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1. Abstract 

PECVD-grown SiNx has numerous applications in electronics and photonics. One such function 

is to apply strain on another material, like germanium (Ge), to change its band structure. With 

STS PECVD, we investigated recipes to optimize the stress and conformity of silicon nitride 

(SiNx) films, examining how much strain is added from deposition on the backside and sidewalls 

of overhang test structures. 

 

2. Introduction  

Tensile strain has been shown to shift the direct ũ valley down in Ge [Figure 1]. With about 2% 

biaxial tensile strain, Ge is predicted to become a direct bandgap material, thus opening the doors 

to high-performance Group IV optoelectronics. This effect is particularly interesting due to the 

possibilities for Ge lasers and light-emitting diodes, but it can also be used to expand the 

operating wavelength for modulators and detectors [Figure 2].  

 

 
Figure 1 (left): Effect of tensile strain on bandgap of germanium [1] 

Figure 2 (right): Shift in operating wavelength of Ge photodetectors with more strain [2] 

In order to induce tensile strain in Ge or other materials, compressively stressed SiNx can be 

deposited on top. The Ge underneath the SiNx film will want to expand to balance the 

compressive force of the SiNx. Work in our group has demonstrated that a layer of SiNx on top of 

a photonic device can be used to enhance and shift the photoluminescence peak [Figure 3]. Past 

research on the STS PECVD tool in SNF has optimized SiNx deposition for high compressive 

stress [3], but this focused on topside deposition only. A conformal coating of SiNx would likely 

give more strain. 



 
Figure 3: Harris Group work. Left: SiGe/Ge quantum wells in a microdisk structure with SiNx layer on top. Middle: 

photoluminescence enhancement and peak shift. Right: conformal SiNx for more strain. 

Developing a SiNx recipe that maximizes the tensile strain in a suspended structure served as the 

initial driver for this project, but there are other possible applications of our work that may be of 

interest to the SNF community. We will also study the conformity of these films, investigating 

how much thickness we can get at the back side and the sidewall of a suspended structure with 

different SiNx deposition recipes. 

 

3. Experiments 

To test our hypothesis that conformal SiNx deposition gives a larger strain compared to topside 

deposition, we decided to use an overhang test structure with an ñexperiment groupò for the 

former and a ñcontrol groupò for the latter [Figure 4]. This structure consists of a poly-silicon 

protrusion with an undercut oxide layer beneath. A third group of samples were used to study the 

SiNx on blank silicon wafers. 

 

 
Figure 4: Test structure and fabrication process 

In designing our experiments, we first reviewed the typical trends of the many PECVD variables 

related to stress. Generally, thinner films, lower process power, and lower chamber pressure all 

lead to higher compressive stress. For SiNx depositions, lowering the NH3/SiH4 ratio also helps to 



increase stress, but its effect is weaker than the previous three. When optimizing strain, both the 

stress and thickness of the coating material need to be balanced, since increasing thickness leads 

to higher strain but also lower stress. 

 

Thus, we used a 23 full factorial design for the variables of pressure, power, and deposition time 

with an added center point [Table 1] based on previous recipe development for high-stress 

topside SiNx in the STS tool [3]. Every recipe will use a temperature of 300ęC and NH3/SiH4 

ratio of 0.82 [3]. We chose to use gas flows of NH3 and SiH4 that were 30% lower than the 

standard SiNx recipes in order to reach lower pressures. Furthermore, only low-frequency RF is 

used because it leads to higher compressive stress. Altogether, there are 27 wafers in this 

experiment. 

