
 

 

 

 

 

 

 

 

Chapter 17 

 

 

 

BPSG FILM DURABILITY 
 

 

BPSG film durability (another term in use is stability) is a very rarely studied topic. Some 

stability data regarding the film deposited using Method 1 were presented in the mid-1980s 

by Kern and co-workers [56,57]. The film durability was linked to the additives in the film, 

particularly to their concentrations and their activity with respect to the ambient. Being 

exposed to corrosive or aqueous compound solutions, or treated at enhanced temperatures, the 

boron and phosphorus oxides can leach out of the glass film changing the film properties. The 

authors came to the conclusion that as-deposited BPSG films should never be exposed to 

corrosive or aqueous compound solutions before anneal. As for additives loss during high-

temperature film treatment in dry ambient, the authors found it to be about 30 % in the 200 

 300 Å region near the film surface and concluded that for practical application these small 

changes were not really important. 

Intensive studies and development of BPSG film technology in the last 15 years were 

inspired by the fast sub-half micron ULSI technology development. This led to the conclusion 

that existent knowledge of BPSG film stability was insufficient. For advanced IC devices and 

new methods of BPSG film deposition, the film durability issues should be studied using new 

approaches, methods, and tools. 

BPSG film post-deposition thermal treatment at isothermal conditions provided a good 

film densification, i.e. an improvement of film moisture resistance and sufficient BPSG film 

softening for film planarization and gap-fill. Normally, this range of relatively high thermal 

budget conditions corresponded to the temperature 850  950 C and time for 10  30 

minutes. Arranging these numbers as a thermal budget, i.e. as T(K)t(min), these FA 

conditions can be defined to be ~ 3.710
4
 Kmin. Similar changes in BPSG film softening 

can also be achieved with Rapid Thermal Anneal (RTA) conditions at temperatures up to 

1100 C and anneal time less than 1 minute, which corresponds to the range of thermal 

budget of about (0.4-1.4)10
3
 Kmin.  

Such high thermal budget conditions are not applicable for all types of sub-quarter 

micron ULSI devices. Particularly, modern microelectronics necessitate a considerable 

decrease in the thermal budget of devices in the course of their manufacturing. For instance, 

logic devices with silicide gates require lower thermal budget RTA conditions, which 
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correspond to a temperature lower than 850 C and anneal time less than 2 minutes (this 

corresponds to thermal budget as low as < 0.410
3
 Kmin).  

As we show in Figure 2.23, this range of BPSG film thermal treatment conditions drops 

in between so-called glass transition temperature Tg and glass flow temperature Tf, and is 

closer to Tg. Based on common sense, certain stepped changes of BPSG film properties or 

severe instability of BPSG films, deposited at temperatures less than Tg, and annealed at 

conditions close enough or just a little bit higher than that of Tg, might be expected. Among 

expected changes, for instance, might be an enhanced glass ability of moisture absorption and 

defect formation, long-term instability of film properties and boron and phosphorus states, 

etc. This expected to be due to the differences in the glass matrix stability at low anneal 

temperatures and additive species instability at temperatures higher than their evaporation 

temperature. Relatively low temperatures of heat treatment of BPSG films are insufficient for 

the viscous flow of glasses but they are sufficient for the activation of phosphorus-containing 

clusters in the porous glass matrix. For instance, according to the classical chemistry, the 

sublimation temperature of pure phosphorus pentoxide is equal to 359 C. 

In this respect, there arises the problem of an insufficient durability of the glass films 

under consideration, which can affect a long-term normal operation of devices. In this 

chapter, we summarize studies of low thermal budget annealed films investigated in detail 

previously [214,242,269,270]. 

 

 

17.2. BPSG FILM DURABILITY  
 

Chosen to be a standard, BPSG films contained 4.5 wt % P and 4 wt % B were prepared 

by Method 5 (i.e. with the highest evaluated film porosity). Experiments were conducted in 

accordance with the following procedure: the first set of measurements was done after film 

deposition. After that, it was repeated after anneal (0.3 – 2 min at temperatures of 700 –

 950 C using a RTA. For comparison purposes, the film samples were also isothermally 

treated at 750 C. All samples were exposed for 5 days to clean-room air with everyday 

measurements of film thickness, refractive index, defect appearance (control under optical 

microscope), surface charge, film stress, FTIR spectra registration. After that, films were 

rinsed with deionized water and monitored another 4 days followed by an autoclave testing at 

121 C, 1.2 atm pressure and 100 % humidity for 168 hours. After testing, a full set of 

parameters was measured again. In addition, in order to obtain a difference between samples 

due to the assumed difference in absorbed moisture, films were conducted to a hot pumping at 

440 C and the pressure of 10
-2

 torr followed by a nitrogen purge at 2 torr at the same 

temperature for 2 minutes. After this treatment, the last set of measurements was performed. 

