
 

 

 

 

 

 

 

Chapter 10 

 

 

 

BASIC BPSG FILM PROPERTIES 
 

 

The properties of BPSG films were reported in many publications. There were a few 

examples of comprehensive characterization of BPSG film properties 

[50,52,78,93,110,129,161,207,224,245,269,270,276,281,289]. In this chapter, we briefly 

describe the most common results of studies of BPSG film properties. It is done for the main 

CVD processes used over the years of BPSG film implementation in IC device technology. 

Some details regarding CVD processes are presented in Table 1.5 for CVD processes and 

Table 1.6 for PECVD processes. BPSG films used in IC technology usually require additional 

post-deposition thermal anneal either for the film planarization, or for the film densification. 

Therefore, the film properties after the film anneal are also important for consideration and 

anneal conditions are also indicated below.  

 

 

10.1. SURFACE MORPHOLOGY OF THIN GLASS FILMS 
 

The film morphology is evaluated quickly by eye-control characterizing the film surface 

as glance, mate, dusty, etc. An opportunity to qualify the film surface morphology 

numerically appeared at the beginning of 1990 due to the development of the Atomic Force 

Microscopy (AFM) technique (see Chapter 7).  

To describe the BPSG film surface morphology, the author used a Digital Instruments 

NanoScope III Large Stage Tapping Mode Atomic Force Microscope system. The surface 

roughness of different types of BPSG films was characterized [224,225]. The surface 

roughness, defined as the root mean square (RMS), was measured by taking the average 

roughness of several scans measured under various length scales, from 0.5 to 2 m. The film 

surface roughness was found to be the basic physical difference of as-deposited thin film 

morphology. To obtain this conclusion, films with various additive concentrations and 

thickness of about 500 – 600 nm were deposited using APCVD, LPCVD and PECVD 

methods. The roughness was also investigated for the films annealed in a vertical furnace at 

temperatures of 850 °C and 900 °C for 30 minutes and 12 minutes, respectively.  
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Table 2.5. Surface roughness (RMS) and deposition rate of SiO2and glass films 

deposited by various CVD мethods 
 

CVD Method 

Additive 

content 

[B] - [P] 

(wt %) 

Thickness 

(nm) 

Wd 

(nm/min) 

Roughness RMS (nm) 

As-deposited 
Annealed 

850 C 

2 [4]  [4] 600 N.A. 12.39 1.13 

3 SiO2 500 10  2 2.51 - 

6 % BSG 500 1.10 - 

4 % PSG 500 2.34 - 

[2] – [3.5] 580 1.98 1.42 

[2.8] – [2.2] 600 2.50 - 

[3.7] – [4.3] 1050 2.83 1.34 

[3.3] – [6] 560 1.86 - 

[3.3] – [7] 440 1.84 0.40 

8 SiO2  
 

 

600 

300 0.53 - 

7.2 % BSG 396 0.39 - 

6 % PSG 685 0.69 - 

[2] – [7] 775 0.77 - 

[4.4] – [6.3] 980 0.85 - 

[5.9] – [5.5] 920 0.84 - 

[6.7] – [3.2] 790 0.84 - 

4 5 % BSG  

 

500 

84 0.65 - 

5 % PSG 102.5 1.20 - 

[4] – [4] 140 1.43 0.24 

[3] – [5] 130 2.38 0.32 

[5] – [3] 120 1.80 0.23 

[3] – [7] 145 3.22 0.24 

5 SiO2  

 

 
 

600 

 

Figure 2.15(a) Figure 2.15(b) - 

6 % BSG 200 0.45 - 

6 % PSG 245 0.73 - 

[3] – [5] 370 0.72 0.35 

[3] – [6] 380 1.22 0.21 

[4] – [5] 400 0.55 0.18 

[5] – [3] 340 0.70 0.19 

[5] – [4] 420 0.69 0.18 

[5] – [5] 513 0.89 0.17 

[6] – [3] 410 1.35 0.27 

[6] – [6] 470 1.35 0.42 

[10] – [3] 340 0.72 0.81 
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Correlation of film surface morphology with film deposition kinetics. The measured 

surface roughness values of the films produced at different deposition conditions are 

summarized in Table 2.5. Analysis of these values allows the highlighting of the following 

features for as-deposited films that can be used for additional confirmation of the proposed 

CVD reaction schemes. 

