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ABSTRACT 

DLP’s DMD technology is a unique and revolutionary concept in the field of 

MEMS device.  This technology is in many ways ubiquitous in peoples’ everyday 

lives via light projection systems.  Part of the DMD superstructure is a hinge that the 

pixel mirror rests upon.   

The sag of a hinge, i.e. hinge sag, is an important characteristic of DMD 

reliability and performance.  Hinge sag can affect the pixel ability to transition from 

on and off-states.  This paper is a study of how the test structure hinges sag as the 

function of pre-bake temperature and measurement temperature.  Hinge sag has been 

tested over a range of measurement temperatures from 20°-150°C for parts with no 

prebake and 12 hour prebakes of 150°C and 200°C.  It has been found that operating 

temperature can have a significant effect on hinge sag.  
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CHAPTER I  

DIGITAL LIGHT PROCESSING (DLP
tm

)  

How a DMD Works 

 Digital light processing (DLP
tm

) is a specialized technology utilizing 

micromirror arrays for applications such as photolithography and movie screen 

projection.  Light is generally reflected off an array of micromirrors.  Each mirror in 

the array has a digital on/off-state.  This allows for the modulation of light reflected 

off of the mirror array as in Figure1 each mirror/pixel can represent up to 1024 shades 

of gray.  The gray shades are a product of the mirrors switching on and off up to ten 

thousand times per second.  The grayscale is achieved by pulse width modulation.  

Pulse width modulation is how the DMD translates electrical words representing 

grayscale brightness inputs to optical digital word outputs.  As the mirror rotates, it 

either reflects light into or out of the pupil of a view lens, to create a digital pulse 

width that the eye interprets via integration as an analog image [1],[2].  The more 

times a mirror is switched to the on-state, the brighter the shade of gray.  The more 

times the mirror is switched to the off-state, the darker the shade of gray.  The on/off-

states of the mirrors are shown in Figure 1.1.    

 

Figure 1.1 Example of Micromirror Array 
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Figure 1.2 Single DMD Chip Projection System  

 

Figure 1.2 shows the setup for a projection system utilizing a single DLP
tm

 chip.   

As shown by Figures 1 and 2 most DMD systems work in this manner: 

1. Light from a source is filtered and passes through various optical lenses. 

2. Color is added by light from the light source being concentrated and passing 

through a rotating color wheel. 

3. Light is reflected by each individual mirror of the DMD mirror array. 

4. Each mirror is in either the on-state or the off-state. On-state mirrors project 

light to a projection lens.  Off-state mirrors send light to a light absorber/heat 

sink.  

5. Pulse width modulation-The time length that each bit is on or off. 

6. Light passing though the projection lens can make a static or dynamic image 

on a screen.   
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7. The eye integrates digital images to a single analog frame. 

Each pixel is built monolithically on top of an individual CMOS Memory cell 

shown in Figure 1.3.  The CMOS allows for a voltage source for each individual 

mirror.  Above the CMOS is the superstructure of the DMD.  The layers above the 

CMOS from bottom up are metal-3, the hinge and, finally, the mirror which is 

attached to the hinge by a via. 

Figure 1.3 Single Pixel Cross Section, Representation of Torsion Hinge Data, Generic 

Sketch of Torsion Hinge/Metal Bar at Room Temperature and High Temperature 

 

 Each mirror of the array can move ± 12° from a flat mirror state.  Mirrors 

should be in one of two states assuming no defects.  The off-state of the mirror has a -

12° pitch.  The on-state of the mirror has a +12° pitch.  This geometry helps to make 
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the optical performance of the DMD more controllable.  The on/off-states are a 

function of the geometric angle of the mirror atop the hinge. 

 The DMD pixel is inherently digital because of the way it is driven in an 

electronically bistable mode [2,3].  This bistable mode is achieved via the application 

of a bias voltage to the mirror to minimize the address voltage requirements.  This 

allows for 24° degrees of freedom to be achieved with the conventional 5-volt CMOS 

address circuit.  The CMOS and thus the mirror are controlled in the following 

sequence shown in Figure 1.4.  The DMD has no inherent contrast; contrast is a 

function of the optical system and any ambient light. 

