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1 

 

Abstract—Frequency response to stimuli applied to acoustic 

micro-electro-Mechanical Systems (MEMS) yield meaningful 

information of certain defects affecting such devices. This article 

presents the effects of three distinct root causes of failures affecting 

the low-frequency response of MEMS microphones: lid attach 

holes, die attach holes and broken vents with experimental 

inductions of these effects for the lid attach holes and broken vents. 

Methods to create such defects are presented which include laser 

drilling and focused ion beam machining of holes. A complete 

characterization of induced broken vents is presented. Alternative 

locations for defects induction are proposed and demonstrated on 

34 devices, 16 with lid attach holes and 18 with induced broken 

vents. The information obtained from the frequency response of 

the devices is shown to be insufficient to separate the root causes 

of failures as their effects on the frequency response is similar and 

the magnitudes of the variations of the observed response overlap. 

Additional information about the circumstances regarding the 

onset of defects such as location of the fault and its occurrence in 

the device manufacturing/assembly/operation timeline is however 

sufficient for root cause identification. 

 
Index Terms— Acoustic MEMS, characterization, failure 

modes, low-frequency response, root cause identification 

I. INTRODUCTION 

EMS microphones suffer from a variety of failure modes 

[1], [2], many of which cause complete signal loss, while 

others lead to the deviation of the frequency response of the 

diaphragm [3]. The understanding and characterization of the 

failure modes supported with experimental data [4] are essential 

for more robust, fault tolerant designs. Induction of failures for 

micro-electro-mechanical systems (MEMS) is part of the 

general qualification procedure usually involving intermittent 

operating life testing [5], shock, vibration, acceleration and 

temperature cycling. Specific qualification plans are generally 

developed for individual device types [6] building on industry 

standards such as JESD94 [7] and JEP148A [8]. Although these 

standards are useful for reliability and robustness assessment of 

device batches, they do not allow however the quantifiable and 

repeatable measurements of individual anomalies. They also 

provide little insights how the response of the device is affected 

by the induced degradation of the device under test.  
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This paper presents novel induction and verification methods of 

failure modes for acoustic MEMS that allow the identification 

and location of root causes of failure. Such methods focus on 

anomalies affecting the low frequency region of the device 

response, namely lid attach hole(s), die attach hole(s) and 

broken vent(s) [9]. The first two anomalies stem from integrity 

failure in the material used to attach the lid of the device under 

test (DUT), and the DUT to the PCB, respectively. Broken 

vent(s) refers to the complete or partial failure of air vents 

placed on the diaphragm to prevent its failure during pressure 

overload. Section II describes in more detail these failures and 

their effect on the DUT frequency response. Section III 

simulates these effects using electrically equivalent circuit 

based on lumped element modelling. Section IV presents the 

induction of these failures whose results on the DUT behavior 

are discussed in Section V. Conclusions are provided in 

Section VI. 

II. DESCRIPTION OF THE DEFECTS  

Holes in the lid or die-attach are packaging-related issues that 

can occur from incorrectly selected adhesive material or 

extreme external effects [10]. As a result, the acoustic 

properties of the DUT are changed due to the creation of 

unwanted airpaths. For a die attach hole, this airpath is between 

the front cavity and the back cavity. For the lid attach hole, the 

airpath is between the back cavity and the outside.  

Induction of such defects in a controlled manner required 

creating a hole, preferably without substantial thermal effects to 

avoid unwanted artefacts. Creating a die attach hole was not 

attempted in this study as this procedure would have required 

removing and reattaching the lid of the DUT. A microscope 

image of a MEMS diaphragm with pairs of vents at the four 

corners of the diaphragm is shown in Fig. 1. Each vent is called 

a tri-vent structure as it consists of 3 vent flaps, patent protected 

by at least US patent US10266393 [11]. Closed under normal 

operating conditions to prevent air flow, the flaps of the vent 

open up at high pressure events. Vent flaps are hard to break in 

a controlled manner as they are located around the edges of the 

diaphragm that are not accessible through the porthole, thus an 

alternative defect was chosen to be induced instead that allowed 

to artificially reproduce the effects of a broken vent flap:  
M. Desmulliez is with the School of Engineering & Physical Sciences, 

Institute of Sensors, Signals & Systems, Heriot Watt University, Edinburgh 
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etching holes in the diaphragm using focused ion beam 

(FIB). 

