the Ar+ flow. This behavior 

can be explained by NH production via the reaction sequence given by reactions (1) 

and (2). Furthermore, the NH radicals are not lost in gas phase reactions with NH3 as 

can be deduced from the saturation of the NH density as a function of the NH3 flow in 

Fig. 4. The density of the NH2 radical on the other hand shows a less pronounced 

dependence on the Ar+ flow. This suggests that the generation of NH2 radicals is 

controlled by a different reaction mechanism than the production of NH radicals. A 

reaction that can play a significant role in the production of NH2 is the reaction 

between ammonia ions and molecules, 

NH3
+ + NH3 → NH4

+ + NH2,    (3) 

which has a reaction rate of 1.7×10–9 cm3s–1 [49]. For high NH3 flows, when the ion 

and electron densities are significantly reduced, this reaction becomes competitive 

with the dissociative recombination reaction of NH3
+. On the basis of the reaction 

rates, it can be deduced that this will happen when the ratio of the electron density 

over the NH3 density is below ~0.01 (i.e., for a NH3 flow of > ~3 sccs). This reaction 

might therefore explain the gradual increase in the NH2 density for higher NH3 flows, 

which is not observed for the NH density. The NH4
+ ion formed in this reaction can also 

Figure 6: (a) The NH (circles) and NH2 (triangles) density and (b) the consumed NH3 flow as a 

function of the Ar+ ion flow emanating from the plasma source. The lines serve as a guide to the

eye. 
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recombine dissociatively with electrons, mainly leading to NH3 + H and to a somewhat 

lesser extent to NH2 and 2H [50]. 

The feasibility of the proposed reaction pathway is investigated by a 1–

dimensional plasma simulation model. For the type of plasma expansions addressed 

in this study, such plasma simulation models have been very valuable in gaining 

insight into the plasma chemistry [51,52]. In the 1–dimensional model, the species in 

the expansion region are produced and consumed by reactions in a forward chemistry 

as a function of the axial position from the plasma source. The initial conditions are 

set in terms of the initial ion and NH3 flows, and it is assumed that the forward 

velocity and beam diameter are constant. Furthermore, we want to stress that no 

recirculation of background gas species is included, while also no reactions of 

species at the reactor walls are explicitly taken into account. Table 1 shows the 

reactions that are included in the model with the corresponding reaction rates taken 

from the literature. For the dissociative recombination reactions, a rate of 1.8×10–7 

cm3s–1 has been assumed as discussed earlier. The model results are shown by the 

dashed lines in Fig. 4 and the trends for NH and NH3 show a good agreement with the 

experimental data. For NH2, however, the model predicts significantly lower NH2 

densities at high NH3 flows compared to experimental results. 

In the model, the branching ratio of the dissociative recombination reaction of 

NH3
+ (reaction 2), which is not known in the literature, was set to 80% NH production 

and 20 % NH2 production, neglecting the channel resulting in N radicals. This ratio 

was primarily chosen to reproduce the experimental NH density. Setting the 

branching ratio to a different value cannot account for the observed NH2 increase for 

high NH3 flows. Also reaction (3) was taken into account in the model, but it cannot 

fully explain the observed increase of the NH2 density for high NH3 flows whereas 

changes in the rate constant of this reaction will affect the modeled NH density 

significantly. Therefore, another reaction seems to play an important role in the NH2 

production for high NH3 flows. Although several reactions might contribute to the NH2 

density, we have focused on the reaction of NH3 with atomic H: 

NH3 + H → NH2 + H2,     (4) 

which has a rather low rate constant of 4.0×10–12 cm3s–1 [48] for ground state 

reactants. However, this rate might be substantially higher in the presence of 

energetic atomic H and ro–vibrationally excited NH3
rv. In our case, energetic atomic H 

is primarily produced as a product of the exoergic dissociative recombination 

reactions in the NH3 dissociation process, while dissociative recombination of NH4
+ 

probably yields NH3
rv [50]. Therefore, reaction (4) is expected to be a good candidate 

to explain the discrepancy between the modeled and experimental NH2 densities. 

When reaction (4) is implemented in the model, good agreement with the 

experimental data can be achieved for a reaction rate that is a factor of 7.5 higher 
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than the literature value (see Fig. 4). Such an enhancement in reaction rate seems not 

inconceivable. Reaction (4), as a reaction between NH3 and atomic H produced from 

other NH3 dissociation reactions, might also explain the fact that the consumed NH3 

flow appears to be slightly higher than the Ar+ ion flow from the plasma source [see 

Fig. 6(b)] as well as the slow saturation of the consumed NH3 flow [see Fig. 5(b)]. 

From the above, it can be concluded that good agreement between the 

experimental data and the results of a simple plasma simulation model can be 

obtained by including the reactions in Table 1 and the corresponding rates reported in 

the literature. Only to explain the production of NH2 a higher rate constant for reaction 

(4) was used. However, we stress that in the model not all possible reactions have 

been considered. For example, the reactions of NH and NH2 with NH3, with 

themselves, and with other plasma radicals have not been addressed. This seems to 

be justified on the basis of the reaction rates reported [46] and the (expected) radical 

densities. Also the surface loss of radicals has not been addressed, as no data are 

available for the surface reactivity of NH and NH2 on the stainless steel reactor walls. 

However, from the data of Fisher and co–workers [19–21] it seems that the radicals 

are not very reactive with the surface. Finally, from the radical densities and NH3 

consumption measured, it can be inferred that a significant amount of the consumed 

NH3 flow has to be converted into other stable species in the plasma, such as N2 and 

H2 molecules. These and other aspects will be addressed in future studies, while the 

NH and NH2 density will also be investigated for the ammonia–silane plasma to 

address the importance of NH and NH2 for silicon nitride film growth. 

 

V. Conclusions 
 

The dissociation of NH3 in an expanding Ar–NH3 plasma jet created by the ETP 

technique was investigated with respect to NH and NH2 radical production. The NH 

and NH2 radicals were measured by cavity ring–down spectroscopy for different NH3 

flows and plasma source currents. For NH, densities up to ~5×1012 cm–3 were found 

when using a high NH3 flow and plasma source current. The maximum density of NH2 

is ~4×1012 cm–3. By combining the NH and NH2 density information with ion density 

and NH3 consumption measurements, it was concluded that NH is directly produced 

through Ar+ ions from the source in a charge transfer and dissociative recombination 

reaction. The situation for NH2 is more complex and appears to involve ion–molecule 

reactions between NH3
+ and NH3 and possibly H–abstraction of NH3 by atomic H. The 

results were based on and corroborated by a simple 1–dimensional plasma 

simulation model, which captures the key plasma chemical reactions in terms of NH 

and NH2 production in the plasma. Furthermore, from the cavity ring–down 
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measurements a kinetic gas temperature and rotational temperature of 1750 ± 100 K 

and 1920 ± 100 K were found for NH, respectively. 
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Appendix: Integrated absorption cross sections of NH and NH2 

A. Cross section of the ( ) ( ) ( )3 3
330 0 9A X Pν ν−′ ′′Π = ← Σ =  transition of NH at 

29444.277 cm–1 
For NH the integrated cross section can be calculated from the Einstein 

coefficient for spontaneous emission on the basis of information reported by Lents 

[36] and Schadee [53]. The integrated absorption cross section of a molecule σint can 

be directly related to the Einstein coefficient for spontaneous emission Aki [54]: 

( )
2

2
d

8
k

int ik ki
i

g c
A

g
σ σ ν ν

πν
= =∫ , (A1)  

where c is the speed of light, gi and gk are the degeneracies of the lower i and upper 

level k and ν is the transition frequency. Subsequently, the Einstein coefficient for 

emission Aki can be related to the electronic–vibrational transition probability A00 by 

the following expression [36]: 

( )
( )( )( )

33
00ki

e

P J
A A

g J S
=

′ ′2 −1 +1 2 +1
, (A2) 

where P33 ( J ) is the Hönl–London factor for lines in the P33 branch of the 3 3A X −Π← Σ  

transition, eg ′  is the electron degeneracy of the upper level, S ′  is the total spin of the 

upper state and J is the quantum number of the total angular momentum of the lower 

level. In the subsequent derivation, singly primed coefficients pertain to the upper Π 

state and doubly primed quantities to the lower Σ state. The Hönl–London factor  

P33 ( J ) is given by Schadee [53]: 

( )
( )( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ){ }

( )

2

3 3

33

3

1 1 2 1 4 1 1 1

8 1

J J J u J g J J J J s J Ju J g J
P J

JC J

+ −
′ ′′ ′′ ′ ′′− + − − + − + + −

=
′ −

 (A3) 

with the following coefficients: 

( )
1
2

2 1

3 1

( ) ( )

( ) ( )

F J F J
g J

F J F J

⎛ ⎞−
= ⎜ ⎟⎜ ⎟−⎝ ⎠

, (A4) 

( )
1
2

3 2

3 1

( ) ( )

( ) ( )

F J F J
s J

F J F J

⎛ ⎞−
= ⎜ ⎟⎜ ⎟−⎝ ⎠

, (A5) 

( ) ( ) ( ) ( )
1

2 2
3 2 4 2 2u J Y J J Y+

⎡ ⎤= − + + + −⎢ ⎥⎣ ⎦
, (A6) 

( ) ( ) ( ) ( )
1

2 2
3 2 4 2 2u J Y J J Y−

⎡ ⎤= − + + − −⎢ ⎥⎣ ⎦
, (A7) 
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( ) ( )( )( ) ( ) ( )( )

( ) ( ) ( ) ( ) ( )

3

1
2 2

4 1 2 2 2 1 1 2

             2 2 4 2 4 4 1  ,

C J Y Y J J J J J J

Y Y J J Y Y J

= − − + + + + + −

⎡ ⎤− − + + + − − +⎢ ⎥⎣ ⎦

 (A8) 

( ) ( ) ( ) ( )( ) ( )
1

2 2 21 1 1
2 1 2 2 2

4 1F J F J B J J B Bν ν νγ λ γ γ λ⎡ ⎤− = − − + + − − − −⎢ ⎥⎣ ⎦
 (A9) 

( ) ( ) ( ) ( )( ) ( )
1

2 2 21 1 1
3 2 2 2 2

4 1F J F J B J J B Bν ν νγ λ γ γ λ⎡ ⎤− = − − + + − + − −⎢ ⎥⎣ ⎦
, (A10) 

( ) ( ) ( ) ( )( )
1

2 2 21 1
3 1 2 2

2 4 1F J F J B J J Bν νγ λ γ⎡ ⎤− = − − + + −⎢ ⎥⎣ ⎦
. (A11) 

The molecular constant γ represents the spin–rotation interaction, λ is the splitting 

constant, Bν the rotational constant, and Y represents the coupling between the 

nuclear spin S and the orbital angular momentum Λ. The electron degeneracies of the 

Σ and Π states are (2S +1) and 2(2S +1) respectively [55]. Using the molecular 

constants of the electronic states (A 3Π and X 3Σ–) of the NH radical reported by Brazier 

et al. [35] and the electronic–vibrational transition probability A00 reported by Lents 

[36], we can calculate the Einstein coefficient for emission of the P33 ( J = 9) line:  
46.07kiA = ×10  s–1 (A12) 

Using Eq. (A1) and gk = 2( J –1)+1 and gi = 2J +1 with J = 9 we find for the integrated 

absorption cross section:  

intσ −10= 2.49×10 m2Hz. (A13) 

The peak absorption cross section for a gas temperature T  can now be 

calculated by incorporating the Gaussian lineshape function Φ(0,a) that depends on 

the pressure broadening parameter a [39,47]: 

( )0,peak int aσ σ= Φ . (A14) 

For the low working pressures in our experimental conditions, pressure broadening is 

negligible [56] and Φ(0,a) can be written as a function of the Doppler width ΔνD:  

( ) ln2
0,

D

a
π ν

4 1
Φ =

Δ
. (A15) 

ΔνD is the full width at half maximum of the Doppler broadened line profile and can be 

written as:  

8 ln2
D

kT T
c m M
νν ν−7Δ = = 7.16×10 ,  (A16) 

with k Boltzmann’s constant, m the mass of the NH molecule, T the gas temperature 

(in Kelvin) and M the molar mass of NH. This formula results in a peak absorption 

cross section of the ( ) ( ) ( )3 3
330 0 9A X Pν ν−′ ′′Π = ← Σ =  line at T = 1750 K of:  
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203.43peakσ −= ×10 m2. (A17) 

The density of NH in the ( ) ( ) ( )3 3
330 0 9A X Pν ν−′ ′′Π = ← Σ =  transition can be 

calculated from measured integrated absorption Aint : 

, 9
int

NH J
int

A
n

lσ= = , (A18) 

where l is the length of the absorption path in the cavity (30 cm). Assuming a 

Maxwell–Boltzmann distribution for densities in the rotational and vibrational states, 

we can calculate the total NH density: 

, 9NH J
NH

b

n
n

f
== , (A19) 

where the fb is the Boltzmann fraction which is taken from Herzberg [57]: 

( ) ( )2 1
exp[ ]exp[ ]rot vib

b
r v rot vib

E K E nJ
f

Q Q kT kT
+

= − − . (A20) 

Qr and Qv are the rotational and vibrational partition functions, respectively and Evib(n) 
and Erot(K) vibrational energy and rotational energy: 

( ) ( )1
1 2vibE n hc nω= + , (A21) 

( ) ( )1rotE K hcB K Kν= + . (A22) 

h is Planck’s constant, ω1 the vibrational constant, n is the vibrational quantum 

number and K is the rotational quantum number of the lower level apart from 

electronic spin. The vibrational partition function including the zero point energy is 

given by Herzberg [57]: 

1

1

exp
2

1 exp

vib
v

vib

hc
kT

Q
hc
kT

ω

ω

⎡ ⎤
−⎢ ⎥
⎣ ⎦=
⎡ ⎤

− −⎢ ⎥
⎣ ⎦

. (A23) 

For the diatomic NH, the rotational partition function can be approximated by the 

classical expression [57]:  

r
kT

Q
hcBν

= . (A24) 

Using molecular constants reported by Brazier et al. [35] and assuming the rotational 

and vibrational temperature to be equal to the gas temperature (T = 1750 K in the 

present work), the total NH density (m–3) can be calculated as a function of the 

measured integrated absorption Aint [cm–1]: 

, 9 7.39NH J
NH int

b

n
n A

f
= 21= = ×10  (A25) 
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B. Cross section of the ( ) ( ) ( )2 2
1 1 1,0,9,0 0,0,0 7P

NA A X B Q← Σ  transition of NH2 at 

16739.90 cm–1 
For NH2, the integrated cross section can be calculated from information on 

the oscillator strength reported by Votsmeier et al. [39] and the molecular constants 

reported by Green et al. [40]. The relation between the integrated absorption cross 

section of a molecule σint and the oscillator strength fik of the transition is given by 

[54]:  
2

0
int ik

e

e
f

m c
σ

ε
=
4

. (B1) 

Using the fundamental physical constants for the electron mass me elementary charge 

e, the dielectric constant ε0 the speed of light c and the oscillator strength fik = 

8.36×10–5 reported by Votsmeier et al. [39], we find the following value for the 

integrated absorption cross section: 
10

intσ −= 2.21×10 m2Hz (B2) 

Using a similar procedure as for the NH radical in the previous section [Eqs. (A14)–

(A16)], one can calculate the peak absorption cross section σpeak for the 

( ) ( ) ( )2 2
1 1 1,0,9,0 0,0,0 7P

NA A X B Q← Σ  transition of NH2 by incorporating the lineshape 

function Φ(0,a) for a gas temperature of 1750 K [Eq. (A15)]: 
20

peakσ −= 5.53×10 m2 (B3) 

To obtain the total density of NH2, we adapt a similar procedure as for the NH 

radical [Eqs. (A18) and (A19)]. The Boltzmann fraction fb for NH2 is given by Green et 
al. [40] and Kohse–Höinghaus et al. [58]:  

( )2 13
exp[ ]exp[ ]

4
rot vib

b
r v rot vib

J E E
f

g Q Q kT kT

′′ +
= − −

′′
 (B4) 

Qr and Qv are the rotational and vibrational partition functions and J ′′ and g ′′ are the 

total rotational quantum number including spin and the electron–spin degeneracy of 

the lower state. The factor 3/4 occurs due to the nuclear spin of the H atoms. The 

vibrational energy Evib for the NH2 molecule is given by [57]: 

( ) ( ) ( )1 1 1
1 1 2 2 3 32 2 2vibE hc n hc n hc nω ω ω= + + + + + , (B5) 

with ω1, ω2, ω3 the vibrational constants and n1, n2, and n3 the vibrational quantum 

numbers of the lower state. The rotational energy is given by the following formula:  

( )rotE hcF J= , (B6) 

where F ( J ) is the experimentally determined rotational term value reported by Ross 

et al. [38]. The vibrational partition function including the zero point energy of the 

vibration is given by Green et al. [40]: 
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31 2

1 2 3

expexp exp
22 2

1 exp 1 exp 1 exp
v

hchc hc
kTkT kT

Q
hc hc hc
kT kT kT

ωω ω

ω ω ω

⎡ ⎤⎡ ⎤ ⎡ ⎤ −− − ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦=
⎡ ⎤ ⎡ ⎤ ⎡ ⎤− − − − − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

. (B7) 

For NH2, which is an asymmetric top molecule, the rotational partition function Qr  can 

be estimated by [40,57]: 

2 2 2

2 2 2

8 8 8A B C
r

I kT I kT I kT
Q

h h h
π π ππ

σ
= . (B8) 

In this equation, σ is the symmetry number and IA, IB, and IC are the moments of 

inertia of the NH2 molecule. The symmetry number σ is equal to 2 and the electron 

spin degeneracy g ′′  is equal to 1, because the measured line is in fact a spin–split 

doublet, which is not resolved by the measurement. Using the moments of inertia and 

the vibrational frequencies reported by Green et al. [40] and assuming equal 

temperatures for rotation and vibration (1750 K), we can calculate the total NH2 

density (m–3) as a function of the measured integrated absorption Aint [cm–1]:  

2

22int
int

int

1
4.95 10NH

b

A
n A

l fσ
= = ×  (B9) 
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Chapter 3 

Downstream ion and radical densities in an  
Ar–NH3 plasma generated by the expanding 
thermal plasma technique* 

A full characterization of the Ar–NH3 expanding thermal plasma source applied in 

industrial processes for high–rate silicon nitride deposition is presented in terms of 

absolute densities of reactive species such as ions and radicals. The ion composition 

of the plasma was identified by mass spectrometry, while absolute ion density 

information was obtained by Langmuir probe measurements. N radicals were 

detected by threshold ionization mass spectrometry, whereas NH and NH2 radicals 

were measured by cavity ring–down spectroscopy. It was found that the ion density 

decreases from 1013 cm–3 in a pure Ar plasma to 1010–1011 cm–3 when NH3 is injected, 

with ArH+, NH2
+, NH3

+, NH4
+ and H3

+ being the most abundant ions. The densities of N 

and NH both saturate at a level of 3×1012 cm–3 at NH3 flows above 3 sccs while the 

density of NH2 increases linearly with the NH3 flow and reaches a level of 4×1012 cm–3. 

When the plasma source current is increased, the densities of N and NH increase 

linearly, while the NH2 density remains approximately constant. Furthermore, it is 

revealed that most of the consumed NH3 is converted into N2 and H2 in the plasma. 

                                                                        
* Published as: P.J. van den Oever, J.L. van Hemmen, J.H. van Helden, D.C. Schram, R. Engeln, 

M.C.M. van de Sanden, and W.M.M. Kessels, Plasma Sources Sci. Technol. 15, 546 (2006). 
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I. Introduction 
 

New developments in industries that rely on plasma–based processing of 

materials as well as emerging applications of plasmas are the driving factor behind a 

continuous innovation in the science and technology of plasma processing. There is 

for example a need for plasma sources that can deliver a high flux of reactive species 

such as ions and radicals and simultaneously satisfy industrial requirements such as 

robustness, versatility and freedom in the choice of reactant mixture, the absence of 

drift, and reasonably low maintenance. A plasma source that seems to fulfill these 

requirements to a large extent is the Expanding Thermal Plasma (ETP), developed at 

the Eindhoven University of Technology [1,2]. This remote technique combines a 

high–pressure plasma source with a low–pressure processing reactor used for 

deposition, etching, etc. The very high fluxes of reactive species produced by this 

source make it very suitable for high rate deposition and etching processes. The 

application of this technique for deposition has been demonstrated for various 

materials including amorphous and nanocrystalline silicon [2,3], silicon dioxide [4], 

amorphous carbon [5], zinc oxide [6] and silicon nitride [7,8]. After a period of more 

than a decade of lab operation, the ETP source has recently been commercialized by 

General Electric for the deposition of silicone (SiCxHyOz) scratch resistive coatings for 

automotive purposes [9] and by OTB Solar for the deposition of silicon nitride 

antireflection coatings for solar cells [10]. For this purpose, the ETP technique has 

been implemented in the DEPx (inline) deposition system. The ETP deposited silicon 

nitride is also investigated as a moisture diffusion barrier for the encapsulation of 

organic LEDs [11,12]. 

