
 

 

 

 

 

 

 

Chapter 12 

 

 

 

BPSG FILM – AMBIENT MOISTURE INTERACTION 
 

 

Ambient air contains more or less water vapor (moisture). For instance, standard clean-

room ambient moisture is 40 % that is sufficient to observe moisture interaction during the 

boron- and phosphorus-contained thin film exposure to the ambient air.  

Glass materials are known to interact with moisture which is sometimes called the 

“moisture absorption” phenomenon. Depending on the glass composition and glass treatment 

conditions (moisture concentration, temperature, exposure time etc.), the results of such 

interactions can differ significantly. Base glass material under consideration is silica (SiO2) 

with less than 30 wt % totally of boron and phosphorus additives in the form of oxides. Silica 

is a relatively inert material with respect to moisture while boron and phosphorus oxides are 

chemically active substances. Therefore, the main idea of moisture interaction with boron- 

and phosphorus-contained films is that these additives, being included into the glass matrix as 

network formers, can react with ambient moisture changing the glass material composition 

and properties. For instance, the ability of additives to leach from the BPSG film is a known 

phenomenon [50].  

The phenomenon of moisture absorption by a bulk glass material is also valid for a CVD 

glass thin film material. However, there are a few features, which indicate that the CVD film 

materials should include many more factors for analysis. One feature is that CVD glass films 

are formed using non-traditional glass-forming techniques. The formation of the glass 

structure occurs directly during thin film synthesis, strongly depending on the compounds and 

deposition conditions. The concentration of residual moisture in the film, which is a side 

product of CVD reactions, can differ from one CVD method to another one. Secondly, the 

film deposition temperatures for silica-based thin films can differ from room temperature to 

about 900 C, significantly affecting the film structure and properties. Third, practically used 

glass materials can differ from binary to ternary film compositions, therefore overlapping a 

wide range of additive content from a few wt % up to about 30 wt % of oxides in silica that 

can additionally affect the film structure. All of these features make CVD glass film materials 

different with respect to bulk materials and, therefore, very interesting for studies. 

The results of experimental studies of ambient moisture-CVD thin film interaction were 

rarely published rarely. There are only a few excellent papers devoted to the deep studies of 

moisture absorption performed for the particular samples of BPSG films [178,217,271]. There 

were no summaries or publications until recently which link moisture absorption effects to the 

other film properties and, especially, to the film structures. However, this matter is very 
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important. It has been reported that PSG and BSG thin films with high phosphorus and boron 

content react easily with water, causing VLSI reliability problems [7-9]. Device-related issues 

caused by moisture in the CVD glass films used as PMD were also reported. PSG with high 

phosphorus content causes aluminum corrosion in a moist ambient. Water penetrating through 

the PSG film causes a threshold voltage shift in a metal oxide semiconductor field effect 

transistor during high-temperature stress tests [178]. Moisture directly affects the electrical 

behavior of an oxide by enhancing its electrical permittivity and conductivity. Moisture and 

moisture related species (e.g., H, OH) can diffuse from the PMD oxide to the gate oxide of a 

metal oxide semiconductor device, thereby degrading its reliability by enhancing its 

susceptibility to hot electrons [217]. Water was also found to catalyze the etching of oxide 

films in both gas- and liquid-phase mixtures containing HF [157,158], therefore affecting the 

film etching process. 

In this chapter we summarize and review published data about moisture absorption 

effects in boron-, phosphorus-contained films deposited by different methods and treated 

under different thermal conditions. The CVD methods for film deposition were realized at 

relatively high deposition temperatures above ~ 400 C. This makes it possible to avoid a 

distortion of the analysis that could be due to the features of the low CVD temperatures (less 

than 300 C) which are known to affect the silica structure and porosity significantly. 

Eventually, these data give us an opportunity to select specific film features, which are used 

in the next chapters to formulate the structures of BPSG films, explaining the reasons of 

observed differences in BPSG film properties. 

 

 

12.1. TECHNIQUE FOR ANALYSIS OF MOISTURE EFFECTS IN THIN 

GLASS FILMS 
 

Moisture absorption effects in thin films can be studied qualitatively by implementing a 

FTIR spectroscopy technique. This is widely used in research practice and integrated circuit 

production. This non-destructive analytical technique shows changes of the initial level of 

additives and residual moisture in a spectrum that happen during the film exposure to 

ambient. As a result of the literature analysis, a large number of moisture-related species 

found in FTIR spectra of boron- and phosphorus-contained glass thin films is presented in 

Table 2.3. Despite a wide variety of peaks in spectra, the interaction of films with moisture is 

frequently described in a more simple way. It is assumed to take into account just a few peaks 

corresponding to the following bonds: the B  OH bond at 3200  3300 cm
-1

, the Si  OH 

bond at 3650 cm
-1

, and the H  O – H bond at 3300  3500 cm
-1

. Normally, areas of these 

peaks are summarized and called either “hydroxyl” or “water (moisture)-related” areas 

(peaks). We will use this simple below, but in most of cases it is a sufficient approach to 

characterize the difference in the moisture interaction of films, deposited using different 

techniques.  