The low frequency response of the microphone and, 

potentially, the sensitivity of the device are changed if vent 

flaps break or stay open. 

 

Fig. 1. Microscope image of a MEMS diaphragm with one broken vent flap 

(top left). Vents are circled for clarity. The top left vent has one of its three flaps 

broken. 

In most acoustic MEMS, the key parameters of the frequency 

response are the -3 dB point, the +3 dB point and the sensitivity, 

defined as the device response typically measured at 1 kHz, as 

shown in Fig. 2. The +3 dB and -3 dB points, the latter called 

roll-off frequency, refer to the frequencies where the response 

of the DUT is twice and half the size of the sensitivity, 

respectively. The roll-off frequency deviates from its ideal 

response in the case of a vent failure as shown in Fig. 2.  

Different induced defects may affect the DUT response in a 

similar manner. Investigation methods were implemented to 

induce differences that are characteristic to the particular 

defects and/or the circumstances of their occurrence. For this 

purpose, the following measures were carried out as explained 

in section IV: a) creation of lid attach holes using a mechanical 

drill or a fiber laser and b) creation of one or a number of holes 

of various sizes in the part of the diaphragm visible from the 

porthole using a FIB or a laser without damaging the diaphragm 

metallization pattern.   

 

Fig. 2. Frequency response of microphone 63, before (red dotted line, pristine 
microphone) and after etching 9 holes in the diaphragm (blue line, faulty 

microphone). The key response parameters of each graph are indicated with 

markers: Sensitivity – red dot, -3dB points: green triangles, +3dB points: 

blue X. 

The frequency response of each device was captured before 

and after the induction of the defect and the -3 dB frequency 

point was measured from the response. The etched hole areas 

were recorded, and the acoustic resistance of the holes was 

calculated (when data about the holes dimensions were 

available). Induction and characterization of the broken vent 

defect were presented at ICMTS 2020 [9]. News findings about 

defects from the lid and die attach holes are presented in this 

paper along with results described at ICMTS 2020. 

III. SIMULATION 

A. Model  

Behavioral modelling of the microphone can be obtained by 

representing the device as an electrically equivalent circuit 

using lumped element modeling, as shown in Fig. 3. Defects 

can be expressed through the model by altering the values of 

existing components. As the lid attach and die attach holes open 

up new acoustic paths, new elements are however required in 

the model and are drawn with a dotted line in Fig. 3. The 

schematic of the DUT is shown in Fig. 4 with only the 

transducer structure represented alongside the locations of 

possible defects. 

 

Fig. 3.  Lumped parameter model of a MEMS microphone using the force-

voltage analogy. Rp and Mp are the porthole resistance and mass; Rdh is the 
combined acoustic resistance of all the cavities in the diapragm; Cd and Md are 

the compliance and mass of the diaphragm; Rh is the backplate hole resistance; 

Cb and Mb are the compliance and mass of the backplate; Cfc and Cbc are the 
front cavity and back cavity compliances, respectively. Rla and Rda are acoustic 

resistances of the lid attach and die attach hole(s), respectively. 

