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Abstract 

In this study, the Raman biaxial stress coefficients KII and strain-free phonon frequencies ω0  have been 

determined for the E2 (low), E2 (high), and A1 (LO) phonon modes of aluminum nitride, AlN, using both 

experimental and theoretical approaches. The E2 (high) mode of AlN is recommended for the residual 

stress analysis of AlN due to its high sensitivity and the largest signal-to-noise ratio amongst the studied 

modes. The E2 (high) Raman biaxial stress coefficient of -3.8 cm-1/GPa and strain-free phonon frequency 

of 656.68 cm-1 were then applied to perform both macroscopic and microscopic stress mapping. For 

macroscopic stress evaluation, the spatial variation of residual stress was measured across an AlN-on-Si 

wafer prepared by sputter deposition. A cross-wafer variation in residual stress of ~150 MPa was observed 

regardless of the average stress state of the film. Microscopic stress evaluation was performed on AlN 

piezoelectric micromachined ultrasonic transducers (pMUTs) with submicron spatial resolution. These 

measurements were used to assess the effect of device fabrication on the residual stress distribution in an 

individual pMUT and the effect of residual stress on the resonance frequency. In the ~20 μm directly 

outside the outer edge of the pMUT electrode, a large lateral spatial variation in residual stress of ~100 

MPa was measured, highlighting the impact of metallization structures on residual stress in the AlN film. 
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1. Introduction 

Aluminum nitride (AlN) is important in numerous applications due to its piezoelectric nature, direct 

wide bandgap (~6.2 eV), high thermal conductivity (~285 W/mK), low thermal expansion coefficient, 

high elastic modulus, and high acoustic velocity 1,2. Research has demonstrated that AlN can be used to 

fabricate deep ultra-violet light emitting diodes (LEDs) 3, high electron mobility transistor (HEMT) 

structures 4,5, and piezoelectric resonators 6,7. The introduction of AlN-based film bulk acoustic resonators 

(FBARs) 6,7 into duplexer technology has allowed the telecommunication industry to provide an enhanced 

filter solution. In addition to the FBAR, various other microelectromechanical system (MEMS) devices 

have been fabricated that provide unique capabilities: piezoelectric micromachined ultrasonic transducers 

(pMUTs) 8–10, surface acoustic wave (SAW) devices 11, contour mode resonators (CMRs) 12, flexural plate 

wave (FPW) devices 13, and energy harvesting devices 14. These structures have various far-reaching 

applications such as wireless communications 6,7,10,15, energy harvesting 14,16, medical imaging 8,10, 

ranging/proximity detection 8,10, microphones 7,17, strain sensors 7, temperature sensors 11, biosensors 18, 

chemical sensors 7, accelerometers 7,19, biometric security 9,10, flexible and wearable electronics 10,16, and 

implantable biomedical devices 10,16.  

However, the growth of AlN on non-native substrates results in residual stress which affects 

manufacturability, performance, and reliability. Residual stress can degrade piezoelectricity 10,20, alter 

resonance frequency 8,19, and affect acoustic phase velocity 13,15. Excessive residual stress can also lead to 

significant curvature in free-standing structures 15 and damage, delamination, buckling, or cracking of 

films, ultimately restricting component lifetime 13,21. Therefore, the control and quantification of residual 

stress in AlN thin films is crucial to enable continued advancement and optimization of AlN-based MEMS 

and electronics. 

Residual stress in AlN thin films is typically quantified through the wafer bow or wafer curvature 

method 13,15,20,22–32 using the Stoney equation 33. The major limitation of the wafer curvature method is 

that it is a macroscopic stress evaluation technique that provides an average stress for the entire film. Other 

techniques that have been used to measure residual stress in AlN thin films include the ion beam layer 

removal (ILR) method 34, bulge testing 35, X-ray diffraction (XRD) 2,29,36,37, Fourier transform infrared 

spectroscopy (FTIR) 29,38,39, and Raman spectroscopy 13,40–45. The former two methods both require 

fabrication of test structures (and hence are destructive) and they have spatial resolutions on the order of 

hundreds of micrometers. Lab source XRD does not require any additional fabrication for stress evaluation 

but also suffers from spatial resolutions that are typically on the order of hundreds of micrometers 46. FTIR 

has a signficantly improved spatial resolution of approximately 5-10 µm, but Raman spectroscopy can 

achieve submicron spatial resolution due to the use of visible radiation as opposed to infrared radiation 47. 

Raman spectroscopy can be applied to non-destructively measure stress distributions of entire wafers for 

process monitoring and control 48 or stress distributions of individual MEMS structures 13,41 with 

submicron spatial resolution. 

 The residual stress in the film is determined experimentally with Raman spectroscopy by measuring 

the frequency, ω, of an individual phonon mode with respect to its strain-free frequency, ω0, at room 

temperature. The relationship between the phonon frequency shift, Δω, and residual stress in the film, σfilm, 

is described by 49: 

 

𝜔 − 𝜔0 =  ∆𝜔 =  𝐾𝐼𝐼𝜎𝑓𝑖𝑙𝑚            (1) 
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where KII is the biaxial stress coefficient 68. Equation (1) assumes a state of biaxial stress, a typical 

assumption for thin films 69,70. For wurtzite AlN, three phonon modes that can be probed using Raman 

spectroscopy in the  Z(XX)Z̅ geometry are the E2 (low), E2 (high), and A1 (LO) phonons 48. In Figure 1, 

these phonons are highlighted in the Raman spectra of free-standing bulk AlN, an AlN film on sapphire, 

and an AlN film on Si. Table I presents a compilation of previously reported KII and ω0 values for the E2 

(low), E2 (high), and A1 (LO) phonon modes of wurtzite AlN. As can be seen, reports of KII and ω0 for the 

E2 (low) and A1 (LO) modes in the literature are lacking. Additionally, while there are many values 

reported for KII and ω0 of the E2 (high) mode, the range of these reported values is quite large.  

In this study, the biaxial stress coefficient, KII, and the strain-free phonon frequency, ω0, for the E2 

(low), E2 (high), and A1 (LO) phonon modes of wurtzite AlN are determined using Raman spectroscopy, 

COMSOL Multiphysics, and density functional theory (DFT) simulation. Subsequently, KII and ω0 of the 

E2 (high) mode are applied to study residual stress distributions at both the macroscopic and microscopic 

levels through wafer-level and device-level measurements, respectively. 

2. Methods 

To determine the strain-free phonon frequencies (ω0), a 1 in. free-standing bulk AlN wafer was prepared 

via a combination of seeded growth and physical vapor transport (PVT). Assuming that the free-standing 

bulk sample represents the strain-free aluminum nitride crystal, probing the AlN wafer with Raman 

spectroscopy yields the strain-free phonon fequencies of the E2 (low), E2 (high), and A1 (LO) phonons of 

AlN.  

Ref. 

E2 (low) 

ω0 

[cm-1] 

E2 (high) 

ω0 

[cm-1] 

A1 (LO) 

ω0 

[cm-1] 

E2 (low) 

KII 

[cm-1/GPa] 

E2 (high) 

KII 

[cm-1/GPa] 

A1 (LO) 

KII 

[cm-1/GPa] 
1 252 660 893    

13     -4.7 ± 0.5  
15  654   -3.5 ± 0.5  
27  658   -3.7 ± 0.3  
50 246.1 ± 0.5 655.1 ± 0.5 888.9 ± 0.5    
51     -3 ± 0.4  
52 247.5 ± 0.5 655.5 ± 0.1 891    
53     -2.55  
54  657.1   -4.45  
55  657.6   -4.1 ± 0.3  
56    0.94 -2.56 -2.22 
57     -3.39 ± 0.64 -1.39 ± 0.28 
58 248.6 ± 0.2 657.4 ± 0.2 890 ± 0.2    
59 247.3 656.52  0.713 -4.423  
60 241 667 898 0.94 -2.55 -2.21 
61  657.67   -4.04 ± 0.3  
62     -3.4 ± 0.22 -3.12 ± 0.58 
63  656   -2.9 ± 0.3  
64  657.8 ± 0.3   -2.4 ± 0.2  
65     -1.9  
66 247.8 656.5 888.4    
67  657.4 ± 0.2   -6.3 ± 1.4  

       

Table I. Previously reported values of the strain-free frequencies ω0 and biaxial stress coefficients KII for the E2 

(low), E2 (high), and A1 (LO) phonon modes of wurtzite aluminum nitride.  
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To determine the Raman biaxial stress coefficients for the E2 (low), E2 (high), and A1 (LO) modes of 

AlN, two methods were used. These methods were (1) a thermomechanical analysis approach using both 

Raman spectroscopy and COMSOL Multiphysics and (2) DFT modeling. The theory and application of 

these methods will be discussed in more detail in the following subsections. 