Depending on the film composition and film properties, the moisture absorption effects 

can be seen in FTIR spectra in a few days of the film exposure to the clean-room air. 

However, in most cases these effects are slow enough (for instance, it is true for samples 

thermally annealed at elevated temperatures). Sometimes it takes up to a month to distinguish 

differences between the film samples. To accelerate and to pronounce the interaction of films 
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with moisture, autoclave testing, also called “Pressure-Cooker testing” (PCT), is used. PCT 

can be performed, for instance, at the following conditions particularly used in our studies: 

121 C, 1.2 atm pressure and 100 % humidity for 168 hours time. After such a PCT treatment, 

films can be also evaluated using the FTIR technique to see how strong the differences in 

moisture-related areas are. In addition, the decrease in phosphorus concentration during the 

PCT, for example, measured before and after the PCT with FTIR or XRF spectroscopy, can 

be considered to be caused by the phosphorus leaching from the film.  

Application of SIMS for the film analysis, including hydrogen analysis, was 

demonstrated by Kern et al [50]. Later, Yoshimaru et al [178] used SIMS in order to 

determine the degree of water penetration into the film. He fixed profiles of hydrogen and 

deuterium species in BPSG films before and after PCT with excess pressure of either H2O or 

D2O. Using SIMS profiles and the amount of absorbed water calculated after weighting the 

films with a microbalance before and after PCT, the increase in film weight after PCT was 

considered caused by water absorption. Dyer [217] used SIMS analysis to measure the 

hydrogen and hydroxyl depth profiles in the films to determine the extent of moisture 

penetration. The author also implemented the results of quantitative SIMS analysis of 

hydrogen content in BPSG films deposited by Method 3, in order to perform a calibration of 

water content in the films and to propose possible origin of moisture species in the films. 

To study water adsorption sites in the films, water desorption from films between room 

temperature and 700 °C was also measured using a Thermal Desorption Spectroscopy (TDS) 

technique [178,217]. 

 

 

12.2. FILM-MOISTURE INTERACTION 
 

Moisture absorption effects in FTIR spectra of the films. The absorption and reaction 

of moisture with SiO2, binary and ternary glass films as well as the effect of post-deposition 

film thermal annealing, have been studied extensively. Most of the data have been obtained 

for particular glass films and a pre-defined CVD method, as well as thermal treated 

conditions. A summary of the peaks according to the literature analysis is presented in Table 

2.3. Basic trends are illustrated below. 

Figure 2.24 shows the results of FTIR monitoring of SACVD BPSG with 4 

wt % [B] and 4 wt % [P] for a total of 9 days storage [186]. A gradual weak increase in the 

intensity of the moisture-related areas around 3200 – 3600 cm
-1

 and a gradual decrease of the 

peak at 1330 cm
-1

 attributed to the P = O bond can be seen. However, few changes were 

observed in the FTIR moisture-peaks after 9 days of storage for the similar SACVD BPSG 

films thermally annealed at 850 C and 900 C. Similar results for annealed films can be 

found in other references proving the fact that densified films are less prone to interact with 

ambient moisture. Summarized changes in FTIR spectra of as-deposited and annealed BPSG 

films are shown in Figure 2.25. It is clearly seen that prolonged anneal at temperatures above 

750 C reduces the film absorption capability with respect to the moisture causing sufficient 

film densification. 
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Figure 2.24. FTIR spectra of as-deposited 4 wt % [B]  4 wt % [P] BPSG film deposed using Method 5 

after 1-9 days exposure to ambient moisture. Presented at 3
rd

 Intern. Dielectric for ULSI Multilevel 

Interconnection Conf. (DUMIC), 1997 [186]. 

 

Figure 2.25. Integrated transmission FTIR peak areas for the hydroxyl envelope of BPSG/TEOS film 

stacks as a function of storage time in a clean-room [271]. Definitions: (a) as deposited, area range 

2898 – 3754 cm
-1

; (b) 500 °C annealed, area range 2897 – 3768 cm
-1

; (c) 750 °C annealed, area range 

3101 – 3703 cm
-1

; (d) 900 °C annealed, area range 3217 – 3689 cm
-1

. Reproduced by permission of 

ECS – The Electrochemical Society. 
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Another feature of BPSG films is a strong relation between film composition and 

moisture interaction. This can be clearly seen in films with a high additive content. For 

instance, as-deposited SACVD TEOS-ozone BPSG films (Method 5) with similar boron and 

phosphorus total content but different ratios of phosphorus to boron were exposed to clean-

room air for 6 days. After a few days of the film exposure to clean-room air, FTIR spectra 

show a clear correlation of moisture absorption with the additive ratio in films, see Figure 

2.26. Obviously, the moisture absorption effect becomes stronger with the increase of the 

boron-to-phosphorus ratio in BPSG films. We concluded that the strong increase of moisture-

related areas in FTIR spectra goes along with the increase of boron concentration in BPSG 

films when the latter exceeds a level, defined by an empirical equation [B] < 0.4 [P].  

