
 

 

 

 

 

 

 

Chapter 4 

 

 

 

AS-DEPOSITED BPSG FILM STEP COVERAGE  

AND GAP-FILL 
 

 

The film deposition on flat substrate surfaces is used for only the CVD process and thin 

film material characterization. In IC device technology, it is necessary to characterize the 

films on the real device structures. Real semiconductor substrates in microelectronic 

technology are non flat because they consist of an IC device element; the latter can be more 

or less complicated, forming either steps, or gaps, see Figure 1.20(a,b). Thin film growth on 

IC device structures differs on the device sidewalls depending on the step shape (usually 

vertical), its geometry and, especially, depending on the geometry and parameters of gaps 

between neighbor steps.  

The main goal of thin film CVD on the device structures is to provide a conformal film 

covering on the stepped surfaces and to fill the narrow gaps of the device structures with the 

deposited material without voiding, as shown in Figure 1.21(a,b). Voiding phenomenon 

shown in Figure 1.21(c,d,e,f) worsens the film properties and uniformity within IC device 

and, therefore, is undesirable. 

In this chapter, the author summarizes the basic results of thin film CVD studies on the 

stepped IC device structures. The summary that is presented is based on the author’s original 

publications [188,208,231,244,257,261]. 

 

 

4.1. BASIC DEFINITIONS OF STEPPED DEVICE STRUCTURES 
 

The gap between two adjacent device features on a wafer is usually characterized by the 

so-called “aspect ratio”, AR = H/G, where H and G are the depth and width of the gap, m, 

see Figure 1.20(b).  

The trend toward higher IC device complexity has resulted in gap widths less than 0.1 

m, with gap depths that changed insignificantly. Accordingly, AR may be as large as 10 and 

even more in modern ICs. A consequence of ongoing device scaling is that the sizes of voids 

may approach the size of the gap itself. In addition, designers usually plan to have vertical 

device steps and gap profiles, but actual profiles may deviate from this shape. The shape of 

gaps was classified using four major types of gap profile: reentrant, tapered, vertical, and 

tapered-vertical [244]. The film deposition on these types of IC device structures differs 
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drastically. Because of differences in real gap shapes, for numerical characterization of CVD 

features on stepped surfaces, like gap-fill capability, the author proposed to use the only 

vertical gap shape. Moreover, it was also proposed that the so-called “structure complexity” 

parameter, SC = AR/G, or SC = H/G
2
, could be effectively used for CVD characterization 

instead of AR [244,257]. It was believed that the SC parameter serves as a comprehensive 

parameter. 
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Figure 1.20. Substrate stepped top-view schematic (a) and its cross-section (b) with definitions of step, 

gap and gap height (H) and width (G). 

 

4.2. BASIC DEFINITIONS FOR THIN FILM CVD ON STEPPED  

DEVICE STRUCTURES 
 

To define step coverage and gap-fill, the Scanning Electron Microscopy (SEM) method 

was used. Samples of the IC device structures with deposited thin film were prepared by 

cleaving the semiconductor substrate in the perpendicular direction with respect to the 

structure length followed by cutting the unusable parts of substrate to the sample square sized 

about 0.5 –1 cm. As-prepared cleavage surfaces are usually subjected to short-term 

hydrofluoric acid etching: this improves the SEM images making them sharper. A cross-

section view of the sample should be similar to the scheme presented in Figure 1.20(b). 
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Figure 1.21. Sketches and SEM photos of thin film cross-sections on the IC steps: (а) “conformal”, (b) 

“flow-able”, (c,d) non-conformal, (e) very non-conformal, (f) HDP-CVD without bias. Definitions: 1 –

 substrate; 2 – metal line; 3 – thin film; 4 – voids; 5 – thin film breaking areas; A0 – angle of thin film 

surface with respect to the substrate surface. 

The quality of thin film coverage on device structures can be quantified in different ways. 

For instance, the angle A0 can be used that can be more or less 90 degrees (see Figure 1.21). 

However, the thin film step coverage is commonly quantified in terms of the ratio of film 

thicknesses measured in relation to the sidewall and the top of a step, respectively, d2/d1, % 

(see Figure 1.21(c)). Analysis of real thin film features on device structures with vertical 

shape shows that in most CVD cases, the film covering is not conformal. In this case, cross-

sectional SEM micrographs of the filled gaps indicate that the film may contain voids, whose 

shape depends on the CVD technique employed, and process conditions (see Figure 

1.21(c,d)). Voids are unacceptable because they seriously impair IC reliability. In the worst 

case of deposition, especially for the PECVD case, large keyhole-like shaped voids, or even 

the film discontinuity, can be obtained (see Figure 1.21(e)). However, in contrast, TEOS-

ozone silicon dioxide CVD, either APCVD or SACVD, revealed so-called “flow-like” step 

coverage profiles with excellent gap-fill (see Figure 1.21(b)). However, this profile of the film 

was found to change to that presented in Figure 1.21(c) for BPSG film deposition at the same 

process conditions. 
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The cross-section sketch in Figure 1.21(f) represents HDP-CVD thin film coverage. In 

the case of no-bias used (the only high-speed plasma deposition is in use), the film growth on 

the device structures is hardly non-conformal (left side). However, when bias conditions are 

used (simultaneous deposition-etch processes), the film growth becomes shaped as shown on 

the right of Figure 1.21(f) providing excellent gap-fill even for very aggressive structures. 

