
 

 

 

 

 

 

 

Chapter 7 

 

 

 

BRIEF REVIEW ON BPSG THIN FILM  

ANALYSIS TECHNIQUES 
 

 

7.1. ANALYTICAL METHODS OVERVIEW 
 

As we have shown in Part 1, BPSG thin films with different boron and phosphorus 

content are deposited in flow-type CVD reactors. The film is a result of oxidation chemical 

reactions. A variety of silicon-, boron- and phosphorus-containing compounds can be used for 

the film synthesis. The techniques and the basic kinetic aspects of the glass film deposition 

are presented in Part 1 of the monograph. Silicon dioxide, borosilicate, phosphosilicate, and 

borophosphosilicate glass thin films can be deposited in the range of about 200 C to 800 C. 

When necessary in the device technology, the glass films can be thermally treated at anneal 

temperatures (Ta) of 700 – 950 C for 10 – 60 min in diffusion furnaces (named below as 

furnace anneal, FA) or subjected to rapid thermal annealing (below named as RTA) for 0.3 –2 

min.  

Chemical compounds used for silicate glass thin film deposition are inorganic (such as 

hydrides and, sometimes, halides) and organic (such as ethers, alkiles, etc.). This means that 

the real glass film composition can differ from the obviously expected composition with the 

only glass formation elements such as Si, B, P, O. As long as the chemicals used in the 

electronics industry are well-purified, the author excludes the possibility of any impurity to be 

included in the film due to its presence in the chemical compounds. We have to take into 

account the presence of hydrogen (H), hydroxyl (OH), water (H2O), as well as carbon-

contained groups in the glass films as a reaction by-products trapped by the growing glass 

film during the oxidation reactions. In order to analyze the real CVD glass composition, we 

need to analyze Si, B, P, O, H, OH, H2O, carbon groups, etc.  

A number of thin film analytical methods have been implemented to study glass thin 

films [64,77,81,83,91,94]. To analyze the film composition and properties, non-destructive 

and destructive sets of analytical techniques can be used. The difference between them is that 

the first set does not require the breaking of the semiconductor wafer or damaging the thin 

film. For instance, these are optical methods. This set of non-destructive methods is used in 

experimental development and semiconductor manufacturing. Most of these methods are 

included in the semiconductor manufacturing process flow and placed directly inside 

semiconductor Fab clean-rooms. It is very important to highlight that modern analytical 
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methods used in semiconductor manufacturing and development allow measuring the film 

parameters at many points within the semiconductor wafers. This statistic approach provides 

mapping of the parameter within the wafer, or 3D image of the parameter such as the thin 

film thickness uniformity within the wafer. Mapping gives an excellent capability to improve 

the CVD processes by decreasing the process non-uniformity down to a few percent within 

wafers. For instance, in a series of our work [186,187,190,211-214,224,230,232] the film 

thickness and its uniformity within the wafer were calculated from a total of 49-points using 

the Prometrix UV-1050 tool by Tencor Instruments, Inc. (USA). The typical BPSG film 

thickness standard deviation value did not exceed± 2 % within the 200mm silicon wafer and 

between wafers.  

By contrast, the second set of destructive techniques (for instance, secondary ion mass 

spectrometry, SIMS, scanning electron microscopy, SEM) requires either breaking the wafers 

in order to prepare small-sized samples, thin film damaging, or thin film removal (such as wet 

chemical etch and ion chromatography). These techniques, mostly quantitative, are often used 

for some special purposes. For instance, ion chromatography was used for the calibration of 

manufacturing clean-room analytical tools. Calibration curves for additive analysis in Fab 

clean-rooms can also be created by inductively coupled plasma (ICP) analysis [224]. As a 

result, some special and expensive destructive analytical methods are mostly performed in 

special analytical centers, equipped with modern tools, like the well-known Balazs 

Laboratory (US) [314], or Charles Evans and Associates (US) [315].  

To study the glass film composition and properties, the film thickness on the silicon 

wafer is normally chosen in the range of 0.5 – 1.0 µm. The thickness of silicon-based thin 

films is measured using optical methods (ellipsometry or refractometry). In addition to the 

film thickness, these methods allow the determination of the refraction index (RI) value, 

which is normally used as a characteristic of thin film stoichiometry (i.e. film composition). 