 

 

 

Figure 1.4 DMD Address and Reset Sequence 
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The net force on the mirror is determined by the potential difference and the 

separation distance, d..  Where F is proportional to     
                    

 

   where Vbias is 

the voltage on the mirror, either 0V or 3.3V and Velectrode is the voltage on the 

electrode, either 0V or 26V.   d is the distance between the mirror and the metal 

address pads[4], shown in Figure 3.  

When the mirror is addressed either in the on-state or the off-state, it rests upon 

the spring pads show in Figure 1.3.  There is a force called stiction between the mirror 

and the spring tips.  Stiction opposes the release of the mirror to be addressed to the 

opposite side.  Stiction is a complicated force and beyond the scope of this paper.  But 

for the purposes of this work, stiction resists the mirror releasing to change states, on 

or off.  The greater the stiction, the greater VB50, where VB50 is the voltage at which 

50% of the mirrors have landed in on-state from the off-state, or vice versa.  The more 

stiction, the greater the force required to release a mirror;, the greater the force, the 

greater the difference should be between Vbias and Velectrode.   The greater the difference 

between Vbias and Velectrode  required to flip 50% of the mirrors, the greater is the VB50 

voltage. 

So the lower that the hinge sags as a function of pre-bake or operating 

temperature, the more the mirror rest upon the hinge, which in turn causes more 

stiction which raises VB50.  If VB50 is too high, then it is a strong indicator that some 

mirrors may not flip at the appropriate voltages or may never flip at all.  This relates 

hinge-sag directly to DMD reliability.   

The torsion hinge listed in Figure 1.3. is the hinge of interest in this study; it is 

also the only hinge.  The mirror is connected to the hinge by a via; and as the hinge 

sags so does the mirror.  The hinge like any piece of metal deforms a function of 

thermal energy.  This paper studies the aspect of hinge sag/deformation as a function 

of 2nd bake temperature and operating temperature.  
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One may ask why baking is done at all to the DMD; the reason is for reliability 

purposes and is proprietary in nature. 

Hinge sag is the vertical distance between the end vias of the torsion hinge and 

the center of the torsion hinge where the mirror via attaches, as in Figures 1.3, 2.1 and 

2.2. 
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CHAPTER II  

EXPERIMENTAL PURPOSE AND SETUP 

Experimental Purpose 

 The purpose of this experiment is to test the hinge sag as a function of 

temperature.  The hypothesis being that the amount of hinge sag will increase as a 

function of increasing temperature.  A pre-bake should also increase the hinge sag as a 

function of increasing temperature.  This hypothesis is based on a simple model of 

thermal expansion.  A metal bar fixed between two posts should bow downward as 

heated.  The bowing of a metal bar would be analogous to hinge sag. 

 

Figure 2.1 Generic Metal Bar Fixed Between Two Posts 
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Figure 2.2 Generic Metal Bar Fixed Between Two Posts and Sagging at High Temp 

 

 

The VSP Pixel to the best of the author’s knowledge has never been tested 

with hinge sag as a function of temperature.  Similar experiments have been done on 

older pixel types, such as work done by Scott Williams [5].  The chips tested in this 

experiment are all 7.56um VSP chips. The 7.56um refers to the mirror width and 

length.  The hinge thickness for the VSP pixel is 350±17A.  Lastly, removing mirrors 

from a hinge and not breaking the hinge is extremely difficult.  This is why it was 

decided to use the built in test structure for these chips.  On the outer periphery of the 

chip there are three test structure sets where the top layers are the hinges; no mirror 

layers were ever added. 
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Figure 2.3   7.56um VSP Pixel Cut Out 

 

The chips used contain an internal heating element.  The chips are placed 

individually into a burn-in-board and then heated to the desired measurement 

temperature.  Once the parts reach the correct temperature, they are measured under 

the Zygo scope. 

DMD Temperature Calibration 

 In order to properly heat a chip, a curve fit is employed.  The curve fit is found 

by utilizing a calibrated thermal temperature probe to measure the part temperature.  