For the deposition of silicon nitride thin films, a pure Ar plasma generated by 

the ETP source is used to dissociate NH3 molecules which are injected into the plasma 

at the position of the source exit. The reactive NHx fragments created subsequently 

react with the SiH4 molecules which are injected in the downstream region. In this 

region, the reactive fragments of SiH4 and NH3 can deposit onto substrates forming a 

silicon nitride thin film. For efficient process optimization with respect to the different 

applications of the silicon nitride (antireflection coating, surface and bulk 

passivation, moisture diffusion barrier), detailed knowledge of the behaviour of the 

ETP source for various operating conditions, such as Ar–NH3 gas flows and source 

power, is required. Furthermore, fundamental studies of the Ar–NH3 plasma system 

also contribute to generic insight into NH3–based plasmas which can be relevant for 

emerging applications of NH3 plasmas such as the passivation of semiconductor 

devices [13], the alteration of polymer wettability [14], the modification of the 

biocompatibility of materials for medical applications [15], and the deposition of 

carbon nanotubes (when hydrocarbons are admixed) [16]. 
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Although many studies correlated plasma settings to device performance for 

various industrial processes using NH3 plasmas, the properties of NH3 plasmas have 

been investigated poorly in terms of densities of reactive ions and radicals. The study 

by Miller and Baird [17] in 1993 into the NH3 decomposition efficiency was one of the 

first addressing the ammonia dissociation chemistry. In 1996, Pringle et al. [18] 

reported results on the role of the ions and radicals in a helicon resonator using mass 

spectrometry. They found that NH4
+ and NH3

+ were the dominant ions in the plasma, 

but did not attempt to measure N, NH and NH2 radicals in the plasma. Most reported 

studies remain fairly descriptive and measurements of absolute NHx (x=0–2) radical 

densities in plasmas are rarely reported, while these radicals are presumably of 

pivotal importance in surface modification and deposition processes. The interaction 

of the radicals NH and NH2 with the surface of various materials has been addressed 

by Fisher and co–workers using a molecular plasma beam [19–21]. 

In an earlier publication, we discussed the absolute density and the 

production mechanism of NH and NH2 radicals in the Ar–NH3 Expanding Thermal 

Plasma in detail [22]. Here we will extend these results to a complete characterization 

of the ETP source operated on Ar–NH3, which will also involve measurements of the 

ion composition and density in the plasma and measurements of the absolute N 

radical density. Furthermore, we will include a discussion about the consumption of 

the injected NH3 precursor and the resulting generation of H2 and N2 molecules in the 

plasma. 

After presenting the basic principle of the expanding thermal plasma and the 

experimental details of the plasma diagnostics used in this study (section II), we will 

discuss the experimental results in section III. To obtain a general view of the 

operation of the ETP source on a Ar–NH3 mixture, we have focused on two important 

parameters, the NH3 gas flow variation (section. III.A) and the plasma source current 

variation (section III.B). Data obtained from Langmuir probe measurement (ion 

densities), line–of–sight mass spectrometry (ion composition), threshold ionization 

mass spectrometry (N density) and cavity ring–down spectroscopy (NH and NH2 

densities) will be presented. Furthermore, the consumption of NH3 and the production 

of new molecules (H2 and N2) in the plasma will be addressed. In section IV the results 

will be summarized. 

 

II. Experimental setup and plasma diagnostics 
 
A. Expanding thermal plasma technique 

Figure 1 shows a schematic overview of the so–called cascaded arc plasma 

source used in the ETP technique [1,2]. The plasma is created at high pressure in a 

narrow channel (typically 4 mm in diameter and a few centimeters in length) filled 
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with a non–depositing gas such as Ar, N2 and/or H2 by applying a dc voltage between 

one or more cathodes and one common grounded anode. The cathode(s) and anode 

are separated by four “cascaded plates” which are at floating potential. The discharge 

is current controlled between 30 and 75 A and the voltage is typically 40 V when 

operated at a typical Ar flow of 55 standard cm–3 s–1 (sccs). Due to the high pressure 

of typically 400 mbar (350 Torr) and high gas temperature in the plasma channel, the 

Ar atoms are very effectively ionized and consequently the ionization degree in the 

plasma channel can be as high as 20 %. As reported previously [23], the plasma 

expands supersonically from a conical shaped nozzle into a low pressure reactor at 

typically ~0.2 mbar (~0.15 Torr) until it reaches the stationary shock that is situated 

approximately 7 cm from the source exit. Subsequently, the expansion continues 

subsonically and in this stage the plasma can be characterized as a recombining 

plasma as no electrical power is coupled into the plasma in this downstream zone. 

The electron temperature is low (0.2–0.3 eV) and as a consequence electron impact 

induced chemistry and ion bombardment due to the plasma self bias are virtually 

absent, contrary to the situation in many conventional plasma techniques. The main 

reactive species in the expanding plasma are argon ions (downstream ionization 

degree 5–10 %) as the density of argon metastables is more than a factor of 10 lower 

than the Ar ion density [24]. For pure Ar plasmas, it has been shown that the 

downstream ion density increases linearly with the arc current [25,26]. The Ar–NH3 

plasma discussed in this publication is generated by injecting a NH3 flow of 1 to 17 

sccs at the outlet of the plasma source via a slit in the nozzle. 

 

B. Plasma diagnostics 
Figure 2 shows the reactor chamber and the plasma diagnostics used to 

investigate the reactive species in the downstream Ar–NH3 plasma. The reactor 

chamber has a length of 0.82 m and a diameter of 0.50 m and it is pumped by a pump 

stack consisting of a large roots blower (1900 m3/h) backed by a small roots blower 

(500 m3/h) and a roughing pump (65 m3/h). In Fig. 2(a) the laser setup used for the 

cavity ring–down experiments and the double Langmuir probe are shown 
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Figure 1: Schematic representation of the plasma source used in the expanding thermal plasma 

(ETP) technique. 
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schematically, while Fig. 2(b) shows the implementation of the triple stage 

differentially pumped mass spectrometer in the setup as well as the residual gas 

analyzer. These diagnostic techniques will be discussed in greater detail in the 

following sections. 

 

Langmuir probe technique 

The ion and electron densities in the plasma were determined by double 

Langmuir probe measurements as described in our previous work [26,27]. Briefly, a 

double cylindrical probe is immersed in the plasma and the collected current is 

measured as a function of the applied potential between the two probes (–20 V to 20 

V) using a Keithley 2400 source measure unit. The probes are made of tungsten wire 

with a diameter of 0.18 mm and they protrude about 1 cm from a long ceramic tube. 

The distance between the two probes is approximately 3 mm. For the typical electron 

densities (1010–1013 cm–3) and electron temperature (~0.3 eV) in the ETP technique, 

the Debye length is <10–4 m. This implies that the plasma sheath thickness is smaller 

than the mean free path of the ions in the plasma which is in the order of 10–3 m. The 

plasma sheath can therefore be considered as collisionless. The Langmuir probe 

measurements were analyzed by the procedure proposed by Petersen and Talbot 

[26,28] yielding the electron temperature and the ion saturation current at plasma 

potential. The ion mass used in the analysis was 40 amu for pure Ar plasmas and 17 

amu for Ar–NH3 plasmas. Assuming quasi–neutrality and an equal temperature for 

the electrons and ions in the plasma, which is a valid assumption for the expanding 

thermal plasma [29], we can deduce the ion and electron density from the ion 

saturation current at plasma potential. 
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Figure 2: The experimental arrangement for (a) cavity ring–down spectroscopy and Langmuir 

probe measurements and (b) for threshold ionization mass spectrometry and residual gas 

analysis. In the figure “P” stands for pinhole, “M” for mirror and “pmt” for photo multiplier 

tube. 
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The radial measurements were carried out at two distances from the plasma 

source (at 9 and 36 cm), while the measurements as a function of the distance from 

the source were carried out along the axis of the plasma beam. The relative error in 

the Langmuir probe measurements is approximately 30% for the electron temperature 

and 20% for the electron density [29]. 

 

Cavity ring–down spectroscopy on NH and NH2 

The cavity ring–down setup used for the NH and NH2 absorption 

measurements is schematically depicted in Fig. 2(a). Two plano–concave mirrors are 

placed 112 cm apart at a distance of 36 cm from the plasma source. The mirrors are 

protected from the influence of reactive plasma species by an Ar flow that is injected 

in front of the mirrors. The laser pulses were generated by a dye laser pumped by the 

second harmonic of a Nd:YAG laser working at a repetition rate of 10 Hz. The pulse 

energy measured directly in front of the cavity was attenuated to below 100 μJ to 

prevent optical saturation of the transitions used in the absorption measurements. 

The light intensity leaking out of the cavity was measured through an interference 

bandpass filter by a photomultiplier tube and for every single laser shot the decay 

rate was sampled by a 100 MHz, 12 bits data acquisition system [30]. All decay rates 

were single exponential and they were analyzed by a weighted least squares fit of the 

logarithm of the transient data. The consecutive decay rates were averaged 20 times 

to improve the signal to noise ratio. More details on the cavity ring–down setup can 

be found elsewhere [22,30]. 

The NH radical density was measured on the (0–0) band of the 3 3A X −Π ← Σ  

transition at ~339.6 nm (P33(9) absorption line), while for the detection of the NH2 

radical the (0,9,0)–(0,0,0) band of the 2 2
1 1A A X B←  transition at ~597.4 nm was 

used (ΣPQ1,N (7) line). The complete derivation of the integrated absorption cross 

sections used for the density determination can be found elsewhere [22]. The largest 

uncertainty in the absolute values of the densities reported is most likely generated 

by the assumption of the absorption path length in the cavity. Based on earlier results 

in a similar type of plasma, we estimate that the absorption path length is 

approximately 30 cm [31]. The error in the NH and NH2 densities introduced by this 

estimation can be as large as a factor 3. 

 

(Threshold ionization) mass spectrometry 

In this work a triple stage differentially pumped mass spectrometer [32] was 

used to measure the densities of N radicals in the plasma. The current design was 

modified from a single stage version used to measure N radicals in N2–SiH4 plasmas 

in our previous work [7]. The triple stage design allows for a relatively high beam–to–

background ratio in the mass spectrometer, resulting in a high sensitivity for reactive 
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species. Furthermore, it facilitates the determination of absolute number densities of 

plasma radicals. Briefly, the plasma is sampled by effusive extraction through a 0.8 

mm orifice that is situated approximately 56 cm from the plasma source and 4.5 cm 

off the reactor axis (due to geometrical reasons). This extraction creates a molecular 

beam in the mass spectrometer. The second orifice, connecting the first and second 

stage, has a diameter of approximately 1.6 mm and is situated at a distance of 4 cm 

from the sampling orifice. Finally, the third orifice connecting the second and third 

stage is 4 mm wide and is situated at a distance of 8 cm from the second orifice. The 

quadrupole mass spectrometer (Hiden Analytical Epic 300, PSM upgrade) is placed in 

the third stage, in line–of–sight with the three orifices. The mass spectrometer 

consists of an ionizer cage, followed by a Bessel box energy analyzer, a quadrupole 

mass filter, a channeltron detector and several electrostatic lenses to focus the ion 

beam.  

The pumping speeds and the influx in the three stages determine the pressure 

in the various stages. The pumping speed (for N2) of the turbomolecular pumps in the 

first, second and third stage are 35 l/s, 300 l/s and 56 l/s, respectively. However, 

simulations have shown that the effective pumping speeds are lower due to a limited 

conductivity between the stages and the pumps [32]. Typical pressures in the second 

and third stage during measurements are ~10–6 mbar (~10–6 mTorr) and ~10–7 mbar, 

while the third stage base pressure is below ~10–9 mbar. The finite pressure in the 

third stage means that the measured signal will not only consist of a beam 

component, but also of a background component. 

For accurate measurements of the absolute radical densities, it is necessary to 

distinguish the beam component from the background component of the species in 

the third stage. Therefore, a chopper that modulates the incident molecular beam, is 

situated in the second stage in front of the orifice connecting the second and third 

stage. It has been shown that if the chopping frequency is faster than the residence 

time of the species in the ionizer cage of the mass spectrometer, the measured 

background signal will be constant during one complete chopping period and 

accurate background subtraction is possible. Using a sufficiently high chopping 

frequency, a beam–to–background ratio of 0.31 was determined for NH3. 

In general, electron impact ionization of radicals has a lower threshold 

energy (ionization potential) than dissociative ionization of parent molecules 

(appearance potential) leading to the same ion. This fact is exploited in threshold 

ionization mass spectrometry in which the signal is measured at a certain mass–

over–charge (m/z) ratio versus the energy of the electrons used for ionization. Table 1 

shows the different ionization processes contributing to the signal at a m/z ratio of 14 

which is used to measure atomic N and Fig. 3 shows the corresponding measurement 

signal versus electron energy in an Ar–NH3 mixture for plasma off and plasma on. 
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Table 1: Literature values for the different electron–impact ionization processes contributing to 

the measured signal at a mass–over–charge ratio of 14. 

 Process Ionization/Appearance potential  Reference 

A N + e  N+ +2e 15.3 eV Kim et al. [33] 

B NH3 + e  N+ + H2 + H +2e 22.6 eV Rosenstock et al. [34] 

C N2 + e  N+ + N +2e 24.3 eV Rosenstock et al. [34] 

 

The plasma off signal shows an appearance potential of ~24.4 eV which is due to the 

dissociative ionization of NH3 (process B). The plasma on signal, on the other hand, 

has a contribution appearing at ~15.6 eV due to direct ionization of N radicals 

(process A). At ~24.9 eV, the plasma on signal shows the contributions related to 

dissociative ionization of NH3 and of N2 that is created in the Ar–NH3 plasma, as will 

be discussed in section III.A. The appearance potential of the dissociative ionization 

of N2 (process C), is approximately 24.3 eV and cannot be distinguished from the 

dissociative ionization of NH3 (process B) within the accuracy of the measurement. 

The increase in signal above ~24 eV cannot be explained by dissociative ionization of 

NH3 solely, because the signal due to NH3 should be smaller in the ‘plasma on’ case 

than in the ‘plasma off’ case due to consumption of NH3 in the plasma. The observed 

values for the appearance potentials are in good agreement with values reported in 

the literature (see table 1). 

To obtain absolute densities of N radicals by mass spectrometry, we used the 

calibration procedure proposed by Singh et al. [35] which is based on the direct 

ionization of molecules with a known density in the reactor for the plasma off 

situation (NH3 in our case). To avoid the need for continuous calibration of the 

electron energy scale, we used the slopes of the measured signals SS versus the 

electron energy instead of the signal at one specific electron energy. Equivalently, 

also the slopes of the electron impact ionization cross sections  σS versus electron 

energy were used. This procedure also improves the accuracy in the densities by 

averaging the data. From the ratio between the signal of N radicals to the signal of the 

known NH3 density in the reactor for the plasma off situation, we obtain an expression 

for the absolute N density: 
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In this expression, the instrument dependent geometrical factor present in the 

relation between measured signal and density in the reactor cancels out. F (mi ) is the 

mass dependent proportionality constant, which is instrument dependent and which 

has a mi
–0.3 dependence for the current system, Ie,i is the emission current generated 
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by the filament in the ionizer and i i
Sσ

+→  is the slope of the cross section for electron 

impact ionization versus energy. N N
Sσ

+→ was determined from data reported by Kim et 

al. [36] and 3 3NH NH
Sσ

+→  was determined from data reported by Tarnovky et al. [37] and 

Märk et al. [38]. The factor 
3NHR = 0.31 is the beam–to–background ratio for NH3. It is 

assumed that N radicals do not have a background contribution due to their high 

surface loss probability on stainless steel at the low operating pressure in the third 

stage of the mass spectrometer [39]. The overall uncertainty in the absolute densities 

introduced by this calibration method can be as large as a factor of 3. 

Apart from N radical measurements, the mass spectrometer was also used to 

determine the densities of molecules in the plasma, such as NH3, H2 and N2. The 

calibration procedure to obtain absolute densities of H2 and N2 which are created in 

the plasma was carried out using different reference gas mixtures of H2 and N2 with Ar 

in order to mimic the actual measurement situation in terms of flows and pressure. 

The calibration factor was determined from the slope of the measured signal versus 

the densities calculated using the ideal gas law. This calibration procedure was 

carried out prior to every measurement run. 

The relative consumption or depletion D of NH3 can be calculated from the 

measured signals and is defined as:  
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Figure 3: Scan of the mass spectrometer count rate at a mass–over–charge ratio of 14 versus 

the electron energy used for ionization as obtained for an Ar–NH3 gas mixture (plasma off) and 

an Ar–NH3 plasma (plasma on). The plasma on signal clearly shows the contribution of the N

radicals (A) to the signal at low electron energies. At high electron energies, the signal

originates mainly from the dissociative ionization of NH3 (B) and N2 (C). The N2 is produced in

the plasma. 
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with 3 3 (off)NH NH
SS

+→  and 3 3 (on)NH NH
SS

+→  the NH3 signals when the plasma is off and on, 

respectively. 

The ion composition of the plasma was measured with the ionizer cage of the 

mass spectrometer switched off. In this case, a small negative voltage was applied to 

the extractor plate of the mass spectrometer to ensure efficient extraction of the ions 

from the plasma, unlike the situation for the detection of neutral species where a 

positive voltage was applied to prevent the collection of ions from the plasma. The 

other electrostatic lenses in the system were adjusted to optimize the mass 

spectrometer’s signal for ion detection. Ions can be detected with a much higher 

sensitivity than neutrals due to the absence of the low–efficiency ionization step in 

the detection process. Therefore, the ion density in the mass spectrometer can be 

high, especially for high ion densities in the plasma, which can lead to space charge 

build up that can reduce the measured signals. It is likely that the measurements in a 

(nearly) pure Ar plasma have suffered from this effect as well as from saturation of the 

detector signal. 

 

III. Results 
 
A. Influence of NH3 flow 
 

Ion density and composition 

Figure 4 shows the ion density determined from the Langmuir probe 

measurements for an Ar flow of 55 sccs (no NH3), a plasma source current of 45 A and 

a downstream pressure of 0.20 mbar. Figure 4(a) shows the ion density as a function 

of the radial distance from the centre of the plasma beam measured at 9 cm and 36 

Figure 4: (a) The radial ion density profile in a pure Ar expanding plasma at 9 and 36 cm from the 

source determined by Langmuir probe measurements. The lines are Gaussian fits. (b) The axial 

ion density as a function of the distance from the plasma source. The line is a guide to the eye. 

The plasma current was 45 A and the Ar flow 55 sccs. 
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cm from the plasma source. At 9 cm a maximum ion density of 3.5×1013 cm–3 is 

reached on the axis of the plasma beam, while the ion density drops drastically in 

radial direction. At 36 cm the axial ion density has decreased by more than a factor 

two while the profile has broadened in radial direction. The observed ion density 

profiles can be fitted with a Gaussian line shape (see Fig. 4(a)) revealing a full–width–

half–maximum of 4 cm and 14 cm for an axial position of 9 cm and 36 cm 

respectively. The expansion of the Ar plasma beam is therefore clearly apparent from 

Fig. 4. The decrease of the axial ion density as a function of the distance to the plasma 

source is relatively minor as can be observed from Fig. 4(b). This behaviour is well 

understood from our previous studies [24] which revealed that the decrease in Ar+ 

density is governed by three particle recombination reactions, which have a very low 

equivalent two body reaction rate at the these electron/ion densities. From the radial 

ion density measurements also the flow of Ar+ ions emanating from the plasma source 

can be calculated by integrating over the Gaussian density profile and assuming a 

directed beam velocity (~1400 m/s at 9 cm and 450 m/s at 36 cm from the plasma 

source) [40]. For a plasma source current of 45 A this leads to an Ar+ ion flow of ~3.5 

sccs emanating from the source, in agreement with previous estimates [41].