In general, it was confirmed that the silane-based chemistry (Method 2) produced films 

with higher surface roughness than that of TEOS-based chemistry (Methods 3,4,5,8). The 

silane-based films deposited at a low pressure revealed RMS values six to seven times lower 

than the films produced at atmospheric pressure conditions. Films deposited at atmospheric 

pressure had the highest RMS values and these values were comparable to those obtained in 

[131]. The high RMS value was explained by the difference in silane concentration used for 

deposition. In order to obtain a higher deposition rate, the concentration is about ten times 

higher at atmospheric pressure CVD conditions than under low pressure conditions. It is 

known that for both atmospheric and low pressure conditions the increase of the silane 

concentration causes the silica micro-particle formation due to undesirable gas-phase 

processes [3].  

It is also evident from the results in Table 2.5 that the BSG film surface roughness is 

1.5 – 2 times lower than that of PSG, BPSG and SiO2. This is consistent with the conclusion 

made in Part 1 that boron compounds were found to suppress the deposition rate of silane-

based films (see Chapter 3). It is therefore likely that gas phase reactions were also reduced 

and, as a result, boron-contained films appear smoother. 

The TEOS-based glass film revealed lower RMS values than the silane-based oxide, 

despite the similarity of the deposition rates at atmospheric pressures. However, at a reduced 

pressure, the deposition rate of TEOS-based glass films was significantly higher than the 

silane-based glass films. In the case of PECVD deposition, the RMS values of the BSG film 

were lower than all other types of films. Comparing data obtained for TEOS-ozone deposition 

chemistry in a single-wafer chamber for SACVD and APCVD conditions, BSG surface 

roughness was also found to be lower than other glass films. In this case, it is also obvious 

that boron suppressed gas-phase reactions, which led to smoother films. In contrast, there was 

a significant difference between the roughness of SiO2 and glass films.  

The roughness of SiO2films were also reported to be strongly dependent on the CVD 

process conditions. In case of silane-based chemistry, an increase of the process temperature, 

pressure, and silane concentration, either separately, or together, tends to increase the film 

deposition rate [1-3]. This always causes an increase in the micro-particle formation 

phenomenon in the gas-phase [2]. As a consequence, the film surface becomes rougher. This 

silane-based film feature looks obvious. However, in the case of TEOS-based chemistry, the 

roughness of SiO2films was also reported to be strongly dependent on the process conditions 

[225]. Figure 2.15(a) shows that the increase of TEOS flow caused an increase of the 

deposition rates. At the same time, the increase in the TEOS flow rate also increased the 

surface roughness to a maximum at a flow rate of 600 mg/min and then decreased gradually 

at higher flow rates (see Figure 2.15(b)). The maximum rms value corresponded to the 

highest surface sensitivity effect (the difference between the film deposition rate on silicon 

and silicon oxide substrate), as shown by the dotted line in Figure 2.15(a). In contrast, under 

similar process conditions, glass films revealed significantly lower rms values, but at higher 

deposition rates (see Figure 2.15(a,b)). Moreover, both additives in any combinations were 

found to suppress the effect of surface sensitivity. The reason behind this was explained in 
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Part 1 of the monograph (see Figure 1.25 and Figure 1.26). The reaction mechanism quickly 

changes due to the presence of additives in the gas-phase. These changes mainly explain the 

appearance of new gas-phase limited reaction routes for glass film growth. These reaction 

routes are the result of phosphorus compound oxidation in the gas phase in accordance with 

the chain-brain mechanism resulting in the formation of highly active intermediate products. 

Results in Table 2.5 show that for all oxidation reactions studied, boron compounds 

caused slight or no improvement to the deposited film surface morphology even with respect 

to SiO2 films. Thus, there is no evidence that boron compounds altered the reaction 

mechanism from heterogeneous to that of gas-phase limited even when the whole deposition 

process was accelerated. In contrast, all phosphorus containing films showed higher surface 

roughness values. This confirms a change of reaction mechanism from surface-limited to gas 

phase with material species formation in the reaction volume. 