For instance, silicon dioxide films revealed RI values in the range of 1.44 to 1.46. On thermal 

processing above 750 C, the refractive index of BPSG films becomes sensitive to 

phosphorus concentration, causing a small increase of RI up to 1.52 [52,82]. This property 

was at one time used by some researchers for analytical purposes. Rough evaluation of RI 

with the phosphorus content changes in BPSG films was evaluated to be about 0.003 per one 

wt % of phosphorus [93]. At the same time, the boron concentration increase did not affect 

the RI values. 

In addition to the film thickness allowing the calculation of the film deposition rate, 

boron [B] and phosphorus [P] concentrations are the essential parameters of the boron- and 

phosphorus-contained glass thin films. The studied range of BPSG film compositions is 

shown by data points in Figure 2.1. The additives content is usually expressed in terms of 

elemental weight percent or oxide weight percent (wt %). In order to obtain the weight 

percent of oxides having data for elements, the given values should be multiplied by ~ 2.3 for 

phosphorus and ~ 3.2 for boron. There were a few methods proposed and used for the 

additive concentration analysis (see description below). These methods provide their own 

accuracy. This is necessary to be taken into account, especially while comparing the film 

composition data obtained using different analytical techniques. With external quantitative 

calibration of the analytical tools at the optimized film thickness, the accuracy of analytical 

techniques used in Fab clean-rooms for boron and phosphorus concentration measurements 

was evaluated to be about ± 0.2 wt. %.  
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Figure 2.1. Composition range of phosphorus- and boron-containing silicate glass thin films (PSG, 

BSG, BPSG) prepared by different CVD techniques with the use of different chemical compounds (the 

author accumulated data for a long term studies). Designations of CVD reactors and chemical 

compositions:  

(1) APCVD, 420 C, SiH4 – O2 – (CH3O)3PO – (C3H7O)3B;  

(2) LPCVD, 420 °C, SiH4 – O2 – (CH3O)3PO – (C3H7O)3B;  

(3) PECVD, 400 °C, (C2H5O)4Si – O2 – (CH3O)3PO – (CH3O)3B;  

(4) APCVD, 400 °C, (C2H5O)4Si – O3/O2 – (C2H5O)3B–(C2H5O)3PO, and 

LPCVD, 800 °C, (CH3)2SiCl2 – O2 – (C2H5O)3B–PCl3;  

(5) LPCVD, 440 °C, (C2H5O)4Si – O3/O2 – (C2H5O)3B – (C2H5O)3PO. 

 

Below the author has summarized information regarding the non-destructive (Table 2.1) 

and destructive (Table 2.2) analytical methods used in his BPSG thin film research for a long 

period of time (detail method descriptions can be found in available related technical 

literature).  

 

Table 2.1. A summary of Fab clean-room analytical methods used for non-destructive 

APCVD and SACVD BPSG thin film analysis [224,232,245,317] 

 

BPSG film property Analytical method 
Example of tool type 

(manufacturer) 

Data points within 

wafer with 200 mm 

diameter 

Film thickness, RI Ellipsometry Prometrix UV 1050  

(Tencor Instruments) 

Wafer mapping  

 

Additive content IR spectrometry QS 500 Fourier Transform 

IR Spectrometer 

(BIO-RAD) 

9 

XR fluorescence 

(XRF) 

X-ray PW 2800 Analyzer 

(Philips) 

5 

Mechanical stress in 

the film 
Wafer curvature 

measurement 

FSM 128  

(Frontier Semiconductor 

Measurements) 

NA 
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Table 2.1. (Continued) 
 

BPSG film property Analytical method 
Example of tool type 

(manufacturer) 

Data points within 

wafer with 200 mm 

diameter 

Film surface 

dark/bright fields 
Optical microscopy Axiotron 

(Zeiss/Sony) 

NA 

Surface defect 

monitoring 
Laser scattering TPC 8500 Model (Inspex) 

 

Surfscan 7700 (Tencor) 

Wafer mapping  

 

Wafer mapping 

Surface roughness Atomic Force 

Microscopy 

(AFM) 