 Figure 5 shows the axial ion density in the downstream plasma when a NH3 

flow is injected in the plasma. The pressure is kept at 0.20 mbar and the ion density is 

measured at three different positions from the plasma source. The ion density 

decreases drastically when NH3 is injected and the drop in ion density can be fitted by 

an exponential decay as can be seen in Fig. 5. At a distance of 36 cm from the source, 

the ion density reaches a value of 1.3×1010 cm–3 for an injected NH3 flow of 4 sccs, 

after which the ion density remains approximately constant. This fast decrease in ion 

Figure 5: The axial ion density as a function of the injected NH3 flow for a plasma current of 45 A 

and an Ar flow of 55 sccs. The ion densities were measured by a Langmuir probe at three 

different distances from the source. The lines represent exponential fits of the measurements. 
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density when a molecular gas is introduced in the plasma is well understood for the 

ETP plasma and is caused by charge transfer reactions between Ar+ ions and NH3 

molecules forming NH3
+ ions. These molecular ions can subsequently recombine 

dissociatively with electrons forming radicals such as N, NH and NH2 as addressed in 

the next section. The recombination channel of the ions in the downstream Ar–NH3 

plasma is very fast because of the large reaction rates of the charge exchange 

reaction (kce = 1.84×10–9 cm3s–1 [42]) and the dissociative recombination reaction (kdr 

= 1.8×10–7 cm3s–1 for an electron temperature of 0.3 eV [43]) compared to the three 

particle recombination reaction*. Closer to the plasma source the ion density on the 

axis of the plasma beam is higher and the decrease upon NH3 injection is slower, 

which can be attributed to the fact that the charge exchange reactions need time to 

complete in the expanding plasma beam with a high average forward velocity (~900 

m/s).  

Apart from the ion density, also the electron temperature can be deduced from 

the Langmuir probe measurements. The measurements revealed an electron 

temperature of 0.3±0.1 eV at the axis of the plasma beam and did not show a 

pronounced trend with either the axial position or the flow of NH3 injected. Electron 

temperatures around 0.3 eV are typically reported for the ETP technique as already 

mentioned in section II. More information on the ionic species present in the plasma 

was obtained by ion mass spectrometry measurements as shown in Figs. 6(a) to 6(c). 

The measurements were carried out with a plasma source current of 70 A instead of 

45 A while all the other conditions remained constant. The difference in current has 

only a significant influence on the absolute ion and radical densities (see section 

III.B). The signals were corrected for the mass filter transmittance and detector 

efficiency of the mass spectrometer which showed a m–0.3 dependence (see section 

II.B). For a pure Ar plasma and for very low NH3 flows (< 0.25 sccs), the ion density is 

very high and the count rate might be limited by space charge building up in the mass 

spectrometer or by the maximum count rate of the detector in the mass spectrometer 

as mentioned before. However, it is clear that Ar+ is the most abundant ion in the 

plasma under these conditions. When NH3 is injected, the Ar+ ion signal shows a 

sharp drop and ArH+ becomes the most abundant ion in the plasma at low NH3 flows 

as can be seen from Fig. 6(a). For higher NH3 flows the ArH+ signal decreases 

exponentially until the signal disappears at NH3 flows over 3 sccs. Above a NH3 flow of 

0.5 sccs also ions such as NH4
+, NH3

+, NH2
+, H3

+ and H+ become important in the 

plasma while the signal of H2
+ remains very low under all conditions. Figures 6(b) and 

                                                                        
* The rate for the charge exchange reaction kce can also be estimated from the initial decrease in 

ion density depicted in Fig. 5. Using mass spectrometric measurements of the NH3 density in the 

plasma and assuming an average forward velocity of 900 m/s, kce was estimated to be 

approximately 3×10–10 cm3s–1. 
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6(c) show that the signals due to NHx
+ ions (x=2–4) and H3

+ and H+ follow 

approximately the same trend versus the NH3 flow with a plateau in the ion signals 

between 0.5 and 1.5 sccs NH3 and an exponential decrease for higher flows. This 

decrease can be attributed to dissociative recombination reactions as mentioned 

above, leading to NHx (x=0–2) radical species that will be discussed in the next 

section. Overall, it can be concluded that the most abundant ion species in the Ar–

NH3 plasma changes from Ar+ for flows below 0.25 sccs NH3 to ArH+ for intermediate 

flows and subsequently to ArH+, NH2
+, NH3

+, NH4
+, and H3

+ for NH3 flows higher than 1 

sccs.

Figure 6: Ion mass spectrometry data revealing the ion composition in the Ar–NH3 plasma. (a) 

Ar+ and ArH+, (b) NH4
+, NH3

+ and NH2
+, (c) H3

+, H2
+ and H+. The plasma source current was 70 A 

and the Ar flow was 55 sccs. The ions were extracted from the plasma at a distance of 56 cm

from the source. The lines serve as a guide to the eye. 
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Radical species in the Ar–NH3 plasma  

Figure 7 shows the densities of the N, NH and NH2 radicals produced in the 

plasma as measured by threshold ionization mass spectrometry and cavity ring–down 

Figure 7: The density of (a) N, (b) NH, (c) NH2 and (d) NH3 in the ETP plasma as a function of the 

NH3 flow. The measurements took place at a distance of 36 cm and 56 cm from the plasma

source for the cavity ringdown (NH and NH2) and (threshold ionization) mass spectrometry (N

and NH3) measurements respectively. The Ar flow was 55 sccs and the plasma source current 

was 45 A. The lines serve as a guide to the eye. 
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spectroscopy. The N density increases very fast initially and saturates at a level of 

~3×1012 cm–3 at an injected NH3 flow of ~3 sccs. The NH density shows a similar 

behaviour as the N density, but reaches a level of 2.7×1012 cm–3 for NH3 flows above 3 

sccs. The NH2 density on the other hand does not saturate and shows a linear 

increase as a function of the NH3 flow. The value of the NH2 density is ~4.0×1012 cm–3 

for an injected NH3 flow of 17 sccs. Remarkably, the radicals N, NH and NH2 all reach a 

similar density in the Ar–NH3 plasma of 2–4×1012 cm–3 for a high NH3 flow. However, 

on the basis of their density no conclusion can be drawn about the relative 

importance of the different ammonia radical species for materials processing. 

In Fig. 7(d) also the density of NH3 as measured by mass spectrometry is given 

as a function of the NH3 flow. The NH3 density is much higher than the NHx radical 

densities and as expected, the NH3 density in the plasma increases approximately 

linearly as a function of the injected NH3 flow, except in the low flow region where the 

consumption of NH3 in the plasma is substantial. 

The production and loss reactions ruling the NH and NH2 densities in the Ar–

NH3 plasma have been discussed extensively in a previous publication [22]. Clearly, 

the trend of the N density as a function of NH3 flow is very similar to the trend of the 

NH density which suggests that they are produced by the same reaction mechanism. 

Both N and NH are therefore most likely direct products of the charge transfer and 

dissociative recombination reaction sequence discussed above. For a NH3 flow of 3 

sccs, approximately all Ar+ ions emanating from the plasma source are consumed (in 

agreement with the estimated flow of ~3.5 sccs Ar+ deduced from the Langmuir probe 

measurements) leading to a saturation in the N and NH density. The fact that N and 

NH remain constant at high NH3 flows also implies that gas–phase loss of these 

radicals can be neglected. The behavior of the NH2 density versus NH3 flow is 

completely different, which suggests a different NH2 production mechanism involving 

ion–molecule reactions and possibly hydrogen abstraction reactions as discussed in 

detail in reference 22. 

 

NH3 consumption and production of stable species. 

From Fig. 7(d) it was already seen that the NH3 consumption at low NH3 flows 

is substantial. In Fig. 8(a) the decrease in NH3 density when the plasma is switched on 

is plotted. In the low flow regime, the decrease in NH3 density is proportional to the 

injected NH3 flow, while for flows higher than ~6 sccs the decrease in NH3 density 

saturates at value of 2.7×1014 cm–3. This clearly demonstrates that the amount of NH3 

that can be dissociated by the plasma is most likely limited by the ion density 

emanating from the plasma source. From the data, also the relative NH3 consumption 

can be calculated. For the present conditions (55 sccs Ar flow, 45 A plasma current 

and 0.20 mbar pressure), the relative consumption of NH3 is close to 75 % for a NH3 
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flow of 1 sccs and 20 % for a NH3 flow of 17 sccs. When multiplying this relative 

consumption with the NH3 flow injected it is found that a maximum flow of ~3.4 sccs 

NH3 is consumed by the plasma. This flow is approximately equal to the Ar+ ion flow 

emanating from the plasma source, which suggests that regeneration of NH3 

molecules in the plasma plays only a minor role. 

The amount of NH3 consumed in the plasma is two orders of magnitude larger 

than the typical NHx radical densities generated. Because the NHx species in an Ar–

NH3 plasma do not accumulate at the walls – as is for example the case in a 

depositing plasma – other species need to be generated in the plasma. The most 

likely candidates are H2 and N2 molecules that can be formed in the plasma itself or 

by wall association of plasma produced fragments. Figures 8 (b) and 8 (c) show the 

densities of H2 and N2 produced in the plasma as a function of the NH3 flow. The 

Figure 8: (a) The decrease in NH3 density and the produced density of (b) H2 and (c) N2 molecules 

when the Ar–NH3 plasma is switched on. The plasma source current was 45 A and the Ar flow 

was 55 sccs. The lines serve as a guide to the eye. 
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produced H2 and N2 density show a similar trend as the decrease in NH3 density and 

they saturate at densities of ~2.9×1014 cm–3 for H2 and 1.2×1014 cm–3 for N2. The 

amounts of H2 and N2 produced in the Ar–NH3 plasma are very high and can account 

for most of the consumed NH3 molecules. Neglecting the relatively small NHx densities 

(~1012 cm–3 versus ~1014 cm–3 for H2 and N2), a ratio between the consumed NH3 

density and the produced H2 and N2 density of 2 : 3 : 1 is expected in the plasma. Our 

results give a ratio of 2.0 : 2.1 : 0.9 which is in fair agreement with the expectation. 

The fact that the measured amount of H2 is lower than expected can most probably be 

attributed to the difficulty in calibrating H2 signals with mass spectrometry and/or 

more effective pumping of H2 due to its higher conductance. 

 

B. Influence of plasma current 
So far we discussed almost only results obtained at a plasma current of 45 A. 

The plasma current is however a parameter which has a large influence on the amount 

of reactive species produced by the plasma source. As mentioned earlier, the flow of 

Ar+ ions emanating from the plasma source increases linearly with the plasma 

current. Therefore the densities of N, NH, and NH2 produced in the Ar–NH3 plasma 

were investigated as a function of the plasma source current as shown in Figs. 9(a) to 

9(c). The Ar and NH3 flows were 55 and 17 sccs, respectively and the pressure was 

0.20 mbar. The amount of NH3 consumed in terms of the decrease in NH3 density is 

given in Fig. 9(d).  

From Fig. 9, it is clear that the consumption of NH3 is linear with the plasma 

current leading to a linear increase of the N and NH densities produced in the plasma. 

For N radicals a density of ~4×1012 cm–3 is reached for a plasma current of 70 A while 

the NH density goes up to ~5×1012 cm–3. These observations are in agreement with 

the fact that the production mechanism for N and NH is Ar+ ion dominated as argued 

in section III.A. The NH2 density however, increases only slightly and then remains 

constant at a value of ~6×1012 cm–3 for high plasma currents. The fact that this trend 

deviates from those of the N and NH densities confirms that the reaction mechanism 

determining the NH2 density is considerably different from the mechanism that 

governs the N and NH density.  

The densities of H2 and N2 produced in the plasma (not shown) are also linear 

with the plasma current, which is in agreement with the linearly increasing NH3 

consumption. When the plasma current is increased from 30 to 70 A, the consumption 

increases from 15 % to approximately 60 % and the equivalent flow of consumed NH3 

increases from ~2.5 to ~10 sccs. This reveals that the plasma current is an important 

parameter to increase the flux of reactive species in the Ar–NH3 plasma albeit that a 

large fraction of consumed NH3 is converted into H2 and N2. 
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Figure 9: The (a) N, (b) NH, (c) NH2 density as a function of the plasma source current as well as

(d) the decrease in NH3 density in the Ar–NH3 plasma. The Ar and NH3 flows were 55 and 17 

sccs, respectively. The lines serve as a guide to the eye. 
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IV. Concluding remarks 
 

The Ar–NH3 plasma generated by the expanding thermal plasma source, 

applied industrially for silicon nitride deposition for solar cells and moisture diffusion 

barriers, was investigated extensively. From a combination of Langmuir probe 

measurements, cavity ring–down spectroscopy and (threshold ionization) mass 

spectrometry valuable information on the absolute density of the most important 

species in the Ar–NH3 plasma was obtained: 

o The ion density decreases from 1013 cm–3 in a pure Ar plasma to 1010–1011 

cm–3 when NH3 is injected in the plasma. For no or very low NH3 flows, Ar+ and 

ArH+ are the most abundant ions in the plasma while ArH+, NH2
+, NH3

+, NH4
+ 

and H3
+ are more important at higher NH3 flows. 

o The density of N and NH both saturate at a level of ~3×1012 cm–3 for NH3 flows 

above 3 sccs while the density of NH2 increases linearly with the NH3 flow and 

reaches a level of ~4×1012 cm–3. The densities of ammonia radicals are 

apparently all similar in magnitude. 

o The density of N and NH increase linearly when increasing the plasma current 

from 30 to 70 A while the NH2 density shows a slight increase and 

subsequently remains constant. 

o A high degree of NH3 consumption is reached at low NH3 flows while at higher 

NH3 flows the dissociation of NH3 saturates due to the limited amount of Ar+ 

ions available. By far most of the consumed NH3 is converted into N2 and H2 

molecules in the plasma. 
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Chapter 4 

N, NH and NH2 radical densities in a remote  
Ar–NH3–SiH4 plasma and their role in  
silicon nitride deposition* 

The densities of N, NH and NH2 radicals in a remote Ar–NH3–SiH4 plasma used for 

high–rate silicon nitride deposition were investigated for different gas mixtures and 

plasma settings using cavity ring–down absorption spectroscopy and threshold 

ionization mass spectrometry. For typical deposition conditions, the N, NH and NH2 

radical densities are in the order of 1012 cm–3 and the trends with NH3 flow, SiH4 flow 

and plasma source current are reported. We present a feasible reaction pathway for 

the production and loss of the NHx radicals that is consistent with the experimental 

results. Furthermore, mass spectrometry revealed that the consumption of NH3 was 

typically 40 %, while it was over 80% for SiH4. On the basis of the measured N 

densities we deduced the recombination and sticking coefficient for N radicals on a 

silicon nitride film. Using this sticking coefficient and reported surface reaction 

probabilities of NH and NH2 radicals, we conclude that N and NH2 radicals are mainly 

responsible for the N incorporation in the silicon nitride film, while Si atoms are most 

likely brought to the surface in the form of SiHx radicals. 

                                                                        
* Published as: P.J. van den Oever, J.H. van Helden, J.L. van Hemmen, R. Engeln, D.C. Schram, 

M.C.M. van de Sanden, and W.M.M. Kessels, J. Appl Phys. 100, 093303 (2006). 
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I. Introduction 
 

Plasma deposited amorphous silicon nitride (a–SiNx:H) thin films have been 

studied extensively because of their electrical and optical properties that make them 

very suitable for many applications in microelectronics device fabrication (e.g., as 

gate dielectric or passivation layer [1–3]). Other applications can be found in the 

encapsulation of devices such as organic light emitting devices [4] and in the 

photovoltaic industry, where a–SiNx:H is used as an antireflection coating on c–Si 

solar cells that also serves as a surface and bulk passivation layer to improve the 

carrier lifetime in silicon [5,6]. Most silicon nitride deposition processes use mixtures 

of SiH4 and NH3 or N2, but also liquid precursors like hexamethyldisilazane (HMDS), 

tris(diethylamino)chlorosilane (TDEACS) and bis(dimethylamino)–dimethylsilane 

(BDMADMS) have been used with varying success [7–9].  

Because of their numerous applications, silicon nitride films deposited by 

plasma enhanced chemical vapor deposition (PECVD) have been widely investigated 

and the dependence of the film properties on the plasma gas composition and 

deposition conditions was established in various types of plasma reactors [10–13]. 

However, due to the complexity of chemical reactions both in the gas phase and at the 

surface, the mechanisms underlying silicon nitride deposition are not yet fully 

understood and further knowledge of the processes taking place in the plasma is still 

required. For N2–SiH4 plasmas several studies of the silicon nitride growth 

mechanism were reported. In 1990 Smith et al. found that N radicals are probably 

directly incorporated in the a–SiNx:H film [14], while Hanyaloglu and coworkers 

(1998) suggested on the basis of optical emission spectroscopy that excited N2
* 

molecules are most likely responsible for the N incorporation in the a–SiNx:H films 

[15]. Recently, more support for the incorporation of N radicals in the a–SiNx:H film 

was found in a remote Ar–N2–H2–SiH4 plasma and a refined growth mechanism was 

proposed. In this refined growth mechanism an a–Si:H–like surface layer formed by 

predominantly SiH3 radicals is converted into a–SiNx:H by nitridation reactions with 

impinging N radicals [16, 17].  

On the other hand, Smith and coworkers identified the amino–silane radical 

as the most important precursor for silicon nitride deposition in a NH3–SiH4 

radiofrequency plasma using mass spectrometry [11,18]. This result was supported 

by Beach and Jasinski (1990) who proposed a reaction mechanism for the formation 

of amino–silane radicals involving NH2 radicals [19]. In 1995, Murley et al. showed 

that the amount of amino–silanes formed is dependent on the gas residence time 

inside the reactor chamber [20]. Long residence times typically lead to high amino–

silane concentrations, whereas short residence times result in no amino–silanes at 
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all, which suggests the existence of a complementary growth mechanism most likely 

based on SiHx and NHx radicals under short–residence–time conditions. 

For a–SiNx:H growth based on NH3–SiH4 gas mixtures, the role and densities 

of N, NH and NH2 radicals has not been investigated in great detail. The results of 

Theil et al. (1992) suggest that SiHx and NHx radicals are more important for silicon 

nitride growth than the amino–silane radicals [21], although they did not measure 

these radicals directly. More recently Umemoto and coworkers measured NH, NH2 and 

SiH3 radicals in a hotwire chemical vapor deposition (CVD) process and they found 

that SiH3 and NH2 are most likely responsible for the Si and N incorporation in the film 

[22]. The density and role of N radicals in NH3–SiH4 based plasmas, however, is not 

well known as limited studies into this subject have been reported.  

Further insight into the silicon nitride growth mechanism can be inferred from 

the interaction of the various NHx radicals with the surface, which was studied by 

several research groups. Fisher et al. measured the surface interaction of NH and NH2 

radicals for different types of surfaces using laser induced fluorescence combined 

with a molecular beam setup [23–25]. For N radicals on stainless steel and silicon 

nitride surfaces, the surface reactivity has been summarized and extended by Kessels 

et al. [17] based on the experimental results of Adams and Miller [26] and Singh and 

coworkers [27]. 

In this Chapter, we report the densities of the NHx radicals in a remote Ar–

NH3–SiH4 plasma and we focus on the role of these radicals in the deposition process 

of silicon nitride. In Sec. II, the expanding thermal plasma (ETP) technique operated 

on an Ar–NH3 gas mixture [28] is briefly described. This technique was recently 

introduced in industry [29, 30] and is capable of depositing good quality silicon 

nitride at nominal deposition rates ranging from 4 to 7 nm/s, which is faster than 

most conventional processes (< 1 nm/s). The diagnostic techniques, such as cavity 

ring–down absorption spectroscopy (CRDS) for the detection of NH and NH2 radicals 

and threshold ionization mass spectrometry (TIMS) for the N radical measurements 

are described briefly in Sec. III. In Sec. IV, we present the NHx radical densities as 

function of several plasma parameters such as NH3 flow, SiH4 flow and plasma source 

current (Sec. IV.A–IV.C) and discuss the most important plasma reactions that can 

explain the observed trends. Furthermore, the NH3 and SiH4 consumption and the 

production of molecules from the dissociated molecules (Sec. IV.D) are addressed for 

different plasma settings. Subsequently, Sec. V summarizes the plasma chemistry 

and discusses the surface reaction probability of the NHx radicals and the 

implications of our measurements on the silicon nitride growth mechanism. Finally, 

the conclusions are given in Sec. VI. 
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II. The expanding thermal plasma on Ar–NH3 
 

Figure 1 shows a schematic overview of the deposition setup including the 

laser setup used for the measurements of the NH and NH2 densities and the mass 

spectrometry setup for the determination of the N density. Both diagnostic techniques 

will be discussed in greater detail in the Sec. III.  