 
Table 1: PECVD settings 

Label 
  Power 

(W) 

Pressure 

(mTorr)  

Time 

(min) 

0 0 25 500 30 

1 --- 15 350 20 

2 +-- 35 350 20 

3 --+ 15 350 40 

4 +-+ 35 350 40 

5 -+- 15 650 20 

6 ++- 35 650 20 

7 -++ 15 650 40 

8 +++ 35 650 40 

 

SiNx thickness, stress, strain induced in the poly-Si, and conformity are the four features we used 

to study the films grown by different conditions. We measured the SiNx thickness on top of bare 

silicon wafers (in the ñdummyò group) by the Woollam M2000 Spectroscopic Ellipsometer and 

Nanometrics Nanospec. We assumed that, under the same growth condition, the film grown on 

the bare silicon wafer is about as thick as the film grown on the poly-Si overhang structure. The 

Hitachi S4160 SEM was used to measure the side and bottom thicknesses. For stress 

characterization, we measured the radius of curvature of the dummy group wafers by the Flexus 

2320 Stress Gage and used the average thickness obtained by Woollam to calculate the stress. 

Finally, for strain, we used the Horiba Labram Raman Spectroscopy microscope located in the 

Stanford Nano Center (SNC) to measure the wavenumber shift of the control and experimental 

samples compared to the poly-Si reference and then calculated the strain.  

 

4. Results and Discussion 

a. Film thickness: 

The results of film thickness measurements are shown in [Table 2]. As discussed earlier, 

thickness increases with power, pressure, and time. Thus, sample 1 is the thinnest, and sample 8 

is the thickest, as expected.   

 

 



 
Table 2: Thickness values 

Label 
  Power 

(W) 

Pressure 

(mTorr)  

Time 

(min) 

Thickness 

(Å) 

0 0 25 500 30 3048 

1 --- 15 350 20 1249 

2 +-- 35 350 20 2446 

3 --+ 15 350 40 2468 

4 +-+ 35 350 40 4220 

5 -+- 15 650 20 1731 

6 ++- 35 650 20 2606 

7 -++ 15 650 40 3482 

8 +++ 35 650 40 4655 

 

To better understand how each variable affects the film thickness, we used the statistical program 

JMP to fit and analyze the results. The predicted results matches well with the actual results with 

the coefficient of determination (R2) being very close to 1, as shown in [Figure 5]. By the F ratio 

[Figure 6], we can tell that time is the most important factor followed by power and then 

pressure. The second degree interactions are not important. Figure 7 shows the thickness 

prediction profile calculated by JMP. Again, it confirms that film thickness increases with time, 

pressure, and power while pressure dependence is less significant. 

 

 
Figure 5: Thickness fitting by JMP 

 
Figure 6: F ratio values for thickness fitting in JMP 

 



 
Figure 7: Thickness vs. power, pressure, and time 

b. Stress of Film: 

The results of stress measurements are shown in [Table 3]. As discussed earlier, we expect stress 

to change the opposite way compared to thickness. That is, stress decreases with increasing 

power, pressure, and time. Thus, sample 1 had the highest stress, and sample 8 had the lowest 

stress. However, if we compare sample 2 and sample 4, we found that stress increased slightly 

when time was doubled. We think this might be due to the non-uniformity of the film thickness 

such that the average thickness approach to calculate the stress is not completely accurate.  

 
Table 3: Stress results 

Label 
 

Power 

(W) 

Pressure 

(mTorr)  

Time 

(min) 

Compressive 

Stress (GPa) 

0 0 25 500 30 1.495 

1 --- 15 350 20 2.401 

2 +-- 35 350 20 1.612 

3 --+ 15 350 40 1.944 

4 +-+ 35 350 40 1.646 

5 -+- 15 650 20 1.643 

6 ++- 35 650 20 1.181 

7 -++ 15 650 40 1.285 

8 +++ 35 650 40 1.091 

 

As before, to better understand how each variable affect the stress of film, JMP was utilized to fit 

and analyze the results. The predicted results match well with the actual outcome with R2 being 

0.99, as shown in [Figure 8]. By the F ratio [Figure 9], we can tell that pressure is the most 

important factor above power and then time. Similar to the thickness findings, the second degree 

interactions are not important for our stress results.  



 
Figure 8: Stress fitting by JMP 

 
Figure 9: F ratio values for stress fitting in JMP 

Figure 10 shows the stress prediction profile calculated by JMP. It shows that stress decreases 

with time, pressure, and power. In addition, we also noticed that the time dependence of the 

stress actually changes based on the power. More specifically, when power is lower, stress 

decreases more rapidly with time, while, for high power, stress changes little with time (Figure 

11). This explains that why a small error in stress measurement would make the stress seem to 

increase when we increase the time from 20 minutes (sample 2) to 40 minutes (sample 4). 