 

 

Figure 2.26. FTIR spectra of as-deposited SACVD BPSG films (Method 5). Additive content and a 

number of days of sample storage in ambient air are shown on the spectra [224].Reproduced by 

permission of ECS – The Electrochemical Society. Block arrows show the moisture-related areas in 

FTIR spectra. 
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However, BPSG films revealed some differences with respect to the interaction with 

moisture. Considering changes in FTIR spectra of films after an air exposure or, especially, 

after PCT, we found that the quantity of absorbed moisture depends on the gas-phase 

deposition method [186,224]. To clarify this, we analyzed and compared SACVD BPSG 

films and PECVD BPSG (deposited using Method 5 and Method 8, respectively) with total 

additive content less than 9 wt. % and an additive ratio close to one.  

The worst case of moisture absorption was observed for TEOS-ozone-deposited BPSG 

films (Methods 4 and 5). The best results were found for PECVD and, especially, for HDP-

CVD deposited films (CVD Methods 8 and 9, respectively). For instance, a dramatic change 

in the FTIR spectra around 3200 – 3600 cm
-1

 was seen after PCT of annealed films, 

indicating a strong water absorption by SACVD BPSG films during this treatment, as shown 

in Figure 2.27(a). Changes of FTIR spectra after PCT were found to be correlated with the 

strong changes of additive distribution in upper film thickness area observed by SIMS 

analysis. The additive profiles across the as-deposited and annealed SACVD BPSG films 

were nearly flat, but in contrast, profiles were found to be dramatically changed after PCT, as 

shown in Figure 2.27(b). A significantly smaller change in the FTIR spectrum of PECVD 

BPSG films (Method 8) was found after PCT, as shown in Figure 2.27(a). Moreover, we did 

not observe significant changes of additive distribution in PCT PECVD BPSG films that is 

illustrated in Figure 2.27(b). Thus, these data clearly show that the additive leaching effect is 

much more pronounced for the films deposited by Method 5. 

BPSG composition and additive leaching from the films. It was reported that 

phosphorus, if it exceeds a certain concentration in the PSG film, leaches out from the film. 

Interacting with water, phosphorus oxide becomes phosphoric acid that attacks and corrodes 

aluminum metallization [8,9,16]. In contrast, leached boron becomes weak boric acid and this 

seems to be a reason why almost no film-related boron leaching data have been published 

compared to those of phosphorus leaching. Numbers characterizing phosphorus leaching from 

films are different. For instance, Nagasima et al [16] showed that in PSG films with less than 

8 wt % [P], the insoluble silica matrix protects phosphorus from attack by absorbed moisture. 

However, at higher concentrations phosphorus leaches out, since oxides such as P2O5 are 

water soluble. BPSG films deposited using the PECVD method from hydrides with nitrous 

oxide [51] revealed phosphorus leaching after 4 wt %. 

To illustrate the details about the phosphorus leaching effect, we use data obtained by 

Yoshimaru et al [178]. PSG and BPSG films deposited using Method 1 exceeding 9 wt % 

phosphorus showed high phosphorus leaching. Figure 2.28(a) illustrates the dependence of 

the phosphorus leaching ratio for PSG and BPSG films on the phosphorus concentration after 

120 hours in the PCT (120C, 100 % relative humidity).  

The phosphorus leaching ratio (%) is defined as the ratio of the phosphorus concentration 

difference before and after PCT divided by the phosphorus concentration before PCT. Figure 

2.28(b) shows the dependence of the phosphorus leaching ratio for PSG and BPSG and on the 

PCT time with the same other conditions, respectively. Phosphorus in PSG with 10 wt % [P] 

leached after 64 hours. The phosphorus leaching ratio apparently saturates after 120 hours at 

about 25 %. Adding boron to the film makes phosphorus leach more easily. The PCT time 

required for phosphorus leaching decreases, and the phosphorus leaching ratio becomes 

saturated at a higher ratio. Phosphorus in BPSG with a 4 wt % [B] and 10 wt % [P] 

showedphosphorus leaching after only 8 hours in the PCT. The phosphorus leaching ratio 

became saturated at 50 % after 24 hours in the PCT. PSG and BPSG with 9 wt % [P] or less, 
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however, showed almost no phosphorus leaching after a PCT continuing up to 150 hours. 

Finally, the authors concluded that a certain limit in the phosphorus concentration near 9 

wt % [P] is not affected by boron concentration. Boron only shortens the PCT time required 

for BPSG phosphorus leaching and decreases the residual phosphorus concentration after a 

long time in the PCT. 

 

 
(a) 

 
(b) 

 

 

 

 

 

 

 

Figure 2.27. FTIR spectra of moisture-related area for autoclave treated annealed BPSG films deposited 

using Method 5 and Method 8 (a) and SIMS profiles of boron and phosphorus in BPSG films deposited 

by Method 5 and Method 8 after autoclave testing (b).Presented at 3
rd

 Intern. Dielectric for ULSI 

Multilevel Interconnection Conf. (DUMIC), 1997 [186] (a) and at 4
th
 Intern. Dielectric for ULSI 

Multilevel Interconnection Conf. (DUMIC), 1998 [208]. 
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(a) 

 
(b) 

 

 

 

 

 

 

 

 

 

Figure 2.28. Dependence of the phosphorus leaching ratio for PSG and BPSG on the phosphorus 

concentration after 120 h in the PCT (120 °C, 100 % relative humidity) (a) and dependence of the 

phosphorus leaching ratio for PSG and BPSG on the PCT ( 20 °C, 100 % relative humidity) time (b) 

[178]. Reproduced by permission of ECS – The Electrochemical Society. 