2.1 Thermomechanical analysis 

The thermomechanical analysis approach utilizes temperature-induced thermoelastic stresses to 

determine the biaxial stress coefficients. For free-standing bulk AlN, it is assumed that isothermal heating 

results in stress-free thermal expansion. Therefore, the frequency shift Δωbulk of the E2 (low), E2 (high), 

and A1 (LO) phonons in free-standing bulk AlN  should be solely due to temperature-induced effects.  

 For an AlN thin film on a substrate, thermoelastic stresses are induced by isothermal heating of the 

heterostructure due to the mismatch in the coefficients of thermal expansion between the AlN film and the 

substrate. These thermoelastic stresses introduce an additional contribution ΔωS to the frequency shift 

Δωfilm of the phonons in the thin film AlN. Accordingly, the temperature dependence of the phonon 

frequency shifts in free-standing bulk AlN and thin film AlN will be different. This difference should be 

a result of thermally-induced biaxial stresses in the film. 

In Figure 2, the difference between the frequency shift of the E2 (high) phonon mode for free-standing 

bulk AlN and a 400 nm AlN thin film is shown. As can be seen, this difference ΔωS follows an 

approximately linear relationship which is related to the E2 (high) biaxial stress coefficient 𝐾𝐸2 ( ℎ𝑖𝑔ℎ)
𝐼𝐼  and 

thermoelastic biaxial stress Δσ by: 

 

∆𝜔𝑆 = Δ𝜔𝑓𝑖𝑙𝑚 − Δ𝜔𝑏𝑢𝑙𝑘 = 𝐾𝐸2 ( ℎ𝑖𝑔ℎ)
𝐼𝐼 ∆𝜎          (2) 

 

The temperature dependence of the thermoelastic biaxial stress induced in the thin film can be computed 

by varying the environmental temperature in a thermomechanical model of the heterostructure using 

COMSOL Multiphysics. Therefore, the biaxial stress coefficients for the phonon modes of AlN can be 

determined using this modeled stress and the measured frequency shifts.  

In this study, Raman spectroscopy was used to measure the frequencies of the E2 (low), E2 (high), and 

A1 (LO) phonons of three AlN thin films (Table II, Samples 1-3) and a free-standing bulk AlN sample 

(Table II, Sample 4). The plasma vapor deposition with nanocolumns (PVDNC) film (Table II, Sample 1) 

was grown using Kyma's modified AlN sputtering technique to produce nanocolumnar arrays of AlN 

structures. Samples 2 and 3 of Table II were purchased from a commercial vendor (Nitride Solutions) and 

were grown via hydride vapor phase epitaxy (HVPE) and PVT using a proprietary process for producing 

high-quality nitride templates with high ultraviolet (UV) transparency and low defectivity. The free-

standing bulk AlN substrate (Table II, Sample 4) was produced by HexaTech using their proprietary 

crystal growth process. This process creates high quality single crystalline AlN boules for the fabrication 

of AlN substrates (Table II, Sample 4). The AlN substrates provided by HexaTech have an average 

dislocation density of 102-104 cm-2.  

For temperature dependent measurements, all samples were placed in a temperature controlled Linkam 

stage for isothermal heating. For all measurements in this study, Raman spectroscopy was performed with 

a Horiba LabRAM HR Evolution spectrometer using a 532 nm laser and an 1800 grooves/mm grating. 

Measurements were performed in a 180° backscattering configuration, i.e., Z(XX)Z̅ geometry. For Raman 

temperature calibrations, a 50X super long working distance objective (NA = 0.45) was used, offering a 

spatial resolution of ~1 μm. This was due to limitations on the objective working distance imposed by the 
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Linkam thermal stage. For all other measurements, a 100X long working distance objective (NA = 0.8) 

was used, offering a spatial resolution of < 1 μm.  The system was calibrated using the single crystal Si 

peak at 520.7 cm-1 and the E2 (TO) phonon mode of single crystal 4H-SiC at 776.839 cm-1. A mercury 

emission line at ~546 nm (~480 cm-1) was used as a reference in order to monitor and correct for systematic 

spectral drift from error sources such as room temperature fluctuations. For measurement of AlN films on 

sapphire, a laser power of 15 mW was used since both AlN and sapphire are optically transparent to the 

sub-bandgap laser energy (~2.33 eV). For measurements of AlN on Si, the laser power was reduced to ~1 

mW in order to prevent laser heating of the Si substrate. For temperature dependent measurements, the 

measurement acquisition time was monitored and, if needed, increased such that a relatively constant 

Raman peak intensity (within ± 2000 counts) was maintained throughout the experiment.  

COMSOL Multiphysics was used to build a 3D finite element thermomechanical model of the 

AlN/sapphire heterostructure for Samples 1-3 using the temperature dependent coefficients of thermal 

expansion for AlN 71 and sapphire 72 listed in Supplementary Table I and the stiffness coefficients of AlN 
73 and sapphire 74. Stiffness coefficients can be experimentally determined based on bulk or thin film 

materials. Thin films often grow with a columnar microstructure and the column boundaries may be lower 

density, which could act to lower the stiffness coefficients. 75,76 Since the thermomechanical model and 

approach are based on thin film AlN, stiffness coefficients experimentally determined based on thin film 

AlN 73 were used in the model.  Thermoelastic stresses induced in the AlN film at the elevated temperature 

conditions were the modeled outputs. As Raman spectroscopy measures through the entire thickness of 

the AlN film, a volumetric element similar to the Raman probing volume was used to obtain the through-

thickness average stress values from the simulation. 

2.4 Density functional theory modeling 

Experimentally, the residual stress in the thin film is determined by the frequency shift, Δω, of the 

measured phonon frequency, ω, with respect to the strain-free phonon frequency, ω0, as shown in Equation 

(1). Ultimately, the residual stress characterization of AlN via Raman spectroscopy can be explained by 

linear phonon deformation potential theory. Phonon deformation potential theory describes the change in 

the interatomic potential of the crystal due to small perturbations arising from strain. This change in the 

interatomic potential results in a shift of the phonon frequency. Through simplifying assumptions, 

including biaxial residual stress, it can be shown that the strain phonon deformation potentials (PDPs) can 

be used to calculate the biaxial stress coefficient KII (see Supplementary Material).  

Density functional theory (DFT) is a computational modeling method that can determine the strain 

PDPs. For the first principles calculations, the method used was previously verified for wurtzite GaN 77. 

This method used the Perdew-Zunger local density approximation (PZ-LDA) of DFT implemented in the 

QUANTUM ESPRESSO code 78, projector-augmented wave (PAW) pseudopotentials with plane-wave 

Table II. Details of the 4 AlN samples used in the thermomechanical analysis approach. 

Sample Number Substrate 
AlN thickness 

[nm] 

Deposition/Growth 

Method 

1 Sapphire 400 PVDNC* 

2 Sapphire 481 PVT 

3 Sapphire 1007 HVPE 

4 AlN  

(free-standing bulk) 

6 × 105  

(free-standing bulk) 

Seeded/PVT 

*Plasma vapor deposition with nanocolumns (see Supplementary Material) 
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cutoffs of 60 Ry and 240 Ry for the energy and electronic density, repsectively, and a 12 × 12 × 8 Brillouin 

zone sampling grid. The phonon spectra were calculated using a single unit cell within the density 

functional perturbation theory (DFPT) formalism 79. This choice of density functional and 

psuedopotentials was found to be consistent with experimental values of the lattice parameters, elastic 

constants, and phonon frequencies. The strain PDPs entering into the biaxial stress coefficients were 

calculated from seven equally spaced strain values from -0.005 to 0.005. For the electric field coefficients, 

the QUANTUM ESPRESSO implementation of the modern theory of polarization was used 80, taking 

seven equally spaced electric field values in the range from -9 MV/cm to 9 MV/cm. Using the elastic 

constants of AlN and the strain PDPs determined through DFT simulations, the biaxial stress coefficients 

for the E2 (low), E2 (high), and A1 (LO) phonon modes can be determined (see Supplementary Material).   

