
 

 

 

 

 

 

 

Chapter 2 

 

 

 

BASIC BPSG FILM CVD TOOLS  

AND METHODOLOGY 
 

 

CVD thin film processes are characterized in terms of process chemistry, deposition tool 

design, process conditions such as temperature, compound pressures and concentrations, gas 

flow rates, etc. Before depositing the film, the substrates (or wafers) are usually treated in 

standard chemical solutions followed by washing in deionized water. The thickness (d) of 

glass films on the silicon wafers is normally equal to 0.2 – 1.0 μm. The content of the glass, 

i.e. the concentrations of boron CB([B]) and phosphorus CP([P]) in the film were expressed in 

terms of percentage weight of the elements (in order to obtain weight percent of oxides, B2O3 

and P2O5, corresponded elemental content values should be multiplied by ~ 3.2 for boron and 

~ 2.3 for phosphorus).  

The general objective of thin film research is to define the best thin film deposition 

conditions in order to obtain the film with composition, structure and a set of film properties 

sufficient for a particular thin film application in IC technology.  

Normally, this research requires extensive expensive experimental works on the film 

synthesis and characterization followed by an evaluation of the deposited thin film in an 

electronic circuit. It is obvious that a variety of compounds, deposition apparatus, and CVD 

process variables significantly complicate the understanding and comparison of the thin film 

deposition methods.  

An additional complication is due to the progress in microelectronic technology that 

permanently enhances the requirements for thin film CVD processes. Detailed analyses of 

silicon dioxide thin film CVD processes development history can be found, for instance, in 

reference [122]. It is necessary to note that apparatus, CVD process conditions, silicon 

compounds and oxidizers are similar for silicon dioxide, binary and ternary silicate glass thin 

film synthesis. In fact, to obtain the necessary boron- or phosphorus content in silicon dioxide 

films, respective B- and P-compounds, frequently erroneously named “dopants”, need to be 

added to the mixture of silicon compound and oxidizer. This commonality simplifies the 

analysis of silicon dioxide based thin film CVD processes. 
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Table 1.1. Some selected properties of BPSG thin film related compounds 

 

Compound name, 

abbreviation 

Chemical 

formula 

Molecular 

weight 

Physical 

state at 

normal 

conditions 

Boiling 

point 

(C) 

Density: 

g/l (gas) 

or g/ml 

(liquid) 

Silane (monosilane) SiH4 32.12 Gas -112 1.44  

Tetraethylorthosilicate, 

TEOS 
Si(OC2H5)4 208.3 Liquid  169 0.946  

Dimethyldichlorosilane, 

DMDCS 
Si(CH3)2Cl2 129.06 Liquid 70.3 1.06 

Phosphine PH3 34.0 Gas -87.4 1.53 

Phosphorus chloride PCl3 137.33 Liquid 75.1 1.56 

Trimethylphosphite, TMPI P(OCH3)3 124.1 Liquid 111 1.05  

Trimethylphosphate, 

TMPO 
PO(CH3O)3 140.1 Liquid 193 1.21 

Triethylphosphate, TEPO PO(C2H5O)3 182.16 Liquid 215 1.07 

Diborane B2H6 26.77 Gas -92.5 1.24 

Boron chloride BCl3 117.17 Liquid 12.4 1.43 

Trymethylborate, TMB B(OCH3)3 103.9 Liquid 68.7 0.92 

Triethylborate, TEB B(C2H5O)3 146 Liquid 117.5 0.86 

Tri-n-propylborate, TPB B(OC3H7)3 188.08 Liquid 175-178 0.86 

Tri-iso-propylborate, TiPB B(OC3H7)3 188.08 Liquid 138-140 0.82 

 

 

2.1. CVD PROCESS COMPOUNDS 
 

BPSG films can be deposited in a flow regime by a number of irreversible chemical 

oxidation reactions using either silane (SiH4) or tetraethylorthosilicate (TEOS) chemistry 

(some other studied options are not of interest). The input compounds can be jointly used in a 

various combinations of silane or TEOS with PH3, B2H6, esters of boric, orthophosphorous, 

or orthophosphoric acids; boron or phosphorus chlorides, etc. In addition, oxygen (O2), 

ozone-oxygen (O3/O2) mixture, and nitrous oxide (N2O) with plasma activation have been 

used as oxidizers depending on the CVD technique, silicon compound and CVD process 

conditions. Some data for compounds used to deposit BPSG films can be found in Table 1.1.  