An extensive description of the plasma source and the Expanding Thermal 

Plasma (ETP) technique can be found elsewhere [28,31,32] and here a brief summary 

of the ETP plasma operated on an Ar–NH3 mixture will be given. The ETP technique 

consists of a cascaded arc plasma source that operates at sub–atmospheric 

pressures (~300 mbar) and a low pressure processing chamber. A DC current of 

typically 45 A is used to efficiently ionize argon atoms in a narrow plasma channel 

with flowing argon gas. NH3 gas is introduced through a slit in the nozzle at the outlet 

of the plasma source (see Fig. 1) and the resulting Ar–NH3 plasma expands into the 

low pressure chamber (~0.20 mbar). The electron temperature is low (0.2–0.3 eV) in 

the expansion and as a consequence, electron impact induced chemistry and ion 

bombardment due the plasma self bias potential are not important. The most 

important reactive species emanating from the plasma source are Ar+ ions that 

transfer their charge to NH3 molecules in the course of the expansion, creating mainly 

NH3
+ molecular ions. These molecular ions recombine dissociatively with electrons 

into mainly N and NH radicals [33]. The charge transfer reaction as well as the 

dissociative recombination reaction is very fast and the N and NH densities both 
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Figure 1: The experimental setup, showing the cascaded arc plasma source, the cavity ringdown

setup and the threshold ionization mass spectrometer. In the figure “F” stands for filter, “M” for

mirror, “Pr” for prism, “P” for pinhole, and “A” for attenuator. 
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Table 1: The range of plasma parameters used in this study. 

Parameter Standard value Range studied 

Ar flow 55 sccs --- 

NH3 flow 17 sccs 0–17 sccs 

SiH4 flow 2.5 sccs 0–5 sccs 

Arc current 45 A 30–70 A 

Arc voltage 42 V --- 

Arc pressure 280 mbar --- 

Downstream pressure 0.20 mbar --- 

 

saturate at a level of 3×1012 cm–3 for NH3 flows above 3 sccs due to the limited 

amount of Ar+ ions available. Langmuir probe measurements carried out at 36 cm 

from the plasma source revealed an exponential decrease of the ion density by three 

orders of magnitude until 3 sccs NH3 was injected in the plasma [28], which is in line 

with the constant N and NH densities above 3 sccs NH3. The saturation also implies 

that gas phase loss with NH3 can be neglected for these radicals. NH2 radicals, on the 

other hand, are most likely produced differently via reactions of NH3
+ with NH3 or via 

NH3 dissociation reactions by H abstraction, resulting in a linear increase of the NH2 

density as a function of the NH3 flow. The NH2 density reached for 15 sccs injected 

NH3 flow is approximately 4.0×1012 cm–3. More information on the reaction 

mechanism responsible for the creation of NH and NH2 in the Ar–NH3 plasma can be 

found in Ref. 33. 

When the plasma is used for silicon nitride deposition SiH4 gas is injected 

through a ring situated at a distance of approximately 8 cm from the nozzle. The 

reactive fragments (NHx, H, etc) created in the initial part of the expansion are used to 

dissociate the injected SiH4 leading to silicon containing reactive species that deposit 

an a–SiNx:H film on a downstream situated substrate. The standard experimental 

conditions and the parameter range used in this study are given in Table 1. 

 

III. Plasma diagnostics 
 
A. Cavity ring–down absorption spectroscopy 

The cavity ring–down setup is shown schematically in Fig. 1. Laser pulses 

generated by a dye laser pumped by the second harmonic radiation of a Nd:YAG laser, 

were injected into a high finesse optical cavity formed by two plano–concave high 

reflectivity mirrors (M). The mirrors, protected from reactive plasma species by a small 

argon flow, were placed 112 cm apart on flexible bellows at a distance of 36 cm from 

the plasma source, which is 3 cm before the substrate holder. Before injection into 
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the cavity, the laser pulse energy was attenuated to below 100 μJ per pulse to avoid 

optical saturation of the used transitions. The light intensity leaking out of the cavity 

was detected through an interference bandpass filter (F) by a photomultiplier tube 

(PMT). For every single laser pulse, the decay rate was sampled by a 100 MHz, 12 bits 

data acquisition system (TU/eDACS [34]). All observed decay rates were single–

exponential and were analyzed by a weighted least squares fit of the logarithm of the 

transient data, while an average of 20 single decays was used to improve the signal to 

noise ratio. More details on the cavity ring–down setup can be found elsewhere [33]. 

The NH radical was detected on the (0,0) band of the 3 3A X −Π ← Σ  transition 

around ~340 nm and the NH2 radical on the (0,9,0)–(0,0,0) band of the 2 2
1 1A A X B←  

transition at ~597 nm. For NH, the isolated P3,3(9) absorption line at 339.62 nm 

(29444.28 cm–1) was used, while the “isolated” ΣPQ1,N (7) absorption line at 597.38 

nm (16739.90 cm–1) was used for NH2. The actual density information was determined 

by scanning the laser over the particular absorption line and using the integrated 

absorption cross–sections derived in Ref. 33. 

First, the spectra of NH and NH2 were recorded for the Ar–NH3 plasma to 

establish the measurement procedure. We found that the addition of SiH4 to the 

plasma introduced a broadband absorption in addition to the NH and NH2 spectral 

features. The origin of this broadband absorption has not been identified, but it did 

not change the distinct spectral features of the NH and NH2 radical. The largest 

uncertainty in the absolute values of the densities reported is generated by the 

assumption about the absorption path length for the radicals in the plasma, which is 

estimated to be 30 cm [35]. This systematic error can be as large as a factor of three 

for the local absolute densities.  

 

B. (Threshold ionization) mass spectrometry 
The triple stage differentially pumped quadrupole mass spectrometer (QMS) 

used in this study was modified from the version that was used to measure N radicals 

in an Ar–N2–SiH4 plasma [16]. The apparatus used in this study is based on the 

design by Agarwal et al. [36] and was described extensively elsewhere [28,37]. 

Briefly, the plasma is sampled by effusive extraction through a 0.8 mm orifice that is 

situated approximately 56 cm from the plasma source and 4.5 cm off the reactor axis. 

The extraction creates a molecular beam that passes two consecutive orifices 

separating the pumping stages in the housing of the mass spectrometer. The 

quadrupole mass spectrometer (Hiden Analytical Epic 300, PSM upgrade) is placed in 

the third stage, in line–of–sight with the three orifices. Typical pressures in the 

second and third stage during measurements are 10–6 mbar and 10–7 mbar, while the 

third stage base pressure is below 10–9 mbar. Due to the finite pressure in the third 
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Table 2: Various reactions leading to N+ ions in the mass spectrometer’s ionizer by electron 

impact ionization. The literature values for the appearance potentials are also given. 

 Process Appearance potential  Reference 

A N + e  N+ +2e 15.3 eV Kim et al. [38] 

B NH3 + e  N+ + H2 + H +2e 22.6 eV Rosenstock et al. [39] 

C N2 + e  N+ + N +2e 24.3 eV Rosenstock et al. [39] 

 

stage, the mass spectrometer signal will not only consist of a beam component, but 

also of a background component due to surface scattered molecules. 

Ground state N radicals were detected using the so called threshold ionization 

or appearance potential technique [14,28]. In general, electron impact ionization of 

radicals has a lower threshold than dissociative ionization of parent molecules 

leading to the same ion. Table 2 shows the different electron impact ionization 

processes that lead to the detection of an ion with a mass–over–charge (m/e) ratio 

equal to 14. By scanning the electron energy used for ionization, we can distinguish 

different ionization processes. To obtain absolute densities of N radicals, we used a 

calibration method for the N radicals similar to the one described by Singh and 

coworkers [27]. The absolute N densities were obtained by correlating the measured 

signal of N radicals to the direct ionization signal of NH3 reference gas with a known 

number density. The details of the calibration procedure can be found in Ref. 28. 

The mass spectrometer was also used to determine the densities of stable 

species such as NH3, SiH4, H2 and N2 in the plasma beam. The calibration procedure to 

obtain the absolute densities of these molecules was carried out prior to each 

measurement run using different reference gas mixtures in argon (e.g. NH3 in Ar, SiH4 

in Ar, etc.) to mimic the actual measurement conditions. From these measurements 

the relative consumption or depletion of a species can be calculated.  

For the Ar–NH3–SiH4 plasma, all signals were corrected for clogging of the 

sampling orifice by normalizing all signals to the Ar signal in the ‘plasma off’ case. 

This correction was not necessary for non–depositing plasmas. 

 

IV. Results 
 
A. NHx radical densities versus NH3 flow 

Figures 2 (a–d) show the absolute densities of N, NH and NH2 radicals and NH3 

molecules in the expanding Ar–NH3–SiH4 plasma as a function of the NH3 flow for a 

SiH4 flow of 2.5 sccs (circles). The observed trends for a pure Ar–NH3 plasma  

(described in Sec. II) are also shown for comparison (triangles). When 2.5 sccs SiH4 is  
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added to the Ar–NH3 plasma, the behavior of the NHx (x = 0–3) densities is quite 

similar to the situation without SiH4 as can be seen in Fig. 2. The N and NH densities 

increase more gradual to their final values of ~4.0×1012 cm–3 and ~3.0×1012 cm–3 

Figure 2: The N (a), NH (b), NH2 (c) and NH3 (d) densities as a function of the NH3 flow for an 

injected SiH4 flow of 0 sccs (open triangles, dashed line) and 2.5 sccs (open circles, solid line). 

The arc current was 45. The N and NH3 densities were measured by (threshold ionization) mass

spectrometry and the NH and NH2 densities by cavity ringdown spectroscopy. The lines serve as

a guide to the eye. 
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respectively. Also the NH2 density shows a similar linear increase as in the case 

without SiH4 reaching a density of 2.5×1012 cm–3 at 15 sccs NH3. For NH3 flows below 

4 sccs, however, no NH2 radicals could be detected in the plasma in contrast to the 

situation without SiH4. The NH3 density obtained for 15 sccs NH3 flow is 7.0×1014  

cm–3, which is slightly lower than in the situation without SiH4. 

The observed density changes can be qualitatively understood by looking at 

the production rate P  and and loss time  τ  of species in a steady state situation: 

0
n n

P
t τ

∂
= − =

∂
,      (1) 

with n  the density of the species. In this case, the observed gradual increase of the N 

and NH density can be explained by a decrease in the production rate of these 

radicals due to SiH4 injection. Competition between charge transfer reactions of Ar+ 

ions with NH3, responsible for the creation of N and NH radicals, and with SiH4 results 

in a lower production rate for N and NH. This effect is especially important when the 

NH3 flow is comparable to or smaller than the SiH4 flow, as is also observed in Fig. 2 

(a) and (b). For high NH3 flows the influence of the charge transfer reaction of Ar+ with 

SiH4 is of minor importance and the observed N and NH densities are similar to the 

values obtained in the situation without SiH4. The final N radical density seems to be 

somewhat higher in the presence of SiH4, which is predominantly caused by a change 

in the loss time of the N radical [e.g., a different surface reaction probability (see Sec. 

V.B.)]. The absence of NH2 radicals in the Ar–NH3–SiH4 plasma for flows below 4 sccs 

NH3 is another indication that the production and/or loss mechanism of NH2 is 

different than that of N and NH. Additional measurements showed that the NH3 flow 

threshold for NH2 detection depends linearly on the SiH4 flow. This behavior is not 

completely understood yet, but a few mechanisms affecting the production or the loss 

time of NH2 radicals can be suggested. A first possibility is the abstraction reaction 

between atomic H and SiH4. This reaction is much faster at 1750 K [33] (reaction rate 

~8×10–11 cm3s–1 [40]) than the equivalent reaction with NH3 (with a rate of ~3×10–11 

cm3s–1 [33]) such that the NH2 production might be suppressed. Another reaction that 

can play a role is a fast gas phase loss reaction of the produced NH2 with SiH4 or its 

dissociation products. Likely candidates for this reaction are the amino–silane 

creation reactions as proposed by Beach and Jasinski [19]. Finally, NH2 radicals might 

be preferentially incorporated in the a–SiNx:H film leading to the low NH2 density in 

the plasma. This argument is supported by values of the NH2 surface loss probability 

as discussed in Sec. V.B. 

 

B. NHx radical densities versus SiH4 flow 
The N, NH and NH2 radical densities as well as the NH3 density were also 

measured for different SiH4 flows, as shown in Fig. 3. The NH3 flow was 17 sccs and 
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the plasma source current 45 A. The densities of all NHx radicals decrease 

significantly when silane is injected in the plasma. The N radical density decreases 

from ~8.0×1012 cm–3 to ~2.0×1012 cm–3 and the NH density from ~3.0×1012 cm–3 to 

~2.0×1012 cm–3. The NH2 density decreases from ~4.0×1012 cm–3 to ~1.0×1012 cm–3 

for a SiH4 flow of 5 sccs, while the NH3 density decreases only slightly from ~7.5×1014 

Figure 3: The N (a), NH (b) NH2 (c) and NH3 (d) densities as a function of the injected SiH4 flow for 

an NH3 flow of 17 sccs and an arc current of 45 A. The lines serve as a guide to the eye. The

triangles are the measured values for an Ar–NH3 plasma with clean stainless steel reactor walls. 
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cm–3 to ~6.5×1014 cm–3. Figure 3 also shows the values of the NHx densities in the 

absence of SiH4 for a clean stainless steel reactor (open triangles). Note that for small 

injected SiH4 flows the N radical density in the depositing plasma is higher than in the 

situation without SiH4. This particular behavior will be addressed in more detail in 

Sec. V.B, but first the NHx radical densities will be discussed in detail. 

The small decrease of the NH density versus the SiH4 flow can be explained by 

a decreased production rate due to the competition between the Ar+ charge transfer 

reactions with NH3 and SiH4, as explained in the previous section. The N and NH2 

densities, however, decrease faster than the NH density upon injection of SiH4, which 

suggests that an additional loss mechanism related to SiH4 lowers the N and NH2 

density. A similar decreasing trend for the N radical density versus SiH4 flow was 

observed by Kessels et al. in an Ar–N2–H2–SiH4 plasma [16]. Due to the endoergic 

nature of the reaction of N radicals with SiH4 (enthalpy = + 0.45 eV), the 

corresponding reaction rate is very low at room temperature (<8×10–14 cm3s–1) [41]. At 

a gas temperature of 1750 K, we still expect the reaction rate to be very small due to 

the relatively high energy barrier for this reaction. Therefore, Kessels et al. argued 

that gas phase loss of N radicals can be excluded and it was established that a larger 

fraction of N radicals must be incorporated in the a–SiNx:H film. Also for the Ar–NH3–

SiH4 plasma N incorporation in the a–SiNx:H film is most likely responsible for the 

observed N loss. For NH2, a gas phase loss mechanism involving SiH4 molecules 

cannot be excluded on the basis of the reaction rates reported in the literature. Two 

possible reactions that might explain the observed NH2 loss were already proposed in 

Sec. IV.A. The first reaction, which removes atomic H from the plasma by a reaction 

with SiH4 suppressing the NH2 production, can in principle take place.  But on the 

basis of the small amount of injected SiH4 molecules, it is unlikely that this reaction 

can explain the total NH2 decrease. The second reaction resulting in the creation of 

amino–silanes is not expected to be significant as we found no evidence for these 

fragments by mass spectrometry. Moreover, a similar decrease of the NH and NH2 

density versus SiH4 flow in a hotwire CVD system was attributed to a decreased 

decomposition efficiency of NH3 on the hot wire surface [22] and not to gas phase 

reactions. In our case, the faster decrease of the NH2 density is presumably caused by 

an increased incorporation of NH2 into the a–SiNx:H film at higher SiH4 flows, similar 

to the situation for N radicals (Sec. V.B). 

 

C. NHx radical densities versus arc current. 
Another important plasma parameter, besides the NH3 and SiH4 gas flows is 

the plasma source current, which determines the amount of ions emanating from the 

source. Figure 4 (a–d) show the NHx (0–3) densities as a function of the arc current for 

a NH3 flow of 17 sccs and a SiH4 flow of 2.5 sccs. The N density increases linearly from 
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~2.5×1012 cm–3 to ~9.0×1012 cm–3 when the arc current is increased from 30 A to 70 

A. Also the NH density increases linearly from ~2.0×1012 cm–3 to ~4.0×1012 cm–3, 

while the NH2 density remains almost constant at 2.0×1012 cm–3. The NH3 density in 

the plasma decreases from ~10.0×1014 cm–3 to ~4.0×1014 cm–3 when the arc current 

increases from 30 to 70 A. 

Figure 4: The N (a), NH (b), NH2 (c) and NH3 (d) densities as a function of the arc current for an

NH3 flow of 17 sccs and a SiH4 flow 2.5 sccs. The lines serve as a guide to the eye. 
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The linear increase of the N and NH density versus arc current confirms that 

the production mechanism of these radicals is dependent on Ar+ ions from the plasma 

source, as discussed briefly in Sec. II. The stronger increase of the N density 

compared to the NH density indicates that N radicals might also be produced in 

secondary reactions of Ar+ ions with NHx radicals or N2 molecules, while this is not the 

case for NH radicals. The linear decrease in the NH3 density is expected because the 

NH3 dissociation process starts with the charge transfer reaction of Ar+ with NH3. 

Furthermore, the constant NH2 density corroborates the previous conclusion that NH2 

is produced by a different pathway than N and NH radicals.  

 

D. NH3 and SiH4 consumption 
The relative amount of gas phase consumption of a precursor, also called 

depletion, can give valuable insights into the deposition process. Furthermore, an 

effective use of the precursor gas is important from a cost perspective (e.g. high 

depletion values allows for more efficient use of precursor gases). The amount of NH3 

and SiH4 consumed in the plasma can be derived from mass spectrometry 

measurements of the NH3 density and SiH4 density (see Sec. III.C). In Fig. 5 we show 

the depletion of NH3 (a) and of SiH4 (b) in the plasma as a function of the NH3 flow for 

a SiH4 flow of 2.5 sccs. The depletion of NH3 decreases from ~0.9 for small NH3 flows 

to ~0.4 for high NH3 flows. Accurate measurements of depletions near 100% for low 

Figure 5: The depletion of NH3 (a) and SiH4 (b) in the Ar–NH3–SiH4 plasma versus the NH3 flow 

for a SiH4 flow of 2.5 sccs. The arc current was 45 A. The lines serve as a guide to the eye. 
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NH3 flows are difficult, which explains the larger error bars in Fig. 5. The behavior of 

the NH3 depletion versus NH3 flow can be understood by considering the amount of 

reactive species from the source compared to the injected NH3 flow and the remote 

character of the ETP technique [32]. For low NH3 flows the amount of Ar+ from the 

plasma source is sufficient to dissociate all NH3, but when the NH3 flow is increased 

further, the amount of Ar+ will be deficient to dissociate all NH3. At this point the 

depletion of NH3 starts to decrease. Also the depletion of SiH4 decreases from ~1.0 to 

~0.8 when the NH3 flow increases from 0 to ~6 sccs, whereas it remains constant at 

~0.8 for higher NH3 flows. The decrease of the SiH4 depletion when the NH3 flow 

increases is most probably related to a decrease in the direct dissociation of SiH4 by 

Ar+ due to competition of this process with the charge exchange reaction of NH3 with 

Ar+ as discussed in Sec. IV.A. At a NH3 flow of 6 sccs, most Ar+ ions are used to 

dissociate NH3, while SiH4 is presumably dissociated indirectly by reactive NHx 

species leading to a SiH4 depletion of ~0.8. 

Figures 6 (a) and (b) show the NH3 and SiH4 depletions versus the SiH4 flow in 

an Ar–NH3–SiH4 plasma for a NH3 flow of 17 sccs. The NH3 depletion remains constant 

at ~0.4 over the whole range of SiH4 flows, because the injected SiH4 flow is relatively 

small compared to the NH3 flow. Furthermore, the NH3 flow is injected in an earlier 

stage of the plasma expansion than SiH4 (see Fig. 1). Therefore, the NH3 dissociation 

is not affected by the injected SiH4 flow for these large NH3 flows. The SiH4 depletion 

Figure 6: The depletion of NH3 (a) and SiH4 (b) in the Ar–NH3–SiH4 plasma versus the SiH4 flow 

for a NH3 flow of 17 sccs. The arc current was 45 A. The lines serve as a guide to the eye. 
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stays constant at ~0.8 for SiH4 flows between 0 and 2.5 sccs SiH4 and subsequently 

decreases to ~0.5 for a SiH4 flow of 5 sccs. This suggests that the amount of reactive 

species created in the NH3 dissociation process is the limiting factor for the SiH4 

dissociation for SiH4 flows exceeding 2.5 sccs.  