D 5000 Scanning Probe 

Microscope (Digital 

Instruments) 

NA 

Water absorption by 

the film 
IR spectrometry QS 500 Fourier Transform 

IR Spectrometer 

(BIO-RAD) 

NA 

Total charge in the 

films 
Surface Photo 

Voltage (SPV)  

or 

Surface Charge 

Analysis (SCA) 

Surface Photo Voltage  

CMS 4000  

(Semiconductor 

Diagnostics) 

Quantox tool 

Wafer mapping 

 

One more set of analytical techniques includes some special methods for electrical 

measurements. Most of them require manufacturing of special test structures on the wafers 

(i.e., capacitor structures with sputtered and patterned metal layers, for instance, aluminum 

dots) for measurements of Capacitance-Voltage (C-V) curves, dielectric breakdown and 

leakage current (I-V) curves, etc.  

Some details and examples of analytical results for BPSG thin films are presented below. 

 

Table 2.2. An example of summary of destructive analytical methods used for APCVD 

and SACVD BPSG thin film analysis [224,232,245,251,316] 
 

BPSG film property Analytical method 
Example of tool type 

(manufacturer) 

Etch rate Chemical etch in  

HF diluted 

HF buffered 

NA 

Solid BPSG film defects on the surface 

and inside the film 

Scanning Electron 

Microscopy (SEM) 

XL 30 FEG  

(Philips) 

Film conformality on device steps, 

voiding phenomenon 

Scanning Electron 

Microscopy (SEM)  

XL 30 FEG  

(Philips) 

Quantitative additive (B, P) content in 

BPSG film  

Inductively-Coupled 

Plasma (ICP) 

Balazs Laboratory tool 

Quantitative silicon (Si), additive (B, 

P), and residues (C,H) distribution 

within BPSG film thickness 

Secondary-Ion Mass 

Spectrometry (SIMS)  

РНI-6600 Quadrupole Mass 

Spectrometer  

(PHI Electronics) 

Charles Evance and Associates 
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7.2. FTIR METHOD IMPLEMENTATION BPSG FILM  

COMPOSITION ANALYSIS  
 

FTIR spectrometry is a powerful, relatively simple, and widely used method for thin film 

analysis. An example of as-deposited SACVD BPSG FTIR spectra is presented in Figure 2.2.  

The following main common peaks can be clearly seen in Figure 2.2: the Si – O bond at 

775 – 835 and ~ 1100 cm
-1

, the P = O bond at 1300 – 1350 cm
 -1

, the B – O bond at 1300 –

 1450 cm
-1

, etc. The ratios of the latter peaks to the Si – O peak are used for quantitative 

characterization of additive contents in the films. As long as the glass film structure is formed 

directly during the film synthesis at relatively high temperatures, the peaks of mixed bonds, 

such as Si – O – B, Si – O – P, and P – O – B, are expected to be in the spectra too. This is 

true for the Si – O – B bond, which occurs at around ~ 920 cm
-1

. However, according to 

Kolesova [316] the peaks for Si – O – P (~ 1145 cm
-1

 ) and P – O – B (~ 1100 cm
-1

 ) bonds 

are over-lapped by the strong Si – O peak at ~ 1100 cm
-1

 and therefore, they cannot be seen. 

A more detailed description of peaks observed using FTIR techniques, can be found in Table 

2.3 cited from reference [271]. This table accumulates the author’s experimental data and data 

from many other references. Note that interaction of the film with the ambient moisture can 

cause a number of changes in the FTIR spectra and will be a matter of special discussion 

below.  

BPSG film thermal treatment at elevated temperatures causes some changes in the FTIR 

spectra, mostly reflecting a certain film densification. Basically, FTIR spectra analysis gives 

the conclusion that the glass film structures can be considered to be similar for all CVD 

methods. Therefore, for further analysis it can be stated that the film structure forms 

completely during the film deposition (need to note that this statement is not valid for very 

low temperature CVD film growth methods, like low temperature PECVD methods). 