 

 
(a) 

 
(b) 

 

 

 

 

 

Figure 2.15. Deposition rate (a) and surface roughness (b) of SACVD TEOS-ozone SiO2 and glass 

films vs. TEOS flow (re-drawn based on Ref.[225]). 
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In addition, the comparison of RMS data in Table 2.5 shows that the surface roughness of 

SACVD TEOS-ozone films is about 2.5 – 3 times less than that deposited at APCVD. It is 

necessary to note that the deposition rates of APCVD BPSG films were about 3 times less 

than those of SACVD BPSG films. This observation is in contrast with that observed in 

silane-based chemistry. This difference was explained by the implementation of different 

carrier gases (He at SACVD deposition and N2 at APCVD deposition). According to [184], 

this produced differences in the diffusivity of intermediate gas-phase clusters to the film 

surface, which subsequently combined in the gas-phase to form large species. Another 

reasonable explanation lies in the longer residence time of the APCVD process that increased 

the impact of the gas-phase reaction in the total deposition process (see comparison in Figure 

1.19). The residence time value of the APCVD condition is reported to be about 5 times 

higher than the SACVD condition. In this case, it would seem that SACVD deposited films 

are better in terms of a smoother surface. 

 

 
(a) 

 
(b) 

 

 

 

 

 

Figure 2.16. Surface roughness (a) and flow angle (b) of atmospheric pressure TEOS-ozone BPSG 

films after 30 minutes anneal in argon ambient. (re-drawn based on Ref.[225]). 
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Changes of BPSG film morphology with thermal annealing. BPSG film anneal at 

temperatures higher than the softening temperature causes the film flow and, therefore, 

subsequently smoothens the edges of device structures covered with flow-able glass film (see 

Figure 1.1). Flowing of the BPSG film was found to also change the film surface morphology 

and to produce a smoother film. The correlation between the BPSG film flow angle on the 

device step and the surface roughness of annealed BPSG films observed in this investigation 

are presented in Table 2.5. 

The changes of BPSG film morphology after the film annealing can be clearly seen in 

Figure 2.16(a,b). This figure shows the correlation of the surface roughness and the flow 

angle values Af with the increase of the anneal temperature. Using the AFM technique, the 

annealed BPSG film surface roughness was estimated to be about 3 – 4 times lower than that 

the as-deposited films. These data clearly demonstrate the planarization and smoothening of 

film surfaces by annealing at elevated temperatures.  

 

 

10.2. FILM MECHANICAL STRESS 
 

Film stress measurements can be carried out using different tools. For instance, the FSM 

128 tool by Frontier Semiconductor Measurements, Inc. was used in the author’s studies. 

Low-temperature SiO2-based CVD films tend to be in tensile stress as deposited and the 

addition of phosphorus oxide or boron oxide to CVD SiO2 films is known to decrease tensile 

stress [50]. Similarly, as deposited at 430 °C CVD, BPSG films were in very low tensile 

stress in the range of 910
8
 dynecm

-2
. However, as-deposited PECVD films are known to 

reveal slightly compressive stress values 810
8
 dynecm

-2
 [129] and < 0.510

9
 dynecm

-2
 

[95]. We also found that, for instance, for two popular production processes designated above 

as Method 8 and Method 9, typical stress values for as-deposited BPSG films were in the 

range of (4.3  6.5)10
8 

dynecm
-2

 (tensile), but (4.0  6.0)10
8
 dynecm

-2
 (compressive), 

respectively. Note that the compressive stress values in these PECVD films were adjusted by 

adjusting RF power density [2]. 

However, considering BPSG film PMD applications, one can realize that as-deposited 

film stress value is not that important which is due to the film high temperature annealing 

processing used in the main IC device technologies. For instance, post-deposition RTA at 

850 C for a couple of minutes of mentioned above BPSG film deposited using Method 8 and 

Method 9 allowed eliminating stress differences due to the film flow; stress in both cases 

become compressive at < 110
9
 dynecm

-2
. Similar low compressive stress values < 810

8
 

dynecm
-2

 were found for furnace annealed APCVD BPSG film deposited using Method 1 in 

a wide range of process parameters [57]. 