An obvious physical consequence of the additive leaching effect during the glass film 

moisture absorption/interaction is a liquid droplet formation on the surface of films. This was 

easy to see under the optical microscope as long as the size of droplets in SACVD BPSG 

films was found to be up to 30 µm. The size and density of liquid droplets were proportional 

to the total additive content in films. Liquid drops were also found on the surface of PECVD 

films after PCT, but their size and density was found to be much smaller than those in 

SACVD BPSG films [186]. The content of these droplets is supposed to be water soluble 

phosphoric and boric acids.  
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(a) 

 
(b) 

Figure 2.29. Dependence of absorbed water in SiO2 and BSG on the PCT time (a) for boron 

concentrations in BPSG films are 2 and 3 wt % and dependence of absorbed water in PSG and PSG on 

the PCT lime for phosphorus concentrations in films 4.3, 6.5, and 8.7 wt% and the boron concentration 

in BPSG is 3 wt % (b) [178]. Reproduced by permission of ECS – The Electrochemical Society. 

A quantity of moisture absorbed by films. The capacity of boron- and phosphorus-

contained films (with 9 wt % [P] and less, i.e., films that showed no phosphorus leaching) to 

absorb moisture was evaluated by Yoshimaru et al by the weight increase during PCT [178]. 

Films were weighted with a microbalance before and after PCT and the difference was 

attributed to the absorbed water content in the film. Figure 2.29(a) shows the dependence on 

the PCT time of absorbed water in SiO2 and BSG films.  

BSG film absorbed more water than SiO2.The amount of absorbed water increased with 

an increase in the boron concentration. BSG film with 3 wt % [B] contained three times more 

water than SiO2. Water absorption saturated after a short PCT time, and then decreased. The 

number of water adsorption sites in the film may decrease after a long time in the PCT. Figure 

2.29(b) shows the dependence of absorbed water in PSG (lower half) and BPSG (upper half, 

3 wt % [B]) on the PCT time as a parameter of phosphorus concentration. BPSG absorbed 
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more water than PSG at the same phosphorus concentration. Both BPSG and PSG, however, 

absorbed a similar water content at the highest phosphorus concentration. Water absorbed by 

BPSG decreased with increasing phosphorus concentration. By contrast, water absorbed by 

PSG increased with an increased phosphorus concentration. The data suggest that increased 

boron and phosphorus enhanced water adsorption if they exist alone in silicate glass film, but 

do not necessarily enhance water absorption in BPSG films. 

Instrumental analysis of hydrogen-contained species in the films. Hydrogen-

contained species were studied in a few reports. Xie et al [184] measured the hydrogen 

content of phosphorus-contained silica and SiO2using nuclear reaction profiling. He showed 

that the concentration of hydroxyl groups and the rate that water was absorbed within the 

films depended on the deposition method, additive concentration, and the post-annealing 

temperature. It was found that the H content was 10
21

  10
22

 atoms/cm
3
 in as-deposited films. 

After approximately 150 hours of storage, 2 wt % [P] PSG films absorbed water, but films 

with 8 wt % of [P] did not. Annealing decreased the H content whereas leaving the films in a 

room environment increased it. They related the electrical properties of the films to the H 

content.  

The hydrogen concentration in SACVD BPSG films was studied in [224]. In as-deposited 

4.5 wt % [B]  4 wet % [P] SACVD BPSG film capped with PECVD TEOS-oxygen silicon 

dioxide layer immediately after deposition was found to be as low as 3.210
20

 atoms/cm
3
. 

This was found to be not higher than that of PECVD silicon dioxide film (about 610
20

 

atoms/cm
3
), or HDP-CVD silicon dioxide film (about 410

20
 atoms/cm

3
). For SACVD BPSG 

films, the hydrogen concentration was found to be about 1.310
20 

atoms/cm
3
 after RTA at 

850 C for 30 seconds. In all cases, hydrogen concentration was uniform across the films. 

Hydrogen concentration in as-deposited and non-capped SABPSG films stored in clean-room 

conditions for 3 weeks was found to be increased up to about 310
21

 atoms/cm
3
 slightly 

decreasing from the surface to the film depth. This increase of hydrogen content corresponds 

to the adequate changes in FTIR spectrum moisture-related areas. 

Dyer [217] studied the SIMS depth profiles for hydrogen and hydroxyl for the RTA and 

FA heated BPSG films deposited using Method 4 with 1.6 wt % [B] and 3.2 wt % [P]. The 

chemical source for both of these secondary ions was taken to be water-related (e.g., H2O and 

OH). Data showed that the extent of water penetration in the films was limited and that the 

depth of penetration was a clear function of the anneal conditions used. Among the RTA 

films, the dependence of the penetration depth on the RTA parameters was similar to that of 

the other measures of stability. The penetration was deeper for lower RTA temperatures and 

shorter RTA times with the effect of temperature being dominant.  