 
 

 

 

Si – O  

B – O  

P = O  

 

Figure 2.2. Typical as-deposited on silicon BPSG thin film IR spectrum. 
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Table 2.3. Transmission FTIR vibration frequencies and bonding assignments for B and 

P-contained silicon oxide films [271]. Reproduced by permission of ECS – The 

Electrochemical Society 
 

Active Bond Compound Wavenumber (cm-1) 

O – Si – O BPSG 809 

  810 

B – O – Si BPSG, BSG 925 

 BPSG 918 

 BSG 930 

Si – OH ... HOH BPSG 955 

Hydrogen bonded  930 – 940  

Si –O BPSG 1072 – 1090 

 BPSG 1089 

P – O Phosphoric acid 910 – 1040 

 P – O – P 950 – 1100  

Si – O – P  BPSG bulk ~ 1145 

P – O – B  BPSG, BPO4 bulk ~ 1100 

Si – O – Si BPSG 1190 (shoulder) 

 SiO2 1100 – 1200 

P = O BPSG, PSG 1330 

 BPSG 1325 

B – O BPSG 1395 

 BPSG 1394 

B – OH B(OH)3 gas 1429 

  1450 

 B(OH)3 etch residue 1433 

 B(OH)3 film 1429 

H – O – H scissors BSG 1630 

 HOH/Si(100) 1630 

PO – H BPSG 2785 

  2525 – 2725 

H – O – H stretch BPSG 2900 – 3500 

 BSG 3400 

 HOH/Si(100) 2900 – 3600 

PO – H PSG, BPSG 3270 

  3227 

BO – H BPSG 3330 

 BPSG etch residue 3334 

 B(OH)3 aqueous 3194 

 B(OH)3 solid 3200, 3213 

SiO – H...HOH BPSG 3445 

Hydrogen bonded BPSG 3450 

SiO – H BPSG 3535 

 SiO2 3550 

SiO – H BPSG 3625 

 SiO2 3635 

 BPSG 3650 

 HOH/Si(100) 3660 
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7.3. LASER SCANNING METHOD 
 

This non-destructive analytical method allows the definition of the number of surface 

micro-particles (defects), their positions on the wafer, and the relative size of defects. Typical 

results are presented in Figure 2.3(a,b) for the SACVD BPSG film sample after its storage in 

the Fab clean-room air. One can see the area of surface defects that appeared on the wafer 

surface (on the left) after 6.5 hours (see Figure 2.3(a), on the left). A histogram with the 

relative size of defects with their total concentration 6.31 defects per square centimeter can be 

seen on the right. These data, being monitored for a long period of time for SACVD BPSG 

films with different additive contents, allowed the study of the kinetics of the BPSG defect 

appearance and, eventually to propose the defect formation mechanism [2,187]. 

 

 

7.4. MICROSCOPY METHODS  
 

Optical microscopy is an in-line clean-room method. It is used for quality control, 

particularly, for defect observation on the surface of thin films. Examples of optical 

microscopy data for BPSG films are shown in Figure 2.4(a,b).  

Atomic Force Microscopy (AFM) allows the observation of some small details 

regarding surface of the films, such as: surface roughness (RMS) and surface imperfection 

[225,226]. The latter can be surface defects (see the author data in Figure 2.5(a,b,c)). 

The roughness measurements of BPSG samples revealed some challenges as these films 

contain surface imperfections, or surface defects, in the form of liquid droplets (see Chapter 

13 for more details). These liquid-state defects, whose images can be seen in Figure 2.4(a) 

and Figure 2.5(a,b,c) start to form immediately after BPSG film deposition and, especially, 

after the film anneal. They subsequently grew as a result of continual film moisture 

absorption from the ambient air. As the size of these defects become larger, they pose a 

source of error in the measurement of surface roughness, as reported for the first time in 

[131]. This source of error is especially difficult to detect in as-deposited films as these 

defects would appear to look like the surface of the film. However, under the AFM phase 

mode, these liquid state defects are visible and they can be identified quite easily as areas 

with different contrast. In order to reduce this surface error, measurements should be made 

immediately after deposition or furnace anneal since these defects grow rapidly in the first 

few hours after furnace anneal. Another method to eliminate/reduce this source of error is by 

subjecting the wafer to a cleaning step to completely remove these defects. As it was 

discovered, these defects were actually liquid in nature, and thus, rinsing the sample with 

deionized water would easily remove them. A comparison between the same sample before 

and after the cleaning treatment is shown in Figure 2.6(a,b) and Figure 2.6(c,d), respectively. 