 

 

10.3. FILM DENSITY – FILM POROSITY – FILM SHRINKAGE 
 

Until recently, there was no direct published data regarding any correlation of the BPSG 

film density with the change of CVD process parameters. This is possibly due to insufficient 

film thickness for precise density evaluation. According to some references, silicon dioxide 

thin film density was estimated to be around 2.25 g/cm
3
 that is typical quartz value. It is 
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necessary to note that the film density value itself does not really play an important practical 

role in IC technology. On the other hand, the reciprocal parameter of this quantity - the film 

porosity - plays a very important role in some applications, for instance, for low dielectric 

constant films (the latter is very important in modern technology, but this is far from the 

BPSG film consideration in this monograph). 

For practical IC technology, it was found that the heat treatment makes it possible to 

differentiate thin glass films in their effective density (or the film porosity). This can be 

indirectly judged from the shrinkage of silicate glasses and their dissolution rates in aqueous 

solutions of hydrofluoric acid. The shrinkage (difference between post annealed and initial 

film thickness divided by the latter, %) was found to be in the range of a few percentage 

points. The highest shrinkage (up to 5 – 7 %) was found for TEOS-ozone silicon dioxide and 

borosilicate glass films prepared by Method 4 and Method 5 that goes along with so-called 

“surface sensitivity effect” [99,101,106,120,121]. The lowest shrinkage value < 0.1 % was 

obtained for the films synthesized by plasma-activated methods: Method 8 (PECVD) and, 

especially, Method 9 (HDP-CVD) [298-301]. It was shown [281] that the shrinkage of the 

phosphorus-rich films with a ratio [B]/[P] < 0.5 is approximately two times less than the 

shrinkage of the films with [B]  [P]. This indicated a somewhat higher density of the former 

films. A higher porosity of the films synthesized by Methods 4 and 5 is indirectly evidenced 

by higher dissolution rates of films prior to and after heat treatment.  

 

 

10.4. FILM WET ETCH RATE 
 

Since the first BPSG-related paper appeared [50], the BPSG thin film wet etch rate was 

the topic of many studies. The specific values obtained were found to depend on the method 

of film deposition, film density (as-deposited or annealed film), film composition, type of 

chemical solution and degree of dilution by water. In conjunction with the IR data and the 

XRF measurements for phosphorus, the etch-rate values assist in rapid composition control. 

Chemical etch-rate measurements in liquid etchants, such as buffered HF (BHF) and 

unbuffered HF (so-called “P-etchant”) provided an additional convenient test for rapid 

composition control. This test could be performed in minutes by ellipsometric determination 

of the film thickness followed by measuring the film dissolution time. The etch rate in both 

cited etchants increased with the increase of phosphorus concentration in BPSG film as for 

binary PSG films. In contrast, the etch rate in BHF decreases with the increase of boron 

content as in the case of BSG and BPSG films [50,93]. The etch rate data for standard BPSG 

films in both BHF and in the more composition-sensitive P-etchant are summarized in Table 

2.6 for both as-deposited and densified films. These trends, used for the express-analysis of 

additives concentrations earlier, are also presented in Figure 2.17 [67]. If the boron or 

phosphorus content in the BPSG film is kept constant, the other variable component can be 

easily determined. 

Etch rate data should be taken at a controlled temperature preferably under fixed 

isothermal conditions, such as 25.0 C. The effects of temperature on the etch rate in BHF of 

BPSG films and thermally grown SiO2 for comparison can be found in [50]. Therefore, a 

correlation can be made between the etch rates and different temperatures. The differences in 
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the slope of the temperature dependencies indicated different activation energies for the 

etching mechanism of SiO2 and BPSG films.  

In VLSI and ULSI technology, diluted etchants are used. Dilution allows a decrease in 

the etch rate making etch process more controllable with thinner dielectric films. For instance, 

in annealed 4.5 [B]  4 [P] the SACVD BPSG films etch rate in buffered 20:1 HF was about 

5 Å/s, while in 100:1 diluted HF it was about 4 Å/sec.  

In addition, instead of wet etch rate (WER) analysis, which gives the absolute values of a 

film solubility at certain conditions, the so-called “wet etch rate ratio parameter, WERR” is in 

use. This dimensionless parameter, often presented in material characterization publications, 

was introduced to characterize the difference in studied thin film etch with respect to the 

thermal oxide etch value in the same etchant and with the same conditions. These values can 

indirectly reach 1.5 – 2.0 and, therefore, indicate the differences in the film density. 