In the expanding thermal plasma, the NH3 depletion is in the order of 40 % for 

actual deposition conditions of silicon nitride antireflection coatings on solar cells, 

while the SiH4 depletion is approximately 80 %. Note that the consumed NH3 flow is 

actually larger than the consumed SiH4 flow leading to near stoichiometric silicon 

nitride. These values for the NH3 and SiH4 depletion are relatively high in comparison 

to the results reported by Umemoto et al. They reported a NH3 depletion of 5% and a 

SiH4 depletion of 60 % in the hotwire CVD process based on NH3 and SiH4. However, 

when H2 is added to the NH3/SiH4 system, a much higher NH3 decomposition 

efficiency can be achieved in the hotwire CVD process [42–44]. Chowdhury et al. 
reported SiH4 depletions up to 100 % for small SiH4 flows and high power density in 

their rf PECVD system based on N2 and SiH4 [45]. In the ETP plasma, both the NH3 and 

the SiH4 depletions increase when the arc current and therefore the plasma power is 

increased. For an injected SiH4 flow of 2.5 sccs, NH3 flow of 17 sccs and an arc current 

of 70 A, the NH3 and SiH4 depletions are ~60% and ~100 % respectively. These high 

values of the depletion enable high rate deposition of a–SiNx:H using the ETP 

technique. 

The typical depleted NH3 density when the plasma is switched on is in the 

order of 1014 cm–3 while the typical NHx densities generated are in the order of 1012 

cm–3 during actual deposition conditions. The difference in magnitude of these 

densities cannot be explained by N or H incorporation in the film alone, which means 

that other species besides NHx radicals must be generated in the plasma. For an Ar–

NH3 plasma, it was already demonstrated that large densities of N2 and H2 molecules 

were generated [28]. Also in the Ar–NH3–SiH4 plasma we observed that most of the 

depleted NH3 and SiH4 flow is converted into H2 and N2 with typical densities in the 

order of 1014 cm–3 (not shown). A similar observation was also reported by Umemoto 

et al., who measured the H2 and N2 production in their hotwire CVD system. 

 

V. Discussion 
 
A. Summary of the plasma chemistry 

From the results presented in the current study combined with the outcome of 

previous studies, the following reaction pathway in the Ar–NH3–SiH4 plasma can be 

deduced. The cascaded arc plasma source produces primarily Ar+ ions that undergo a 

charge transfer reaction with NH3 molecules injected in the very first part of the 

plasma expansion. The NH3
+ ions created recombine dissociatively into N and NH 
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radicals, while NH2 radicals are produced via ion–molecule reactions or radical–

molecule reactions with NH3 molecules. This mechanism leads to relatively high N and 

NH densities that saturate at a level of 3.0–4.0×1012 cm–3 for high NH3 flows due the 

limited amount of Ar+ available. The NH2 density on the other hand increases linearly 

with the NH3 flow and reaches a level of 2.5×1012 cm–3 for an NH3 flow of 17 sccs. 

When SiH4 is injected in the plasma all NHx radicals decrease in density. This 

decrease can be partly explained by a lower production rate due to the competition 

between the charge transfer reaction of Ar+ with NH3 and the charge transfer reaction 

of Ar+ with SiH4. However, for the N and NH2 radicals the decrease in density is more 

pronounced than for the NH radical suggesting that an additional loss mechanism is 

present for the N and NH2 radicals, besides the reduction of their production rate. This 

loss mechanism is most likely an increased incorporation of these radicals in the  

a–SiNx:H film, as can be concluded from the surface loss of these radicals that will be 

discussed in Sec. V.B. In this case, the Si–N bond characteristic for a–SiNx:H is not 
predominantly formed in the plasma volume, but on the surface of the growing film. 

When the SiH4 flow injected in the plasma is increased, the surface composition of the 

growing film changes due to a higher flux of impinging SiHx radicals that create 

additional sites for N incorporation on the film’s surface. Therefore, the surface loss 

rate of N radicals will increase for higher SiH4 flows.  

The amount of reactive species emanating from the plasma source can be 

increased by a higher current, which leads to more production of N and NH radicals 

and a higher NH3 consumption in the plasma. The higher flow of reactive NHx species 

from the plasma source also allows for a higher degree of SiH4 dissociation. For a 

plasma with a NH3 flow of 17 sccs, a SiH4 flow of 2.5 sccs and a plasma source current 

of 70 A, the dissociation degree of NH3 and SiH4 can be as high as 60% and 100% 

respectively. Finally, it was observed that significant amounts of N2 and H2 molecules 

are produced in the plasma from dissociated NH3 and SiH4. 

 

B. Surface loss probabilities 
The kinetics of film growth in a plasma depend on the interactions of the 

plasma–generated species with the growing film surface. In order to understand how 

the film composition and electronic properties are related to the plasma parameters, 

detailed information on the interaction of the plasma species with the surface is 

required. 

Information on the surface reactivity of species can be deduced from density 

measurements for different wall conditions. Figure 7 shows a measurement of the N 

radical density versus the NH3 flow in an Ar–NH3 plasma for a clean stainless steel 

wall and a wall covered with a silicon nitride film. The observed trends for both curves 

are identical, but the saturation value of the N radical density is substantially higher 
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for the case of silicon nitride covered walls. For stainless steel walls the measured N 

density nSS  at high NH3 flows is ~3.0×1012 cm–3, while nSiN  is ~9.0×1012 cm–3 for 

walls covered with silicon nitride. This difference in N density was already observed in 

Fig. 3 (a), where the N density for stainless steel walls (triangles) lies considerably 

lower than the N density in a depositing Ar–NH3–SiH4 plasma (circles). Assuming 

constant production rate (P ) and no difference in gas phase loss for N radicals 

(corroborated by the extremely low reactivity of the N radical with SiH4), the observed 

density difference must be caused by a changing surface loss rate [See Eq. (1)]. In 

general, species can be lost at the surface with a probability β, which consists of a 

“recombination part” with a probability γ and of a “growth part” with a probability s. 

According to Motz et al. [46] the flux of species that is lost at the surface is given by: 

 
4 1

2

loss
nv β

β
Φ =

−
,      (2) 

with sβ γ= + , n the density of the species and v the thermal velocity. In a 

non–depositing NH3 plasma, the sticking probability s is zero and the flux of species 

lost at the surface is determined by the recombination probability γ. For our 

experimental conditions with a partial N2 pressure in the order of 10-2 mbar, the 

recombination probability on stainless steel γSS  can be estimated at ~0.1 on the basis 

of the work of Adams and Miller [26] and Singh et al. [27]. Using this value of γSS and 

the experimentally observed density ratio nSiN /nSS  of ~3.0, we obtain a recombination 

probability of N radicals on a silicon nitride surface γSiN  of ~0.03 via Eq. (2). 

Figure 7: The N radical density versus the NH3 flow measured in an Ar–NH3 plasma by threshold 

ionization mass spectrometry for clean stainless steel reactor walls (triangles) and silicon 

nitride covered reactor walls (circles). The plasma settings were equal in both cases. The lines 

serve as a guide to the eye.  
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 In SiH4 containing plasmas the sticking probability s is non–zero as N 

radicals can also be incorporated in the growing a–SiNx:H film. When we attribute the 

decrease in the N density as a function of the injected SiH4 flow in Fig. 3 (a) solely to N 

incorporation in the a–SiNx:H film, we can calculate an upper estimate for the sticking 

coefficient s, assuming a constant N recombination probability γSiN, no significant 

change in the N production rate due to SiH4 addition and no gas phase loss. For 

example, the N density is ~8.0×1012 cm–3 for a SiH4 flow of 0 sccs, while it is 

~6.0×1012 cm–3 for a SiH4 flow of 1 sccs. In the first situation the loss will only consist 

of N recombination on the surface (s = 0), while in the second case incorporation of N 

in the film causes an additional decrease in the N density. Using Eq. (2) we obtain a 

sticking coefficient s that varies with SiH4 flow: from ~0.016 for 1 sccs injected SiH4 to 

~0.034 when the SiH4 flow is 5 sccs. A similar change in the surface reaction 

probability β = γ + s from ~0.007 for low SiH4 flows to ~0.04 for higher SiH4 flows was 

also observed by Kessels et al. in the Ar–N2–H2–SiH4 expanding plasma [16, 17]. This 

change in the sticking probability s for higher SiH4 flows, is most likely caused by a 

higher SiHx flux to the surface creating more reactive surface sites available for N 

incorporation. 

For NH and NH2 radicals no significant difference in the surface recombination 

probability was observed on the basis of the measured densities in non–depositing 

plasmas for stainless steel walls and silicon nitride covered walls (see Figs. 3 (b) and 

(c)). The surface reactivity of NH and NH2 on different materials was reported by Fisher 

and coworkers using laser induced fluorescence in combination with a molecular 

beam setup [23–25]. The molecular beam was created from a rf powered plasma 

based on a NH3 or NH3–SiH4 feed gas mixture by expansion into a differentially 

pumped reactor. A surface loss probability βNH = 0.0 ± 0.1 for the NH radical on  

a–SiNx:H surfaces in NH3 and NH3–SiH4 plasmas was observed [23], indicating that 

the NH radical is virtually not reactive with the surface during plasma deposition of  

a–SiNx:H (sNH = 0). For the NH2 radical, surface production (γNH2 < 0) was found on  

a–SiNx:H surfaces in a NH3 plasma, while a surface loss probability βNH2 of 0.13 ± 0.07 

was found in a NH3–SiH4 plasma [24]. This suggests that NH2 is incorporated in the 

growing a–SiNx:H film. Assuming a similar NH2 recombination probability in NH3 and 

NH3–SiH4 plasmas, we deduce a sticking coefficient for NH2 (sNH2 ) during a–SiNx:H 

growth that is larger than 0.13. 

 

C. Implications for a–SiNx:H growth mechanism 
The deposition of a–SiNx:H films by plasmas is governed by reactive species 

(radicals) created in the plasma and their reaction kinetics on the surface (See Sec. 

V.B). More specifically, radical species are responsible for the creation of the Si–N 

network and two main options were introduced for the deposition mechanism of these 
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films. One mechanism was proposed by Smith et al. and is based on the creation of 

aminosilane radicals (Si(NH2)3) in the plasma phase [11], that are responsible for the 

a–SiNx:H growth. On the other hand, Umemoto et al. [22] have demonstrated that NH2 

and SiH3 radicals are the dominant growth precursors in the hotwire CVD deposition 

process of silicon nitride. These two mechanisms differ in the formation path of the 

characteristic Si–N bond, e.g. in the gas phase or on the surface of the growing film. 

In our analysis, we also found no evidence for the existence of amino–silanes in the 

ETP plasma by mass spectrometry, although the presence of the broadband 

absorption in the cavity ring–down measurements might indicate the presence of 

larger species. Umemoto suggested that the absence of amino silanes in the hotwire 

CVD process is caused by the relatively high atomic H fluxes that are created in the 

thermal decomposition of the injected precursors on the hot filament. In the 

expanding thermal plasma, the production of atomic H is also very efficient via the 

dissociative recombination reactions of NHx
+ ions with electrons (see Sec. IV.A). This 

could explain the absence of amino–silanes in the ETP plasma. Alternatively, Murley 

et al. provide another explanation for the absence of amino–silanes, which is related 

to the residence time of the gas in the reactor [20]. They showed that aminosilanes 

are primarily present for residence times higher than 2–3 s, which is larger than 

commonly used in the ETP plasma (typically ~0.5 s).  

Based on our data of the Ar–NH3–SiH4 plasma, we conclude that the N 

incorporation in a–SiNx:H film is most likely dominated by NHx radicals, which implies 

that the Si atoms are brought to the surface via SiHx radicals. This mechanism of Si 

incorporation by SiHx radicals is also dominant in the Ar–N2–H2–SiH4 plasma [16] and 

in the deposition of a–Si:H from Ar–H2–SiH4 plasmas. In the Ar–NH3–SiH4 plasma, we 

have also observed Si, SiH and SiH3 radicals by TIMS measurements. A preliminary 

study has shown that the densities of these radicals are all approximately ~1011 cm–3. 

From this perspective, it is expected that the role of N radicals in the Ar–NH3–SiH4 

plasma is similar to their role in the silicon nitride growth mechanism from N2–SiH4 

plasmas proposed by Smith et al. [14] and Kessels et al. [16, 17]. They showed that N 

radicals can insert into Si–Si backbonds of an a–Si:H–like layer that is created by 

impinging SiHx radicals. NH radicals on the other hand are not reactive with the 

growing film, as can be deduced from the measured surface reaction probability, 

while NH2 radicals are reactive on the surface with a reaction probability of ~0.13. 

This value is much higher than the reaction probability of N radicals (< 0.04), 

indicating a different sticking process on the surface of the growing film. NH2 radicals 

might stick on dangling bonds on the surface or insert into (strained) Si–Si bonds. 

Furthermore, NH2 could diffuse over the growing surface in a sort of hot precursor 

state, similar to the suggested mechanisms for SiH3 in a–Si:H growth [47].  
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The actual contribution of the NHx radicals to the silicon nitride growth 

depends on the measured densities and the surface reactivity of the radicals. These 

two parameters determine the N incorporation flux in the a–SiNx:H film. To consider 

the feasibility of N incorporation by NHx radicals, we estimate the N incorporation flux 

in two different ways. The first one is based on the deposition rate and the N atomic 

density determined from elastic recoil detection (ERD) measurements and in the 

second one we use the measured NHx densities, the reported surface reaction 

probabilities and the estimated thermal velocity of the radicals in the plasma. For 1 

sccs injected SiH4, 17 sccs NH3 and 45 A arc current, the N atomic density of the film 

was ~3.8×1022 cm–3 and the deposition rate ~6 nm/s, resulting in a N incorporation 

flux of 2.3×1016 cm–2s–1. For the calculation of the N incorporation flux from the 

radical densities on the other hand, we assume a sticking probability of ~0.02 for N 

radicals, ~0 for NH radicals and ~0.13 for NH2 radicals based on the discussion in 

Sec. V.B. Now we can calculate the contribution of N, NH and NH2 radicals to the 

growth assuming a thermal velocity of ~1600 m/s (corresponding to a gas 

temperature of 1750 K [33]), resulting in 4.9×1015 cm–2s–1, 0 cm–2s–1, and 1.6×1016 

cm–2s–1 for N, NH and NH2 respectively. Taking into account the limited experimental 

accuracy in the sticking probability, the two incorporation fluxes 2.3×1016 cm–2s–1 

and 2.1×1016 cm–2s–1 are in good agreement. Therefore, we conclude that the N 

incorporation in the a–SiNx:H film can be explained by the NHx (x=0,2) radical 

densities and their sticking probabilities. The NH2 radical is the most important 

radical for N incorporation in the film (roughly 77%), followed by the N radical 

(roughly 23%). This result is similar to the growth mechanism based on SiH3 and NH2 

radicals proposed by Umemoto et al. in a hotwire CVD process. 

 

VI. Conclusions 
 

The densities of N, NH and NH2 radicals in the Ar–NH3–SiH4 expanding thermal 

plasma used for silicon nitride deposition were investigated. The radicals were 

measured as a function of several plasma parameters such as NH3 flow, SiH4 flow and 

arc current. For typical deposition conditions, we found densities of ~5.0×1012 cm–3 

for N radicals, ~2.5×1012 cm–3 for NH radicals, and ~2.0×1012 cm–3 for NH2 radicals. In 

the SiH4 containing plasma the densities of N, NH and NH2 decrease with increasing 

SiH4 flow, with the decrease being more prominent for N and NH2. For NH, the 

decrease is most likely only due to a change in the gas phase production rate of the 

radicals, while N and NH2 radicals decrease also in density as they are incorporated in 

the a–SiNx:H film. 

Besides the radical densities also the relative consumptions of NH3 and SiH4 

in the plasma have been measured by mass spectrometry. For NH3 we found relative 
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consumptions in the range of 90 % to 40 %, while the observed SiH4 consumption lies 

between 90 % and 60 %. A large part of the consumed NH3 is converted into H2 and N2 

molecules, as was revealed by the large densities of these molecules (typically 1014 

cm–3) in the plasma. Also the SiH4 consumption contributes significantly to the 

observed H2 density in the plasma. 

Furthermore, we presented evidence that the recombination probability γ of N 

radicals is lower on a silicon nitride covered wall than on a stainless steel reactor 

wall. For NH and NH2 such a difference in recombination probability was not observed. 

The sticking probability s for N radicals was also deduced from the measurements and 

varies with SiH4 flow from ~0.01 to ~0.04. Comparison of the N growth flux calculated 

from the N atomic density in the film with the contributions from N and NH2 radicals to 

the growth has led to the conclusion that these radicals can account for the observed 

N atomic density in the film. Therefore, we expect that Si atoms are delivered to the 

surface via SiHx radicals creating an amorphous silicon like film that is nitrided by N 

and NH2 radicals. 
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Chapter 5 

Real time spectroscopic ellipsometry on 
ultrathin (<50 Å) hydrogenated amorphous 
silicon films* 

Real time spectroscopic ellipsometry was used to determine the time–evolution of the 

dielectric function, bulk thickness and surface roughness during hot–wire chemical 

vapor deposition of hydrogenated amorphous silicon (a–Si:H). The amorphous silicon 

films were deposited on native–oxide covered c–Si (100) and GaAs (100) substrates 

at temperatures in the range from 70 to 350 °C. Data analysis by a three layer optical 

model, consisting of substrate, bulk and surface roughness layer, revealed that the 

dielectric function of the a–Si:H film changes in the initial growth regime (d < 50 Å), 

which can be attributed to a higher optical bandgap for films with a smaller thickness. 

It is argued that the origin of this higher bandgap lies most likely in quantum 

confinement effects of the electron wavefunction in the ultrathin film, with possibly a 

small contribution of a higher hydrogen content in the ultrathin film. In addition, we 

show that the trends in surface roughness and bulk thickness are only marginally 

affected, regardless of whether the change in dielectric function with film thickness is 

incorporated in the data analysis. 

                                                                        
* Submitted for publication: P.J. van den Oever, M.C.M. van de Sanden, and W.M.M. Kessels 
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I. Introduction 
 

In recent years there has been a continuous trend towards the application of 

thinner films deposited on wafer substrates, which is primarily caused by the 

advancement of the semiconductor industry [1]. Another example can be found in the 

solar cell industry. Ultrathin films (thickness < 50 Å) of hydrogenated amorphous 

silicon (a–Si:H) are for example applied as a surface passivation layer, emitter of 

charge carriers, and back surface contact in silicon heterojunction (SHJ) solar cells 

[2,3]. For virtually all applications, the quality of the interface between the ultrathin 

film and the underlying substrate created in the first stages of growth is paramount 

[4,5]. Valuable information about the processes governing the interface formation can 

be extracted from the time–evolution of film properties – such as surface roughness, 

bulk thickness, and dielectric function ε – in the early stages of deposition. For  

a–Si:H, for instance, the dielectric function reflects the main absorption in the film 

due to band–to–band transitions, while the evolution of the surface roughness yields 

information about nucleation processes and surface roughening or smoothening 

mechanisms [6,7]. Furthermore, it is believed that the hydrogen content in the a–Si:H 

film plays an important role in the initial stages of growth until a thickness of 

approximately 35 Å [8,9]. For such thin films, in situ and real time measurement of 

material properties requires very sensitive diagnostics, because of the limited 

thickness of the films and the dynamic nature of the initial growth regime. 

Ultrathin a–Si:H films have been investigated both structurally and 

compositionally by a variety of techniques such as high–resolution transmission 

electron microscopy [5,10] and secondary ion mass spectrometry [10,11] Although 

very powerful, these techniques are not applicable in real time measurements, are 

sample–destructive, and do not provide fast process feedback. Alternatively, real 

time spectroscopic ellipsometry (RTSE) has demonstrated its sensitivity to sub–

nanometer changes in thickness and can be applied in real time providing 

instantaneous process feedback [12,13]. However, in most cases the interpretation of 

the RTSE data is challenging as the analysis is based on a multilayer model that 

requires assumptions about the film structure and dielectric function of each 

consecutive layer. Within these assumptions the RTSE data analysis gives the 

evolution of the bulk thickness and surface roughness during film growth, which also 

yields information about the initial growth regime [6,7,14].  