It was found that the roughness of the film (rms) with defects (before cleaning) was 3.16 

nm as compared to the same sample after the water rinsing step which was 2.74 nm. This 

clearly demonstrates the degree of error incurred due to defects and obviously, the roughness 

of smoother films would be greatly affected by this. 
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Figure 2.3. Three examples of BPSG film changes in the surface defect density and defect size on the 

200 mm wafer registered with the use of INSPEX TPS 8500 wafer inspection tool after 2 (a), 4.5(b) and 

6.5 (c) hours since the film thermal anneal. Changes in the defect size histogram can be seen on the 

right parts of the datasheets. 
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Figure 2.4. Examples of BPSG surface defects in dark (a) and bright (b) fields of an optical microscope. 

Magnification is 50
×
. 

 

  
 

 

Figure 2.5. AFM data for 4 wt % [B] – 4 wt % [P] APCVD BPSG film with surface defects obtained 

with D 5000 Scanning Probe Microscope: 3-d view (a), cross-sectional view (b), and phase mode view 

(c). 
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(a) (b) 

 
   

(c) (d) 

Figure 2.6. AFM images of silane-based BPSG film before water rinsing in scan (a) and phase (b) AFM 

modes and after water rinsing in scan (c) and phase (d) AFM modes. Circuits indicate liquid state 

defects. Phase mode of (a) clearly indicate contrast difference between liquid defects and BPSG film. 

Scanning Electron Microscopy (SEM) allows the viewing of the surface of the film 

and, using a cross-sectional technique, some imperfection can be seen inside the film, see 

Figure 2.7(a,b). 

 

  

Figure 2.7. SEM photos of the film surface with defects (a) and micro-particle defects inside the film 

(b). 
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7.5. TOTAL CHARGE MAPPING METHODS  
 

Surface Photo Voltage (SPV), also named Surface Charge Analysis (SCA) is a method 

for fast and non-destructive observation of the total charge in dielectrics. This method is used 

in ULSI manufacturing as a rapid characterization of chemical cleaning quality and thermal 

oxide quality [318-321]. First time results for SPV technique implementation for BPSG films 

deposited on silicon substrate were published by Vassiliev et al. [214]. An example of 

200mm wafer mapping is presented in Figure 2.8(a,b). One can see a large difference of total 

charge value within wafers that indicate high standard deviation (StD) values that obviously 

should be minimized. 

 

 
(a) 

 
(b) 

Figure 2.8. Data for total charge measurements in the CVD films on silicon substrate using SPV CMS 

4000 tool by Semiconductor Diagnostic, Inc. (a) and SCA Quantox tool (b). Presented at 4th Intern. 

Dielectric for ULSI Multilevel Interconnection Conf. (DUMIC) [214] and 17th Int. VLSI Multilevel 

Interconnection Conf. (VMIC) [317], accordingly. 
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Comparison of data showed that in some cases, the CVD process (especially, PECVD) 

was not optimized properly with respect to the total charge in the films. Therefore, some 

effort should be made in order to understand the reasons of this charge behavior and to 

optimize its uniformity within the wafer. 

 

 

7.6. SECONDARY ION MASS SPECTROMETRY METHOD  
 

This destructive analytical method permits the calibration of the composition of the films 

and the detection of the additives distribution within the film thickness (i.e. profiling). This 

method does not have any reasonable limitations. Light elements, such as hydrogen, can be 

analyzed quantitatively which is not possible by the other techniques. In Figure 2.9(a), one 

can see a typical example of additive analysis in BPSG films. This case demonstrates that 

boron and phosphorus in the BPSG films revealed uniform additive concentration within the 

film depth. However, in some cases the additive distribution can differ greatly. For instance, 

an abrupt boron concentration peak is seen in Figure 2.9(b) showing non-optimized boron 

injection start into the deposition chamber.  

Similar profiling data can also be obtained for carbon and hydrogen elements.  