 

Fig. 4. Schematic of a cross section of the MEMS microphone with only the 

transducer represented inside the package. The areas for the potential anomalies 

discussed in this work are indicated in red arrows. 
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1) Hole in the lid or die attach material 

The acoustic elements commonly used in the lumped parameter 

model are explained in [12] and [13]. The holes in the lid and 

die attach material can be represented as acoustic resistances, 

Rla and Rda. To simplify the model only one circular hole in the 

lid and die attach is considered and the acoustic mass of air in 

the hole is neglected. The acoustic resistance of one hole is 

calculated as [12]: 

 
𝑅ℎ𝑜𝑙𝑒  =

8 ∙ η ∙ ℎℎ𝑜𝑙𝑒

𝜋 ∙ 𝑟ℎ𝑜𝑙𝑒
4  (1) 

where η is the dynamic viscosity of air. The radius of the hole 

is rhole and hhole is the thickness of lid or of the die attach 

depending on the location of the hole. Simulation results for 

holes with different diameters are shown in Fig. 5 and Fig. 6. 

 

Fig. 5. Effect of a hole in the die attach material with hole diameter sizes and 

-3 dB points indicated.  

 

Fig. 6. Effect of a hole in the lid attach material with hole diameter sizes and 

-3 dB points indicated.  

As shown in Fig. 5 and Fig. 6, the effect of lid and die attach 

holes on the -3 dB point (low frequency response) are very 

similar. An exponential increase in the shift to higher 

frequencies of the -3 dB point is witnessed for diameter sizes 

above 20 m. Near identical simulated results for both defects 

indicate that the study of only the low frequency response is not 

sufficient for differentiation of these defects. Differences 

between the two failures occur however in the high frequency 

region, the +3 dB point, for a hole in the die attach material (Fig. 

5) unlike in the frequency response for a defect in the lid attach 

(Fig. 6).  

 

2) Broken vent 

Open vents on the diaphragm can be represented as an 

acoustic resistance Rv  [14]. The mass and compliance of the 

diaphragm, and the acoustic resistance of the holes in the 

diaphragm can be modelled as a first-order high pass filter of 

cut-off frequency: 

 
𝐹𝑐 =

1

2𝜋 ∙ 𝑅𝑑ℎ ∙ 𝐶𝑎𝑙𝑙
 (2) 

where Rdh is the combined acoustic resistance of the relief holes 

and every single other slit and cavity that create a path of air 

that bypasses the diaphragm. Call is the total acoustic 

compliance of the diaphragm and back cavity, the latter defined 

by the mass of air encapsulated in the microphone package, 

ultimately limited by the lid size. Not surprisingly, Fc = Froll-off, 

as the device is modelled as a first-order filter.  

The acoustic resistance of a fully open tri-vent structure, 

Rvent, is calculated using equation (1), with hhole being the 

thickness of the diaphragm, and rhole = rvent is the radius of the 

vent. This equation is valid for rvent < 0.002/√f. Since rvent =15 

μm for the MEMS microphones studied here, this equation 

holds true for frequencies below 17.7 kHz. To recreate such an 

acoustic resistance, one or multiple holes in the available area 

can be created, with the acoustic resistance defined by equation 

(1) where rhole is the radius of the newly etched hole(s) in the 

diaphragm. In order to avoid additional defects, the 

metallization layer must be left intact, thus the upper limit for 

the size of the new acoustic hole(s) is dictated by the radius of 

a hole in the metallization pattern such that rhole <= 5 μm. As 

the acoustic resistance is inversely proportional to the radius of 

the hole, 

 
𝑅ℎ𝑜𝑙𝑒 =  

𝑅𝑣𝑒𝑛𝑡

𝑁
 

(3) 

 
where N is the number of newly etched holes in the diaphragm. 

Combining equation (1) and (3) gives: 

 
𝑁 =  (

𝑟𝑣𝑒𝑛𝑡

𝑟ℎ𝑜𝑙𝑒
)

4

 
(4) 

 

B. Hypotheses based on historical data 

Limited historical data is available on faulty devices with 

both the root cause of failure and the recorded frequency 

response. From the historical dataset acquired, only two distinct 

measurements of frequency response from two different 

devices of different dimensions but with the same vent structure 

are available for the case of a single vent flap missing. No 

frequency response measurements were available for lid or die 

attach hole type defects. 