The dielectric functions of thick a–Si:H films can be determined directly from 

RTSE data by an elaborate procedure using a global regression analysis, when they 

are constant over a relatively large thickness range. This procedure determines the 

shape of the dielectric function and yields accurate results for the bulk thickness and 

surface roughness evolution. Nevertheless, parameterizations that assume a 
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prescribed shape of the dielectric function are often preferred, because they are 

relatively uncomplicated, are defined in physically useful parameters, can be applied 

on a single, ex–situ measurement and allow for a controlled variation of the dielectric 

function. In contrast to thick films (d >> 50Å), many authors have reported that the 

dielectric function of ultrathin a–Si:H films changes significantly with thickness [15–

20]. However, in most RTSE analysis methods such a change in dielectric function is 

not incorporated, although it might impact the information extracted about the first 

stages of a–Si:H growth. 

Here we investigate the thickness dependence of the dielectric function and 

the evolution of the bulk and surface layer thickness in the first stages of growth by 

RTSE. The RTSE data analysis procedure for ultrathin a–Si:H films is improved 

compared to the well established procedure for thick films [6,14]. In Sec. II of this 

Chapter we present the experimental arrangement and in Sec. III the RTSE data 

analysis is described in detail. The optical model is discussed and a method to extract 

the dielectric function directly from the ellipsometric data is presented. The commonly 

used Cody–Lorentz and Tauc–Lorentz parameterizations [21] are discussed and 

compared in Sec. III.C on the basis of the fit quality for six RTSE data sets of a–Si:H 

growth under different conditions. Subsequently, we focus on the data analysis for 

ultrathin films and show that the quality of the fit can be drastically improved by 

allowing a controlled change in the dielectric function via a parameterization for films 

thinner than 50 Å. In Sec. IV.C, we consider and discuss possible origins for the 

observed changes in dielectric function, such as a high hydrogen content in the 

interface layer or quantum confinement effects of the electron wavefunction. Finally, 

we discuss the impact of the improved RTSE data analysis on the deduced bulk 

thickness and roughness evolution in comparison with the analysis when using a 

thickness independent dielectric function for the initial stage of growth. (Sec. IV.D). 

 

II. Experimental procedures 
 

The a–Si:H films were deposited in an ultrahigh vacuum (UHV) setup 

consisting of two independently pumped stainless steel chambers separated by a 

central flange with the substrate mount. The setup features a low contaminant 

background, accurate substrate temperature control and excellent optical access to 

the substrate for diagnostics such as spectroscopic ellipsometry (SE) [14], infrared 

absorption spectroscopy in the attenuated total reflection geometry (ATR) [22], and 

second–harmonic generation [23]. More details on the experimental setup can be 

found in Ref. 14. Although SE and ATR were used simultaneously to monitor the 

deposition process of a–Si:H films by hot wire chemical vapor deposition (HWCVD), 

we focus on the SE measurements in this study. 
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Due to a possible substrate material dependency, both Si(100) and GaAs(100) 

substrates (50x20 mm2) with surface native oxide were used. In addition, GaAs 

substrates have a high infrared transmission at elevated substrate temperatures, 

which was required for the ATR measurements. The substrates were cleaned 

ultrasonically in ethanol for 20 minutes and subsequently blown dry with nitrogen. 

The GaAs substrates could be re–used by removing the silicon remnants from 

previous depositions by a wet chemical etch in a 0.1 M/l KOH solution for ~30 min 

prior to the cleaning procedure. After mounting the substrate and pumping down, the 

setup and the substrate were heated to 70 °C and 150 °C respectively and left over 

night to reach a base pressure below 2×10–8 mbar. 

Before the actual deposition by hot–wire chemical vapor deposition (HWCVD) 

in undiluted SiH4, the substrate was cooled down or heated to the desired 

temperature. A SiH4 flow of 3 standard cm3/min (Praxair, purity > 99.995% and with 

additional purification) resulted in a deposition pressure of ~8×10–3 mbar. The SiH4 

was decomposed by a coiled tungsten filament (0.4 mm diameter), which was located 

approximately 11 cm from the substrate. This filament was resistively heated to a 

temperature of ~2000 ± 200 °C by a DC current of 9.5 A, while before deposition the 

substrate was protected from direct exposure to generated radical species by an 

automated shutter located directly in front of the substrate. The used pressure and 

filament–substrate distance correspond to optimal conditions for hot–wire a–Si:H 

deposition as reported by Molenbroek et al. [14,24]. In this study, films were 

deposited on GaAs at substrate temperatures of 70, 150, 250, and 350 °C, while for 

the depositions on c–Si only temperatures of 150 and 250 °C were used. For all these 

conditions the deposition rate was approximately 30 Å/min. Table 1 summarizes the 

most important deposition conditions as well as the bandgap determined by the Tauc 

procedure [25] and the refractive index at 2 eV for the six depositions discussed in 

this Chapter. Although the study is focused on ultrathin films (d < 50 Å), the 

depositions were continued to a film thickness of ~1500 Å to accurately determine the 

bulk material properties.  

The spectroscopic ellipsometry measurements were carried out using a 

rotating compensator spectroscopic ellipsometer (J.A. Woollam M–2000U), collecting 

476 wavelengths in a spectral range from 1.24 to 5.0 eV. The ellipsometry light beam 

entered and exited the vacuum chamber via strain–free windows (Bomco Inc.) and the 

angle of incidence was approximately 59 degrees. RTSE measurements were taken in 

real time before, during and after the film deposition. Averaging 25 spectra, the time 

resolution of the RTSE measurements was ~3.5 seconds, giving an excellent signal–

to–noise ratio. 
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Table 1: An overview of the a-Si:H samples used in this study. The Cody-Lorentz parameters, 

Tauc bandgap (ETauc ) and refractive index at 2 eV (n2eV )are given for a-Si:H grown on c-Si and 

GaAs substrates with native oxide at a deposition temperature of 70, 150, 250 and 350°C. Also 

the MSE between fit and data, averaged over all consecutive time slices, is given for Cody-

Lorentz and Tauc-Lorentz parameterizations of the dielectric function. In the first data column 

the typical errors in the parameters are given. 

Sample number 1 2 3 4 5 6 

Substrate material Si(100) Si(100) GaAs(100) GaAs(100) GaAs(100) GaAs(100) 

Tsub (°C) 150 ± 20 250 70 150 250 350 

ETauc (eV) 1.75 ± 0.03 1.72 1.81 1.81 1.72 1.64 

n2eV 4.22 ± 0.02 4.45 3.78 4.14 4.43 4.61 

ε1(∞) 1.39 ± 0.05 1.02 1.43 1.39 1.32 1.29 

A 79 ± 2 92 85 81 77 77 

Γ 2.40 ± 0.01 2.43 2.56 2.37 2.32 2.35 

E0 (eV) 3.74 ± 0.01 3.69 3.75 3.75 3.67 3.62 

Eg (eV) 1.59 ± 0.02 1.52 1.63 1.67 1.55 1.43 

Ep (eV) 1.17 ± 0.05 1.33 1.70 1.25 1.02 0.98 

Av. MSE CL 3.28 1.74 2.24 1.44 2.64 2.25 

Av. MSE TL 3.78 2.91 3.19 2.91 3.74 4.17 

 

III. RTSE data analysis 
 
A. General information 

In this section, we introduce the data analysis procedures needed to extract 

useful information from the SE measurements. Spectroscopic ellipsometry measures 

the change in polarization state of light upon reflection off a sample in terms of the 

ellipsometric angles Ψ and Δ, that can also be expressed in the pseudo dielectric 

function of the sample (<ε> =<ε1> + i<ε2>). To extract physical quantities of interest such 

as the dielectric function, bulk thickness and surface roughness from the pseudo 

dielectric function, a multilayer optical model is needed. Throughout this Chapter we 

use a relatively simple three–layer optical model, consisting of substrate, film, and 

surface roughness layer for the RTSE data analysis. The dielectric function (ε = ε1 +iε2) 

of the substrate can easily be extracted from the measurements before deposition, 

but the extraction of the dielectric function of the film from the RTSE data after 

deposition is more complex. The film’s dielectric function can be determined directly 

without assumptions about its spectral shape by a global regression analysis 

(method 1), or it can be determined indirectly by using a parameterization that 
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prescribes a specific shape of the dielectric function versus photon energy (method 

2). Method 2 is often preferred as it is relatively uncomplicated, provides direct 

access to physically useful parameters and can be applied to a single ex–situ 

measurement at the final thickness, which is not the case for method 1. Section III.B 

discusses both methods to determine the dielectric function in detail. After the 

dielectric function of the film has been determined (either method 1 or 2), the bulk 

thickness and surface roughness layer thickness can be extracted from the RTSE data. 

At all points in time, a realistic optical model should provide an accurate description 

of the measured Ψ and Δ values while maintaining the lowest level of complexity 

(number of fitting parameters) possible. 

In our case, all RTSE data were analyzed with the EASE 2.30 software package 

provided by J.A. Woollam Co., Inc. [26] using the three layer model with bulk film 

thickness (db) and surface roughness layer thickness (ds) as free parameters. The total 

film thickness is defined as dt = db + (1–fv) × ds, in which fv is the void fraction in the 

surface roughness layer (see Sec. III.B). The model was fit to each spectrum 

minimizing the mean square error (MSE) between fit and data. The MSE is defined as: 

( ) ( )exp mod exp mod
1 1 2 2

1

1
MSE

2

N

i i i iiN M
ε ε ε ε

2 2

=

⎡ ⎤
= − + −∑ ⎢ ⎥− ⎣ ⎦

. (1). 

In this expression, N is the number of measured wavelengths, M the number of fit 

variables in the model and 
exp

1 i
ε , 

mod
1 i

ε ,
exp

2 i
ε , and 

mod
2 i

ε  are the real and 

imaginary parts of the experimental or modeled pseudo dielectric functions at 

wavelength i calculated directly from the experimental or modeled ellipsometric 

angles Ψ and Δ. In the fit procedure, the final fit parameters at one point in time 

provide the starting values for fitting the next time point.  

 
B. The optical model  

 

Substrate dielectric function 

The substrate dielectric function used in the model was extracted from the 

RTSE measurements before deposition by direct numerical inversion [27] and is in 

good agreement with the tabulated values for GaAs or c–Si plus native oxide. The use 

of this so–called “pseudo–substrate” method is justified by the relatively small 

native oxide thickness (~20 Å) compared to the probing wavelength (>2450 Å), which 

precludes interference effects in these layers. Furthermore, we assume no substrate 

modification during deposition, which is a reasonable assumption because of the 

remote nature of the HWCVD technique used in this study. 
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Film dielectric function 

The dielectric function of the a–Si:H film was determined directly from the 

RTSE data in a procedure based on the three layer substrate–film–roughness model 

by a global regression analysis using at least six RTSE spectra, equally distributed in 

time over the part of the deposition in which the material properties can be assumed 

constant (i.e., excluding the initial regime of film growth, d << 50 Å). This procedure 

(method 1) determines the dielectric function in a Kramers–Kronig consistent way 

without a priori assumptions about the shape of the dielectric function (no 

parameterization), the bulk thickness, and the surface roughness layer thickness. It 

minimizes the MSE by fitting the shape of the dielectric function, the bulk thickness 

and surface roughness layer thickness for all selected time slices simultaneously. In 

this procedure, the surface roughness is represented by a Bruggeman effective 

medium approach, which will be discussed below. This relatively fast analysis, which 

uses tabulated values for the a–Si:H dielectric function as an initial guess, yields a 

dielectric function that corresponds to the minimum in the MSE and is in good 

agreement with results obtained by the more elaborate global dynamic minimization 

scheme described by Collins et al. [28]. The dielectric function resulting from the 

abovementioned procedure can be used directly to extract the bulk thickness and the 

surface roughness layer thickness from the RTSE data.  

In some cases a parameterization of the dielectric function (i.e., method 2) is 

preferable as discussed previously. Suitable parameterizations for the a–Si:H 

dielectric function are the Kramers–Kronig consistent Tauc–Lorentz (TL) or Cody–

Lorentz (CL) model, which are both based on the assumption of parabolic bands but 

either with a constant momentum matrix element (TL) or a constant dipole matrix 

element (CL) [21]. For both parameterizations, the imaginary part of the dielectric 

function can be written as*: 

( ) ( )
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0                                                                     0
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⎡ ⎤⎪ − + Γ⎢ ⎥⎣ ⎦⎩

,  (2) 

with A the amplitude, E0 the peak transition energy, Γ the broadening term and Eg the 

bandgap energy. G (E ) defines the near bandgap behavior, which is different for 

respectively the TL (GTL) and CL (GCL) model: 

                                                                        
* In contrast to the original description of the Cody-Lorentz model by Ferlauto and coworkers, 

here the exponential Urbach tail due to localized states below the bandgap is not included, 

mainly because of the limited sensitivity to low absorption values and the small spectral range 

below the bandgap. 
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In the CL expression, Ep is a transition energy that separates the Cody shaped 

absorption onset from the Lorentzian behavior. The real part of the dielectric function 

ε1(E) is in both cases obtained by Kramers–Kronig integration of ε2(E), given by:  

( ) ( ) ( )2
1 1 2 2

2
gEE P d

E

ξε ξ
ε ε ξ

π ξ
∞= ∞ + ∫

−
,    (5) 

where ε1(∞) is a fitting constant that allows ε1(E ) to converge to values different from 

unity, and P  stands for the Cauchy principal part of the integral. 

In previous studies, we also used the Tauc–Lorentz parameterization directly 

(method 2) to determine the dielectric function of hot–wire deposited a–Si:H [14], 

which is justified when the parameterization is a good representation of the film’s 

dielectric function. However, when this is not the case or when the dielectric function 

of the deposited film is unknown, a parameterization can not be used and the 

dielectric function needs to be determined directly from the RTSE data (for example 

using method 1). This dielectric function obtained can subsequently be used to fit the 

consecutive RTSE spectra in time as well as to develop an adequate parameterization 

for the dielectric function of the deposited film. In the next section, we will determine 

which parameterization is best suited to describe the dielectric function of a–Si:H 

deposited at various substrate temperatures on Si(100) and GaAs(100) substrates 

covered with native oxide. 

 

Surface roughness 

The dielectric function of the surface roughness layer (εs) was modeled using a 

Bruggeman effective medium approximation, which is assumed to consist of voids 

with a fraction fv and of the underlying film with a fraction ff = 1– fv : 

( ) ( ) ( )
0 1

2 2
f s v s

v v
f s v s

f f
ε ε ε ε

ε ε ε ε
− −

= − +
+ +

.    (6) 

In this expression εf and εv represent the dielectric function of the film and voids (ε1 = 

1 and ε2 = 0 for all photon energies), respectively. The Bruggeman effective medium 

approximation is commonly used to model the surface roughness layer in 

ellipsometry data analysis and its validity was evaluated in detail by Fujiwara and 

coauthors [29]. They found that a void fraction fv of 0.5 gives an excellent 

representation of the surface roughness layer for bulk a–Si:H growth. In a similar 

analysis carried out on our RTSE data, we came to the same conclusion. Therefore, we 
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use a void fraction of 0.5 in the Bruggeman effective medium approximation of the 

surface roughness layer in this study. Although the surface roughness determined by 

SE is not sensitive to the shape of the surface morphology, a comparison between 

atomic force microscopy (AFM) and SE has led to the conclusion that the roughness of 

a–Si:H films determined by SE is midway between the peak–to–peak and root–

mean–square roughness determined by AFM [29].  

 

C. The choice between Tauc–Lorentz or Cody–Lorentz parameterization 
In this section we evaluate which parameterization is best suited to describe 

the dielectric function of a–Si:H using actual RTSE data from depositions. Figure 1 

shows the dielectric function of the a–Si:H film deposited at 150 °C on a GaAs 

substrate determined directly from the RTSE data using method 1 as described above. 

Furthermore, the figure shows the best fits to this dielectric function using the CL and 

TL parameterizations. As can be seen from the residue values between data and fit 

depicted in the lower part of Fig. 1, the fit using the CL parameterization is 

significantly better. Only for photon energies above 4.5 eV a small deviation between 

parameterization and the directly determined dielectric function is observed. For the 

depositions at other substrate temperatures and types we also found that the CL 

parameterization was better than the TL parameterization. 

Table 1 shows the CL parameters ε(∞), A, E0, Γ, Eg and Ep extracted from the 

fits for the six a–Si:H depositions considered in this study. These CL as well as the TL 

parameterizations determined by fitting the directly extracted dielectric function were 

Figure 1: The real and imaginary part of the dielectric function (ε1 and ε2) of an a-Si:H film

deposited at 150 °C on a GaAs substrate determined by a global regression analysis using 12

time slices of RTSE data. The parameterizations of the dielectric function using the Tauc-Lorentz 

(dashed line) and Cody-Lorentz (solid line) model are also shown, as well as the corresponding

residue values. 
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subsequently used to extract the time–evolution of the bulk thickness and surface 

roughness layer thickness from the consecutive RTSE spectra. The time–averaged 

MSE values associated to these fits are also given in Table 1. Comparing the averaged 

MSE obtained using the CL and the TL parameterizations confirms the conclusion that 

the CL model is a better representation of the a–Si:H dielectric function for films 

deposited on both c–Si and GaAs substrates at evaluated temperatures. The 

superiority of the CL over the TL parameterization is supported by various other 

studies [21,30] and therefore, in all subsequent analysis the Cody–Lorentz 

parameterization will be used. 

 

Figure 2: The surface roughness evolution in the first 180 seconds (~90 Å) extracted from the 

RTSE data using the analysis with fixed (open symbols) and variable bandgap (solid symbols)

for films deposited on GaAs substrates at a substrate temperatures of (a) 70 °, (b) 150 °C, (c)

250 °C and (d) 350 °C. (e) The mean square error (MSE) associated with the fits. In (e) the 

symbol types correspond to those in (a)-(d). 
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IV. RTSE data analysis for ultrathin films 
 
A. RTSE data analysis with a thickness independent dielectric function 

The use of a thickness independent dielectric function of the bulk layer has 

become a standard procedure in analyzing RTSE data of thin film deposition 

processes [6,14]. Here we apply the data analysis procedure described in the 

previous section under the assumption of a thickness independent dielectric function 

to our data and focus on the early stages of growth. The bulk dielectric function was 

extracted directly from the RTSE data (method 1) and subsequently parameterized by 

the Cody–Lorentz model, which was used to fit the consecutive RTSE spectra for bulk 

thickness and surface roughness. Figure 2 shows the fit results using the three layer 

model (as described in Sec. III) in the first 180 seconds of a–Si:H deposition on GaAs 

substrates at various temperatures. For brevity, we only show the temperature series 

on GaAs substrates in this section, but the depositions on c–Si show a similar 

behavior with slightly lower absolute values of the surface roughness. As expected, 

the bulk layer thickness (not shown) increases linearly as a function of the deposition 

time for all substrate temperatures and the total film thickness after 180 s deposition 

is approximately 90 Å for all films. In the first 20 seconds of the deposition, the 

surface roughness ds increases very fast for all temperatures to a level of 

approximately 15 Å as can be seen in Figs. 2 (a–d). Thereafter, the surface roughness 

evolution behaves differently for the various temperatures. For the deposition at 70 °C 

the roughness increases monotonically to ~24 Å, while the depositions at 150, 250 

and 350 °C show a substrate temperature dependent decrease that is followed by a 

gradual increase to values of ~18 Å, ~10 Å and ~9 Å after 180 s of deposition, 

respectively. It is clear from these results that the surface roughness for thick films 

decreases with increasing substrate temperature. A slightly different behavior of the 

bulk thickness and surface roughness versus deposition time was reported previously 

for a–Si:H deposited on crystalline silicon covered with native oxide14. The MSE 

depicted by the open symbols in Fig. 2 (e), which is a measure for the quality of the fit 

(see Sec. III.A), reaches a maximum at 30–60 seconds deposition time. In the next 

60–90 seconds it decreases significantly, after which it remains approximately 

constant. After 180 seconds, the surface roughness increases slowly for all 

temperatures, which is normal for steady state a–Si:H growth. Fujiwara et al. found a 

similar maximum in fit error for plasma enhanced chemical vapor deposited a–Si:H 

films, which was attributed to a change in the dielectric function of the ultrathin film 

combined with an increase in the void fraction of the Bruggeman effective medium 

approximation used to describe the surface roughness [29]. In the next section it will 

be shown that the MSE does not show a clear maximum when the dielectric function 

comprises a thickness dependent bandgap. 
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B. RTSE data analysis with variable bandgap 
 

The broad peak in fit error (MSE) observed in Fig. 2 (e) coincides with the 

region in which most of the dynamics in the surface roughness evolution occur. This 

questions the reliability of the suggested data analysis procedure in this region. In an 

attempt to improve the fit in the initial part of the deposition, the bandgap in the CL 

parameterization of the a–Si:H was allowed to vary. The choice for a varying a–Si:H 

bandgap was inspired by other studies that reported a higher bandgap for ultrathin 

films, such as the studies of a–Si:H/SiO2 multilayer structures by Lockwood et al. 
[18,19] and a typical dielectric function of ultrathin a–Si:H observed by RTSE [29]. As 

can be seen in Fig. 2 (e), incorporating a varying bandgap lowers the MSE values in 

the first 120 s of the deposition significantly compared to the analysis with a 

thickness independent dielectric function that was described in the previous section. 