 

  

Figure 2.9. Examples of SIMS additive concentration profiles within BPSG films: left side - uniform 

[2]; right side – extremely non-uniform. Presented at 3
rd

 Intern. Dielectric for ULSI Multilevel 

Interconnection Conf. (DUMIC), 1997 [186]. 
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Chapter 8 

 

 

 

BPSG FILM COMPOSITION 
 

 

Silicon content. The referenced CVD methods produced the stoichiometric films without 

any excess of silicon. This primarily means that the film deposited the excess of the strong 

oxidizer (O2, O3/O2 mixture) with respect to the silicon-, boron-, and phosphorus-contained 

reactant mixture). The silicon content could be easy analyzed using optical methods, which 

showed refractive index values between 1.44 and 1.48 depending on the additive content.  

The only method which can cause a slight excess of silicon with respect to the 

stoichiometry is the PECVD method with the use of a relatively soft oxidizer, such as N2O 

[52,53,85,256,288,290]. To overcome this negative issue, the authors of cited papers 

proposed to add some oxygen additive to the basic N2O flow in order to suppress the 

appearance of silicon excess in the film [52]. 

Boron and phosphorus content. Additives (B and P) concentration in BPSG film was a 

matter of particular technology requirements. In BPSG thin films, the range of [B] and [P] 

varied between 2 – 8 wt % each (see Figure 2.1). The total additive concentrations in the 

films and their distribution within the wafer sample are normally measured in a few points on 

the silicon wafer with the use of the in-line FTIR method(see Figure 2.2). Unfortunately, 

FTIR data are not that informative with respect to the additive, because they represent total 

additive values in the films taken from a relatively large sample area. Using this technique, it 

is possible to see the total additive content as well as its increase or decrease with respect to 

the standard (preliminary calibrated) sample. 

The SIMS profiling technique is more informative for BPSG films. This method allows 

the discovery of some additive deviations from the expected uniform distribution (see Figure 

2.9(b)). The typical BPSG thin film CVD process can be divided into three phases: process 

start, film growth and process finish. In terms of additive and oxidizer flows coming to the 

reaction chamber, the middle period is normally stationary. This indicates a uniform additive 

distribution within which the film thickness could be expected. However, the additives 

distribution within the film is uniform if the CVD process has been optimized properly. Some 

peaks or depletions of the additive concentration can be observed in the film near the film 

surface, orthe substrate surface(see Figure 2.9(b)). The first case corresponds to the process 

finish phase, when additive compounds are switched-off.The second case is the consequence 

of the process start phase when additive compounds are switched-on either separately, or 

together. The latter is normally the consequence of badly optimized additive injection in the 

beginning. This can happen, for instance, in the case of unexpected additive flow pulse due to 
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the overpressure in the gas manifolds. The second case of intentional additive compounds 

switching-off was proposed in [109] as a simple solution of undesirable BPSG film moisture 

absorption phenomenon. Switching-off the additives in the last few minutes of the CVD 

process allowed the growing of a very thin protective silicon dioxide layer (frequently called 

“cap-layer”) with significantly reduced additive content. This layer suppressed moisture 

interaction with the film and enhanced its stability (see more detailed discussion below). 

It was found [224] that, in some cases, the behavior of additives distribution in the cap-

layer can differ. For example, in SACVD BPSG films (Method 5), the boron concentration 

decreased much faster than the phosphorus concentration after additives compounds switch-

off while depositing the thin silicon dioxide cap layer. In several cases, it was observed that 

the phosphorus concentration remained stable or increased slightly through that thin cap layer 

after compound switch-off. This is clearly shown in Figure 2.10(a). These data are in 

agreement with previous data for APCVD TEOS-ozone BPSG films deposited using Method 

4 at atmospheric pressure [171]. Therefore, in accordance with the SIMS analysis, near the 

film surface of both atmospheric and subatmospheric pressure BPSG films, the phosphorus 

content is much higher than boron content.  

In contrast, PECVD BPSG film grown according to Method 8 did not show a similar 

behavior (see Figure 2.10(b)). It can be seen that both additive concentrations in the film 

decreased. This was explained by the lower process pressure during PECVD film deposition. 