1) Broken vent 

Acoustic equations from [12] hold true only for a circular or 

a rectangular cavity, and cannot be directly applied to arbitrary 

shaped cavities such as a single missing vent flap or a random 

crack in the diaphragm. Moreover, no historical data is 

available for the scenario of 3 broken vents (open circular 

cavity) due to the scarcity of this event. Finally, in most cases, 

complete diaphragm failure occurs before more than one vent 

flap fails [15],[16], unless design approaches are taken to 

protect the membrane [17]. As shown in equation (2), the roll-

off frequency for each device will be different as this frequency 
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does not solely depend on the acoustic resistance of the vents. 

From this point onwards the different devices being studied will 

be referred to as devices A, B and C. Type A refers to the 

devices subject to the experiments carried out in this work, B 

and C correspond to the two devices referenced above with 

historical data on broken vent flaps.  

The methodology to calculate the equivalent acoustic 

resistance for a single broken vent flap can be laid out as 

follows: 

Step 1: Calculate Rdh for an intact device. As Froll-off is known 

to be 85 Hz in both cases and the acoustic compliance Call is 

known, Rdh can be calculated as: 

 
𝑅𝑑ℎ =

1

2𝜋 ∙ 𝐹𝑟𝑜𝑙𝑙−𝑜𝑓𝑓 ∙ 𝐶𝑎𝑙𝑙
 

(5) 
 

Step 2: Calculate Rdh for devices B and C using equation (5), 

as the ideal roll-off frequency and Call are known for both 

devices either from finite element modeling analysis or 

calculated from the geometry and material properties of the 

device. 

Steps 1 and 2 yield the values of the initial acoustic resistance 

shown in equation (2), defined as Rinit, for devices A, B, C and 

the acoustic resistance after the vent failure event, defined as 

Rpost, for devices B and C. 

Step 3: Calculate the acoustic resistance of the cavity created 

by a single missing vent flap, Rflap, for devices B and C via: 

 

 
𝑅𝑓𝑙𝑎𝑝 =

𝑅𝑖𝑛𝑖𝑡 ∙ 𝑅𝑝𝑜𝑠𝑡

𝑅𝑖𝑛𝑖𝑡 − 𝑅𝑝𝑜𝑠𝑡
 

(6) 

 

Rflap yields a different value for devices B and C. This 

difference is probably due to process variations as the roll-off 

frequency sometimes deviates from the target value. To 

overcome this issue, an equivalent flap resistance was 

calculated based on equation (1). As this equation applies only 

to circular cavities, and a single broken vent flap creates an 

arbitrary shaped hole, a correction factor, Cf, is applied: 

 
𝑅ℎ𝑜𝑙𝑒  =

8 ∙ η ∙ ℎℎ𝑜𝑙𝑒

𝜋 ∙ 𝑟ℎ𝑜𝑙𝑒
4 𝐶𝑓 

(7) 

 
Using the dimensions of each device, equivalent flap 

resistances and roll-off frequency values were then calculated 

for devices A and B. TABLE I. shows the calculated values for 

the acoustic resistances of a single broken vent flap for device 

B and C along with the simulated value using equation (7).  

TABLE I.  CALCULATED AND SIMULATED ACOUSTIC RESISTANCES OF A 

SINGLE BROKEN VENT FLAP. 

 Device B Device C Simulated 

Rflap [Ns/m5] x1010 9.71 9.78 9.71 

 

TABLE II. shows the measured and simulated values for the 

roll-off frequencies for devices B and C. 

TABLE II.  MEASURED AND SIMULATED ROLL-OFF FREQUENCIES FOR 

DEVICES B AND C. 

 Device B Device C 

Original roll-off [Hz] 
Simulated roll-off [Hz] 

237 
237 

188 
188 

The equation used for the calculation of the acoustic resistance 

can be applied to measure the roll-off frequency of device A, 

resulting in a value of 85 Hz when the device is intact and 

268 Hz in the case of a single broken vent flap. The calculated 

roll-off frequency for device A can be used as a reference for 

the acoustic hole. 