Also the surface roughness evolution is marginally affected by the inclusion of 

variable bandgap in the data analysis procedure as is shown in Fig. 2 (a)–(d) and 

discussed in Sec. IV.D. Figure 3 (a) shows the bandgap variation as a function of the 

total film thickness deduced from the RTSE analysis for all depositions. The behavior 

of the bandgap energy as a function of the film thickness shows similar behavior for 

all films studied, regardless of the deposition temperature or substrate used. In the 

first 50 Å of the deposition the bandgap decreases from ~3 eV to the bulk bandgap 

value, which varies between 1.5 and 1.7 eV depending on the substrate temperature. 

The depositions on c–Si show the same trend, but due to the limited optical contrast 

between the c–Si substrate and the depositing film it was not possible to determine 

the bandgap in the first 15 Å of growth. As an example, the corresponding change in 

Figure 3: (a) The variation of the bandgap parameter Eg as a function of the film thickness 

deduced from the fits of the RTSE spectra. Open symbols correspond to films deposited on GaAs 

substrates and closed symbols to films deposited on c-Si. (b) An example of the imaginary part 

of the dielectric function ε2 of an a-Si:H film deposited at 150 °C on a GaAs substrate in the 

thickness range from ~5 Å to ≥ 50 Å (bulk film). 
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the imaginary part of the dielectric function ε2 [from Eqs. (2) and (4)] is shown in Fig. 3 

(b) for a total film thickness dt that progresses from ultra–thin films to bulk values (>> 

50 Å). Besides the increase of the bandgap energy, also the height of ε2 decreases for 

ultrathin films*. A similar reduction of the height of the dielectric function was 

predicted by atomistic calculations for Si quantum dots by Wang et al. [31]. 

Furthermore, it has been verified that a varying void fraction in the surface 

roughness layer (affecting the amplitude of the dielectric function, not the bandgap) 

only yields a marginal reduction of the MSE (not shown). Therefore, we have chosen to 

neglect a possible change in void fraction in our analysis to avoid increased 

complexity of the optical modeling. In the Sec. IV.D, the consequences of including a 

variable bandgap on the surface roughness evolution extracted from the RTSE 

modeling will be examined, but first possible origins of the thickness dependence of 

the bandgap will be discussed. 

 

C. Thickness dependent bandgap: physical origin 
 

Several authors have observed a higher bandgap for ultrathin a–Si:H films 

compared to the bulk value using various diagnostics. Yet the discussion about the 

origin of this effect has not completely settled [15–20]. In the literature, two 

explanations for the increased bandgap of ultrathin films are commonly suggested: (i) 

an increased hydrogen content and (ii) quantum confinement effects of the electron 

wavefunction. Fujiwara et al. attributed the observed ~0.2 eV blueshift compared to 

the bulk dielectric function of a 17 Å thick a–Si:H film deposited on a c–Si substrate 

to a higher H content in the initial layer [29]. In an earlier study the same group 

reported a blue shift of the bandgap for a–Si:H as well as for c–Si films with 

decreasing film thickness [15]. For the c–Si films, this effect was attributed to 

confinement of the electron wavefunction in the material, while for the a–Si:H films an 

excess H content was suggested as the cause for the bandgap shift. 

Recently, we demonstrated that a–Si:H films deposited on GaAs substrates 

also have a hydrogen rich interface layer [8], while it is generally accepted that the 

bandgap Eg increases with hydrogen content [H] for bulk a–Si:H [32,33]. Therefore, 

excess hydrogen content is a likely candidate to contribute to the increased bandgap 

for ultrathin films. Quantum confinement on the other hand, can take place when the 

film thickness is smaller than the localization length of the electron wavefunction. A 

well known example can be found in the etching of c–Si to a porous material. When 

the film becomes more porous, an increase in bandgap is observed by a clear blue 

                                                                        
* Note that the height of ε2 changes despite the constant amplitude parameter A in the CL 

parameterization (Eq. 2). 
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shift of the photoluminescence (PL) peak energy [34,35]. For a–Si:H however, 

conflicting results have been reported in the literature. In the etching of a–Si:H to a 

porous variant the PL peak energy remained at the same position [36], which 

indicates that the localization length of the electron wavefunction might be too short 

for quantum confinement effects on the lengths scales in the porous amorphous 

silicon (30–50 Å). This was also suggested by Mott who estimated the localization 

length of the electron wavefunction in a–Si:H to be ~10 Å compared to ~50 Å in c–Si 

[37]. On the basis of this statement quantum confinement effects in a–Si:H films 

thicker than ~10 Å are unlikely. Nevertheless, Park et al. have shown that quantum 

confinement is possible in 24 Å sized a–Si:H quantum dots in an a–SiNx:H matrix [38]. 

This observation is supported by theoretical work by Nishio et al., who calculated the 

size dependence of the peak energy in the emission of a–Si quantum dots in an  

a–SiNx:H matrix [39] and find perfect agreement with the experimental results of Park 

et al. More experimental evidence for quantum confinement in 10–30 Å thick 

hydrogen deficient a–Si layers was given by Lockwood and coworkers, who measured 

the blue shift of the photoluminescence peak energy in MBE grown  

a–Si/SiOx superlattices as a function of the a–Si film thickness. The blue shift 

observed was corroborated by independent soft X–ray Si L2,3 edge absorption 

spectroscopy, which probes the shift in the conduction band minimum and valence 

band maximum [18,19]. The observed energy gap shift Eg–Eg,bulk could be accurately 

fitted by an effective mass model for one dimensionally confined Si assuming infinite 

potential barriers: 

,bulk 2g g
C

E E
d

− = ,      (5) 

with the confinement parameter C defined as: 
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In this expression *
em  and *

hm  are the electron and hole effective masses and d is the 

film thickness. The experimental results by Lockwood et al. were reproduced 

theoretically by Nishida et al., who calculated the electronic structures of ultrathin Si 

(100) films and concluded that the MBE grown a–Si are almost crystalline [40]. More 

theoretical support for the existence of the quantum confinement effect comes from 

Allan et al. who calculated the electronic structure of amorphous silicon clusters 

within the tight binding approximation and concluded that one should expect 

blueshifts with the reduction in size comparable to what is reported for c–Si clusters 

[41]. In a separate publication, they report that quantum confinement effects can be 

expected in a–Si layers with a thickness below 30 Å [42]. In the next two sections, we 

will discuss an increased hydrogen content as well as the quantum confinement effect 
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as possible explanations for the higher bandgap for ultrathin films with respect to the 

bandgap value for bulk films. 

Increased hydrogen content  

Several studies have shown that the initial layer in a–Si:H growth is relatively 

hydrogen rich compared to the bulk film [8,9]. The contribution of this higher 

hydrogen content near the interface to the increase of the bandgap observed can be 

estimated by a measurement of the hydrogen content as a function of the film 

thickness. As mentioned in Sec. II, the hydrogen content was measured in–situ and 

real–time by infrared absorption spectroscopy in the so–called attenuated total 

reflection geometry (ATR) [8,9,22] simultaneously with the RTSE experiments. The 

inset in Fig. 4 shows the infrared absorption due to SiH and SiH2 groups in an a–Si:H 

film with increasing thickness deposited at 70 °C. Assuming thickness independent 

absorption cross sections of the SiH and SiH2 groups [43], the infrared absorption 

spectra were used to determine an upper estimate of the bonded atomic H content as 

a function of the film thickness. As reported in Ref. 8, this analysis revealed a 

hydrogen–rich interface layer, which was corroborated by secondary ion mass 

spectrometry measurements. Subsequently, the value of the bandgap corresponding 

to the hydrogen content at a certain film thickness was calculated from the relation 

between the hydrogen content [H] and bandgap derived from measurements for thick 

a–Si:H films: Eg = (1.34±0.06) + (21±4)×10–3 × [H]. This relation is in good agreement 

with results presented in Refs. 44, 45, and 46. Figure 4 shows the bandgap shift  

Figure 4: The bandgap shift E–Eg, bulk calculated on the basis of the hydrogen content deduced

from in situ infrared absorption measurements shown for the depositions at a substrate

temperatures of 70 °C (open squares) and 350 °C (open diamonds). The lines are a guide to the 

eye. Furthermore, the bandgap shifts deduced from the RTSE analysis are represented by the

open circles for all substrate types and temperatures used. The inset shows the absorption

spectra of the film deposited at 70 °C at several values of the film thickness. These absorption 

spectra were used to calculate the bandgap shift on the basis of the hydrogen content. 
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Eg–Eg,bulk with respect to the bulk value Eg,bulk calculated from the H content as a 

function of the total film thickness as well as the bandgap shifts obtained from the 

RTSE measurements. Both data sets show a higher bandgap shift for thinner films, 

but the bandgap shifts obtained from the RTSE measurements are clearly higher than 

the ones deduced from the H content measured by infrared absorption spectroscopy. 

These observations suggest that the observed bandgap shift can not be fully 

attributed to the increased hydrogen content. Moreover, the bandgap shifts extracted 

from the RTSE measurements are independent of the substrate temperature, while the 

bandgap shift deduced from the infrared measurements is not. This indicates that 

that the observed higher bandgap for thinner films is probably not completely caused 

by the increased hydrogen content of the ultrathin films. 

Another argument supporting the conclusion that the higher bandgap for 

ultrathin films is not caused by a high initial hydrogen content, follows from RTSE 

modeling of thick a–Si:H films. When we assume that a hydrogen rich interface layer 

is responsible for the increased bandgap, the optical model used for the RTSE data 

analysis of films thicker than ~50 Å should be extended with a high bandgap interface 

layer between substrate and bulk a–Si:H film. The inclusion of such a high bandgap 

interface layer in the optical model, however, does not result in lower but in higher 

MSE values for the fits of the RTSE spectra of the thick films. The quantum 

confinement effect on the other hand, is only present for ultrathin films and 

disappears for films thicker than ~50 Å, which is exactly what we observe in our data. 

In addition, it was shown by Jun et al. that the blue shift in the dielectric function for 

thin a–Si:H films remains after all atomic H was removed from the samples by 

annealing the a–Si:H at 600 °C [17]. The abovementioned observations basically 

exclude hydrogen as the only origin of the increased bandgap observed for ultrathin 

films. However, a minor contribution of the excess hydrogen content to the higher 

bandgap for ultrathin films, can not be excluded on the basis of these data. 

 

Quantum confinement 

As discussed before, an alternative explanation for the increased bandgap 

observed in the experiments is the quantum confinement effect. Figure 5 shows the 

bandgap shift E–Eg, bulk deduced from the RTSE measurements and several literature 

values of bandgap shifts that have been attributed to quantum confinement effects in 

a–Si:H, such as the studies reported by Lockwood et al. [19], Allan et al. [40] and 

Nishida [42]. The lines in Fig. 5 are fits by the simple approximation of 1D quantum 

confinement given by Eq. (5), while the inset shows the same data on a double 

logarithmic scale. The bandgap shift determined by the RTSE measurements shows a 

1/d 2 behavior that is characteristic for quantum confinement. Only for a film 

thickness < ~10 Å, the data and the fit show a deviation, which could be caused by the 
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limited optical contrast between substrate and film in the RTSE measurements for 

such thin films. The extracted value for the confinement parameter C of 120 ± 4 eVÅ2 

is in fair agreement with literature values for the electron and hole effective masses in 

a–Si:H. Using *
em =(0.3 ± 0.1) and *

hm =(1.0 ± 0.1) for the effective masses of 

electrons and holes in a–Si:H [47] respectively, a confinement parameter of 165 ± 70 

eVÅ2 is found*. These results clearly suggest quantum confinement as the origin of 

the higher bandgap for ultrathin films. 

 

D. Implications for the surface roughness evolution. 
For the RTSE fitting in this study, we chose to adapt a varying bandgap in the 

first 50 Å of film growth to account for the change in the dielectric function. As was 

demonstrated in Fig. 2 (e), this modification to the data analysis procedure 

significantly improves the fit quality and produces consistent fit results. In the Figs. 2 

(a)–(d) we compare the behavior of the surface roughness as a function of the 

deposition time obtained from the RTSE analysis using the thickness independent 

bandgap (Sec. III.A) and the varying bandgap method (Sec. III.B). When the varying 

                                                                        
*
 It is remarkable that the confinement parameters extracted from the results of Nishida and 

Lockwood et al. show better agreement with the value expected for a c–Si film than with the 

value for an a–Si:H film. This might indicate that the ultrathin films show a quasi–crystalline 

structure, as was also suggested by Nishida. 

Figure 5: The bandgap shift E–Eg as a function of the total film thickness deduced from the RTSE

analysis (open circles). Also values from thin film structures that include amorphous silicon

reported in the literature are shown (triangle up–Lu et al. [18], triangle down–Allan et al. [42], 

squares–Nishida et al. [40]). The lines are fits to the data using a 1/d 2 relation that is 

characteristic for 1D quantum confinement. The inset shows the same data with double

logarithmic axes.  
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bandgap method is used for fitting, the initial increase in surface roughness is 

smaller compared to the method with the thickness independent bandgap. The 

surface roughness is also lower in the subsequent region until approximately 90 s 

deposition time when the bandgap is varied. For films thicker than 50 Å (~90 s 

deposition time), no difference between both analysis methods is observed. The 

general trends as described in Sec. IV.A, however, are the same for both fitting 

methods. For the temperature range studied, these trends in the surface roughness 

versus deposition time have been attributed to physical phenomena in previous work: 

(a) heterogeneous nucleation in the first 20 seconds of growth (typical film thickness 

10 Å), followed by (b) coalescence of the nuclei and temperature dependent 

smoothening on a relatively small lateral length scale (film thickness from 10 Å to ~75 

Å), and finally (c) surface roughening on larger lateral length scales (films thicker than 

~75 Å) [6,7,14]. The relatively minor changes in the observed trends imply that the 

conclusions based on the surface roughness evolution drawn by several authors are 

still valid. For instance the nucleation density on the native oxide surface calculated 

from the initial roughness increase due to heterogeneous nucleation would be in the 

range of (1–2)×1013 cm–2 for both fitting methods. 

 

V. Conclusions 
 

The thickness–evolution of the dielectric function of a–Si:H was studied by 

real–time spectroscopic ellipsometry during hot–wire chemical vapor deposition. The 

dielectric functions of thick a–Si:H films were determined directly from the data 

without assumptions about their shape and could be parameterized best by the 

Cody–Lorentz rather than by the Tauc–Lorentz parameterization. For ultrathin films (d 
< 50 Å) the data analysis procedure using a constant dielectric function over the whole 

film thickness could be improved significantly by incorporating a higher bandgap for 

thinner films via the Cody–Lorentz parameterization. Although the varying bandgap in 

the RTSE analysis greatly improved the fit quality in the first 50 Å, the evolution of the 

surface roughness was only marginally affected. The magnitude of the surface 

roughness decreases slightly in the first 50 Å of growth, but the general trends 

described in previous studies remain nearly unaffected. This implies that 

spectroscopic ellipsometry can be used with confidence for the analysis of the surface 

roughness of ultrathin films. 

Two possible explanations for the higher bandgap of ultrathin films that were 

suggested in the literature have been discussed in this Chapter. First, we argued that 

the higher hydrogen content in the interface region measured by infrared absorption 

spectroscopy can not explain the higher bandgap for ultrathin films. Alternatively, we 

demonstrated that this bandgap shift can be accurately fitted by a 1/d 2 relation, 
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which is characteristic for 1 D quantum confinement. Furthermore, our data show 

resemblance with studies (both experimental as well as modeling studies) that 

attribute the higher bandgap in ultrathin a–Si:H structures to quantum confinement 

effects. On the basis of our data we suggest therefore that the observed phenomenon 

of a higher bandgap for ultrathin films is caused by quantum confinement. 
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Chapter 6 

Hot–wire deposition of a–Si:H thin films on 
wafer substrates studied by real–time 
spectroscopic ellipsometry and infrared 
spectroscopy* 

Film growth of hydrogenated amorphous silicon (a–Si:H) by hot–wire chemical vapor 

deposition was studied simultaneously and in real–time by spectroscopic 

ellipsometry and attenuated total reflection infrared spectroscopy. The a–Si:H films 

were deposited on native oxide–covered GaAs(100) and Si(100) substrates at 

temperatures ranging from 70 to 350 °C. A temperature dependent initial growth 

phase is revealed by the evolution of the surface roughness and the surface and bulk 

SiHx absorption peaks. It is discussed that the films show a distinct nucleation 

behavior by the formation of islands on the surface that subsequently coalesce 

followed by bulk a–Si:H growth. Insight into a temperature–activated smoothening 

mechanism and the creation of a hydrogen–rich interface layer is presented. 

                                                                        
* Accepted for publication in Thin Solid Films: P.J. van den Oever, J.J.H. Gielis, M.C.M. van de 

Sanden, and W.M.M. Kessels 
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I. Introduction 
 

Initial growth of hydrogenated amorphous silicon (a–Si:H) and the subsequent 

evolution of the material properties as a function of the film thickness is an 

interesting area of research, which becomes more relevant with the increasing 

amount of applications of thin a–Si:H films on wafer substrates. Very thin (<100 Å)  

a–Si:H films on crystalline silicon substrates are applied in heterojunction solar cells 

[1] and for backside surface passivation schemes of diffused emitter solar cells [2]. 

Furthermore, information on the growth of ultrathin a–Si:H films is important to 

understand the breakdown to the amorphous phase in the epitaxial growth of thin 

crystalline silicon films [3,4]. 

Several questions with respect to the nucleation of an a–Si:H film on the 

substrate, the coalescence of the nucleation sites at increasing film thickness, and 

the formation of a hydrogen–rich interface layer, remain unresolved although it is 

clear that the substrate temperature is a key parameter. It is generally difficult to 

obtain insight in these aspects as this requires real–time measurements during film 

growth that do not disturb the deposition process. It was already shown that 

spectroscopic ellipsometry (SE) is well suited for real time studies of the initial growth 

process [5], but the combination of SE with attenuated total reflection (ATR) infrared 

spectroscopy is even more powerful. This all–optical and non–intrusive approach was 

already applied by Fujiwara and co–workers for plasma–enhanced chemical vapor 

deposition (PECVD) of a–Si:H [6,7]. Although the data analysis of these real–time 

measurements requires optical modeling and deconvolution of spectra, Fujiwara and 

co–workers were able to obtain detailed insight into the growth of a–Si:H on native–

oxide covered and H–terminated Si(100) substrates for a substrate temperature of 

240 °C and 130 °C, respectively. In the present study, we apply the combination of 

both techniques to a–Si:H films grown on native oxide covered GaAs(100) and Si(100) 

substrates at temperatures between 70 to 350 °C. The films were deposited by hot–

wire chemical vapor deposition (HWCVD), which is the method of choice for high–rate 

deposition and also for well–controlled growth of a–Si:H without ion bombardment. 

Hot–wire deposited silicon films have also been used successfully in heterojunction 

solar cells [8] and epitaxial growth studies [4,9]. 

 

II. Experiment 
 

The a–Si:H films were deposited in an ultrahigh vacuum setup [see Fig. 1 (a)] 

by HWCVD using SiH4 (purity > 99.99% ) at a pressure of 8×10-3 mbar and a hot–wire 

temperature of ~2000 ± 200 °C. The SiH4 flow rate was 3 sccm and the filament, which 

was heated by a DC current of ~10 A, was positioned at a distance of 11 cm from the 
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double side polished GaAs(100) or Si(100) substrates used in this study. These 

settings correspond to optimal conditions for hot–wire a–Si:H deposition as reported 

by Molenbroek et al. [10]. The substrates were cut trapezoidal (50 mm × 20 mm × 0.7 

mm) with 45° angled bevels (i.e., so–called ATR substrates) and were cleaned 

ultrasonically in ethanol, while no efforts were made to remove the native oxide. 