Yoshimaru et al [178] studied SIMS profiles in BPSG with 2 wt % [B] and 6.5 wt % [P] 

after 32 hours in the PCT. He used either H2O or D2O as the moisture source and Figure 

2.30(a,b) shows the results for H and O – H profiles using H2O (a) and for D and O – D 

profiles using D2O (b). Profiles before the PCT are shown by dashed lines. The H profile 

before the PCT was found to be not flat. As could be expected, the D profile before the PCT 

was flat and the ion intensity was about two orders of magnitude lower than for the H profile. 

These results may be due to the effects of residual H2O in the SIMS system or H2O adsorbed 

at the film surface. The change in D profiles before and after the PCT was found to be larger 

and more reproducible than that of the H profile. The authors concluded that more reliable 
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information on water penetration into the film could be obtained through the use of D2O 

rather than H2O. 

Figure 2.31 shows D and OD profiles for SiO2, BSG, and PSG after 32 hours in the PCT. 

Water was found to penetrate SiO2 and BSG completely after the PCT. The water penetration 

of PSG was not complete, being only to a depth of about 0.4 μm. Therefore, water penetrated 

SiO2 and BSG rapidly, but slowly for PSG and BPSG, which contain phosphorus. The D ion 

intensity in BSG, PSG, and BPSG in the water-penetration region were found to be higher 

than that in SiO2. It was proposed that both boron and phosphorus increase water 

concentration in the films, but phosphorus appeared to suppress the water penetration depth in 

silicate glass differently from boron. 

To summarize the water penetration effect in more detail, Yoshimaru et al calculated the 

water concentration profile in film from D profiles and the amount of absorbed water. Figure 

2.32 shows the typical water profiles in BPSG films (2 wt % [B] and 6.5 wt % [P]) as a 

function of the PCT time. These profiles do not exhibit a simple exponential behavior, but 

consist of the following three regions: (1), near the surface, where the profile was rather flat 

and the water concentration was high; (2), in the middle of the film, where water 

concentration profiles decreased sharply; and (3), near the interface between BPSG and Si, 

where the profile was flat and had a low background intensity. Water concentration in (I) near 

the surface was termed surface water concentration (the surface water concentration 

apparently indicates the maximum water concentration that films contain). The water 

penetration depth in the film after PCT was defined as the depth of the point where the water 

concentration was 10
20

 molecules of H2O in 1 cm
3
 because the point was located in the 

middle of the region (2) and it was easy to define the depth from the water concentration 

profiles.  

 

 

Figure 2.30. Typical SIMS profiles of water in BPSG (2 wt % [B] and 6.5 wt % [P]) after 32 h in the 

PCT. At left are H and O – H profiles with H2O as the moisture source. At right are D and O – D 

profiles with D2O as the moisture source. Dashed lines show profiles before the PCT [178]. Reproduced 

by permission of ECS – The Electrochemical Society. 



Vladislav Yu. Vasilyev 112 

 

Figure 2.31. Deuterium profiles for PSG (8.8 wt % [P]) (i), BSG (3 wt % [B]) (ii) and SiO2, (iii) after 

32 hours in the PCT [178]. Reproduced by permission of ECS – The Electrochemical Society. 

 

Figure 2.32. Typical water profiles in BPSG (2 wt % [B], 6.5 wt % [P]) as a function of PCT time 

(from 8 hours to 32 hours) [178]. Reproduced by permission of ECS – The Electrochemical Society. 

Figure 2.33(a,b) demonstrates the dependence of the surface water concentration on film 

phosphorus concentration and the dependence of water penetration depth on film phosphorus 

concentration after 16 hours in the PCT at a different boron concentration, respectively.  

 

 



BPSG Film – Ambient Moisture Interaction 113 

 
(a) 

 
(b) 

Figure 2.33. Dependence of surface water concentration on phosphorus concentration in PSG and 

BPSG as a parameter of boron concentration (b) and dependence of water penetration depth on 

phosphorus concentration in PSG and BPSG after 16 hours in the PCT as a function of boron 

concentration (b) [178]. Reproduced by permission of ECS – The Electrochemical Society. 

The following features can be seen in these graphs. The surface water concentration of 

PSG film increased with increasing film phosphorus concentration. Adding boron to PSG 

film increased the water concentration in film with a low phosphorus concentration. Films 

with high phosphorus concentrations changed very little with boron addition, however. Boron 

increased the surface water concentration in BPSG film, but had less of an effect with 

increasing phosphorus concentration. The penetration depth of PSG film decreased with 

increasing phosphorus concentration. Adding boron to PSG film increased the water 

penetration depth. For film with about 4.5 wt % [P], the penetration depth of PSG film was 

about 0.4 m and that of BPSG with 3 wt % [B] was about 0.8 m. However, for film with 

8.5 wt % [P], the BPSG penetration depth was almost the same as that of PSG film. The 

authors concluded that phosphorus appeared to suppress water penetration, and boron 
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enhanced it. But boron had less of an effect with increasing phosphorus concentration. The 

dependence of the water penetration depth on boron and the phosphorus concentration was 

found to be similar to that observed for surface water concentration. 
 