The lower pressure provided a considerably lower “time constant of the deposition chamber” 

of PECVD vacuum system as compared to SACVD and, especially, APCVD systems (this is 

analyzed in Part 1 of the monograph). Due to the low time constant, after compound switch-

off, the residual concentration of additives in the gas phase is reduced much faster than that of 

SACVD conditions. 

 

  
(a) (b) 

Figure 2.10. SIMS profiles of boron and phosphorus in as-deposited SACVD BPSG (a) and PECVD 

TEOS-oxygen BPSG film (b) [224]. Reproduced by permission of ECS – The Electrochemical Society. 

Another observed specific feature of SIMS profiles in BPSG films deposited using 

Method 5, is the higher deviation of additives concentration in SIMS profiles as compared to 

PECVD TEOS-oxygen BPSG films (Method 8) (as can be seen in Figure 2.10(a,b)). A 

similar result was shown in [171] for APCVD BPSG film deposited using Method 4. Analysis 
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of these differences in terms of standard deviations revealed about three to five times higher 

deviation values for SABPSG films than those values in PECVD BPSG films.  

Film anneal at enhanced temperatures was found to cause some additive decrease (1.5 

times) in a 200 – 300 Å region near the surface; the highest decrease of additives was found 

to be after steam anneal of BPSG films. In both cases, this depletion is considered to not be 

that important. 

Additive state in the CVD glass films. According to classical chemistry, the complete 

oxidation of any boron and phosphorus compounds results in boron oxide B2O3 and 

phosphorus oxide P4O10 (or usually simplified to P2O5). Normally, for practical CVD, an 

oxidizer is used in significant excess with respect to the reactant mixture. There has been no 

published data regarding the different status of boron in the glass films instead of B2O3. Thus, 

the CVD oxidation product of any boron compounds can be assumed to be the only B2O3.  

The situation with phosphorus could be different because of many variations with the 

compounds used. The author would like to highlight one very important aspect of phosphorus 

analysis in the films, obtained using CVD Methods 1  3 [56,83,61] and PECVD Methods 6,7 

with the use of N2O as an oxidizer [52,53,85,256,288,290]. Analyzing the phosphorus state in 

the films deposited with the use of a strong oxidizer, such an oxygen and ozone-oxygen 

mixture, most of researchers showed that phosphorus was incorporated in the films in a form 

of phosphorus oxide P2O5 with phosphorus in P
+5

 state. However, depending on the PECVD 

conditions, phosphorus was found to exist in different forms: such as P4O6 (P
3+

), P4O10 (P
5+

), 

PH3 (P
3-

), and phosphorus directly linked to a silicon (P
0
) state. This observation was 

confirmed by the comparative measurements between the total amount of phosphorus in the 

films and less than that phosphorus oxide quantity in the films [63]. Using the ion 

chromatography method, the P2O3 additive in the films was detected with the content below 

1 wt % [52]. The free phosphorus state (P
0
) detected with the ESCA method as Si – P bond 

(130 eV) together with P – O bond (134 eV) was also reported in [322]. 

These different phosphorus states were due to the incomplete oxidation of compounds 

with different initial phosphorus states. For instance, Robles et al. [161] used (C2H5O)3PO as 

a compound in reaction with TEOS-O3/O2 mixture and, checking the content of P4O10, free 

phosphorus and P4O6 in the films, concluded that the content of the latter two was almost 

nonexistent. It could be predicted, as long as the possibility of P
0
 or P

3+
 existence in SABPSG 

films seems to be impossible due to the P
5+

 state of phosphorus already in the TEPO 

compound molecule along with a strong oxidizing (ozone-oxygen mixture) ambient in the 

reaction chamber. 

In summary, it is possible to conclude that careful optimization of the CVD process 

allows obtaining the stoichiometric BPSG film composition. It is important to note that post-

deposition film anneals help to increase the concentration of the P
+5

 state in the film. The case 

of stoichiometric BPSG film compositions will be considered below, because PECVD 

Method 7 was used relatively rarely as compared to the others. 

Carbon content. The presence of carbon impurities in the deposited films is an 

additional characteristic of vitreous materials prepared using the CVD technique and organic 

compounds. The carbon content was measured by SIMS. Its concentration was uniform 

within the film depth with a little increase near the film surface that can be explained by the 

film contact with the ambient.  