 

 

3. Results and Discussion 

3.1 Determination of the biaxial stress coefficients and strain-free phonon frequencies 

The strain-free phonon fequencies of the E2 (low), E2 (high), and A1 (LO) phonons of AlN were 

determined by probing the free-standing bulk AlN substrate (Table II, Sample 4) using Raman 

spectroscopy. To account for possible spatial variations, measurements were performed in 1 mm 

increments from the center towards the edge of the 1 in. (25.4 mm) wafer. At each location, 50 

measurements were performed, resulting in a total of 550 measurements on the free-standing bulk AlN 

substrate. From this study, the E2 (low), E2 (high), and A1 (LO) modes of the free-standing bulk AlN 

substrate were measured to be 247.84 ± 0.004, 656.68 ± 0.003, and 888.97 ± 0.005 cm-1.  

These phonon frequencies are very similar to those reported in Ref. 66 (see Table I) where an extensive 

Raman study was performed on bulk AlN crystals. Moreover, using X-ray diffraction (XRD), the lattice 

parameters of the free-standing bulk AlN substrate were determined to be a = 3.11 Å and c = 4.979 Å 

which shows agreement within 0.1% of previous reports for the lattice parameters of AlN 81–84. Therefore, 

the phonon frequencies measured for the free-standing bulk AlN substrate are assumed to represent the 

strain-free phonon frequencies of the E2 (low), E2 (high), and A1 (LO) phonons of AlN for this study. 

The biaxial stress coefficients of the E2 (low), E2 (high), and A1 (LO) phonons of AlN were determined 

using two methods. As discussed in Section 2.1, the first method, thermomechanical analysis, depends on 

comparing the temperature dependence of measured phonon frequencies in a bulk and thin film sample. 

Since the thin film will experience thermoelastic stress due to a mismatch in the coefficient of thermal 

Table III. Summary of the biaxial stress coefficients of the E2 (low), E2 (high), and A1 (LO) phonon modes 

of wurtzite AlN determined in this study. The two submethods listed in “DFT” are two adaptations of the 

DFT modeling approach.  

Method Submethod 

E2 (low) 

KII 

[cm-1/GPa] 

E2 (high) 

KII 

[cm-1/GPa] 

A1 (LO) 

KII 

[cm-1/GPa] 

Thermomechanical 

analysis 
N/A 

1.10 

± 0.02 

-3.80 

± 0.04 

-2.68 

± 0.04 

DFT 

PBESol 

 

PZ 

0.77 

 

0.82 

-3.46 

 

-3.46 

-2.08 

 

-2.36 
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expansion with the substrate, it is possible to separate the effect of in-plane biaxial stress from temperature 

on phonon frequency. In order to determine these thermoelastic stresses, a 3D thermomechanical model 

of the three AlN/sapphire heterostructures (Table II, Samples 1-3) was constructed. The modeled stresses 

in the c-plane (σxx, σyy) are approximately identical while the shear stress (σxy) and out-of-plane stress (σzz) 

are negligible, validating the assumption of biaxial stress in the c-plane in the model (see Supplementary 

Figure 2). Analytical calculations were also performed to determine the film stress which showed close 

agreement  with the film stress determined via COMSOL Multiphysics (see Supplementary Figure 3).  

The effect of biaxial stress on the frequency shift was determined by the difference between the 

temperature dependence of the measured phonon frequency shifts of the three AlN films (Table II, 

Samples 1-3) and the free-standing bulk AlN substrate (Table II, Sample 4) according to Equation (2). 

The modeled temperature dependent biaxial stresses Δσ in the three thin films were then related to the 

stress-induced frequency shifts as shown in Figure 3. Linear fitting of the data in Figure 3 was used to 

determine the biaxial stress coefficient for each phonon mode (the slope of the fit as shown in Equation 

(2)). From Figure 3, the direction of frequency shift with stress and relative sensitivity to stress of the 

various phonon modes observed using this method are similar to those reported in Table I. The E2 (low) 

and E2 (high) phonon modes show consistency amongst all three films; however, for the A1 (LO) phonon 

mode, only Samples 1 and 2 show good agreement. 

While the E2 modes are non-polar and only affected by temperature and stress, the A1 modes are polar 

and phonon-plasmon coupled modes. An increase in free electron concentration can signficantly increase 

both the frequency and linewidth of the A1 (LO) mode. For example, studies on n-type GaN have shown 

an increase of the A1 (LO) frequency from 738 cm-1 to 743 cm-1 for an increase in free carrier concentration 

from n = 1.2 × 1017 cm-3 to  2.2 × 1017 cm-3. 48 Additionally, it has been shown that the linewidth of the 

A1 (LO) mode increased from 6.7 cm-1 for unintentionally doped GaN to ~70 cm-1 for n-doped GaN with 

a carrier concentration of n = 2.5 × 1018 cm-3. 85  

The linewidth of the A1 (LO) mode in Samples 1 and 2 is ~9 cm-1 while in Sample 3 it is approximately 

12 cm-1. This increased linewidth in Sample 3 could be due to lower crystal quality, increased free carrier 

concentration, or a combination of both. Additionally, as the temperature was increased during the Raman 

temperature calibration of Sample 3, it is possible that the combination of the laser energy and increased 

thermal energy allowed finite activation of electrons. This would locally increase the free carrier 

concentration in Sample 3 and cause the A1 (LO) phonon frequency to increase without affecting the E2 

(low) and E2 (high) phonon frequencies. This would reduce the magnitude of Δω in Figure 3(c). Therefore, 

it is hypothesized that this discrepancy could be due to phonon-plasmon coupling of the A1 (LO) mode, 

and the biaxial stress coefficient derived from Sample 3 for the A1 (LO) was disregarded for averaging 

purposes. 

 Finally, DFT modeling was used to determine the phonon deformation potentials of the E2 (low), E2 

(high), and A1 (LO)  phonon modes. Two separate approaches were used: the PBESol functional and 

LDA-PZ. The phonon deformation potentials determined using DFT were used to calculate biaxial stress 

coefficients for all phonon modes. 

A summary of the biaxial stress coefficients for the E2 (low), E2 (high), and A1 (LO) phonon modes of 

AlN determined by the thermomechanical approach and DFT modeling is shown in Table III. Three 

different biaxial stress coefficients are reported for each phonon of interest. In general, there is good 

agreement between the biaxial stress coefficients determined via the thermomechanical analysis and DFT 

modeling. Therefore, the results of the thermomechanical analysis method were adopted.  

3.2 Validation of the biaxial stress coefficients and strain-free phonon frequencies 

After determining the biaxial stress coefficients and strain-free phonon frequencies, a validation study 
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was performed (see Supplementary Material). This was accomplished by measuring the frequencies of the 

E2 (low), E2 (high), and A1 (LO) phonons of several AlN thin films using Raman spectroscopy. 

Subsequently, ω0 and KII  determined in Section 3.1 were applied to compare the residual stress calculated 

using all three phonon modes in the various films (see Supplementary Figure 4). For all samples, there 

was relatively good agreement in the nature (tensile vs. compressive) and magnitude of the residual stress.  

Additionally, XRD was performed to determine the strain in the a-direction (ϵa) and c-direction (ϵc) for 

all films (see Supplementary Material for methodology) and then to calculate the strain ratio ϵc/ϵa. The 

strain ratios for the films were then compared to the theoretical strain ratio of -0.608 for biaxial strain in 

wurtzite AlN 86 (see Supplementary Figure 4). For the samples used in the validation study, the closest 

strain ratio to the theoretical value of -0.608 was -0.71. For this film (Supplementary Figure 4, Sample 1), 

the residual stresses calculated using all three phonon modes are -2.72 ± 0.067,  -2.74 ± 0.032, and -2.66 

± 0.047 GPa, which agree within 3%.  

When using Raman spectroscopy for residual stress analysis of AlN thin films and devices, it is 

recommended that the E2 (high) phonon mode be used for several reasons. First, the E2 (high) phonon 

mode demonstrates the greatest sensitivity to stress. Second, the E2 (high) Raman peak has the greatest 

intensity, resulting in the shortest acquisition time for Raman measurements and the largest signal-to-noise 

ratio (Figure 1). Finally, in contrast to the phonon-plasmon coupled A1 (LO) phonon mode, the frequency 

of the E2 (high) mode is not affected by the free carrier concentration; therefore, only stress will affect this 

phonon frequency for residual stress measurements. 