Differences in wet etch rates of silicon dioxide-based materials were also found using 

low pressure HF vapor etching [157,158] and named “selective etching”. These differences 

were clearly identified using stacked structures with different silicon dioxide-based thin films 

separated by silicon layers.  

In fact, comparison of SEM cross-section images for non-etched and etched structures 

clearly shows that PSG and BPSG films etched quickly in a lateral direction while silicon 

dioxide was almost non etched by HF vapor. Obviously, this severe etch rate difference can 

be effectively used in some IC device technology applications. 

 

Table 2.6. Chemical tech rate ranges of SiO2, PSG, BSG and BPSG.  

Treated data from Ref. [50] 

 

Film type, additive content Film condition 
Etch rate (Å/s) at 25 C 

BHF* P-etchant** 

SiO2 

SiO2 
As-deposited 

Thermally-grown 

92 

16 

15–16 

2 

PSG, 6.5 wt % [P]  As-deposited 

Densified 

130–140 

90–100 

120–130 

65–75 

BSG, 6.5 wt % [B]  As-deposited 

Densified 

6–7 

4–5 

50–70 

15–20 

BPSG, 4 wt % [B]4 wt % [P] As-deposited 

Densified 

25–30 

12–15 

50–60 

18–23 

BPSG, 5 wt % [B]4 wt % [P] As-deposited 

Densified 

12–16 

8–11 

100–120 

30–35 

BPSG, 6 wt % [B]3 wt % [P] As-deposited 

Densified 

11–14 

7–9 

150–170 

55–64 

*1 vol. HF 49 % + 6 vol. NH4F 40 %. 

** 3 vol. HF 49 % + 2 vol. HNO3 70 % + 60 vol. H2O. 
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(a) 

 
(b) 

Figure 2.17. Trends of as-deposited silane-based BPSG film etch in P-etchant (a) and buffered 

hydrofluoric acid (b) (re-drawn from [67]). 

  
(a) (b) 

Figure 2.18. Cross-sectional SEM photographs showing the effect of the low pressure vapor HF 

etching; (a) before HF etching and (b) after HF (600 Pa) etching [157]. Reproduced by permission of 

ECS – The Electrochemical Society. 
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10.5. GETTERING PROPERTIES OF BPSG FILMS 
 

Phosphosilicate glass films are known as getter against sodium ions [8,9,15-17]. The only 

paper with a demonstration of gettering properties was the paper published by Kern et al. [50] 

for atmospheric pressure BPSG films deposited using Method 1. To check BPSG film 

effectiveness against sodium ions, the authors performed two types of tests: (1) radiotracer 

measurements of Na
22 

penetration through the films on heating using SIMS profiling, and (2) 

capacitance-voltage bias-temperature (CVBT) stress measurements on metal-gate MOS 

transistors fabricated using BPSG or PSG films as the passivation layer. In the first series, the 

sodium was applied to the film surface in the form of a Na
22

Cl solution. Radioactive tracer 

analyses with Na
22

 applied on the surface of glass followed by a drive-in diffusion step in 

N2at 500 C for 16 hours demonstrated the superior protective capability of as-deposited or 

annealed 4 wt % [B] – 4 wt % [P] BPSG films over 3 wt % [P] as-deposited and 6 wt % [P] 

annealed PSG control samples.  

In the second series, the CVBT electrical stress measurements were carried out with 

aluminum-metallized metal-gate MOS transistors. The control samples were also 3 wt % [P] 

PSG passivation overcoats; 4 wt % [B] – 4 wt % [P] BPSG films were used as the test 

passivation layer. The surfaces of the glass were uniformly contaminated with sodium ions 

from 0.1 molar NaHCO3 solution. Electrical measurements were made and graphically 

recorded initially and after successive heat treatments at 300, 350, 400, and 450 C. Devices 

with several types of 1.8 m thick BPSG overcoats survived heat treatments up to 400 C, 

whereas controls with standard 1.2 m thick 3 wt % [P] PSG film failed at temperatures as 

low as 350 C (large shifts in flatband voltage). 