Voltage is applied to the internal heating resistor of the part.  The chip is given 

approximately 15 minutes to reach a constant temperature at the applied voltage.  A 

temperature measurement is then taken.  This process has been repeated three separate 

times for the voltages and temperatures in Table 2.1 below.  Figure 2.4 below shows 

the calibration curve fit for the Temperature C° vs. Voltage Applied (Volts) 
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Table 2.1 Measurement Temperature Calibration Data 
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Figure 2.4 Mean Temperature C° VS Applied Voltage 

 

For the purpose of clarification it should be pointed out there are two types of 

temperature effects being studied.  One is the prebake temp which is the temperature a 

part is baked at prior to testing.  The other is the measurement temperature which is 

the temperature the part is heated to during the hinge sag measurement under the Zygo 

Scope.  Each part tested undergoes one of three prebake conditions.  The bake 

conditions are “no prebake”, 150°C for 12 hours and 200°C for 12 hours.  Parts are 

placed in the oven while heating to the final bake temp and then allowed to cool in the 

oven after the bake.  During measurements parts are brought to the desired 

measurement temperature using the burn-in-board.  Measurement temperatures range 

from 30°C to 150°C depending on the part. 

Before measurements can begin the part to be measured must be planarized or 

made flat with respect to the Zygo Scope objective.  Planarization occurs with the part 

already set into the measurement position, the burn-in-board mounted to the Zygo 

Scope’s stage.  This is accomplished by making the spacing of the lines in interference 
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pattern a maximum.  Once this maximum spacing is found, the part is moved from 

under the objective and brought to the desired measurement temperature.  Once the 

part reaches the measurement temperature it is moved back under the scope’s 

objective and the measurement is taken.  Heating the part under the Zygo’s objective 

causes a warping of the lens which adds error to the measurement or potentially cracks 

the lens.  Measurement times were kept to less than ten seconds per measurement for 

this reason.  

The Zygo Scope is an SWLI manufactured by the Zygo Corporation.  The 

specific model used in this experiment is the NewView 6300.  For all measurements 

the 50X objective was used.  The spec sheet lists a vertical resolution up to 0.1nm and 

lateral resolution of 0.43 to 11.6um. The RMS repeatability is less than 0.1nm.   
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CHAPTER III  

SCANNING WHITE LIGHT INTERFEROMETRY 

How an Interferometer Works 

 Interferometry is a measurement technique used in many different fields of 

study including astronomy, spectroscopy, acoustics and optical surface profile 

measurements.  Interferometers are based on splitting light from a single coherent 

source and then recombining the beams and measuring the difference in the path 

length.   

 In general light is admitted from a coherent source towards a half silvered 

mirror (beam splitter).  Half of the initial light from the source incident upon the beam 

splitter is reflected off  the beam splitter towards the top mirror in Figure 3.1.  The 

other half of the initial beam is transmitted to the mirror on the right side of Figure 3.1.  

After each half of the split beams is reflected back to the beam splitter, they are 

superimposed and directed towards a detector.  The detector is usually a CCD camera.

 

Figure 3.1 General Interferometry setup 
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  The detector/CCD camera detects the fringes from the recombined light.  By 

obtaining several frames of intensity information for each point, the system can 

recreate a sample surface. Since the light emitted was from a coherent source, the 

initial phase difference was zero.  But depending on the path of the light beams after 

spitting, there may be phase difference which is measured by the intensity of the 

fringes on the CCD Camera.   

The net amplitude of two superimposed waves is given by: 

            |      (
  

 
)|                                                                                           [1] 

Where A is the amplitude of each split beam and    is the phase difference of the 

superimposed beams. 

                  
  

 
                                                                                                       [2] 

Where λ is the wavelength and Δr is the path-length difference [5]. 