The final dependence of the water penetration depth of PSG and BPSG films with 2 

wt % [B] on the PCT time is presented in Figure 2.34. The penetration depth logarithm 

increases linearly with the logarithm of the PCT time. This relationship is expressed in the 

author’s original equation Y = At
b
 [178], where Y is the penetration depth, t is the PCT time, 

A and b are constants. The constant B of PSG and BPSG is about 0.4. 

Thermal Desorption Spectroscopy (TDS) analysis. The TDS technique allows 

clarifying the status of water species in films. Yoshimaru et al [178] studied SiO2, BSG, PSG 

and BPSG films after 100 hours PCT. Figure 2.35(a) shows the water desorption from SiO2 

and BSG with 3 wt % [B] reflecting similar water desorption profiles as long as both films 

demonstrate a sharp water desorption peak at about 280 °C.  

Water desorbed at low temperatures is assumed to be that physically adsorbed in the film 

pore structure. According to the authors [178], boron apparently increases the number of film 

pores because the amount of water desorbed from BSG film at low temperatures (280 °C) is 

larger than that for SiO2 film. Figure 2.35(b) shows the water desorption from PSG with 8.5 

wt % [P] and BPSG film with high and low phosphorus concentrations. PSG film did not 

show a sharp water desorption profile, but had a broad desorption profile between 250 and 

700 °C. PSG film could have fewer pores than SiO2 and BSG films. The water desorption 

profile for BPSG film with a low phosphorus concentration was similar to that of BSG and 

SiO2 films. The film showed a sharp water desorption peak at about 280 °C. The water 

desorption profile of BPSG film with a higher phosphorus concentration was similar to that of 

PSG film, showing only a broad profile from 250 to 700 °C. BPSG film with a high 

phosphorus concentration presumably had a smaller number of pores than the BPSG film 

with a low phosphorus concentration. According to the author’s conclusion, the pore structure 

may influence the water penetration path in silicate glass films, and the water penetration 

depth was determined by the change in pore structure caused by boron and phosphorus. 

 

 

Figure 2.34. Dependence of water penetration depth of PSG and BPSG films with 2 wt % [B] on PCT 

time [178]. Reproduced by permission of ECS – The Electrochemical Society. 
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(a) 

 
(b) 

Figure 2.35. Water desorption from SiO2 and BSG with 3 wt % [B] alter 100 hours in the PCT (a) and 

water desorption from PSG with 8.5 wt % [P] and BPSG with high and low phosphorus concentrations 

after 100 hours in the PCT (b) [178]. Reproduced by permission of ECS – The Electrochemical Society. 

Moisture absorption and film properties. There were very few publications about 

changes in the film properties during long time film exposure to ambient air. Changes in the 

film properties over the exposure time to the ambient seem to be a feature of the as-deposited 

films at long air-exposure time. Long-time thermally annealed, i.e. significantly densified 

films revealed very moderate interaction with the ambient moisture and stability of the film 

properties on time. For instance, Dyer [217] showed that the residual stress exponentially 

decreased and the thickness of as-deposited films exponentially increased over time due to the 

moisture instability whereas these properties were stable in furnace annealed films. Films 

treated under various RTA conditions (temperatures from 700 to 900 °C and times from 10 to 

50 sec) were chemically similar to each other but had different physical properties depending 

on the specific conditions of the anneal process. 

To monitor net charge values in as-deposited BPSG films during long time exposure to 

the clean-room ambient, the author used the Surface Charge Analysis (SCA) technique [214]. 

Charge values in both studied BPSG film types (deposited using Method 5 and Method 8) 
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revealed stable values up to 250 hours after film deposition with a little decrease, as shown in 

Figure 2.36(a).  

Normally, the storage of as-deposited BPSG films for several days caused the formation 

of so-called “circular BPSG defects” on the film surface (see Chapter 13 for details). The 

complete removal of these defects (which have a liquid nature) from the surface of glass film 

can be achieved by vacuum pumping in helium flow at 440 ºC for 2 minutes that is equal to 

the first step of the film deposition recipe. Vacuum pumping caused a dramatic change of 

SCA values and Figure 2.36(b) shows the decrease of SCA values after vacuum pumping for 

BPSG films as a function of the total additive concentration. However, we did not observe 

serious changes of the net charge for thermally annealed and long time exposed to clean-room 

ambient BPSG films after pumping. This clearly indicates the difference between the film’s 

density and the film’s ability to absorb moisture. Charge changes after pumping in as-

deposited (and supposed to be porous) BPSG films were explained by the removal of 

moisture and products of additive-moisture interaction from the film. 

The proposed reason for the observed physical and net charge changes was moisture 

absorption affecting mostly as-deposited films. However, as-deposited BPSG films are not in 

use in IC device technology that makes a study of their property changes rather meaningless. 

Based on common sense, the time delay after BPSG film deposition and following processing 

should be minimized. For all of the anneal conditions, the post anneal film density is 

proposed to be a consistently good predictor of the subsequent film property stability during 

time. 