 

 
Figure 10: Stress vs. power, pressure, and time (at a power of 25 W) 

 



 
Figure 11: Stress vs. power, pressure, and time (at a power of 35 W); shallower slope for stress vs. time as compared to the 

results at lower power 

c. SiNx Induced Strain in Poly-Si: 

To measure the strain induced in the poly-Si, we used Raman spectroscopy - a technique that 

measures the inelastic scattering of monochromatic light (a 532 nm laser in our case) to observe 

molecular vibrational modes of the material. Different materials have these modes at different 

wavenumbers. For instance, siliconôs peak is at about 520 cm-1. Deviation in this peak represents 

biaxial strain in the material by the amount given in the following equation [4]: 

 

תּ ῳ‫Ⱦὦ, where the strain shift coefficient ὦ = -773.9 cm-1 for Si 

 

Therefore, a shift in the peak to lower wavenumber represents tensile strain (Figure 12). When 

calculating strain, we inputted the shift from a test wafer with just poly-Si on oxide (after process 

step 3) and fitted the curves with Lorentzian functions to get the peak position. 

 

 
Figure 12: Example of Raman peak shifts for sample 4 in the control and experimental groups compared to poly-Si 

Figure 13 shows the Raman results of all the samples in the experimental group along with the 

poly-Si reference. By equation [4], we calculated the strain of each sample and the results are 

summarized in Table 4. It is clear that the strain is higher for samples in the experimental group 

(Table 4).  



 
Figure 13: Raman peak shifts 

The data also confirms that strain is a function of both the stress and thickness of the SiNx film, 

since the film with the highest compressive stress did not induce the most strain. Sample 3 from 

the experimental group had the greatest value for strain due to its balance of high stress as well 

as thickness. Some of the samples from the control group were not included in the table because 

the oxide was not undercut completely, so the measurements are not as reliable. 

Table 4: Strain results (control group vs. experimental group) 

Label 
 

Power 

(W) 

Pressure 

(mTorr)  

Time 

(min) 

Thickness 

(Å) 

Compressive 

Stress (GPa) 

Control Group 

Strain 

Experimental 

Group Strain  

0 0 25 500 30 3048 1.495 0.18% 0.35% 

1 --- 15 350 20 1249 2.401 - 0.34% 

2 +-- 35 350 20 2446 1.612 - 0.42% 

3 --+ 15 350 40 2468 1.944 - 0.46% 

4 +-+ 35 350 40 4220 1.646 0.17% 0.34% 

5 -+- 15 650 20 1731 1.643 - 0.23% 

6 ++- 35 650 20 2606 1.181 0.09% 0.23% 

7 -++ 15 650 40 3482 1.285 0.09% 0.35% 

8 +++ 35 650 40 4655 1.091 0.07% 0.26% 

 

Again, we fitted the results in JMP. The measured results match the expected values well with a 

high R2 value (0.96). From the fitting, we noticed that having a lower pressure was generally the 

most significant factor in achieving high strain. For lower power, though, strain changes more 

dramatically with time, but, as the power is increased, this rate of change decreases (Figures 15-

17). Since strain depends on both stress and thickness, it actually increases with time (for most of 

the power settings tested) unlike stress. Thus, we need to look at the 2nd order interactions. In 

fact, the next most influential factor of strain after pressure was power times time.  
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Figure 14: Strain fitting by JMP 

 
Figure 15: Strain vs. power, pressure, and time (at a power of 15 W) 

 
Figure 16: Strain vs. power, pressure, and time (at a power of 25 W) 

Figure 17: Strain vs. power, pressure, and time (at a power of 35 W) 



d. Conformity: 

Another key attribute for us was the conformity of the films for the experimental group. For this, 

we measured all thicknesses from the SEM tool in SNF. While the top thickness could be 

verified by Woollam, the bottom and sidewall thicknesses are likely not as accurate due to the 

uncertainty inherent to the measurement method. Figure 18 shows a few of the samples in SEM 

images. Some of these pictures given are at different tilts to give a better visual representation of 

our structure. 