Normally, in order to characterize the quality of the film step coverage or gap-fill on 

device structures researchers state step coverage values or the AR's of gaps that can be filled 

by the used CVD technique. Our theoretical and experimental investigations into the gap-

filling problem have enabled us to define the following framework for evaluating gap-fill 

capability in the IC technology. 

 

(1)  If steps on the surface are at least a few micrometers apart, step coverage can serve 

as a preliminary characteristic of a CVD technique. However, step coverage is 

unsuitable for characterizing processes that involve sputter deposition, like HDP-

CVD. 

(2)  The gap profile is a key factor in evaluating gap-fill capability, especially when 

comparing results reported by different workers. The evaluation must be done for the 

typical gas shape (vertical). 

(3) The best way to evaluate the gap-fill capability of any CVD technique 

experimentally is as follows. It is necessary to deposit a film on a stepped surface 

with gaps that have the same profile and H but differ in G (see details below). This 

allows us to obtain a graph presented in Figure1.22 with closed (well-filled gaps) and 

opened (gaps with voids) circles. The dashed line in this graph separates good and 

bad gap-fill and reflects the critical gap that can be successfully filled with a certain 

CVD technique and film. The slope of this line is fixed “structure complexity” 

parameter, SC = AR/G (or SC = H/G
2
) that was introduced by the author in [244]. 

 

 

Figure 1.22. Evaluation of gap-fill capability by (a) finding the critical values of gap width and aspect 

ratio. The case of the vertical gap profile is considered, see Figure 1.21(d). 
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4.3. CHARACTERIZATION OF CVD PROCESSES ON  

STEPPED STRUCTURES  
 

This film step coverage was found to correlate with the kinetic parameters of the CVD 

process. In order to obtain an overall measure of deposition kinetics, we defined the effective 

constant of the deposition rate keff. It is clear that with the other factors being fixed, the 

deposition rate grows with keff. The data in Figure1.23(a,b) indicate that films obtained by 

rapid deposition (for instance, using RF plasma-activated CVD) exhibit poor step coverage; 

moreover, voids may occur at the bottoms of gaps. By contrast, step coverage of 100 % or 

even higher is typical of slow (low deposition rate) CVD processes. These processes are the 

pyrolysis of TEOS and the oxidation of TEOS with an ozone-oxygen mixture with APCVD 

or SACVD conditions. The other CVD processes considered were found to yield step 

coverage well below 100%. In the final analysis, the correlation between step coverage and 

keff was explained on the basis of the mechanisms and the classification of silicon-based thin 

film CVD processes [1-3,224].  

It is important to highlight that the above mentioned CVD acceleration effects with 

phosphorus compounds added to TEOS-ozone mixture caused the acceleration of keff in a few 

instances. In parallel, a drastic drop of the film step coverage from flow-like 130 % to slightly 

non-conformal took place (see Figure 1.21(b) and Figure 1.21(c,d)). The trends of step 

coverage change with keff changes are presented in Figure 1.22(b) in general form together 

with the positions of basic glass thin film CVD processes. Numerical evaluation of step 

coverage was presented as follows [2,3]: d2/d1 ~ 45.4×keff
-0.51

 (where d2/d1 is presented in %, 

keff is expressed in cm/s). 

 

 
(a) (b) 

Figure 1.23. Step coverage on a single device step vs. keff for different CVD processes and chemical 

compound combinations: (1) LPCVD pyrolysis of SiH4 ; (2) LPCVD pyrolysis of TEOS; (3) LPCVD 

ammonolysis of SiH2Cl2; (4) LPCVD oxidation of SiH4 by N2O; (5) LPCVD oxidation of SiH4 by 

O2; (6) SACVD oxidation of TEOS by O3/O2 mixture; (7) SACVD oxidation of TEOS-B(OC2H5)3-

PO(OC2H5)3 mixture by O3/O2 mixture; (8) PECVD oxidation of TEOS-B(OCH3)3-P(OCH3)3 

mixture by O2 ; (9) unbiased HDP-CVD oxidation of SiH4 by O2. The graph in Figure 1.23(b) drawn 

based on treatment of data presented in Figure 1.23(a). 