 

 

12.3. DESCRIPTION OF MOISTURE ABSORPTION EFFECTS  

IN BPSG FILMS 
 

Film composition and moisture absorption activity. Hydrogen-contained species in the 

glass films are normally attributed to the water molecules. However, the author distinguished 

three hydrogen sources in the 4.5 wt % [B]  4 wt % [P] borophosphosilicate glass film 

samples deposited using Method 5 [270]. Approximately 20 % of the initial hydrogen 

(3.210
20

 atoms/cm
3
) amount was supposed to be present in alkoxy groups (  OC2H5). These 

groups are residuals of incomplete oxidation of the initial alkoxy compounds of silicon, 

boron, and phosphorus upon oxidation reaction. Approximately 80% of the initial hydrogen 

amount can be in the form of water as the product of oxidation reactions of organic esters. 

The initial absolute water concentration in the studied SiO2 capped 4.5 wt % [B]  4 wt % [P] 

BPSG film was estimated to be about < 0.15 wt %. Here the thermodesorption data [178] 

were used for the SIMS calibration. The water absorbed by glasses from ambient air is also 

the hydrogen source. It was found to be increased up to about 310
21

 atoms/cm
3
 in a 3 week 

period when the samples were stored in a clean-room wafer box. According to the SIMS data 

on the hydrogen content, the water concentration after such exposure was estimated to be 

about 1.8 wt % and this was purely absorbed moisture by the films. For the glasses produced 

by PECVD, the water content in these glasses even upon prolonged exposure to air did not 

exceed tenths of a weight percent. 
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(a) 

 
(b) 

Figure 2.36. Monitoring of as-deposited BPSG films with different additive content during long time 

storage followed by vacuum pumping (a) and SCA values vs. total additive content in films after 

pumping. Presented at 4th Intern. Dielectric for ULSI Multilevel Interconnection Conf. (DUMIC), 1998 

[214]. 

As can be seen in Figure 2.26, as-deposited boron-enriched films are prone to absorb 

significantly more moisture compared to the films with the other compositions. Undoubtedly, 

this strong absorption confirms a deep moisture penetration in the film. In fact, Yoshimaru et 

al [178] concluded that boron in BPSG films enhances the water penetration into the depth of 

the film, but the phosphorus was prone to fix moisture on the film surface, suppressing 

moisture penetration into the film depth. Figure 2.37 shows the dependence of the surface 

water concentration on the phosphorus concentration at different boron concentrations. The 

data are the same as those in Figure 2.33(a), except that the unit on the abscissa is changed 

from the phosphorus weight percentage to atom/cm
3
.  
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Figure 2.37. Dependence of surface water concentration on phosphorus concentration as a function of 

boron concentration. The 45° angle straight line indicates a case where all phosphorus in the film 

combines with water molecules [178]. Reproduced by permission of ECS – The Electrochemical 

Society. 

The common explanation of the interaction of phosphorus-contained glass films with 

moisture is that P2O5 in silicate glass interacts with water according to a scheme (2.4): 

 

(-Si-O-)3P=O + H2O  (-Si-O-)3P(OH)2  (2.4) 

 

This scheme assumes that each phosphorus atom site in the film combined with one 

molecule of water, i.e. the water concentration (H2O/cm
3
) becomes the same as the 

phosphorus concentration (P/cm
3
). Thus, in the case where all absorbed water combines with 

all phosphorus in the film, it could be expected that the data points in Figure 2.37 would fall 

on a straight 45° angle line. In Figure 2.37, the data points for PSG are plotted near and 

parallel to the 45° angle line, i.e. almost all water in PSG film combines with P2O5.  

Data points of BPSG films do not follow this line. Water concentration in BPSG film 

with a high phosphorus concentration falls near the line and data points for water in BPSG 

film with low phosphorus fall above the line. According to [178], this result suggests that 

boron increases the number of additional water absorption sites in BPSG film, but highly 

contented phosphorus reduces the number of additional water absorption sites.  

As shown above, the common explanations of the interaction of the phosphorus-

contained glass film with the water molecules are usually done using the double P = O bond 

in accordance with the scheme (9.1) [178]. Along with the increase of peaks intensity in the 

moisture-related areas, this interaction is normally associated with the loss of P = O intensity 

in FTIR spectra. For instance, Figure 2.38 shows Dyer’s data [217] where a direct correlation 

of absorbed moisture and P = O bond loss can be seen. 

After thermal anneal, all phosphorus-contained films revealed a decrease in moisture-

related peaks, and an increase in the P = O peak intensity. This change reflects water 

desorption from the film, which is commonly described as follows (2.5-2.7): 

 

H2O (absorbed) H2O (gas), (2.5) 
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2( SiOH)  Si – O – Si  + H2O, (2.6) 

 

 P(OH)2 P = O + H2O  (2.7)  

 

Based on schemes (2.4) and (2.7), one could propose the formation in the BPSG films the 

structural groups with 5 equal phosphorus-oxygen bonds, for instance, ( Si – O - )2(OH)2P –

 O – B(– O – Si –)3. However, as long as the phosphorus is known to save P = O bond in 

oxygen-contained compounds, the interaction of the phosphorus-contained films with the 

moisture can be rather explained using the following scheme: 

 

(Si-O-)3OP + H2O  (Si-O-)2OP-OH + Si-OH (2.8) 

 

We believe the scheme (2.8) adequately explains the well-known phosphorus leaching 

effect from the phosphorus-contained films discussed above, because the scheme (2.4) does 

not give such an opportunity. In fact, further interaction of the reaction product (Si-O-)2OP-

OH in scheme (2.8) with ambient moisture H2O should produce (Si-O-)OP(OH)2 + Si-OH. 