To demonstrate the advantages of using Raman spectroscopy for residual stress characterization, both 

wafer-level (Section 3.3) and device-level (Section 3.4) stress characterization were performed. Wafer-

level stress characterization involved measuring the residual stress distribution across wafers with 

different average stress states determined via the wafer curvature method. Device-level characterization 

was performed on AlN pMUTs. Residual stress mapping was performed on an individual pMUT from the 

center of the released diaphragm to the clamped region. In addition, the effect of residual stress on resonant 

frequency in the pMUTs was studied. 

 

 

3.3 Wafer-level stress characterization 

Raman spectroscopy was performed on an AlN-on-Si wafer (150 mm diameter) to investigate the 

residual stress distribution across the wafer at the macroscopic level. Raman stress measurements were 

conducted at 10 mm increments across 100 mm of the diameter of the wafer. Since the probing depth of 

the 532 nm laser (NA = 0.8) is ≥1 μm 87 in materials whose bandgap is greater than the laser energy of 

~2.33 eV, the entire through thickness of the AlN film (~750 nm) was probed. Therefore, a through-

thickness average residual stress was measured.  

As shown in Figure 4, the residual stress was found to become more compressive as the distance from 

the center of the wafer increased. Moreover, the Raman peak intensities of the E2 (high) phonon decreased 

Table IV. Recommended values of the strain-free phonon frequencies and biaxial stress coefficients for the E2 

(low), E2 (high), and A1 (LO) phonon modes of wurtzite AlN. 

 
ω0 

[cm-1] 

KII 

[cm-1/GPa] 

E2 (low) 247.84 ± 0.004 1.10 ± 0.02 

E2 (high) 656.68 ± 0.003 -3.80 ± 0.04 

A1 (LO) 888.97 ± 0.005 -2.68 ± 0.04 
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with increasing distance from the center of the wafer. To determine whether this could be due to spatial 

non-uniformities in film thickness, spectroscopic ellipsometry was performed across the wafer. Film 

thickness measurements were performed using a J. A. Woollam M-2000XI Ellipsometer. Psi (Ψ) and delta 

(Δ) functions were collected versus wavelength (300 – 1000 nm) at angles of incidence of 50°, 60°, and 

70°. All measurements were performed in room temperature air.  From these measurements, a correlation 

was observed between the spatial variation in residual stress and the AlN film thickness as seen in Figure 

4. Spatial variations in thickness are common in many sputter deposition systems 88. For these 

measurements, the local minima of film thickness observed in Figure 4 at ± 40 mm corresponds to the 

circular racetrack of the sputter deposition tool about 40 mm from the center of the sputter target.  

The data of Figure 4 are in agreement with previous reports showing that the residual stress shifts 

towards more compressive stress as the thickness of sputter deposited AlN films decreases 24,25. This same 

correlation was found for three different AlN-on-Si wafers with varying stress states of tensile, 

compressive, and no average residual stress calculated via the wafer curvature method (see Supplementary 

Figure 5). 

The results shown in Figure 4 highlight one advantage that Raman spectroscopy has for residual stress 

characterization over macro-scale approaches like the wafer curvature method: Raman spectroscopy can 

be used to resolve spatial non-uniformities in residual stress. This is important for device applications 

because residual stress 89 and thickness 7 affect device performance leading to cross-wafer variability in 

device behavior. This also has important implications for next generation devices based on Al1-xScxN since 

the residual stress can affect the piezoeletric properties and thus reduce performance for Al1-xScxN devices 
90–92.  

3.4 Device-level stress characterization 

Raman spectroscopy can also be used to analyze residual stress at the microscopic level. This is useful 

since materials processing and device fabrication affect the residual stress in as-prepared materials and 

devices. There have been many reports on the residual stress in AlN films resulting from varying the 

deposition parameters 2,37,93–95. With respect to devices, metallization can influence the residual stress 

following material processing. For instance, for AlGaN/GaN HEMTs, signficant changes in the residual 

stress were reported near surface metallization structures 49. Furthermore, on AlN-based MEMS structures, 

buried electrode layers can influence the residual stress in the overlying AlN film 41.  

To demonstrate microscale residual stress analysis, Raman measurements were performed on AlN 

pMUTs. A cross-sectional schematic of the pMUT is shown in Figure 5(a). The devices in this study were 

made using a silicon-on-insulator (SOI) wafer. The AlN film was grown with the same processing used to 

grow Samples 5-13 in Supplementary Table II. The devices were released with a backside deep reactive-

ion etch (DRIE) which lands on the buried oxide, and subsequently a wet etch with hydrofluoric (HF) acid 

was used to remove the oxide. The isotrench, made from low pressure chemical vapor deposition 

(LPCVD) polysilicon, helped prevent lateral etching when the wet etch was done. 

In the first device-level study, the residual stress distribution as a function of distance across a pMUT 

was measured. A top-view schematic diagram of the pMUT and stress mapping is shown in Figure 5(b). 

The stress mapping is divided into regions A, B, and C. Region A consists of the released AlN pMUT 

diaphragm and extends from the center of the diaphragm to the inner edge of the top electrode of the 

pMUT (~420 µm). Measurements 1-20 were performed with 20 µm step sizes and the remaining 

measurements in region A were performed with 1 µm step sizes. Region B defines the immediate area 

outside of the top electrode (~20 µm). The measurements in region B were performed with 1 μm step 



10 

 

sizes. Finally, region C represents the region from ~20-2400 µm away from the outer edge of the top 

electrode (50 µm step sizes). Both regions B and C consisted of the clamped AlN film. 

Figure 5(c) displays the residual stress distribution as a function of measurement number. In region A, 

the residual stress distribution of the released diaphragm was uniform and there was no signficant 

deviation in residual stress observed near the inner edge of the electrode. The average residual stress in 

region A was ~475 MPa. In region B, the average residual stress is more tensile with a value of ~560 MPa. 

However, there is a large residual stress variation directly outside the outer edge of the top electrode. Over 

a distance of ~20 µm, the residual stress decreases from a peak value of ~610 MPa down to roughly the 

average value of Region C (~510 MPa). In region C, the residual stress distribution is again observed to 

be uniform. However, when comparing the released AlN film of the pMUT diaphragm (region A) with 

the surrounding clamped AlN film (regions B and C), it can be seen that the clamped AlN film is more 

tensile. This was also observed in five identical pMUTs measured in the second study of this section. On 

average, all pMUTs were observed to have an average residual stress ~35 MPa more tensile outside the 

device structure (clamped AlN, region C) than in the pMUT diaphragm (released AlN, region A). This is 

reasonable considering relaxation of the AlN film (potentially by bending of the diaphragm) after release. 

In the second study, the residual stress in different pMUTs were measured and compared with their 

resonant frequencies. It was hypothesized that variation in residual stress across the AlN/Si wafer on which 

the pMUTs were fabricated would show a correlation with the resonant frequencies of the pMUTs. To test 

this, the same device from identical reticles of a mask were measured at different locations on the wafer 

(see inset of Figure 6(a)). The frequency dependent response of the measured pMUTs are shown in the 

impedance plots of Figure 6(a). The residual stress as a function of resonant frequency is shown for the 

first, second, and third order modes in Figure 6(b).  

Although the devices in reticles 4, 5, and 7 had a residual stress that agrees very well within the 

uncertainty in the measurement, the resonant frequencies for the first, second, and third order modes of 

these devices span a frequency range of ~13, 13, and 25 kHz. Furthermore, all devices show a resonant 

frequency within a range of ~34 kHz despite the large range of residual stresses measured (~110 MPa). 

This suggests that the diaphragm shape, diaphragm dimensions, boundary conditions, and electrode 

coverage dominated the change in frequency, rather than the residual stress 9,96. The devices in this study 

had an isotrench that was used to stop the HF etch from running laterally on the final device release, thus 

defining the radius of the device. During processing, this may have been compromised and an extension 

of the undercut from what was originally designed is possible. This would alter the resonant frequency of 

the designed device. 