Step coverage analysis permits an analysis of the differences in CVD processes on the 

steps. However, in modern IC device structures it is necessary to evaluate and characterize the 
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CVD process gap-fill. An approach to numerically characterize the gap-fill was developed by 

Vassilyev and is presented in [244,257]. Using SEM cross-sectional photos, it is possible to 

determine which of the gaps have voids and visualize the results by plotting a graph as 

AR=f(G) (see Figure 1.22). The first point representing a void-free gap can be called a critical 

point. Using the example in Figure 1.22, for a certain value of H, the critical point was found 

to lie at G = 0.12 m and AR = 2. For a given deposition technique and gap profile, critical 

points corresponding to a different H can be regarded as lying on the same straight line 

through the origin. The slope of the line gives us “structure complexity” SC = AR/G = H/G
2
 

that can serve as a measure of gap-fill capability for the CVD technique considered. It would 

take much time and money to determine critical points for many values of H. In light of this 

fact, it was assumed that a single point suffices to evaluate the process. The slope of the 

evaluation line enables one to quantitatively compare different CVD techniques in terms of 

gap-fill capability. A deposition process with a larger slope can successfully fill a ULSI 

structure in which G is smaller and AR is larger. Numerical evaluation of SC was presented 

in [2,3] as follows: SC ~ 3.03×keff
-1.47

 (where SC is presented in m
-1

, keff is presented in 

cm/s). More details of SC determination can be found in [244,257]. 

Another approach to compare CVD processes is to examine the behavior of vertical void 

size normalized to gap depth (see an example in Figure 1.24). It refers to the deposition of 

PMD that separates the transistor layer and the lowest metallization layer in ULSIs with ultra-

small G and large AR. In most cases, such an insulator is silicon dioxide, PSG, or BPSG, the 

first two materials requiring no reflow. Figure 1.24 evaluates two CVD processes commonly 

employed in IC manufacturing: (1) the HDP-CVD of PSG with simultaneous argon-ion 

sputtering and (2) the TEOS-ozone BPSG. The comparison reveals a marked contrast 

between the gap-fill capabilities of the two processes. With the SACVD BPSG process, the 

relative void height increases gradually as G is decreased. With the HDP-CVD process, a 

rapid increase is observed, implying that there is little or no filler in gaps whose widths are 

only slightly below critical G. 

 

 

Figure 1.24. Evaluation of the ratio of vertical void size to gap depth against gap width for the 

deposition of PSG by high-density-plasma SiH4-PH3 oxidation and the deposition of BPSG by 

SACVD TEOS–TEB-TEPO–O3/O2. 
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Table 1.2. Step coverage and gap-fill summary for difference CVD processes 

 

Thin film CVD processes and 

chemistries 
Thin film 

keff 

(cm/s) 

d2/d1 

(%) 

SC 

(m
-1

) 

LPCVD TEOS pyrolysis SiO2 <0.5 95-100 <10 

APCVD, SACVDTEOS-ozone SiO2 <0.5 >100 <10 

APCVD, LPCVD silane-based  SiO2, glasses 1-2 30-40 <4 

APCVD, SACVD TEOS-based SiO2, glasses 1-2 60-80 <4 

PECVD silane-based, TEOS-based SiO2, glasses >2 10-30 <1 

HDP-CVD without bias SiO2, PSG >10 0-10 <0.1 

HDP-CVD with bias SiO2, PSG NA NA >20 

 

Table 1.2 summarizes the major silicate glass CVD process characteristics in terms of 

keff, step coverage, and SC; the case of vertical gap shapes is considered. Regarding other 

types of gaps, none of the CVD processes considered was found to be successful in filling 

reentrant gaps. With tapered gaps, SC is much larger compared with the case of almost 

vertical gaps. 

 

 

4.4. IMPROVEMENT OF GLASS FILM CVD ON STEPPED STRUCTURES  
 

Acceleration of the deposition processes (corresponding to keff increase) was found to 

worsen the step coverage and gap-fill. However, the process inhibition showed opposite 

trends. Thus, boron compounds were found to decrease slightly the keff, therefore improving 

the film step coverage a little bit. We would like to focus on two approaches of the high-speed 

thin film CVD process inhibition:  

 

(1) By special additives like C2H4, C2H6, NH3, NO2, which suppress the free radicals 

formation during the chain-brain reactions, see reviewed data in [3]. This method, 

however, has some disadvantages. First, it needs precise control on the very small 

additive concentrations. Secondly, additives are carbon-containing compounds, 

which can affect the film composition and properties;  

(2) By the use of modified silicon compounds, for instance, partly fluorinated TEOS, 

SiF(C2H5)3, frequently named FTES. This compound in an equal mixture with TEOS 

showed slightly better BPSG film step coverage [312]. However, in the case of 

compound modification it is necessary to be sure that the film composition will be 

acceptable for the use in microelectronic technology. In fact, some species containing 

fluorine, carbon, water, hydrogen are undesirable in the films used in IC technology. 

 