All of the CVD processes occur with more or less complicated reaction mechanisms. 

They can include a variety of intermediate reactions and, intermediate reaction products 

(IMP). For instance, typical CVD process includes the gas-phase interaction of chemical 

compounds resulting in different types of IMPs, the transport of source compounds and IMPs 

to the substrate surface followed by their adsorption on the substrate surface and 

heterogeneous reactions, etc.. It is important to note that depending on CVD process 

conditions, the basic CVD oxidation reaction products can exist in a form of a solid film, an 

aerosol (fine particles, frequently named also aerosil, silica dust, silica micro-particles, etc.), 
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and gaseous reaction by-products. Most authors of referred publications used the simplest 

general reactions schemes, see example equations (1.1)  (1.3) for hydride compounds 

oxidation: 

 

SiH4 + O2SiO2 + 2 H2,   (1.1) 

 

4 PH3 + 5O2 2 P2O5 + 6 H2,   (1.2) 

 

2 B2H6 + 3O2 2 B2O3 + 6 H2  (1.3) 

 

The aerosol formation phenomenon during CVD processes is the feature of fast oxidation 

reactions and, especially, the feature of glass formation processes. This is due to the specific 

chain-brain oxidation reaction mechanism that will be discussed below. The goal of CVD thin 

film process optimization is to find a set of process conditions where the basic reaction 

product is the only thin solid film (i.e. aerosol formation process is excluded). In addition, 

CVD reaction effectiveness (chemical reaction yield, i.e. a share of input compounds 

transformed into the film, or compound conversion) should be as high as possible. The typical 

value of CVD reaction effectiveness lies in the range of about 30 – 50 %. Due to all of these 

circumstances, it is not possible to indicate the precise reaction schemes for chemical 

oxidation reactions without detailed analysis of the reaction gas phase, for instance, with an 

in-situ mass-spectrometry method.  

It is necessary to highlight that those reaction schemes (1.1)  (1.3) are very general and 

they cannot be true for CVD process description. Moreover, reaction by-products can be 

sometimes embedded (trapped) into the growing film that was shown using profiling analysis 

techniques (see the Part 2 of the monograph). For instance, the CVD oxidation reaction of 

hydrides in the excess of oxygen (normally the latter concentration for about 20 times exceed 

the hydride concentrations) can lead to the formation of either H2, or H2O, or their mixture 

depending on CVD process conditions (APCVD, LPCVD, or PECVD), and deposition 

temperature. It is clear that the compositions of those CVD thin films are different. 

In the case of organic compounds like ethers (see Table 1.1), or Plasma Enhanced CVD 

processes, the reaction schemes are simply unknown even in general form. In addition to 

hydrogen or water vapor presence in the films, the use of organic compounds revealed the 

issue of the carbon contamination of the films due to an insufficient oxidizer concentration.  

 

 

2.2. BASIC CVD TOOL DESIGN FOR SILICON DIOXIDE AND  

GLASS FILM DEPOSITION 

 

At the beginning of their appearance in microelectronic technology in 1970, silicon 

dioxide and glass thin films were deposited in a few types of cold-wall single- or multi-wafer 

APCVD reactors (see example sketches in Figure 1.4(a,b)). Deposition was performed at the 

relatively low temperatures of 350  450 C using hydrides oxidation reactions [15,16,50,88]. 