IV. INDUCTION OF DEFECTS 

This section explains the various techniques used to create 

the defects described in Section II. Die attach hole induction 

was not attempted due to difficulty of reaching the location to 

create such a defect.  

A. Lid attach hole 

As shown in Fig. 7, the DUT is soldered on a flexible board 

that has a cavity at the porthole of the device. For acoustic 

testing, a fixture is used that hermetically encapsulates the DUT 

and the flexible board, leaving only a tiny portion of the bottom 

part of the board open to the acoustic chamber where the 

reference microphone and the speaker are located. Lid attach 

holes were therefore created on the bottom part of the device on 

the porthole side since this is the only area exposed to the 

acoustic chamber.  

Two different approaches were originally investigated for 

hole creation: a mechanical drill (Dremel Model 398) and a 

10 W, 1070 nm pulse fiber laser (Lightray Decap 10). The 

mechanical drill, although producing clean holes, was not a 

reproducible process as the 100 m and 200 m diameter drill 

bits kept breaking and, in most cases, damaged the wires of the 

DUT due to the vibration of the drill.  

 

 

Fig. 7. Schematic of DUT encapsulated by the test fixture. 

1) Fiber laser 

As explained before, the fiber laser was employed to create 

acoustic holes in the DUT from the porthole side. The industrial 

fiber laser is normally used for engraving and mask etching. 

The laser created a heat affected zone on the DUT and burned 

the flexible board and the PCB, as shown in Fig. 8 (left). The 

new hole from the inside of the package is shown in Fig. 8 

(right). Signs of burn and contamination are visible around the 

hole and on the transducer die. Contamination on the diaphragm 

might affect its compliance and therefore the -3 dB point. 

However, deviation of the sensitivity will also be present and 

could be calculated to analytically compensate for this 

unwelcome effect in the calculation of the low-frequency roll-

off deviation.  
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Fig. 8.  A: Artificially induced acoustic hole created via a fiber laser (right) 

and porthole with diaphragm visible (left). B: De-lidded device with laser 
induced acoustic hole in the electrical connection area. The hole created by the 

fiber laser is marked with white circle on both figures. 

The hole is not perfectly circular, and its diameter is not 

constant across the depth of the material, as shown in Fig. 9. 

We considered this a secondary effect and thus neglected it in 

the calculations of the acoustic resistance. For the calculations, 

the holes created were considered perfectly circular and 

uniform in diameter. 

 

 

Fig. 9. 3D scan of the entry point of the laser used  to induce the hole. 

B. Broken vent 

Different approaches were investigated to create holes in the 

diaphragm. The approaches included the use of the fiber laser 

(Lightray Decap 10), a carbide femtosecond laser (Light 

Conversion – Carbide CB5-06) and a focused ion beam FIB - 

(FEI – Helios Nanolab 460F1). The diaphragm consists of two 

layers: a 400 nm thick silicon nitride (SiN) layer and a 30 nm 

thick aluminum (Al) layer. As the SiN layer is transparent, the 

underlying metallization pattern is visible and can be used for 

positioning the holes to avoid damaging the Al layer. 

 

1) Fiber laser 

An attempt was made to see the effect of the laser on the 

diaphragm, that led to its partial destruction due to thermal 

effects, as shown in [9]. Even if the diaphragm had not been 

destroyed, the generated thermal effects would have modified 

the properties of the diaphragm in an uncontrolled manner. 

Another issue with this laser is the step size in the x-y direction. 

The creation of holes in the diaphragm without damaging the 

metal pattern requires micrometer accuracy. The smallest step 

size achieved with this device was 25 µm, which rendered this 

instrument unsuitable for the task. 