Furthermore, since the pMUTs were fabricated on wafers like those shown in Figure 4 and 

Supplementary Figure 5, they are expected to exhibit film thicknesses dependent on the radial distance 

from the center of the wafer. For these pMUTs, the radial distance from the center of the wafer for reticles 

4-8 were approximately 4.3, 4.2, 6.2, 4.1, and 2.4 cm, respectively. Therefore, reticles 4, 5, and 7 were all 

approximately the same radial distance from the center of the wafer and should have close to the same 

film thickness. Based on the results of the wafer-level characterization shown in Figure 4 and 

Supplementary Figure 5, it is reasonable to assume that the devices in these reticles also possess similar 

levels of residual stress. This is indeed observed in the residual stress measurements of the devices in 

reticles 4, 5, and 7 as shown in Figure 6(b).  

Reticle 6 is located the furthest from the center of the wafer (6.2 cm), where the film thickness was 

observed to increase (Figure 4). Therefore, one would expect the residual stress in the device in reticle 6 

to be more tensile than in reticles 4, 5, and 7. This is observed in the data of Figure 6(b) where the residual 
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stress measured in the device in reticle 6 was seen to be ~30 MPa higher than those in reticles 4, 5, and 7. 

Finally, reticle 8 was the closest to the center of the wafer (2.4 cm) where the film thickness is appreciably 

greater than those of the devices in reticles 4-7. As expected, the device in reticle 8 had a residual stress 

~80 MPa greater than that of reticle 6 and ~110 MPa greater than those of reticles 4, 5, and 7.   

While the residual stress measured in the devices of reticles 4-8 (Figure 6) showed good qualitative 

agreement with respect to the radially dependent film thickness observed in Figure 4 and Supplementary 

Figure 5, the resonant frequencies of these devices did not show a clear trend with residual stress. 

Therefore, it is hypothesized that there are multiple contributing factors that are affecting the resonant 

frequency other than residual stress such as film thickness, processing, and diaphragm diameter, and these 

competing contributions convolute the dependency of resonant frequency on residual stress in this study. 

4. Conclusions 

In conclusion, the strain-free phonon frequencies ω0 and Raman biaxial stress coefficients KII for the E2 

(low), E2 (high), and A1 (LO) phonons of AlN have been determined and compared using two methods. 

These methods include (1) a thermomechanical analysis approach using Raman spectroscopy and 

COMSOL Multiphysics and (2) the DFT modeling approach.  The KII determined using the 

thermomechanical analysis approach and the ω0 measured from the free-standing bulk AlN sample  (Table 

IV) for the E2 (high) phonon mode were applied to quantify the residual stress in AlN films on both 

macroscopic and microscopic scales by performing wafer-level and device-level characterization.  

Wafer-level residual stress characterization with Raman spectroscopy showed a radial stress variation 

across AlN/Si wafers prepared by sputter deposition. Spectroscopic ellipsometry confirmed there was 

radial thickness variation in the film and showed a strong correlation with the measured residual stress. 

Device-level residual stress characterization was performed to monitor the effects of residual stress on 

resonant frequency. While the measured residual stress in various devices across the wafer were in good 

agreement with the results from wafer-level stress characterization, no clear trend was observed between 

resonant frequency and residual stress. This was hypothesized to be due to competing effects on resonant 

frequency from residual stress, film thickness, processing, and diaphragm diameter. The residual stress 

distribution of a pMUT device was also measured using submicron spatial resolution. The stress of the 

released AlN pMUT diaphragm was observed to be less tensile than the clamped AlN film outside of the 

device. Furthermore, a large lateral residual stress variation of ~100 MPa over a length of ~20 μm was 

observed directly outside the outer edge of the electrode. 

In summary, Raman spectroscopy can be used to quantitatively assess the effect that many different 

deposition parameters and fabrication processes have on the residual stress in AlN films which is crucial 

for process monitoring and control. This capability is highly beneficial to enable efficient performance 

and design of AlN piezoMEMs device technologies. 

 

Supplementary Material 

 See supplementary material for more detailed discussions on the relation between the phonon 

deformation potentials and biaxial stress coefficients, the thermomechanical analysis approach, the 

validation study, and the stress variation across wafers of different average residual stress states (tensile, 

no stress, compressive).  
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Figure Captions 

Fig. 1. Raman spectra of an AlN film sputter deposited on Si, an AlN film grown via plasma vapor 

deposition on sapphire, and a free-standing bulk AlN substrate grown via a combination of physical vapor 

transport and seeded growth. The E2 (low), E2 (high), and A1 (LO) phonons are highlighted across all 

Raman spectra. The stars and inverted triangles denote Si and sapphire Raman peaks, respectively. 

 

Fig. 2. The change in frequency Δω as a function of temperature rise ΔT for bulk and thin film (400 nm) 

AlN (left axis). The absolute value of the difference between Δω for bulk and thin film AlN is also shown 

as a function of ΔT (right axis).  

 

Fig. 3. The dependence of the frequency shifts of the (a) E2 (low), (b) E2 (high), and (c) A1 (LO) phonon 

modes as a function of stress as determined by the thermomechanical analysis method for Samples 1-3 

(Table II). The slope of the linear fit in the equations shown for each sample and phonon mode are the 

corresponding biaxial stress coefficients. 

 

Fig. 4. Spatial distribution of residual stress (squares, left axis) and film thickness (triangles, right axis) 

across the diameter of an AlN-on-Si wafer.  

 

Fig. 5.  (a) Cross-sectional schematic of the AlN pMUTs. (b) Top-view schematic diagram of the pMUT 

and stress map. Regions A, B, and C are defined. (c) Residual stress distribution as a function of 

measurement number. The schematic in (a) is not drawn to scale. 

 

Fig. 6. (a) Measured frequency response of five different pMUTs. The inset of (a) shows the location of 

reticles 4-8 on the AlN/Si wafer. (b) The first, second, and third order resonant frequencies are compared 

with the measured residual stresses in the five pMUTs. 
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Fig. 1. Raman spectra of an AlN film sputter deposited on Si, an AlN film grown via plasma vapor 

deposition on sapphire, and a free-standing bulk AlN substrate grown via a combination of physical vapor 

transport and seeded growth. The E2 (low), E2 (high), and A1 (LO) phonons are highlighted across all 

Raman spectra. The stars and inverted triangles denote Si and sapphire Raman peaks, respectively. 
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Fig. 2. The change in frequency Δω as a function of temperature rise ΔT for bulk and thin film (400 nm) 

AlN (left axis). The absolute value of the difference between Δω for bulk and thin film AlN is also shown 

as a function of ΔT (right axis).  
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Fig. 3. The dependence of the frequency shifts of the (a) E2 (low), (b) E2 (high), and (c) A1 (LO) phonon 

modes as a function of stress as determined by the thermomechanical analysis method for Samples 1-3 

(Table II). The slope of the linear fit in the equations shown for each sample and phonon mode are the 

corresponding biaxial stress coefficients. 
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Fig. 4. Spatial distribution of residual stress (squares, left axis) and film thickness (triangles, right axis) 

across the diameter of an AlN-on-Si wafer.  
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Fig. 5.  (a) Cross-sectional schematic of the AlN pMUTs. (b) Top-view schematic diagram of the pMUT 

and stress map. Regions A, B, and C are defined. (c) Residual stress distribution as a function of 

measurement number. The solid line is a three-point moving average. The schematic in (a) is not drawn 

to scale. 
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Fig. 6. (a) Measured frequency response of five different pMUTs. The inset of (a) shows the location of 

reticles 4-8 on the AlN/Si wafer. (b) The first, second, and third order resonant frequencies are compared 

with the measured residual stresses in the five pMUTs. 
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Tables 

Table I. Previously reported values of the strain-free frequencies ω0 and biaxial stress coefficients KII for the E2 

(low), E2 (high), and A1 (LO) phonon modes of wurtzite aluminum nitride. 

 

  

Ref. 