We will refer to this classical hydride BPSG APCVD method as Method 1. Due to the low 

productivity of APCVD reactors, this method had a limited industrial potential and has 

become a convenient research method. 
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In addition, a continuous APCVD apparatus with a moving belt [26] was proposed by 

Watkins-Johnson (US), referred to below as WJ, with the use of the same hydride chemistry, 

see Figure 1.4(c). The basic tool design feature is the use of separated nozzles for hydrides 

and oxidizer injection separated by high nitrogen flow that provided the mixing of 

compounds on the heated substrate surface. Because of this design, the size and the shape of 

flat substrates were not limited.  

 

  
(a) (b) 

 

  
(c)  (d) 

  
(e)  (f) 

Figure 1.4. Simplified sketches of basic multi-wafer CVD reactor chambers in order of their appearance 

in microelectronic technology: cold-wall (a,b,c); hot-wall (d,e,f); atmospheric pressure (APCVD) 

(a,b,c), low pressure (LPCVD) (d,e,f). Definitions: 1 – compound mixture “in”; 2 – reaction by-

products “out” or vacuum pumping; 3 – heater; 4 – substrate (wafer); 5 – wafer cage; 6 – distributed-

feed; 7 – separated injection of TEOS-TEB-O2-N2 and PH3-O2-N2 mixtures. 
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(a)  (b) 

Figure 1.5. Simplified sketches of multi-wafer PECVD reactor chambers: hot-wall multi-wafer tubular 

PECVD chamber (a); cold-wall PECVD (b). Definitions: 1 – 4 are the same as in Figure 1.4; 8 – RF 

electrode; 9 – wafer moving direction through six deposition stations with wafers; 10 – wafer on the 

station; 11 – vacuum loadlock; 12 – robot system; 13 – cassettes with wafers. 

Due to undesirable APCVD inherent film thickness non-uniformity, it was commonly 

accepted that decreasing the working pressure in CVD systems would help to decrease the 

process productivity and thickness uniformity. As a result, so-called multi-wafer hot-wall 

LPCVD reactors with either common tubular design, well-developed by many manufacturers 

like Thermco (US) [58], or special bell jar shape like the Full Spectrum CVD System (below 

FS CVD) developed by Anicon (US) [59-61] were developed to be used for BPSG film 

deposition, see Figure 1.4(d,e), accordingly.  

The advantage of Plasma Enhanced CVD (or PECVD) processes where a Radio 

Frequency (RF) plasma is used to activate the chemical reactions, were also demonstrated 

[14,22,24,28-32]. A plasma (or glow discharge) is a partially ionized gas containing an equal 

number of positive (ions) and negative (electrons and ions) charges, as well as some other 

non-ionized gas-particles of electrons, ions and neutral species. For RF plasma activated CVD 

processes, the deposition rate is normally linearly proportional to the plasma density increase 

followed by saturation.  

BPSG thin film PECVD processes were developed at low temperatures using hydrides 

and nitrous oxide (sometimes with a small addition of oxygen) either in a hot-wall P-CVD 

reactor by ASM America (US) [24,51,52] (see Figure 1.5(a)) or in a continuous diode-type 

cold-wall reactor developed by Novellus Systems (US), below Novellus, with a so-called 

“Lazy Susan” reactor plate presented in [9], see Figure 1.5(b), or in a single-wafer reactor 

[53].More details are presented below.  

Most of the CVD PECVD multi-wafer reactors cited above allowed simultaneous 

deposition on from tens to hundreds of silicon wafers 4 inches in diameter. In addition, due to 

the growth of the substrate diameter from 4 to 6 and up to 8 inches, as well as because of the 

inherent particle formation issues of hydride-based chemistry, the general trend of CVD 

processes development for microelectronic applications shifted from hydride-based to organic 

ether-based deposition methods, either CVD, or PECVD. 