Thus, the experimental results from the low-concentration carrier-free Na
22

 radioactivity 

measurements and those from electrical measurements with samples contaminated with 

sodium at many orders of magnitude higher concentrations agree in demonstrating the 

protective capability of BPSG films. Explaining the mechanism of such protection, Kern and 

Smeltzer [57] performed experiments with low-energy surface ion-implantation of 110
14

 

Na
+
/cm

2
 into the BPSG film followed by 900 C anneal and SIMS profiling of sodium. 

Analysis showed that after film anneal, sodium was found to be almost entirely in the BPSG 

film demonstrating gettering effectiveness compatible to that of 3 wt % [P] and 6 wt % [P] 

PSG films.  

 

 

10.6. ELECTRICAL PROPERTIES OF BPSG FILMS 
 

Dielectric and electrical properties of BPSG films have rarely been published. This seems 

to be due to the specific application of the film, which is preferably implemented in VLSI and 

ULSI device technology as a passive insulator between a level of gates and a first level of 

metal. Nevertheless, introducing new BPSG film CVD techniques, these properties were 

briefly characterized with simple capacitor structures which consisted of metal (aluminum 

alloys), dielectric (BPSG film), and silicon (substrate).  

The author would like to highlight that an analysis of accumulated references regarding 

BPSG thin films showed that the electrical properties of BPSG films deposited by PECVD 

Method 7 were studied in comparatively more in-depth [256]. We believe this was due to 
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some specific features of this thin film, mostly because of soft oxidizer (N2O) use in PECVD. 

In fact, this film is known to consist of fully oxidized phosphorus species P
+5

, and non-

completely oxides ones, such as P
+3

 [52,288,290]. In addition, elemental phosphorus P
0
 was 

also considered in the film [322]. However, because of this Method 7 was used a long time 

ago, and was relatively rare as compared to the others. As a result, we will not analyze 

specific data obtained by its researchers. Details can be found in the cited publications. 

Dielectric properties. The dielectric constant of BPSG films was presented in only a few 

papers. Any studied BPSG film composition revealed an undoubtedly good dielectric 

property that is probably the reason for such limited research interest in this matter. Typical 

values (1 MHz) in as-deposited and densified films were varied in the range of 3.84.5 [57], 

3.884.11 [79] and 5.06.0 [110], depending on the CVD method. Thus, the values obtained 

are quite typical for SiO2-based dielectrics.  

Electrical properties. The dielectric breakdown voltage values, being measured with 

thick BPSG films in MOS capacitors, were found to be in the range of 4.0  9.2 MV/cm. 

Generally, they reflected a trend of higher values 7.08.0 MV/cm for high temperature film 

deposition [78] and a trend of lower values 4.76.6 for low-temperature deposition. 

Electrical conductivity (at E = 1 MV/cm) of BPSG films deposited using Method 1 was 

reported to be ~ (0.51)10
-8

 A/cm
2 

after deposition and ~ 110
-8

 A/cm
2 

after film anneal 

[110]. The lowest values were found to correspond to the lowest deposition temperature. 

Films deposited using Method 5 revealed values of (48)10
-9

 и (413)10
-9

 A/cm
2 

before 

and after film anneal, respectively at E = 0.5 MV/cm [224,245]. Electrical defect density for 1 

m thick BPSG films was found to be 0.15 cm
-2 

(V = 130 V, capacitor square 0.114 cm
2
) [52] 

and 0.3  0.6 cm
-2

 (V = 25 V, capacitor square 0.092 cm
2
, leakage current > 500 nA) [110]. 

BPSG film net charge measurement features. The well-accepted method of film 

evaluation using the MOS-capacitor technique is time consuming. As a result, only a few 

experimental variables can be verified using specially fabricated wafers. The studied 

dielectric film can also be affected by treatments such as metal sputtering, etch etc. The 

monitoring of film properties during wafer processing using the MOS technique is not 

possible. Reported values of charge in BPSG films with 4 wt % of each element measured 

using the capacitor-voltage method were found to be (24)10
11

 cm
-2

 for Method 1 [110] and 

(5.35.7)10
11

 cm
-2 

for Method 5 [224,245]. The necessity of using a non-destructive method 

for the film charge monitoring during IC technology flow is therefore clear.  