2) Carbide laser 

To overcome the thermal issue, a Carbide femtosecond laser 

was evaluated for the task. As described in [18], femtosecond 

lasers are capable of cold ablation, thus eliminating the heat 

affected zone due to the shorter pulse duration. The tested laser 

has a maximum power output of 40 W and a minimum pulse 

duration of 290 fs. The laser proved to be capable of ablation 

without thermal effects. The ablation pattern is shown in [9].  

As the smallest feature size of this laser is 3 µm, it is 

theoretically possible to pattern the diaphragm without 

damaging the metal pattern, however visualization and 

positioning of the device proved to be an issue. The main 

drawback of this equipment was the lack of real-time 

visualization. In order to observe the pattern micromachined by 

the laser, the DUT needed to be taken out of its holder, placed 

under the microscope then carried back to the laser. X-Y 

positioning was carried out using a custom designed, 3D printed 

DUT holder, however even ± 1 µm in the Z (vertical) direction 

created an enormous difference in the optical power impinging 

on the diaphragm surface. Since positioning in the Z direction 

was not repeatable, it was not possible to use this laser for this 

task. 

3) Focused Ion Beam 

Focused ion beam machining overcame both the lack of real-

time visualization and the precise repositioning of the DUT in 

the vertical direction. Excellent focus can be achieved since the 

etching is visible in real-time and no repositioning is required 

upon imaging. Leaving the metal pattern intact was also 

feasible as the minimum feature size of the beam is theoretically 

in the nanometer scale.  

The main challenge presented by FIB etching lies in the 

material to be etched. Even though the SiN layer is transparent, 

FIB visualization depends on surface roughness and since the 

metal pattern is hidden under a smooth layer of SiN, it appears 

as a blank plane on the FIB image. Another issue with FIB 

imaging is that it is inherently destructive, thus the visualized 

area is being etched during the visualization. Fig. 10 shows two 

diaphragms with circular etch patterns present and in their close 

vicinity, rectangular patterns with light color. These light 

patterns correspond to the areas visualized on the screen of the 

machine. 

 

 

Fig. 10. Rectangular patterns visible around the circular etch areas show the 

destructive properties of FIB imaging. 

To overcome the challenges presented by FIB visualization 

and acquire information about the location of holes in the metal 

pattern, a series of steps were executed: 

• Acquisition of a reference point for patterning via 
etching a positioning hole 
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• Identification of the approximate locations of three 
surrounding holes and etching them 

• With a three-point reference acquired, etching of the final 
pattern 

 

The three steps are shown in Fig. 11.  

 

 

Fig. 11. Steps of FIB pattern alignment. 

FIB etching presented an unforeseen challenge which was 

the drifting of the beam over time. Some of the samples 

exhibited a small micrometer scale movement due to 

unidentified sources. The reason is to be confirmed, but it is 

suspected to be due to diaphragm deflection due to the build-up 

of charges. Fig. 12 shows the signs of drift. Due to sample 

movement mid-etching, none of the etched circles are perfectly 

round. 

 

 

Fig. 12. Irregular shaped holes in the diaphragm after FIB etching due to the 

drift issues. 

The main limitation for the FIB etching method is 

throughput. The devices need to be inserted into the device and 

aligned individually which is a time-consuming process. 

Material redeposition might happen as an artefact of the etching 

process and might affect the diaphragm properties, although the 

resulting potential shift in the -3 dB point is believed to be 

negligible.  

V. RESULTS AND DISCUSSION 

A. Lid attach hole 

16 devices were etched using the fiber laser. As shown in Fig. 

13, a significant degradation of the low frequency response was 

observed as a result of the created holes. For this example, the 

deviation in diaphragm compliance as a result of probable 

contamination was insignificant as the high frequency response 

does not seem greatly altered.  

TABLE III.  shows the calculated roll-off deviation for each 

etched device. Ideally the table would include the measured 

hole diameters and the calculated acoustic resistances in order 

to compare the measurements with the simulation results. 