The TEOS-based hot-wall tubular LPCVD process was developed at a so-called “mid-

temperature range” of about 700 C [78]. The tubular LPCVD design presented in Figure 

1.4(d) was realized as a horizontal reactor first followed by a vertical reactor (not shown). 

The latest in-time multi-wafer rotating LPCVD “Integrity reactor” was developed by 

LamResearch (US) [183] (see Figure 1.4(f)) to deposit BPSG films using TEOS-based 
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chemistry at temperatures close to the BPSG film flow temperature (800 C). The primary 

purpose of high-temperature BPSG CVD [76] was to provide simultaneous film growth/film 

softening that could help, for instance, to improve the film gap-fill. Among the tool 

schematics presented in Figure 1.4(a-f), the only multi-wafer CVD reactors shown in 

Figures1.4(c,d,e) and PECVD reactors shown in Figures 1.5(a,b) allowed to get significantly 

higher BPSG thin film deposition productivity and convenient design as compared to the 

others. As a result, these tools were well-adopted by electronic industry. We will refer to the 

production BPSG CVD methods realized on these tools as Method 2, Method 3, Method 6, 

Method 7, accordingly. At the end of 1980, the PECVD cold-wall single-wafer approach (see 

Figure 1.6(a)) with TEOS-based chemistry was developed [95]. This new approach allowed a 

very high BPSG deposition rate and productivity. Because of oxygen use as an oxidizer, this 

new approach allowed a solution to some issues caused by incomplete compound oxidation 

by nitrous oxide (see details in the next chapters). This method, frequently mentioned as 

“BPTEOS”, is referred to as Method 8. 

However, above cited BPSG film deposition methods were found to be not effective for 

the half-micron device technology node due to the poor film step coverage and gap-fill 

capability. To solve these issues, ozone-based oxidation organic ethers chemistry was 

proposed. TEOS-TMB(TEB)-TMPO-O3/O2) mixtures either in a APCVD single wafer 

chamber or TEOS-TEB-TEPO-O3/O2 in a SACVD single wafer chamber were developed at 

low temperatures. To realize this new technology, at the end of 1980, new single-wafer cold-

wall CVD production tool concepts appeared(see Figure 1.7(a,b)). Reactor design in Figure 

1.7(a) was proposed by Japanese Semiconductor Process Laboratory intentionally for SiO2 

and silicate glass film deposition with the use of a TEOS-based chemistry and ozone/oxygen 

oxidizer [88]. In addition, this type of reactor design was realized on production tools by 

Quester Technology (US) (see below Quester [122]). The unique feature of this APCVD 

reactor design is a wafer heater placed on the top of reactor. Therefore, the wafer has a “face-

down” position in this reactor. To provide this unusual wafer placement, a special lifting 

system was created to place the substrate to the heater. Another feature of this reactor is a 

showerhead with parallel slots for compound vapor injection into the space between the 

substrate and the showerhead. This TEOS-ozone CVD production method below will be cited 

as Method 4. 
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(a)  (b) 

Figure 1.6. Simplified sketches of single-wafer PECVD reactor chambers: cold-wall single-wafer 

PECVD chamber (a); cold-wall High Density Plasma chamber (HDP-CVD) (b). Definitions 1 – 4 are 

the same as in Figure 1.4 and Figure 1.5; 14 – gas mixture assembly or showerhead; 15 RF generator, 

connected to the coil; 16 – RF-generator connected to the electrostatic chuck. 
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Figure 1.7. Simplified sketches of basic single-wafer cold-wall CVD reactor chambers in order of 

appearance in microelectronic technology: atmospheric pressure (APCVD) (a), subatmospheric 

pressure (SACVD) (b). Definitions are the same as in Figure 1.4 and Figure 1.6. 