Contrary to expectations, no stepwise changes in the BPSG film properties were observed 

under the above annealing and storage conditions therefore indicating the film stability. 

However, the electrical properties of the glass films changed after annealing. In particular, the 

use of the SCA technique (see the results and thorough discussion in [214,242]), made it 

possible to evaluate the changes in terms of the net averaged charge and the charge 

distribution (standard deviation within wafer, StD SCA) over the wafer surface BPSG films 

after heat treatments. Despite the fact that SCA data cannot be used directly for the 

explanation of charge phenomena in the films, it was believed that this technique was an 
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effective tool to detect the beginning of changes in electrical film properties with temperature. 

After film deposition, average SCA values (measured with MDC-1 tool by Material 

Development Corporation) in studied BPSG films were found to be 5.510
10

 q/cm
2
 with StD 

SCA within wafer 0.06. Changes of surface charge value and surface charge uniformity on 

the wafer (StD SCA) with the thermal budget anneal conditions are shown in Figure 

3.25(a,b). 

Both changes in average charge and charge non-uniformity within wafers in Figure 

3.25(a,b) were found to increase with the thermal budget value. Therefore, these changes 

were not observed upon low-temperatures heat treatments, but upon high-temperature heat 

treatments, which lead to the softening and viscous flow of the glasses. Highest changes were 

observed for temperature 900 C and temperature 850 C was second. Despite huge 

differences in the thermal budget values between RTA and FA conditions, changes are higher 

in the case of higher anneal temperature, as can be clear seen in Figure 3.25(a,b). This 

confirms that the temperature is the major parameter affecting charge changes in the films.  

 

 
(a) 

 
(b) 

Figure 3.25. Changes (in percent from obtained as-deposited values) of average surface charge value (a) 

and charge deviation within wafer (b) with anneal thermal budget [242]. 

This result was analyzed in the light of previously published data regarding a correlation 

of change in average charge (SCA) and charge non-uniformity within a wafer for different 
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BPSG film compositions (from 3 to 6 wt % of each boron and phosphorus) with FA at 850 

 900 C and RTA at 925 C (both in nitrogen ambient) [214,222] (see Figure 3.26(a)). Two 

features can be seen from this comparison. The first one is that FA provides similar changes 

of average total charge, but lower and uniform charge deviation within the wafer. The second 

one is that RTA reveals significantly higher charge non-uniformity within wafers.  

The nature of the change in the electrical properties of the glasses upon heat treatment 

still remains unclear. However, these changes can be explained by the change in the 

phosphorus and boron states in the glass film. The additive out-diffusion during a short anneal 

time are different within the wafer. At the same time, long anneal time provides uniform 

changes of additive status and additive out-diffusion from the film within wafer. The results 

obtained can be conveniently analyzed by dividing the thermal budget range into three sub-

ranges.  

 

 
(a) 

 
(b) 

Figure 3.26. Correlation of total charge changes after the film anneal and charge non-uniformity within 

wafers (a) and correlation of charge changes and rate of BPSG surface defect increment at heavy 

thermal budget FA conditions (b). 
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Low thermal budget. At a low thermal budget, LTB (when the softening and viscous 

flow of glasses is absent or insignificant), the properties and the effective density of the films 

do not change noticeably. The net charge in these films is uniform over the wafer surface and 

is stable in time. This can be the clear confirmation of the stable status of boron and 

phosphorus oxides in the film at such a low thermal budget conditions. Particularly, no 

evaporation of additives from the film occurs at such conditions. As a result, an effect of 

surface liquid defect formation is significantly lower as compared to high temperature anneal, 

which causes out-diffusion of additives followed by their condensation on the surface with 

defect nucleation. Thus, low temperature RTA is better for additive stability, but low heat 

treatment temperatures are not efficient in microelectronics due to a very weak glass flow.  

High thermal budget. At high thermal budget (HTB) conditions the film densification is 

better and the viscous flow of glasses occurs at high rates. At the same time, these 

temperatures were found to cause the highest changes of obtained net surface charge values 

and charge uniformity on the wafer. In fact, SCA allowed obtaining differences between 

BPSG film properties, namely at 900 C and, partly, at 850 C as compared to other studied 

anneal conditions. The nature of these charge changes is still not clear, however, these anneal 

conditions were found to correlate with the beginning of film flow, as well as with the typical 

post-densification defect appearance on the BPSG film surface. Such correlation, for instance, 

is shown in Figure 3.26(b) as a dependence of a rate of defect increment on the wafer surface, 

measured with laser-scanning methods(calculated based on data presented in Ref.187) on the 

changes of average total charge in SACVD BPSG films with total concentration from 6 to 11 

wt % (calculated based on data presented in Ref.214). The obvious correlation of these two 

parameters can be clearly seen. 