The average concentration of carbon in SACVD BPSG films measured by SIMS was 

found to be less in films with a higher phosphorus content (see Table 2.4). For instance, the 
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carbon concentration in the phosphorus-rich glass films (7 wt % [P] and 3 wt % [B]) 

produced by Method 5 was uniform over the film thickness. It was approximately three times 

lower than that in the films containing approximately equal concentrations of phosphorus 

about 4 wt. % (~ 1.0510
19

 atoms/cm
3
 and ~ 3.1910

19
 atoms/cm

3
, respectively).  

It is necessary to note that thermally activated CVD processes with a relatively large 

excess of oxidizer with respect to compounds always produced a relatively low content of 

carbon.  

In contrast, PECVD methods were found to cause a problem of IC device damage during 

its manufacturing known as “Plasma-Induced Damage”, PID [323-326]. High radial charge 

non-uniformity was found for PECVD systems with diode types of reactors, particularly 

using SPV/SCA analysis. It was found to depend on the oxygen to silicon compound ratio. 

Using the SIMS method, it was found that the increase of O2/TEOS mole ratio from 2 to 40 

caused the exponential decrease of carbon content from ~ 9.510
20

 atoms/cm
3
 до ~ 110

20
 

atoms/cm
3
 [327]. At the same time, the authors found an almost linear correlation of charge in 

the range of 0.110
10

 до 2.510
10

 ions/cm
2 

in the silicon dioxide film with the increase of 

carbon content from 0.310
20

 до 5.510
20

 atoms/cm
3
. As a result of the study, the authors 

have chosen a O2/TEOS ratio to be at least 30 that was about 3 times higher than that required 

according to a scheme of proposed TEOS oxidation reaction. 

Hydrogen content. Hydrogen was found in the glass films prepared by the referred CVD 

methods. Generally, the hydrogen concentration is uniform within film thickness. It increases 

noticeably when the deposition temperature becomes lower than 400 C. Comparative study 

of hydrogen concentration in sequentially deposited CVD films used for ULSI technology 

was performed intentionally in [317]. For one-time SIMS hydrogen profiling, the following 

films were sequentially deposited in stacked structure: thermal oxide, LPCVD polysilicon 

(with following boron implant and anneal), CoSi, PECVD silicon nitride layer (PECVD -

 SiN), SACVD BPSG, PECVD silicon dioxide (PECVD SiO2), HDP-CVD SiO2 and 

PECVD - SiN. Experimental data are presented in Figure 2.11.  

It can be seen that hydrogen concentration in as-deposited SACVD BPSG film (Method 

5) containing 4.5 wt. % [B] and 4 wt. % [P] was found to be uniformly distributed having an 

average value as low as 3.010
20

 atoms/cm
3
. This was found to be not higher than that of 

PECVD silicon dioxide film deposited using Method 8 without additives (about 

610
20

atoms/cm
3
), or HDP-CVD SiO2 film using Method 9 without additives (about 410

20
 

atoms/cm
3
).  

After the film RTA at 850 C for 30 seconds, hydrogen concentration was found to be 

about 1.310
20 

atoms/cm
3
.  

The hydrogen concentration in as-deposited and non-capped SACVD BPSG films stored 

in clean-room conditions for 3 weeks was found to be increased up to about 310
21

 

atoms/cm
3
, reflecting the moisture absorption effect. This observation corresponded to the 

adequate changes in FTIR spectrum moisture-related areas (see detailed discussion in Chapter 

12). Thus, hydrogen can exist in the film either as free hydrogen, or in a hydroxyl group, or in 

the trapped water. 
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Table 2.4. Average carbon concentration in SACVD BPSG films ( 10
19

 atoms/cm
3
) 

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

 

Additives content As-deposited FA, N2, 45 min FA, O2, 30 min 

4.5 wt % [B] – 4 wt % [P]  3.19 0.92 0.72 

3 wt % [B] – 7 wt % [P] 1.05 0.36 0.17 

 

 

Figure 2.11. Hydrogen concentration profile in studied stacked films. Presented at 17
th
 Intertn. VLSI 

Multilevel Interconnection Conf. (VMIC), 2000 [317]). 
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