 Scanning White Light Interferometer (SWLI) can be used for vertical surface 

scanning.  For low coherence phase shifting interferometry the height difference 

between two objects cannot be greater than  
 

 
.  Steps greater than 

 

 
 between adjacent 

detector pixels introduce integer half-wavelength height ambiguities[7]. The source 

for the SWLI measurement is typically a broad spectral light source, normally a 

tungsten halogen lamp [8].  The objective of 10X to 50X magnification is used.  The 

interferometer is mounted on a motorized stage in such a manner that the distance of 

the lens to the reference is fixed and the distance from the sample to the lens can 

change.  This allows for a difference of path lengths.  An interference pattern resulting 

from a difference in path lengths is projected onto a CCD camera.  When the system 

scans, it records the intensity data at a series of positions along the vertical axis 

determining where the surface is located using the shape of the interferogram and the 



                                                                 Texas Tech University, Simon Wayne, May 2015 

15 
 

localized phase of the interferogram.  During measurements the optical path difference 

steadily increases by scanning vertically using a precision mechanical stage, with an 

interferogram being captured at each step in the scan.   Since the scan is unidirectional, 

the change in interference patterns determines the orientation of the object.  As an 

example, if a tea cup were sitting upright and the stage was moving the objective in 

the downward direction, then the light and dark circles associated with the interference 

patterns would be contracting in a radial manner.  

 

Figure 3.2 Optical Schematic of SWLI  

The Zygo NewView 6300 Scanning White Light Interferometer (SWLI) was 

utilized for the measurements in this experiment.  The Zygo is very similar to the case 

described above for vertical surface scanning.  When the magnification is between the 

10 and 50X, it is often called a Mirau interferometer.  A Michelson interferometer is 

used for lower magnification and a Linnik interferometer is used for higher 

magnifications. 

The Zygo uses the optical path differences between the sample and the 

reference to create constructive and destructive interference patterns on the CCD.  The 
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Zygo scans through a range of horizontal surface plains capturing and digitizing an 

interference pattern for each plain.  Then it outputs this information as a 3D color 

coded computerized model as shown in Figure 3.3. 

 

Figure 3.3 Zygo Scope Image  

In Summary, a SWLI measurement technique offers a non-destructive 

measurement technique with a vertical resolution of up to 1.5nm and a horizontal 

resolution of 11.6um [9].  This certainly holds value against measurements that 

destroy expensive parts or use dangerous chemicals.  
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CHAPTER IV  

DATA ANALYSIS 

 Of the nine 7.56um VSP parts selected for testing, 6 parts are suitable for data 

analysis.  Data analysis had been accomplished using two software programs.  The 

first program is a DLP proprietary Matlab program written by Henry Chu.  The 

program individually reticulates each hinge.  Reticulation is the process as described 

by Henry Chu of the software taking and sorting out data specific to the torsion hinge 

and filtering out data from the rest of the test structure.  The actual reticulation is that 

the software actually scans each cross section of the test structure looking for the 

hinge.  If enough data is present for an individual hinge to be found by the software, 

then  the program will store the data relating to that particular hinge with other sets of 

data from other hinges in the test structure scan.  Each data measurement captures 

between 48 and 64 individual hinge measurements.  The Matlab code generates a 

graphical representation of the means peak to valley measurements.  If one were to 

look back to Figures 3.3 in the upper left corner is a hinge structure, the program finds 

each of the 48-64 hinges in the DMD test structure calculates the hinge sag and then 

finds the mean hinge sag of all the structures in the data set for a particular 

measurement.  This data can then be output into graphical representation such as 

Figure 4.5.  The second program utilized is JMP 10 a statistical processing program.  

JMP has primarily been utilized in this experiment for the “Gauge Variability” charts 

and generating box plots. 
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Table 4.1 Parts Tested with Accompanying Data Analysis 

 

 

 

Part 3 Data 

 Part 3 had no prebake and was tested at temperatures of 30°C, 50°C, 70°C, 

90°C, 95°C and 100°C.  The part was measured twice at each temperature once while 

being heated up and once while being cooled down.  This was done to check for 

hysteresis as a function of temperature.  There was no noticeable hysteresis for part 3.  