It is believed that the average net charge and charge non-uniformity changes indicate a 

beginning of additive out-diffusion from the surface and subsurface film areas at such thermal 

budget conditions. The short anneal is not sufficient to achieve a new stable status of 

additives, as well as their uniform evaporation from the film within wafer. In fact, despite of 

much higher thermal budget value for isothermal anneal at 750 C, the change of SCA values 

are much smaller as compared to short-time anneal at temperatures higher than 850 C. We 

believe obtained data reflects a difference in additive status in BPSG film within the substrate 

area, which is enhanced by RTA. In contrast, the heat treatment at high temperatures for long 

periods is responsible for the formation of a new structure with a stable state of phosphorus 

and boron in the glass and, hence, leads to new stable electrical properties of the film. In this 

case, new steady-state charge distribution after heat treatment is characterized by a minimum 

non-uniformity over the wafer surface. However, as was noted above, high-temperature heat 

treatments can be unacceptable in modern technology of integrated circuits.  

Intermediate thermal budget. The case of intermediate thermal budget (ITB) is the 

most interesting and important for microelectronics. Under these conditions (for example, at 

T > 850 C), the heat treatment results in a certain densification of glass, its viscous flow, and 

the most non-uniform charge distribution over the wafer surface. In this case, the processes of 

glass softening, transformation of additive clusters into the glass matrix, and diffusion of 

phosphorus and boron from the deposited film proceed at a rather low rate. As a result, rapid 

annealing under intermediate conditions leads to the formation of an imperfect film structure 

that is intermediate between the structures corresponding to heat treatments at low and high 

temperatures.  
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The structural inhomogeneity of the glass over the wafer surface differs substantially, and 

these films are unstable in their electrical properties. It should be emphasized that no changes 

in the electrical properties were observed for the considerably denser BPSG films produced 

by Method 8. This suggests a higher stability of the physicochemical and electrical properties 

of these films.  

A few conclusive proposals and suggestions were made by the author.  

First, studies generally did not highlight any step changes or significant changes of BPSG 

film properties (or any negative trends at low thermal budget film anneal), which might be 

considered as constraints for BPSG film to serve as Pre-Metal Dielectric in ULSI devices.  

Secondly, based on common sense, BPSG films deposited using Method 5 after low-

thermal budget RTA can be defined to be less stable as compared to the film after FA at 

750 C. This result was expected due to the significantly shorter RTA time which was 

insufficient for proper film densification. Here the author would agree with Dyer [217] that 

the film density (or indirect parameter - shrinkage value) could reflect such generalized 

parameters as film stability (or instability). However, currently, there is no clear definition of 

particular numbers to evaluate BPSG film stability, especially taking into account a variety of 

methods of film deposition.  

 

 

17.3. FUNCTIONAL DEPENDENCES OF BPSG FILM DURABILITY 
 

The generalization of the results obtained for the aforementioned heat treatment 

temperature ranges allowed the author to describe the durability of glasses by the parameter 

“BPSG film durability” as follows [270]: 

 

BPSG film durability(as-deposited) ~ d, [B]
-1

, [P]
-1

, dcap,te
-1

, d  (3.18) 
 

BPSG film durability(LTB) ~ T, [B]
-1

, [P]
-1

, dcap,te
-1

, d  (3.19) 

 

BPSG film durability(ITB) ~ T, [B]
-1

, [P]
-1

, dcap,te
-1

, T,  (3.20) 

 

BPSG film durability(HTB) ~ T, [B]
-1

, [P]
-1

, dcap,te
-1

,   (3.21) 

 

where d and T are as-deposited and thermally annealed film density, [B] and [P] are additive 

concentrations, dcap is thickness of capping silicon dioxide layer on the top of BPSG film, te is 

ambient exposure time, d and T, are the dimensionless parameters, characterized the 

general state of boron and phosphorus oxides in the glass structure in as-deposited and 

annealed state. Their values are assumed to be in the range from zero to unity for the BPSG 

films after deposition and heat treatment. For instance, for the films after deposition and low-

temperature heat treatment, we assume d< 1. For the films heat treated at high temperatures, 

when the transformation of the initial glass structure is completed, the parameter T,is 

determined by unity. Finally, at intermediate thermal budgets that closely correspond to 

conditions of rapid annealing and depend on its temperature and time, we propose T,<<1.