Following this logic, after reaction with moisture (Si-O-)OP(OH)2 it should produce 

phosphoric acid OP(OH)3 + Si-OH. In reality, the presence of droplets of phosphoric acid on 

the phosphorus-contained films is a well-known feature of these films. 

The explanation of boron effects is slightly more complicated. Explaining high activity of 

as-deposited boron-rich BPSG films with respect to the moisture (see Figure 2.26), a simple 

scheme (2.9) similar to (2.8) can be used:  

 

(Si-O-)3B + H2O  (Si-O-)2B-OH + Si-OH  (2.9) 

 

Similarly to phosphorus leaching, the following interaction of the reaction product with 

water should produce boric acid B(OH)3. However, the boron leaching effect during the glass 

thin film interaction with the moisture is not as strong as the phosphorus one. It has never 

been clarified in the literature. For instance, Yoshimaru et al showed that the B-O absorption 

peak (1380 cm
-1

) of BSG film with 3 wt % [B] is stable during 100 hours in the PCT. This 

indicates that B2O3 in annealed BSG film does not react with water. The change in the B-O 

peak in BPSG is not clear, because the B-O peak in BPSG overlaps with the P=O (1300 cm
-1

) 

peak and the P=O peak decreases with PCT time. The Si-OH (3650 cm
-1

) and H-O-H (3300-

3500 cm
-1

) peaks in BPSG film after PCT, however, are smaller than that of BSG film. This 

indicates that B2O3 in BPSG scarcely interacts with water and, therefore, B2O3 in the film 

apparently does not act as a water absorption site in BPSG. In other words, this result 

suggests that boron increases the number of additional water absorption sites in BPSG film 

without interacting with water. 

We believe the following explanations of accumulated data and existing discrepancies 

can be done. Using the discussion in Chapter 9, the activity of the boron-rich films to the 

moisture can be explained by threefold boron coordination with respect to the oxygen in these 

films and its ability to change coordination to a fourfold one. Boron oxide is known to be a 

Lewis acid. Thus, one can propose that besides the interaction according to the scheme (2.9), 

it can be an additional path of interaction like forming a group (Si-O-)3BOH2 with a fourfold 

boron coordination. However, we believe that this interaction is supposed to be even weaker 
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than that, producing a group with a weak water bonding [(Si-O-)3B]H2O. This type of 

bonding is supposed to help the water molecules move easily into the depth of the film. The 

validity of this conclusion can be proved by the following simple comparison. The size of a 

water molecule (distance between hydrogen atoms is about 1.5 Å) is less than the distance 

between planar layers in B2O3 structure (4.3 Å) and less than middle-range order (2.8 – 5.5 Å) 

in glasses.  

Gradually adding P2O5 to the B2O3 or SiO2-B2O3 mixture resulted in the change of boron 

coordination from threefold to fourfold with respect to oxygen atoms. Therefore, the share of 

threefold coordinated boron atoms decreases and the film structure becomes more ordered. As 

a result, the film becomes less active with respect to the moisture interaction, particularly, in 

terms of moisture penetration into the film depth. As for the phosphorus, it still remains an 

active agent with respect to the moisture and fixes water molecules closer to the film surface. 

Additional features of BPSG film structure. Phosphorus in CVD glass films was 

assumed to be randomly substituted in the silica network preferably in the form of P4O10 or, 

as commonly designated, P2O5.This means that all the phosphorus atoms are defined to be in 

the form of P
5+

. According to considerations made in Chapter 9 in these glass films all glass-

forming oxide species are supposed to exist as tetrahedra for silicon, phosphorus and partly, 

boron, and triangles and boroxol groups for boron too. Assuming the film consists of 

tetraherdra only, the structural groups (Si-O-)2PO-O-, (Si-O)2B-O-, (Si-O-)2OP-O-B(-O-

Si)3 can be proposed. 

However, based on the leaching studies, Yoshimaru et al [178] proposed that part of the 

phosphorus in BPSG films deposited using Method 1 with a concentration higher than 9 wt % 

[P] may form P2O5 clusters. The clustered phosphoric oxides may leach out during the PCT, 

leaving the porous silica structure. This was observed by using Transmission Electron 

Microscopy observation using the replica method that the film surface of phosphorus-leached 

areas was extremely porous.  

 

 

Figure 2.38. Stoichiometric relationship between absorbed water and lost P = O bonds for the PSG 

films with various 6.2 mol % P [217]. Reproduced by permission of ECS – The Electrochemical 

Society. 