 
Figure 18: SEM images of samples from experimental group, with poly-Si partially etched by XeF2 

We discovered that the top and side thicknesses are fairly even with close to a 1:1 ratio in most 

cases (Table 5). On the other hand, the bottom thickness is roughly 100 nm for most of the 

samples, causing the bottom to top ratio to vary greatly. Unfortunately, we could not find a clear 

correlation with this ratio to our experimental variables, and JMP could not obtain a good fit. 

Due to similar bottom thicknesses for a majority of our samples, we think that there is some rate-

limiting factor from the isotropic or chemical part of the PECVD process (Figure 19). 

 
Table 5: Conformity results 

Sample 
Top 

Thickness (Å) 

Bottom 

Thickness (Å) 

Bottom/Top 

Ratio 

Side Thickness 

(Å) 

Side/Top 

Ratio 

Power 

(W) 

0 3048 956 0.31 2801 0.92 25 

1 1249 1158 0.93 1388 1.11 15 

2 2446 943 0.39 1538 0.63 35 

3 2031 984 0.48 1584 0.78 15 

4 4220 1118 0.27 3073 0.73 35 

5 1731 1253 0.72 1644 0.95 15 

6 2606 1209 0.46 2246 0.86 35 

7 3482 1864 0.54 3199 0.92 15 

8 4655 1480 0.32 4159 0.89 35 



 
Figure 19: PECVD mechanics [1] 

5. Conclusion and Future Work  

In this project, we have demonstrated SiNx deposition recipes for STS PECVD with high 

compressive stress around or above 2 GPa. By comparing topside and conformal depositions of 

SiNx, we found that the latter provides larger strain. Also, we optimized the tensile strain for a 

suspended structure by balancing the stress and thickness of the SiNx films.  

 

For future research, we would like to run strain simulations through COMSOL and verify our 

experimental results. Our ultimate goal would be to apply our optimized SiNx recipes to Ge 

lasers and other photonic devices. However, we hope that our work on PECVD and strain 

measurements may be of use to the SNF community. 
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Appendix: 

See Table 6 for other miscellaneous results, like uniformity and refractive index. 



 
Table 6: Results, including uniformity and refractive index measurements on the dummy group wafers from Woollam 

Label 
 

Power 

(W) 

Pressure 

(mTorr)  

Time 

(min) 

Thickness 

(Å) 

Compressive 

Stress (GPa) 
Uniformity  

Refractive 

Index 

Strain 

(Experimental 

Group) 

0 0 25 500 30 3048 1.4948 6.81% 1.9393 0.35% 

1 --- 15 350 20 1249 2.4005 4.65% 1.9415 0.34% 

2 +-- 35 350 20 2446 1.6121 9.67% 1.9291 0.42% 

3 --+ 15 350 40 2468 1.9437 5.94% 1.9314 0.46% 

4 +-+ 35 350 40 4220 1.6462 6.68% 1.9318 0.34% 

5 -+- 15 650 20 1731 1.6434 9.53% 1.9457 0.23% 

6 ++- 35 650 20 2606 1.1810 4.73% 1.9402 0.23% 

7 -++ 15 650 40 3482 1.2849 5.67% 1.9442 0.35% 

8 +++ 35 650 40 4655 1.0911 3.36% 1.9375 0.26% 

 

The compressive stress calculations were accomplished with the following equation, which takes 

the radius of curvature measured by the Flexus 2320 Stress Gage: 
 

„
ὉὬ

ρ ὺφὙὸ
 

E/(1-v) = biaxial elastic modulus of substrate (Pa) 

h = substrate thickness (m) 

R = radius of curvature of substrate (m) 

t = thickness of film 

ů = average film stress (Pa) 

 

Figure 20 and Figure 21 provide another way to visualize the thickness and stress results. 

 
Figure 20: 3D plot of thickness vs. the experimental variables 



  

 
Figure 21: 3D plot of stress vs. the experimental variables 