Accurate measurement of the dimensions of the created holes 

were not possible due to inconsistencies of the shape of the 

laser-created holes as well as the minor deviation of the location 

of the holes in the x-y position.  

 

 

Fig. 13. Frequency response of device 109 before (red dotted line, pristine 

microphone) and after (blue line, faulty microphone) additional acoustic hole. 

TABLE III.   VARIATION OF THE ROLL-OFF FREQUENCY FOR EACH 

MICROPHONE 

 

Four devices suffered complete loss of signal. For devices 

120 and 121, this is likely due error in position the beam. As the 

beam was aimed at the area close to the electrical connections, 

damage in that area was responsible for the signal loss as 

confirmed subsequently by visual inspection. Only devices 122 

and 123 had catastrophic diaphragm failure. As no signs of 

etching around the diaphragm area were present, the diaphragm 

likely shattered during device handling. Device 113 showed 

signs of stiction as indicated by the specific roughness of the 

waveform shown in Fig. 14. This waveform shows great 

similarity to the ones with confirmed electrostatically induced 

stiction as discussed in [19].  

B. Broken vent 

18 devices were etched using FIB. Each hole was numbered, 

and its area measured. The response of each device was 

recorded before and after etching. Results are summarized in 

TABLE IV. and visualized in Fig. 15 and Fig. 16. 

Microphone 
ID 

Roll-off 
deviation [Hz] 

Device state Secondary effect 

108 315 Functional Compliance change 
109 1320 Functional No 
110 160 Functional Compliance change 
111 516 Functional Compliance change 
112 76 Functional No 
113 136 Functional Suspected stiction 
114 669 Functional No 
115 268 Functional No 
116 669 Functional No 
117 468 Functional Compliance change 
118 138 Functional Compliance change 
119 N/A Not affected Compliance change 
120 N/A Broken Signal loss 
121 N/A Broken Signal loss 
122 N/A Broken Signal loss 
123 N/A Broken Signal loss 
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Fig. 14. Frequency response of device 113 before (red dotted line, pristine 

microphone) and after (blue line, faulty microphone) additional acoustic hole 

creation with suspected stiction. 

TABLE IV.  VARIATION OF THE ROLL-OFF FREQUENCY WITH RESPECT TO 

HOLE AREAS AND ACOUSTIC RESISTANCES  

Microphone 
ID 

Number 
of  

holes 

Total 
hole 
area 
[µm2] 

Acoustic 
resistance 

of holes 
[Ns/m5] 

x1010 

Average 
hole 

area/hole 
[µm2] 

Roll-off 
deviation 

[Hz] 

55 1 29.18 396.93 29.18 2 
31 6 109.63 135.52 18.27 26 
9 3 83.38 132.6 27.79 35 
28 6 219.9 46.59 36.65 48 
17 4 199 38.45 49.75 55 
23 5 266.09 26.53 53.22 88 
63 9 363.66 26.75 40.41 91 
62 9 396.31 23.44 44.03 99 
60 24 567.94 22.77 23.66 118 
59 12 538.74 17.04 44.9 139 
58 12 617.11 13.86 51.43 153 
102 36 1159.5 9.41 32.21 200 
104 62 1350.87 9.71 21.79 214 
61 24 940.19 10.49 39.17 218 
103 62 2194.68 4.73 35.4 313 
14 27 1464.05 5.58 54.22 353 
105 76 2180.14 5.26 28.69 364 
64 107 3604.43 2.96 33.69 466 

 

The experimental data obtained exhibit a good correlation with 

the simulation data, indicating thereby that etching acoustic 

holes in the diaphragm is a suitable method for reproducing the 

response of broken vent flap(s). According to equations (1) and 

(5) the roll-off frequency should be proportional to the square 

of the total hole area. This would only be true if the total area 

was that of a single hole. Fig. 15 shows the theoretical 

relationship (red) between the roll-off deviation and the hole 

area (if the total hole area is achieved via a single perfectly 

circular hole) and the measured values (blue). The difference 

between the red and the blue datapoints show how the 

behaviour deviates from the theoretical relationship when the 

hole area is achieved with multiple smaller holes. The square fit 

shown in Fig. 15 as a dotted curve explains 99.9% of the 

variation in the data (R2 score). 