E2 (low) 

ω0 

[cm-1] 

E2 (high) 

ω0 

[cm-1] 

A1 (LO) 

ω0 

[cm-1] 

E2 (low) 

KII 

[cm-1/GPa] 

E2 (high) 

KII 

[cm-1/GPa] 

A1 (LO) 

KII 

[cm-1/GPa] 
1 252 660 893    

13     -4.7 ± 0.5  
15  654   -3.5 ± 0.5  
27  658   -3.7 ± 0.3  
50 246.1 ± 0.5 655.1 ± 0.5 888.9 ± 0.5    
51     -3 ± 0.4  
52 247.5 ± 0.5 655.5 ± 0.1 891    
53     -2.55  
54  657.1   -4.45  
55  657.6   -4.1 ± 0.3  
56    0.94 -2.56 -2.22 
57     -3.39 ± 0.64 -1.39 ± 0.28 
58 248.6 ± 0.2 657.4 ± 0.2 890 ± 0.2    
59 247.3 656.52  0.713 -4.423  
60 241 667 898 0.94 -2.55 -2.21 
61  657.67   -4.04 ± 0.3  
62     -3.4 ± 0.22 -3.12 ± 0.58 
63  656   -2.9 ± 0.3  
64  657.8 ± 0.3   -2.4 ± 0.2  
65     -1.9  
66 247.8 656.5 888.4    
67  657.4 ± 0.2   -6.3 ± 1.4  
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Table II. Details of the 4 AlN samples used in the thermomechanical analysis approach. 

Sample 

Number 
Substrate 

AlN 

thickness 

[nm] 

Deposition/

Growth 

Method 

1 Sapphire 400 PVDNC* 

2 Sapphire 481 PVT 

3 Sapphire 1007 HVPE 

4 AlN 

(bulk) 

6 × 105 

(bulk) 

Seeded/PVT 

*Plasma vapor deposition with nanocolumns 
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Table III. Summary of the biaxial stress coefficients of the E2 (low), E2 (high), and A1 (LO) phonon modes of 

wurtzite AlN determined in this study. The two submethods listed in “DFT” are two adaptations of the DFT 

modeling approach. 

Method Submethod 

E2 (low) 

KII 

[cm-1/GPa] 

E2 (high) 

KII 

[cm-1/GPa] 

A1 (LO) 

KII 

[cm-1/GPa] 

Thermomechanical 

analysis 
N/A 

1.10 

± 0.02 

-3.80 

± 0.04 

-2.68 

± 0.04 

DFT 

PBESol 

 

PZ 

0.77 

 

0.82 

-3.46 

 

-3.46 

-2.08 

 

-2.36 
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Table IV. Recommended values of the strain-free phonon frequencies and biaxial stress coefficients for the E2 (low), 

E2 (high), and A1 (LO) phonon modes of wurtzite AlN. 

 
ω0 

[cm-1] 

KII 

[cm-1/GPa] 

E2 (low) 247.84 ± 0.004 1.10 ± 0.02 

E2 (high) 656.68 ± 0.003 -3.80 ± 0.04 

A1 (LO) 888.97 ± 0.005 -2.68 ± 0.04 
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Strain and stress phonon deformation potentials (PDPs) 

Phonon deformation potential theory describes the change in the interatomic potential of the 

crystal due to small perturbations arising from strain. The change in the interatomic potential 

results in a shift of phonon frequency. For wurtzite AlN, belonging to the C6v point group, the 

shifts in phonon frequency Δω for the zone-center E2 and A1 optical phonons as a function of strain 

ϵ are given in Cartesian coordinates by 1:  

 

∆𝜔𝐸2
= 𝑎𝐸2

(𝜖𝑥𝑥 + 𝜖𝑦𝑦) + 𝑏𝐸2
𝜖𝑧𝑧  

± 𝑐𝐸2
[(𝜖𝑥𝑥 − 𝜖𝑦𝑦)

2
+ 4𝜖𝑥𝑦

2 ]
1/2

    (S.1a) 

 

∆𝜔𝐴1
= 𝑎𝐴1

(𝜖𝑥𝑥 + 𝜖𝑦𝑦) + 𝑏𝐴1
𝜖𝑧𝑧    (S.1b) 

 

where a,b, and c are the strain phonon deformation potentials (PDPs). The strain, ϵi, induced in the 

crystal lattice can be described according to the constitutive equation below in Voigt notation: 

 

 𝜖𝑖  =  𝑠𝑖𝑗𝜎𝑗  +  𝛼𝑖∆𝑇 + 𝑑𝑘𝑖𝐸𝑘 

(S.2) 

(𝑖, 𝑗 = 1, 2, … , 6 ; 𝑘 = 1, 2, 3). 

 

In this equation, sij is the compliance coefficient matrix, σj is the stress tensor, αi is the thermal 

expansion coefficient vector, ΔT is the temperature change, dki is the piezoelectric coefficient 

matrix, and Ek is the electric field vector. For the case of residual stress in thin films, there is no 



contribution to strain from temperature induced thermal expansion (αiΔT = 0) or electric field 

induced piezoelectricity (dkiEk = 0); therefore, Supplementary Equation (S.2) can be simplified to: 

 

𝜖𝑖  =  𝑠𝑖𝑗𝜎𝑗 

(S.3) 

(𝑖, 𝑗 = 1, 2, … , 6) 

 

For all classes of the hexagonal crystal system, the compliance matrix is given by 2: 

 

(𝑠𝑖𝑗) =

[
 
 
 
 
 
𝑠11 𝑠12 𝑠13 0 0 0
𝑠12 𝑠11 𝑠13 0 0 0
𝑠13 𝑠13 𝑠33 0 0 0
0 0 0 𝑠44 0 0
0 0 0 0 𝑠44 0

0 0 0 0 0 2(𝑠11 − 𝑠12)]
 
 
 
 
 

       (S.4) 

 

Combining Supplementary Equations (S.3) and (S.4) and inserting into Supplementary Equations 

(S.1a) and (S.1b), the shifts in phonon frequency as a function of stress are obtained for the E2 and 

A1 phonons: 

 

∆𝜔𝐸2
= [𝑎𝐸2

(𝑠11 + 𝑠12) + 𝑏𝐸2
𝑠13](𝜎𝑥𝑥 + 𝜎𝑦𝑦) 

+ (2𝑎𝐸2
𝑠13 + 𝑏𝐸2

𝑠33)𝜎𝑧𝑧  

± 𝑐𝐸2
|𝑠11 − 𝑠12| [(𝜎𝑥𝑥 − 𝜎𝑦𝑦)

2
+ 16𝜎𝑥𝑦

2 ]
1/2

  (S.5a) 

 

∆𝜔𝐴1
= [𝑎𝐴1

(𝑠11 + 𝑠12) + 𝑏𝐴1
𝑠13](𝜎𝑥𝑥 + 𝜎𝑦𝑦) 

+ (2𝑎𝐴1
𝑠13 + 𝑏𝐴1

𝑠33)𝜎𝑧𝑧    (S.5b) 

 

The state of residual stress in thin films is assumed to be biaxial in the in-plane directions (σxx = 

σyy, σxx ≅ 0) with negligible shear stress in the xy-plane (σxy ≅ 0). These assumptions simplify 

Supplementary Equations (S.5a) and (S.5b) such that the relations between phonon frequency shift 

and biaxial stress are the same for the E2 and A1 phonons with the exception of phonon-

independent strain PDPs, an and bn: 

 

∆𝜔𝑛 = 2[𝑎𝑛(𝑠11 + 𝑠12) + 𝑏𝑛𝑠13]𝜎𝑥𝑥    (S.6) 

 

Using the following relations between the compliance and stiffness coefficients: 

 

𝑠11 + 𝑠12 =
𝐶33

𝐶33(𝐶11+𝐶12)−2𝐶13
2     (S.7a) 

 

𝑠13 = −
𝐶13

𝐶33(𝐶11+𝐶12)−2𝐶13
2   ,     (S.7b) 



 

it is possible to present the phonon frequency shift due to biaxial stress through the introduction 

of a stress PDP, ãn: 

 

∆𝜔𝑛 = 2𝑎̃𝑛𝜎𝑥𝑥      (S.8a) 

where  

𝑎̃𝑛  =  
𝑎𝑛𝐶33− 𝑏𝑛𝐶13

𝐶33(𝐶11+𝐶12)−2𝐶13
2      (S.8b) 

 

Using the notation of Ref. 3, the final equation describing the relation between phonon frequency 

shift and biaxial stress in the c-plane is given by: 

 

∆𝜔𝑛 = 𝐾𝑛
𝐼𝐼𝜎𝑥𝑥      (S.9) 

 

where KII
n [cm-1/GPa] is the biaxial stress coefficient for the n phonon mode. From Supplementary 

Equations (S.6) – (S.9), it can be seen that the biaxial stress coefficients for the AlN phonon modes 

depend on the strain PDPs an and bn and the stiffness coefficients of AlN.   
 