The single-wafer chamber created by Applied Materials (US), below AMAT, known also 

as Precision 5000 (below P-5000) is presented in Figure 1.7(b). This design includes also a 

perforated showerhead and heater with the usual “face-up” substrate placement. The feature 

of this chamber is availability to operate in a wide range of CVD process pressures: from low 

pressure to atmospheric pressure. This basic CVD chamber design was very successful and it 

was used for LPCVD, SACVD, APCVD processes. With slight modification of the reaction 

chamber, this design was also adopted for PECVD processes (see, for instance, Figure 1.6(f)). 

The history of the P-5000 chamber was detailed in [206]. This TEOS-ozone SACVD 

production method, frequently known as SABPSG, is cited below as Method 5. 

In the mid 90’s, the sub-quarter micron ULSI circuit technology required a new CVD 

technique which would be able to fill the ultra-narrow gaps in IC devices with the high 

quality insulators. Single-wafer High Density Plasma (HDP-CVD) reactors ( see, for instance, 

an example reactor sketch in Figure 1.6(b)), with in-situ sputtering of deposited materials 

were introduced for silicon dioxide and PSG film deposition [292-301]. HDP-CVD tools 

were developed, for instance, by Novellus and AMAT. So-called ”biased” conditions were 

used to allow ion-induced argon sputtering (frequently called “etch”) to occur simultaneously 

with the film deposition. This provides a very specific thin film profile on the device elements 

and a void-free gap-fill (see for instance [302]). This deposition method is designated below 

as Method 9. HDP-CVD tools are also applicable for BPSG film deposition [303]. 

Based on the information presented above, all cited types of reactor design, therefore, can 

be classified in a number of ways. For instance, it can be done as follows: 

 

 based on deposition pressure as: atmospheric pressure (APCVD), low pressure 

(LPCVD) or subatmospheric pressure (SACVD) reactors. Tubular LPCVD reactors 

can be either horizontally or vertically oriented; 

 based on chemical reaction activation method as: thermally activated (all of the 

above mentioned), or plasma activated, namely, plasma-enhanced (PECVD) or high-

density plasma (HDP-CVD); 

 based on the quantity of wafers placed in a chamber as: multi-wafer and single-wafer 

reaction chambers; 
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 based on the wafer heating method such as: cold-wall and hot-wall (or isothermal) 

reactors, and so on. 

 

Despite the differences in the deposition reactor design, the main assemblies of tools are 

similar. They normally include: a deposition chamber itself with a substrate heater, compound 

distribution and mixing systems, a pump system (optional), pressure sensors and plasma 

generators (optional). In this monograph, we have no intention of analyzing the advantages or 

disadvantages of existing reactors that overloads readers with unnecessary details. In contrast, 

we will pay an attention to the features of reactor design and determine the basic deposition 

parameters, which are common for any type of reactor.  

 

 

2.3. SOME BASIC THIN FILM CVD PROCESS PARAMETERS 

 

To deposit glass films, the following CVD parameters need to be well-controlled: 

 

 deposition temperature Td [C], (it is necessary to know the real semiconductor wafer 

temperature that can be lower than the set temperature, especially at very low 

pressures [4]); 

 total deposition pressure P0 [torr] (needs to be measured with high accuracy, 

especially in a low pressure range of about 0.1 – 1 torr);  

 reactor volume V [l, cm
3
]; 

 all compound flows gi, which allow the calculation of total gas flow G0 and 

compound partial pressures pi (G0 =  gi [l/min, sccm, lpm, cm
3
/s, etc.], P0 =  pi). 

 spacing between the gas injection and semiconductor wafer x [cm, mm, mls]; 

 ratio of reactor surface S [cm
2
] to reactor volume V, S/V [cm

-1
]; 

 RF power [W] and power density with respect to wafer square [W/cm
2
]. 

 

Knowing these CVD process data, it is possible to make calculations of some useful 

process characteristics, such as temperature dependence, compound concentration, etc.(see 

for instance, reviews [8-10]). More details and some additional important CVD process 

parameters are discussed below. 