Subsequently, the substrates were mounted in the setup and baked at 150 °C 

overnight prior to heating or cooling down to the desired deposition temperature. The 

growth rate was ~30 Å/min for the conditions described. 
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Figure 1: (a) A schematic overview of the ultrahigh vacuum system consisting of a deposition

chamber and a backside chamber for optical access to the substrate which is positioned at the

flange separating the two chambers. The filament for HWCVD is positioned in the deposition

chamber, the substrate heater in the backside chamber. The figure also shows the setups for

spectroscopic ellipsometry (SE) and attenuated total reflection (ATR) infrared spectroscopy. In

the figure “HW” stands for hot-wire, “P” for polarizer, “C” for compensator, “A” for analyzer,

and “MCT” for Mercury Cadmium Telluride. (b) An enlargement of the sample region

schematically showing the a-Si:H film on the ATR substrate including the ellipsometry and

infrared beam path. 
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Spectroscopic ellipsometry (SE) measurements were carried out with a J.A. 

Woollam M–2000U rotating compensator ellipsometer with a photon energy range of 

1.24–5 eV. The ellipsometry light beam entered the setup at the deposition side 

through strain–free windows at an angle of incidence of ~60° [see Fig. 1(a)]. For every 

data point, 25 spectra were averaged to obtain a good signal–to–noise ratio leading 

to a time resolution of ~3.5 s and a depth resolution of ~2 Å for the present condition. 

The data were analyzed by an optical model consisting of (i) a substrate with native 

oxide; (ii) a bulk a–Si:H layer; and (iii) a surface roughness layer. For a detailed 

description of the analysis procedure we refer to a separate paper [11]. The results on 

the thickness of the bulk layer db and surface roughness layer ds are used in this 

Chapter. The (total) film thickness is represented by db + ½ds. 

The attenuated total reflection (ATR) measurements took place from the 

backside vacuum chamber as depicted schematically in Fig. 1. The infrared (IR) 

radiation from the Bruker Vector 22 FTIR spectrometer entered and exited the vacuum 

through ZnSe windows and was polarized perpendicular to the plane of incidence by a 

wire grid polarizer. The beam was focused on the 45° angled bevels of the trapezoidal 

ATR substrates by parabolic gold mirrors. The IR beam underwent multiple internal 

reflections in the ATR substrate before emerging from the opposite bevel, where it 

was focused on a liquid nitrogen cooled HgCdTe (MCT) detector. The refractive index 

of the GaAs as well as Si ATR substrates closely match that of a–Si:H, yielding total 

internal reflection at the film–vacuum interface and not at the substrate–film 

interface. Furthermore, GaAs is IR transparent up to ~750 cm–1 at temperatures 

exceeding 350 °C, in contrast to c–Si which only allows IR transmission at frequencies 

higher than ~1500 cm–1 and temperatures up to 150 °C. In our configuration, the IR 

beam experiences approximately 35 total internal reflections on each side of the ATR 

substrate and, hence, the absorption path length in the film deposited on the ATR 

substrate is enhanced by approximately a factor of 70 compared to a normal 

transmission measurement. Before deposition, the background transmission T0 was 

measured by averaging 500 scans while for the real–time measurements the number 

of averages was set to 15 scans. The calculation of the transmission T from the 

measured interferogram was carried out after the deposition to optimize the 

measurement repetition rate. With a resolution of 4 cm–1, these settings led to a time 

resolution of ~6.8 s, which corresponds to a depth resolution of ~4 Å at a typical 

growth rate of ~30 Å/min. To accurately represent the absorption of the deposited 

film, the absorbance A is calculated from the measured transmission T and the 

background transmission T0 using the expression A = –log(T/T0). Small corrections 

were applied to obtain a flat baseline in the spectra before fitting absorption peaks in 

the deconvolution procedure. 
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III. Results 
 
A. Infrared absorption spectra 

Figure 2 shows the measured absorbance for a–Si:H deposited on GaAs at 70 

°C in the thickness range from 5 Å to 200 Å. Two absorption regions due to SiHx 

(x=1,2,3) bonds in the film can be distinguished in these spectra: (i) SiH2 and SiH3 

deformation and wagging modes in the ~800−950 cm–1 region; and (ii) SiHx stretching 

modes in the ~1900−2200 cm–1 region. Clearly, the measured absorbance in both 

regions increases with increasing film thickness. The presence of the deformation and 

wagging modes (~845 cm–1 and ~890 cm–1) indicates a high content of SiH2 and SiH3 

groups in the film as commonly observed at low substrate temperatures [12]. The 

observed peak at ~1050 cm–1 remains constant after its initial appearance and can be 

attributed to O–Si–O bonds formed at the interface between the native oxide covered 

GaAs substrate and the a–Si:H film [13]. Besides an increase in the amplitude of the 

absorbance, the stretching modes show also a shift in the position of the absorbance 

towards lower frequencies with increasing film thickness. 

To obtain quantitative information about the evolution of the bonding of 

hydrogen versus time, the spectra in Fig. 2 were deconvoluted into several Gaussian 

peaks. Figure 3 (a) and (b) show the deconvolution of the thinnest (~5 Å) and thickest 

film (~200 Å) from Fig. 2, respectively. The spectrum of the thinnest film shows 

several relatively narrow peaks, attributed to SiHx surface groups, while the spectrum 

of the thick film is dominated by two broad bulk peaks centered at ~2000 cm–1 [low 

Figure 2: The measured absorbance during the deposition of an a-Si:H film at 70 °C (only 

selected spectra are shown for clarity). The region between 800 and 950 cm-1 is assigned to 

deformation and wagging modes of SiH2 and SiH3 and the peak at ~1050 cm-1 is due the 

stretching mode of Si-O-Si bonds located primarily at the interface between the a-Si:H and the 

native oxide covered GaAs substrate. The region between ~1900 and 2200 cm-1 is assigned to 

the stretching vibrations of SiHx (x=1,2,3) both at the surface and in the bulk of the film. 
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stretching mode (LSM)] and ~2090 cm–1 [high stretching mode (HSM)]. Note that 

narrow SiHx surface peaks are also necessary for a good deconvolution of the thick 

film spectrum, but the uncertainty in the amplitude and position of these peaks is 

considerably higher compared to thinner films due to correlation with the HSM peak. 

On the high frequency side above 2190 cm–1, two relatively broad peaks due to 

oxygen backbonded SiHx groups are detected in some cases [6,13]. Similar to the 

peak at ~1050 cm–1, these peaks are related to the interface formation on the native 

oxide and they do not increase in amplitude as film growth progresses. 

The different surface peaks were assigned on the basis of data reported for 

different crystalline silicon surfaces [13]. The assignment was similar to the one 

employed by Marra et al. [14] and Fujiwara et al. [6] with possible small differences in 

peak deconvolution having negligible effect on the final interpretation. For the 

proportionality constants used to calculate the hydrogen content in the film and the 

assignment of the bulk peaks we follow Smets et al., who assign the LSM to SiH in 

vacancies in the a–Si:H bulk and the HSM to SiH on void surfaces and to bulk SiH2 

[15]. A summary of the used assignments is given in Table 1. Finally, it is noted that in 

the deconvolution of the temperature dependent spectra, the positions and widths of 

the surface SiHx peaks were kept constant for all temperatures, while they were 

allowed to vary as function of temperature for the LSM and HSM bulk peaks. 

In the insets of Fig. 3, the spectra obtained at the different substrate 

temperatures are compared. When the temperature increases, the overall absorbance 

decreases in amplitude and shifts towards the lower frequency region in the spectrum 

for both the ~5 Å and ~200 Å thick film. This behavior indicates a decrease of the total 

amount of SiHx bonds with increasing temperature. For ultrathin films, a clear shift 

 

Figure 3: Infrared spectra obtained for an a-Si:H film at a thickness of (a) ~5 Å and (b) ~200 Å

deposited at 70 °C. The solid lines are the deconvolution of the spectrum into several Gaussian

peaks (dotted lines), representing different SiHx stretching modes either at the surface or in the

bulk of the a-Si:H film. In the inset the spectra obtained for the different temperatures are 

compared.  
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Table 1: The assignments of the infrared absorption peaks in the SiHx stretching region of a-Si:H 

[13,14,15]. The full width at half maximum of a surface peak is typically 27 cm-1 while the bulk 

peaks are ~85 cm-1 wide. 

Surface hydrogen Bulk hydrogen 

Peak position (cm-1) Assignment Peak position (cm-1) Assignment 

2070–2080  SiH  1980–2020 (LSMa ) SiH in vacancies 

2095–2105  SiH  

2110–2120  SiH2  

2080–2095 (HSMb ) SiH2 / SiH on void surfaces 

2135–2145 SiH3  2190–2210  SiHx(Oy)  

2155–2165 SiH(O2)  2240–2260  SiH(O3)  

 a LSM: low stretching mode; b HSM: high stretching mode 

 

from a mainly SiH3 to a SiH dominated surface coverage can be observed when the 

substrate temperature increases [16,17], while for the thicker film the LSM becomes 

relatively more important with respect to the HSM. 

 

B. The bonding of hydrogen and surface roughness evolution 
In Fig. 4 the data obtained from the infrared spectra and the spectroscopic 

ellipsometry measurements are summarized for the different substrate temperatures. 

Figures 4 (a)–(d) show the peak area of the LSM, HSM, and the sum of the surface SiHx 

peaks as a function of the film thickness while the surface roughness evolution 

(measured simultaneously) is given in Fig. 4 (e)–(h). The insets show typical atomic 

force micrographs of the a–Si:H surface morphology while also the microstructure 

parameter R*, the hydrogen content [H], and the surface roughness from the AFM and 

SE measurements are given for the final film thickness. 

From Fig. 4, it is clear that [H] and R* decrease for increasing substrate 

temperatures. The values obtained from the ATR infrared spectroscopy are slightly 

higher than those obtained by Rutherford backscattering and infrared transmission 

measurements of 2000 Å thick a–Si:H films on native oxide covered c–Si substrates 

carried out in a separate study. The surface roughness of the films decreases with 

temperature as can be concluded from both the AFM and SE data while the relation 

between the AFM and SE roughness is similar as previously reported [18]. For the data 

on the bonding of hydrogen, the trends with thickness show similar behavior for all 

temperatures. The HSM increases relatively steep initially and levels off after ~20–25 

Å of film growth, while the LSM remains zero in the initial growth phase. The SiHx 

surface groups show a maximum in the first 20–25 Å for all temperatures while for 

250 and 350 °C the large increase and subsequent decrease of the surface SiHx 

groups is very pronounced. The surface roughness evolution shows a clear 
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dependence on the substrate temperature. For all temperatures an initial increase in 

the roughness to a level of ~11–13 Å is observed. Subsequently, for the higher 

substrate temperatures the surface roughness reaches a maximum after which it 

decreases again, while for the lower substrate temperatures only a slower steady 

increase with film thickness takes place. Such a slow increase in surface roughness is 

eventually also observed for the higher substrate temperatures, but the rate of this 

steady state increase is significantly reduced at elevated temperatures.  

Figure 4: (a)-(d) The peak areas of the SiHx stretching modes for the bulk low stretching mode

(LSM, open squares), the bulk high stretching mode (HSM, open circles), and the sum of the

SiHx surface modes (open triangles) are shown as a function of the film thickness. (e)-(h) The 

surface roughness as a function of the film thickness. The insets show typical atomic force

micrographs of the a-Si:H [scan area: 2 μm × 2 μm; height scale: 0 Å (black) - 150 Å (white)]. 

Also film properties such as the microstructure parameter R*, the hydrogen content [H], and the 

AFM and SE roughness are given for the final film thickness. The substrate temperatures are 70

°C for (a) and (e); 150 °C for (b) and (f); 250 °C for (c) and (g); and 350 °C for (d) and (h). 
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Abovementioned results were obtained for films deposited on GaAs substrates 

with native oxide. From a comparison with results obtained for c–Si with native oxide 

at a temperature of 70 and 150 °C, only very minor differences between the data 

obtained on GaAs and c–Si were found. The aforementioned trends in the bonding of 

hydrogen and surface roughness evolution were similar and are probably ruled by the 

native oxide present at the substrates. However when comparing with previous data 

[19], for the higher temperatures some differences exist with respect to the 

magnitude of the decrease in the surface roughness after it reached a maximum. In 

the present data, the decrease in roughness is smaller and in good agreement with 

the work or Collins and co–workers [20]. It has been verified that this difference is not 

due to the SE data analysis procedure or substrate material, but it is probably related 

to a different substrate preparation [11,19]. 

 

IV. Discussion 
 

Previously, the surface roughness evolution has been used to extract 

information about the microstructural evolution of the a–Si:H at the initial stage of 

film growth [19,20]. The present observations show a good agreement with the earlier 

data and therefore we discuss the microstructural evolution in more detail on the 

basis of the additional ATR infrared measurements by following the previously 

proposed interpretation [6,19,20].  

The fast initial increase in surface roughness to a level of ~11–13 Å can be 

explained by heterogeneous nucleation on the native oxide covered substrate. The 

nucleation density of (15–20)×1012 cm–2 on the substrate is very similar to the one 

reported in Ref. [19]. During this nucleation phase also the sum of the SiHx surface 

peaks increases rapidly for all temperatures which can be understood from the 

increase in the a–Si:H surface area when the islands start growing. 

The fast increase in roughness stops when the point of coalescence of the 

islands is reached and at this thickness also the maximum in the SiHx surface 

coverage is observed. In the subsequent phase, the surface roughness for 70 and 150 

°C increases continuously but at a significantly slower rate. For 250 and 350 °C a 

decrease in surface roughness is observed which can be attributed to a surface 

smoothening mechanism that flattens out the nucleation–induced roughness when 

film closure is reached. This smoothening mechanism is thermally activated and 

might be ruled by a surface diffusion process acting at relatively short lateral length 

scales. The decrease in surface roughness is accompanied by a pronounced decrease 

in the SiHx surface peak area which can be understood from the decrease in surface 

area. Probably also another effect leads to the reduction of the SiHx surface peak area 

as the data at 70 and 150 °C also show a decrease albeit less pronounced. Hydrogen 
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is likely expelled from the surface for all temperatures when film closure is reached 

while it can also be converted into bulk hydrogen (e.g., in the HSM which comes up at 

film closure). 

When steady–state growth is reached, the surface roughness increases only 

slowly with film thickness, especially for the higher substrate temperatures. This is 

also revealed by the growth exponent β that can be calculated in the post–initial 

growth regime from the relation ds ∝ db
β. β decreases from 0.14 to basically 0 when 

increasing the temperature from 70 to 350 °C, in good agreement with previous 

results [19]. For 70 °C, the increase in surface roughness is still considerable which 

can be correlated to the small increase in the SiHx surface area which is observed in 

Fig. 4(a). However, the increase in SiHx surface peak area at 70°C might also be 

caused by the incorporation of SiHx surface groups located in voids in the bulk 

material. For the other temperatures, the slight increase of the SiHx surface peak area 

versus film thickness observed in Fig.4 cannot be distinguished from a constant value 

within the accuracy of the data. 

The bulk HSM peak starts to increase at film closure and at a certain film 

thickness the increase in the HSM peak area levels off or even becomes constant. At 

that film thickness the LSM absorption peak has just appeared. From the data, it can 

be concluded that a hydrogen–rich layer exists at the interface in this early growth 

phase. The thickness of this interface layer can be estimated by determining the point 

where the increase in HSM levels off (method 1). Another approach (method 2) is to 

determine the position where the total hydrogen content becomes constant (this can 

basically be done by taking the derivatives of the peak areas versus film thickness). 

Figure 5: The approximated thickness of the H-rich layer formed at the interface in the initial

stage of film growth as a function of substrate temperature. The thickness is given for two

methods and the average value is shown as well. 
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Figure 5 shows that both approaches give similar values and that the average 

thickness of the H–rich layer formed in the initial film growth decreases from ~24 Å at 

70 °C to ~10 Å at 350 °C. From the present experiments it is not clear whether this H–

rich layer remains located at the interface when growth proceeds or is divided in an 

H–rich interface layer and an H–rich near–surface layer. Secondary ion mass 

spectrometry has unambiguously shown that a more H–rich interface layer exists in 

deposited a–Si:H films. From an isotope experiment, Fujiwara et al. concluded that 

the H–rich layer in an a–Si:H film deposited at a substrate temperature of 240 °C is 

mainly located at the interface region near the native–oxide covered silicon substrate 

[6]. 

 

V. Conclusions 
 

The combination of real time spectroscopic ellipsometry and attenuated total 

reflection infrared spectroscopy is applied to study the film growth of a–Si:H by 

HWCVD on native oxide–covered wafer substrates. From the evolution of the surface 

roughness and the bonding of hydrogen more insight is obtained into the 

microstructural evolution of the a–Si:H film in the initial growth phase. The 

temperature dependence of film growth aspects such as nucleation, coalescence and 

film closure, surface smoothening and roughening, and H–rich interface layer 

formation is discussed. In future work, these aspects will also be studied for a–Si:H 

film growth on H–terminated crystalline silicon substrates.  
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In situ studies of silicon–based thin film growth 

for crystalline silicon solar cells 
 

 
First generation, crystalline silicon solar cell technology currently dominates 

the photovoltaic market, but several technological as well as fundamental 

developments are needed to sustain a leading position that enables wide–scale 

implementation of solar electricity. In the manufacturing technology high–throughput 

systems for the deposition of functional materials applied in solar cells are required, 

while improved solar cell concepts that yield higher conversion efficiencies or a 

facilitated fabrication process are crucial to further reduce the costs per unit energy 

produced. This thesis work concentrates on two key issues in the deposition process 

of silicon–based thin films for crystalline silicon solar cells. 

First, the deposition of amorphous silicon nitride (a–SiNx:H) antireflection 

coatings using the expanding thermal plasma (ETP) source was addressed. 

Optimization of the deposition process in a high throughput industrial system has 

established excellent surface and bulk passivation properties of the a–SiNx:H 

antireflection coatings. A full characterization of the ETP plasma source applied in the 

industrial system was carried out. The reactive species emanating from the plasma 

source operated on an Ar–NH3 gas mixture were investigated using a combination of 

several advanced diagnostics. The absolute densities of N, NH and NH2 radicals in the 

plasma were measured using threshold ionization mass spectrometry and cavity 

ring–down absorption spectroscopy, while the density and composition of the ions in 

the plasma were investigated by Langmuir probe and mass spectrometry. Detailed 

analysis of the observed trends in radical and ion densities versus important plasma 

parameters revealed the production mechanism of N, NH and NH2 radicals in the Ar–

NH3 plasma. Subsequently, the role of these reactive species in the deposition 

mechanism of a–SiNx:H was determined by investigating the effects of SiH4 addition 

to the plasma. From measurements of the radical and ion densities in the NH3–SiH4 

containing plasma it was established that N and NH2 radicals govern the mechanism 

of nitrogen incorporation in the deposited film, while silicon atoms are most likely 

brought to the surface in the form of SiHx (x=0–3) radicals. 

The second subject of study was the deposition of ultrathin amorphous silicon 

(a–Si:H) films on wafer substrates, which is of eminent importance in recent 

applications of a–Si:H for surface passivation and in silicon heterojunction solar cells. 

Three in situ and real time diagnostic techniques probing different properties of the 

a–Si:H/crystalline silicon system were implemented in an ultra high vacuum setup 



133 

that provided well defined conditions for a–Si:H growth. Spectroscopic ellipsometry 

(SE) was used to monitor the time–evolution of the dielectric function as well as the 

surface roughness and film thickness, while infrared absorption spectroscopy in the 

attenuated total reflection (ATR) geometry was introduced to monitor bound forms of 

hydrogen in the film. The non–linear optical technique of second–harmonic 

generation (SHG) was implemented to monitor the buried interface and surface 

properties of the growing film. In the first 50 Å of a–Si:H growth, the SE 

measurements revealed a higher bandgap for the ultrathin films compared to thick 

bulk films. The thickness trend in this shift of the bandgap was found to be 

independent of the substrate temperature. Infrared absorption spectroscopy 

measurements carried out simultaneously, demonstrated the presence of a 

hydrogen–rich interface layer that is clearly dependent on the substrate temperature. 

The difference in temperature dependence suggests that the bandgap shift observed 

by SE for films with decreasing thickness is not caused by the hydrogen–rich interface 

layer. In addition, the bandgap shift as a function of film thickness could be fitted 

remarkably well to a one–dimensional quantum confinement model. Therefore, we 

argue that quantum confinement is the origin of the observed higher bandgap for 

ultrathin films. From the described experiments it was established that the multi–

diagnostic approach chosen in this study is very promising for future investigations of 

the deposition of ultrathin amorphous silicon films on hydrogen terminated silicon 

substrates. Preliminary SHG measurements, carried out simultaneously with the SE 

and ATR experiments, indicate, for example, that SHG might be very sensitive to 

epitaxial film growth for ultrathin films. Detection of epitaxial or amorphous initial 

growth is one of the first steps in understanding and controlling the interface 

formation of a–Si:H, which is very important for the applications of thin films in solar 

cells. 
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