The author described the use of fast and non-destructive Surface Photo Voltage (SPV), 

also known as Surface Charge Analysis (SCA) technique to characterize BPSG films 

deposited by a few different methods [214]. Under the exposure of an electrically neutral 

wafer–film system to laser radiation, the potential correlating with the net charge in a 

dielectric film is induced on the film surface.  

It was believed that this technique could be considered as an additional method for 

monitoring and characterization of the film properties, where the total charge in CVD films, 

as well as charge deviation due to heat treatment, could be obtained using the same sample. In 

fact, this analytical method allowed the discovery of a new way to characterize BPSG film 

features as well as their differences between the films deposited by different methods. The 

author first revealed the differences in the net charge values and charge changes during 

technology treatment in BPSG films prepared on single-crystal silicon wafers by different 

CVD methods. The SPV CMS 4000 tool by Semiconductor Diagnostic was used for 
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measurements of the total charge values at nine pre-defined points on a wafer (namely, center, 

4 randomly placed points with a radius of 64.1 mm and 4 randomly placed points with a 

radius of 86.9 mm). BPSG films with a thickness of 0.31 m deposited on the silicon wafers 

using Method 4, Method 5, and Method 8 were studied. 

The SCA values for all types of as-deposited films were found to be in the range of (6.0 

 7.0)10
10

 q/cm
2
 with good uniformity (standard deviation StD was in the range of 0.06 

 0.08). No correlation of SCA with the film thickness or additive concentrations was found. 

The trends of very weak growth of mean SCA values with the approximate rate of 410
6
 

q/cm
2
 per hour or less was calculated irrespective of the film type. 

 

 
(a) 

 
(b) 

Figure 2.19. StD vs. SCA for BPSG films annealed in a furnace in N2 at 850  900 C (a) and in O2 

at 900 C (b). Presented at 4th Intern. Dielectric for ULSI Multilevel Interconnection Conf. (DUMIC), 

1998 [214]. 

After heat treatment of the same samples performed either in a furnace for 10–60 minutes 

and nitrogen or oxygen ambient, or under rapid thermal conditions, the net change 
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substantially decreases, mostly in films produced by Method 5. The changes of SCA in BPSG 

films were found to be dependent on the total additive concentration. The higher charge 

decrease corresponded to the high additive content in the films. Along with net charge change 

expressed as SCA (difference in charge values measured for annealed and as-deposited 

film), the strong standard deviation StD up to 1.5 of the net charge within films was observed, 

as shown in Figure 2.19(a,b).  

The greatest differences of net charge and charge deviation were observed in films 

produced by Method 5 at RTA anneal and furnace anneal in oxygen, while films deposited 

using Method 8 revealed very small changes in these net charge-related parameters. These 

data obviously confirmed the differences in the film structure and properties that was 

explained by differences in the film porosity including that of within the wafer. More data can 

be found in our paper [214]. 

 

 

10.7. SUMMARIES OF BPSG FILM PROPERTIES FOR  

PRODUCTION PROCESSES 
 

Summary of the properties of the films deposited using some production methods are 

shown in Tables 2.7, 2.8, 2.9 for Method 1, Methods 4 and 5, and Method 9, respectively. 

Note that data in Table 2.9 for HDP-CVD PSG films include the original data and some 

references to the similar publications. This allows the conclusion that HDP-CVD films 

deposited using different tools revealed similar properties. 

 

Table 2.7. Properties of silane-based BPSG films deposited by Method 1 (LPCVD) [110] 
 

Film property Values obtained 

Refractive index 1.44–1.48 

WER, as-deposited(Å/sec): 

 P-etchant  

 BHF 

 

15–500 

2–150  

Film porosity (electrographic method, cm
-2

) for  

0.85-1.0 m thick BPSG film on silicon substrate: 

 as-deposited 

 thermally annealed 

 

 

2–4 

 1 

Electrical defectivity on capacitor structure, def/cm
2
,  

S = 0.092 cm
2
, V = 25 V, at I > 500 nA, after film thermal anneal  

0.3–0.6 

 

Dielectric strength, MV/cm 4–6  

Dielectric constant: 

 as-deposited 

 thermally annealed 

 