  



Comparison of the COMSOL Multiphysics model with a simple analytical solution 

The thermomechanical analysis approach utilizes temperature-induced thermoelastic stresses to 

determine the biaxial stress coefficients. For free-standing bulk AlN, it is assumed that isothermal 

heating results in stress-free thermal expansion. Therefore, the frequency shift Δωbulk of the E2 

(low), E2 (high), and A1 (LO) phonons in free-standing bulk AlN  should be solely due to 

temperature-induced volumetric expansion ΔωV and phonon decay processes ΔωD as a result of 

the anharmonicity of the lattice potential 4: 

 

∆𝜔𝑏𝑢𝑙𝑘 = ∆𝜔𝑉 + ∆𝜔𝐷      (S.10) 

 

 For an AlN thin film on a foreign substrate, thermoelastic stresses are induced by isothermal 

heating of the heterostructure due to the mismatch in the coefficients of thermal expansion between 

the AlN film and the substrate. These thermoelastic stresses introduce an additional contribution 

ΔωS to the frequency shift Δωfilm of the phonons in the thin film AlN: 

 

∆𝜔𝑓𝑖𝑙𝑚 = ∆𝜔𝑉 + ∆𝜔𝐷 + ∆𝜔𝑆     (S.11) 

 

Accordingly, the temperature dependence of the phonon frequency shifts in free-standing bulk 

AlN and thin film AlN will be different. This difference should be a result of thermally-induced 

biaxial stresses in the film given by subtracting Supplementary Equation (S.10) from 

Supplementary Equation (S.11):  

 

∆𝜔𝑓𝑖𝑙𝑚 − ∆𝜔𝑏𝑢𝑙𝑘 = ∆𝜔𝑆     (S.12) 

 

In Figure 2, the difference between the frequency shift of the E2 (high) phonon mode for free-

standing bulk AlN and a 400 nm AlN thin film is shown (Table II, Sample 1). As shown, this 

difference follows an approximately linear relationship which is related to the E2 (high) biaxial 

stress coefficient KII and thermoelastic biaxial stress Δσ by: 

 

∆𝜔𝑆 = 𝐾𝐸2 ( ℎ𝑖𝑔ℎ)
𝐼𝐼 ∆𝜎       (S.13) 

 

The temperature dependence of the thermoelastic biaxial stress induced in the thin film can be 

computed by varying the environmental temperature in a thermomechanical model of the 

heterostructure using COMSOL Multiphysics. Therefore, the biaxial stress coefficients for the 

phonon modes of AlN can be determined using this modeled stress and the measured frequency 

shifts. In this study, the temperature dependence of the phonons in three AlN/sapphire 

heterostructures and a free-standing bulk AlN substrate (Table II) were measured using Raman 

spectroscopy. It should be noted that although the AlN film of Sample 1 from Table II was 

deposited via nanocolumnar growth (plasma vapor deposition with nanocolumns; PVDNC), the 

nanocolumns are very dense and no voids are observed when using atomic force microscopy 

(AFM) and transmission electron microscopy (TEM), as shown in Supplementary Figure 1. AFM 

topography is also shown for Samples 2 and 3 from Table II. In order to determine these 



thermoelastic stresses, a 3D thermomechanical model of three AlN/sapphire heterostructures 

(Table II, Samples 1-3) was constructed. Temperatue dependent coefficients of thermal expansion 

(CTEs) were used for both AlN and sapphire in the model. These temperature dependent CTEs are 

given in Supplementary Table I for AlN 5 and sapphire 6. The stiffness coefficients for thin film 

AlN reported in 7 and for sapphire in 8 were used. Since the experimental method assumes a state 

of biaxial stress when measuring the in-plane residual stress, it was important to confirm that the 

stress state of the modeled film was also biaxial in nature. As shown in Supplementary Figure 2, 

the modeled stresses in the c-plane (σxx, σyy) are approximately identical while the shear stress (σxy) 

and out-of-plane stress (σzz) are negligible, validating the assumption of biaxial stress in the c-

plane in the model. 

The temperature dependence of the thermoelastic biaxial stress induced in the thin film can also 

be computed using the following simple analytical model for thermal stress of a film on a substrate 
9: 

 

Δσ(T) = ∫ 𝐵𝑓(𝛼𝑠 − 𝛼𝑓)𝑑𝑇
𝑇2

𝑇1
      (S.14) 

where Bf is the biaxial modulus of the film and αs and αf are the coefficients of thermal expansion 

for the substrate and film, respectively. In Supplementary Equation (S.14), Bf is defined by both 

the elastic modulus Ef and Poisson’s ratio νf of the wurtzite AlN film as 9: 

𝐵𝑓 =
𝐸𝑓

1−𝜈𝑓
      (S.15a) 

𝐸𝑓 =
𝐶11

2 𝐶33−2𝐶13
2 𝐶11−𝐶12

2 𝐶33+2𝐶13
2 𝐶12

𝐶11𝐶33−𝐶13
2       (S.15b) 

𝜈𝑓 =
𝐶12𝐶33−𝐶13

2

𝐶11𝐶33−𝐶13
2        (S.15c) 

In Supplementary Figure 3, the stress calculated using the simple analytical equation in 

Supplementary Equations (S.14) and (S.15) was compared to those computed from the COMSOL 

Multiphysics model. These modeled stresses are plotted in Supplementary Figure 3 and they show 

very good agreement.  

  



Validation of the biaxial stress coefficients and strain-free phonon frequencies 

After determining the biaxial stress coefficients and strain-free phonon frequencies, a validation 

study was performed. This was accomplished by measuring the frequencies of the E2 (low), E2 

(high), and A1 (LO) phonons of several AlN thin films using Raman spectroscopy. Subsequently, 

ω0 and KII  determined in Section 3.1 were applied to compare the residual stress calculated using 

all three phonon modes in the various films.  

The validation study was performed on 13 AlN thin films (Supplementary Table 2). This 

includes AlN films of various thicknesses (45-750 nm), different substrates (sapphire and Si), and 

grown through different methods (plasma vapor deposition and reactive pulsed-DC magnetron 

sputtering). The PVDNC films (Supplementary Table II, Samples 1-4) were grown using Kyma's 

modified AlN sputtering technique to produce nanocolumnar arrays of AlN structures. The AlN 

films of Samples 5-13 in Supplementary Table II were deposited via reactive sputter deposition on 

150 mm n-type Si (100) wafers using an SPTS Sigma 200 pulsed DC magnetron deposition tool. 

For each deposition, 5 kW of target power, a platen temperature of 350 °C, and an Ar/N2 flow rate 

of 20/100 sccm were used. Films targeted a thickness of 750 nm and the average film stress was 

varied by changing the RF substrate bias power from 0 W to 150 W. Accordingly, the average 

residual stress in these films was measured to range from -1708 MPa (compressive) to 784 MPa 

(tensile) based on wafer curvature measurements. SEM top-side imaging of Samples 9 and 10 is 

also shown in Supplementary Figures 1(e) and 1(f).   

As shown in Supplementary Figure 4(a), there is good qualitative agreement in the measured 

residual stress among all three phonon modes. However, for some samples, there is some 

quantitative inconsistency amongst the three phonon modes when attempting to measure the 

residual stress in the validation study. For example, the residual stresses measured for Sample 5 

vary from ~150 MPa to ~600 MPa.  