 Fig. 16 shows the variation of the roll-off frequency with the 

acoustic resistance of the hole(s). As expected by the theory, the 

curve exhibits an inversely proportional relationship with the 

change of acoustic resistance. The inverse fit shown in Fig. 16 

explains 94.4% of the variation in the data (R2 score). Above 

100 Hz, the resistance of the acoustic cavities of the diaphragm 

dominates, while below 50 Hz, the diaphragm impedance is the 

dominant one and the resistance of the acoustic cavities has a 

negligible effect on the output. 

 

Fig. 15.  Ideal (red) and measured (blue) Roll-off frequency as a function of 

total area of the holes. 

 

Fig. 16. Roll-off frequency as a function of acoustic resistance. 

In both figures, the red triangle shows the result of a single 

broken vent flap and the corresponding value of the variation of 

the roll-off frequency agrees with values obtained in TABLE 

IV. This table shows the relationship between the acoustic 

resistance and the hole area. A single missing flap corresponds 
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to around an acoustic resistance of 9.71 1010 Ns/m5. The 

acoustic resistance of a broken vent flap can be reproduced 

using multiple smaller holes in the accessible area, 

corresponding to eight 5 mm radius etched holes. The response 

of a broken vent can therefore be artificially induced for test 

purposes. 

A lower acoustic resistance can also be achieved with fewer 

larger holes than with more holes with the equivalent total area, 

thus it is important to use all the available space during the 

etching process.  

VI. CONCLUSIONS 

The method introduced for the creation of lid attach hole 

produced holes that are hard to observe and have inconsistent 

hole shape and diameter. Although experimental results tend to 

match the simulation, they are not sufficient in themselves to 

fully determine the type of failure. Lid attach holes induce a 

shift in the -3 dB point towards higher frequencies. This shift in 

device frequency response overlaps with that induced by 

broken vent(s). Differentiating the cause of failure (lid attach 

hole versus broken vent) requires knowledge of time and place 

of occurrence of the failure. A lid attach hole is unlikely to take 

place in the field, as this defect mostly occurs during the 

manufacturing or assembly phase. Broken vents may occur 

during device handling but are more likely to happen during 

device operation.  

Simulations suggest also that die attach holes alter the low 

frequency response in a manner similar to lid attach holes. 

Unlike the latter, the high frequency response of the device is 

also modified enabling thereby a distinction between the two, 

failures. Further experimental work needs to be carried out to 

confirm these simulation results. 

Etching holes of varying diameters and numbers in the 

diaphragm show that the effects of a broken vent flap can be 

artificially reproduced via etching holes of total equivalent 

acoustic resistance. When looking at anomalous events with 

similar behavior, care needs to be taken however with root 

cause predictions based solely on the device frequency 

response. The induced anomalies and their observed effects on 

the -3 dB point are summarized in TABLE V.  

TABLE V.  TYPES OF DEFECT AND THEIR EFFECT ON THE LOW-FREQUENCY 

RESPONSE 

Anomaly 
Type 

Simulated Induced Controlled -3 dB 
shift [Hz] 

Lid attach 
hole 

Yes Yes 
(alternative) 

Semi 76 – 1320 

Die attach 
hole 

Yes No  No N/A 

Broken 
vent 

Yes Yes 
(alternative) 

Yes 2 – 466 

Methods were presented for the creation of defects affecting 

the low frequency response of a MEMS microphone. FIB 

patterning proved to be the only fully controllable method. The 

characterization techniques provided in this article are suitable 

for failures characterization and support testing at the 

manufacturing or assembly phase. If a suitable built-in-self-test 

(BIST) method is present, the study of the device frequency 

response may support in-field testing as well. 
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