5.7–6.0 

5.0–5.3 

Electrical conductivity, as-deposited, A/cm
2
 (E = 1 MV/cm) 110

-8
  5 10

-7
  

Charge in film (with thermal oxide underlayer) measured with  

C-V technique (10
11

, cm
-2

) 

 

2–4 
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Table 2.8. Properties of TEOS-ozone BPSG films deposited by Method 4 and Method 5 

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

BPSG film property Obtained BPSG film properties 

BPSG film type and thickness  APCVD, 5000  250 Å SACVD, 6000300 Å 

BPSG thermal anneal (dry gas) No Yes No Yes 

Refractive Index 1.4671.477 1.4651.466 1.4661.467 1.4651.467 

BPSG film angle on the step of vertical structure 
with respect to the substrate surface: 

a) as-deposited 

b) anneal 850С, N2, 45 minutes (below is defined 
as a) 

c) anneal 900С, O2, 12 minutes (below is defined 

as b) 

 
 

 

 90 

 
 

 

 
 

 

 

 70 

 

 

 
 

 

 90 

 
 

 

 
 

 

 

 70 

 

 20 

Voids in the structure gaps Yes No Yes No 

Surface roughness (nm)  1.4–2.4 0.2–0.3 0.6–0.7 0.15–0.2 

Film shrinkage (%)  ~ 45.5a  ~ 45a 

Etch rate for 4.5 wt % [B] – 4 wt % [P] BPSG: 

a) diluted 100:1 HF (m/min)  

b) diluted buffered 20:1 HF (m/min)  

 

 

 

 

 

 

 

 

 

 

~ 0.024 b 

~ 0.030 b 

Charge in film measured with: 

a) C-V technique (1011 сm-2) 

b) SCA technique (1010 см-2) 

 

 

6.106.80 

 

 

5.005.90a 

 

5.535.70 

6.306.90 

 

5.315.39b 

3.906.20a 

Leakage current at Е = 0.5 MV/сm2 (10-9 А/сm2)    4  8 4-13 

Defect density in the film immediately after 

deposition with defect size  0.2 m (сm-2) 
 0.1   0.1  

The time of defect appearance in as-deposited 5wt 

% [B] – 4 wt % [P] BPSG film under optical 

mycroscope with the magnification about 
500x(hours)  

 ~ 1520   ~ 1520  

Tensile stress ( 108 dyne/сm2)   4.36.5  

 

Table 2.9. Properties of HSP-CVD PSG films deposited by Method 9 [301]. Reproduced 

by permission of ECS – The Electrochemical Society 
 

Film property 

Author data 

[297,298] 

(T=625C) 

Summarized published 

data(T<550C) 

see referencesin [301] 

Summarized 

HDP-PSG 

film property 

Thickness non-uniformity (1)  1.25 ~1.01.5 Very uniform 

Studied additive range (wt %)  07 07 Wide additive range 

Dopant non-uniformity (wt %) 0.13 0.1~0.2 Very uniform 

Stress (109 dyne/cm2) * -1.33 <-1.5 Compressive stress  

Refractive index * 1.4637 1.4551.463 No silicon excess 

P2O3 content (%) Not found Not found Full PH3 oxidation 

Shrinkage (%) <0.1% - Very low 

Moisture content (%) * <1% - Very low 

WERR * ~2.53  2.53.5 Dense film 

Dry etch rate (Å/min) ~3600 - Similar to BPSG 
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Film property Author data 

[297,298] 

(T=625C) 

Summarized published 

data(T<550C) 

see referencesin [301] 

Summarized 

HDP-PSG 

film property 

Surface roughness (RMS, nm) ~0.53 - Smooth surface  

Average surface charge value 

and its uniformity (1010 q/cm2) 
~ 6.00.1 - Uniform charge 

distribution 

Gap-fill capability  

(AR, gap size, structure type) 
AR=3.1, G=0.16 m, 
rectangular; 

AR>4, G >0.1 m, 

rounded 

AR  3.64, G=0.180.2 

m, rectangular; 

AR ~ 5, G~0.07 

m,rounded 

Good gap-fillcapability.  

Similar capability 

achieved usingdifferent 

tools (see text for detail)  

* Increase () of value with the increase of the phosphorus concentration in HDP-PSG film. 

 