One possible explanation for this inconsistency could be that the stress state of the films is not 

truly biaxial in nature. This would not be consistent with the assumption that there is biaxial stress 

in the c-plane of the film which is required for the derivation and quantiative use of the biaxial 

stress coefficient KII. To investigate this possibility, XRD was performed on all 13 AlN samples 

in Supplementary Table II. AlN films were characterized through XRD on a PANalytical X’Pert3 

MRD diffractometer. The beam was first aligned in the ω and Z, and then each film was scanned 

in the 2θ around the (002) and (004) peaks (from 30-40° and 70-80°, respectively). Afterwards, 

the rocking curve on the (002) peak was obtained to determine the films crystalline quality. To 

determine the a lattice constant, the off-axis peak (101) from a 2θ-ω scan was used. Pearson VII 

fitting for the peaks was used to determine the Full Width Half Maxima (FWHM) and the exact θ 

values to calculate the interplanar separation distance (d) using Bragg’s law (Equation S.16). The 

relationship between a hexagonal crystal structure’s lattice constants (a and c) and d are shown in 

Equation S.17. 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆      (S.16) 

𝑑ℎ𝑘𝑙 = [(
4

3𝑎2
) (ℎ2 + 𝑘2 + ℎ𝑘) + (

𝑙2

𝑐2
)]

−1/2
   (S.17) 

where h, k, and l are peak indices for the respective crystallographic planes. The free-standing 

bulk AlN sample (Table II, Sample 4) was also measured to use as a strain-free reference sample. 

Using XRD, the unstrained lattice parameters a0 and c0 were measured to be 3.11 Å and 4.979 Å, 

respectively. 



Using these unstrained lattice parameters, the in-plane (ϵa) and out-of-plane (ϵc) strains in the 

films can be determined by: 

𝜖𝑎 =
𝑎−𝑎0

𝑎0
      (S.18a) 

𝜖𝑐 =
𝑐−𝑐0

𝑐0
      (S.18b) 

The strain ratio ϵc/ϵa can then be determined and compared with the theoretical value for biaxial 

strain in wurtzite AlN given by 10: 
𝜖𝑐

𝜖𝑎
= −

2𝐶13

𝐶33
      (S.19) 

 Using the stiffness coefficients reported by Tsubouchi and Mikoshiba 7, the strain ratio should 

be -0.608 for biaxial strain. The strain ratios calculated for the samples in Supplementary Table II 

are shown in Supplementary Figure 4(b) along with the theoretical value for biaxial strain. As 

shown in Supplementary Figure 4(b), the strain ratio varies greatly amongst the samples in the 

validation study. Therefore, the quantitative assessment of residual stress in Supplementary Figure 

4(a) could have been compromised due to violation of the assumption of biaxial stress. However, 

as can be seen in Supplementary Figure 4(b), Sample 1 has a strain ratio of -0.71 which is close to 

the theoretical value of -0.608. Sample 1 also shows the best agreement for the residual stress 

calculated using all three phonon modes. These residual stresses are -2.72 ± 0.067,  -2.74 ± 0.032, 

and -2.66 ± 0.047 GPa which agree within 3%. Therefore, when the strain state of the film 

approaches a truly biaxial strain state, the KII and ω0 values determined in this study (Table IV) 

provide consistent, quantitative residual stress measurement capabilities.  

Other possible reasons for some quantitative inconsistency amongst the three phonon modes 

when attempting to measure the residual stress could be phonon-plasmon coupling of the A1 (LO) 

mode 11 and very low signal intensity of the E2 (low) and A1 (LO) modes. The A1 (LO) mode is 

also very sensitive to free carrier concentration which will shift the phonon frequency separately 

from residual stress. Moreover, as shown in Figure 1, the intensities of the E2 (low) and A1 (LO) 

modes are very low with respect to the E2 (high) mode. Low intensity and signal-to-noise ratio 

makes reliable peak processing difficult and it is undesirable. Therefore, when using Raman 

spectroscopy for residual stress analysis of AlN thin films and devices, it is recommended that the 

E2 (high) phonon mode be used. In addition, the E2 (high) mode is observed to have the greatest 

sensitivity to stress which also facilitates greater accuracy and confidence in residual stress 

measurements.   
 

  



Stress mapping across wafers of varying states of residual stress 

Raman spectroscopy was performed on three AlN-on-Si wafers to investigate the residual stress 

distribution across the wafer at the macroscopic level. To compare the effects of different states of 

residual stress, stress mapping was performed on wafers with tensile (638 MPa), compressive (-

672 MPa), and no residual stress (0 MPa). The average stress states of the wafers were measured 

using the wafer curvature method. Since the probing depth of the 532 nm laser (NA = 0.8) is ≥1 

μm in materials whose bandgap is greater than the laser energy of ~2.33 eV, the entire through 

thickness of the AlN films (~750 nm) was probed. Therefore, a through-thickness average residual 

stress was measured in the AlN films.  

As shown in Supplementary Figure 5(a), the residual stress was found to become more 

compressive as the distance from the center of the wafer increased. Moreover, the Raman peak 

intensities of the E2 (high) phonon decreased with increasing distance from the center of the wafer. 

These observations were found to scale with the spatial variation in AlN film thickness measured 

by spectroscopic ellipsometry, as seen in Supplementary Figure 5(b). This correlation was 

observed for all films regardless of their average state of residual stress. For all films, the difference 

in thickness from the center of the wafer to ±5 cm was approximately 20-25 nm. Accordingly, at 

±5 cm, the residual stress in all films was ~150 MPa more compressive than at the center of the 

wafer.  
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Supplementary Figure 1. (a) AFM topography and (b) TEM cross-sectional imaging of the AlN film of 

Sample 1 in Table II. AFM topography of the AlN films for (c) Sample 2 and (d) Sample 3 in Table II. 

Top-side SEM imaging of (e) Sample 9 and (f) Sample 10 in Supplementary Table II.  

 



 

Material 
Coefficient of thermal expansion 

𝜶 [×10-6 K-1] 

Aluminum 

nitride 
5 

𝛼𝑎 = −2.75 

+ 2.35 × 10−2𝑇 − 1.65 × 10−5𝑇2 

 

𝛼𝑐 = −1.88 

+ 1.91 × 10−2𝑇 − 1.38 × 10−5𝑇2 

  

Sapphire 
6 

𝛼𝑎 = −0.231 

+ 2.22 × 10−2𝑇 − 1.48 × 10−5𝑇2 

 

𝛼𝑐 = −0.459 

+ 2.63 × 10−2𝑇 − 1.9 × 10−5𝑇2 

  

 

  

Supplementary Table I. Temperature dependent coefficient of thermal expansion for aluminum 

nitride and sapphire used in the 3D thermomechanical model. 

 



 

 

  

Supplementary Figure 2. The change in thermoelastic stress Δσthermal as a function of temperature rise 

ΔT for the 400 nm AlN film (Table II, Sample 1) as determined by the 3D thermomechanical model. σxx 

and σyy are the normal stresses in the c-plane, σzz is the normal stress in the c-direction, and σxy is the 

shear stress in the c-plane. 

 



 

 

  

Supplementary Figure 3. The change in thermoelastic stress Δσthermal as a function of temperature rise 

ΔT determined via the 3D thermomechanical model (crosses) and analytically (squares) using 

Supplementary Equation S.14. 



 
 

 
  

Supplementary Table II. Details of the 13 AlN samples used in the validation study. 

Sample 

Number 
Substrate 

AlN 

thickness 

[nm] 

Deposition/

Growth 

Method 

RF Bias 

[W] 

1 Sapphire 45 PVDNC* N/A 
2 Sapphire 215 PVDNC* N/A 
3 Sapphire 350 PVDNC* N/A 
4 Si 200 PVDNC* N/A 
5 Si 750 Sputtered 66 
6 Si 750 Sputtered 66 
7 Si 750 Sputtered 0 
8 Si 750 Sputtered 25 
9 Si 750 Sputtered 50 

10 Si 750 Sputtered 75 
11 Si 750 Sputtered 100 
12 Si 750 Sputtered 125 
13 Si 750 Sputtered 150 

*Plasma vapor deposition with nanocolumns 



 

  

Supplementary Figure 4. (a) Comparison of the residual stress determined in the 13 AlN films 

(Supplementary Table II) based on the the E2 (low), E2 (high), and A1 (LO) phonon modes of AlN. (b) 

The strain ratio ϵc/ϵa for the samples from (a) calculated using XRD. The red dashed line indicates the 

theoretical value (-0.608) for biaxial strain in wurtzite AlN. 



 

 

Supplementary Figure 5. (a) Residual stress distribution across AlN-on-Si wafers with tensile (square), 

compressive (triangle), and no average residual stress (cross). The residual stress is plotted with respect 

to the residual stress at the center of the wafer. (b) Thickness of the AlN film across the tensile, 

compressive, and no average residual stress AlN-on-Si wafers. The vertical dashed lines indicate the 

extent of the residual stress mapping performed in (a). 
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