As table 4.2 and Figure 12 show the difference between and ascending temp a 

descending temp is within the measurement error for the Zygo Scope.  The difference 

in the mean peak to valley hinge sag is also very small between 30°and 100° Celsius, 

about 4nm.  Figures 4.1 and 4.2 show a general increase in hinge sag as temperature 

increases.  Multiple parts were burned out above 100°C 
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Table 4.2 Mean Hinge Sag vs. Temp for Part 3 No Pre-Bake 

 

 

 

 

Figure 4.1 Mean Hinge Sag vs. Temp for Part 3 No Pre-Bake 
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Figure 4.2 Part 3 Box Plots for Ascending and Descending Hinge Sag Measurements 

 

 

Part 4 Data 

 Part 4 was prebaked at 150°C, and the hinge sag was measured at 30°C, 50°C, 

70°C, 90°C, 95°C and 100°C.  Part 4 was also measured on each of the 3 test 

structures for purposes of comparison.  An inspection of Table 4.3 shows that the 30° 

up hinge sag measurements for each of test structures is within the measurement error 

of ±1.5nm.  This leads to the conclusion that the initial conditions of the test structures 

are similar.   

Figure 4.3 shows the plots of mean hinge sag vs. measurement temperature for 

each of the three test structures.  There is no measurable hysteresis for this 

measurement set.  There is, however, a noticeable difference in hinge sag vs. 

temperature for parts 3 and 4.  Part 3 shows hinge sag of 4nm for 30-100°C.  Part 4 

shows a noticeable difference in hinge sag vs. measurement temperature between 30-
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100°C of 26±3nm, 25±3nm and 26±3nm respectively for test structures 1,2 and 3.  

This supports the hypothesis that a pre-bake should increase hinge sag as a function of 

temperature. 

Figure 4.4 shows the general increase in the mean hinge sag as the temperature 

increases.  From the box plots, one can see that the range of measurements is 

increasing.  This increase in range is attributed to individual hinges in the hinge array 

responding differently to the increase in temperature.  The increase in range for part 4 

is also higher than the increase in range for part 3; this could be an effect of the higher 

prebake, but this is not conclusive.  

Table 4.3 Mean Hinge Sag vs. Temp for Part 4 150° Pre-Bake 
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Figure 4.3 Mean Hinge Sag vs. Temp for Part 4 No Pre-Bake 

 

 

Figure 4.4 Box Plots for Ascending and Descending Hinge Sag Measurements Part 4 
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Parts 5 and 6 

 Parts 5 and 6 were both baked together for 12 hours at 200°C and allowed to 

cool in the oven after the bake.  Part 5 was baked with a lid and part 6 was baked 

without a lid.  The ceramic in each part was extremely brittle after the bake.  For part 5 

on test structure, 2 could be tested.  For part 6, only test structure 3 could be tested.  

Figures 4.5 and 4.6 for part 5 and figures 4.9 and 4.10 for part 6 show that there is 

almost no change in hinge sag as a function of temperature.  This implies that there is 

some affect that occurs for the 200°C bake parts that does not occur for the 150°C 

baked parts.  The 200°C bake has the effect of locking in the shape of the hinge so that 

it no longer changes the hinge sag as a function of temperature between 30°-100°C.  

The secondary effect of the 200°C bake is that a high percentage of the mirrors are 

destroyed. 

 The values in tables 4.4 and 4.5 are the mean hinge sage values for each 

measurement temperature.  The hinge sag values change by less than 3nm for the 

measurement temperatures of 30-100°C.  The 3nm change is within the uncertainty in 

the measurements.  Both figures 4.7 and 4.11 also show only a negligible change in 

hinge sag. 

 Figure 4.8 shows a comparatively small range in the individual hinges that 

make up the hinge array when compared to the 150°C baked parts.  This also lends to 

a theory that the 200°C bake has mechanically locked the parts in a fixed shape.  

Figure 4.12 has a larger range in measurement values than does Figure 4.8, but this 

range is still smaller than the range for part 4 with the 150° bake. 
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Figure 4.5 Part 5 Mean Hinge Sag vs.  Ascending Measurement Temperature for 

30°C, 50°C, 70°C, 90°C, 95°C and 100°C 

Figure 4.6  Part 5 Mean Hinge Sag vs.  Descending Measurement Temperature for 

30°C, 50°C, 70°C, 90°C, 95°C and 100°C 
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Table 4.4 Mean Hinge Sag vs. Temp for Part 5 200° Pre-Bake 
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Figure 4.7 Mean Hinge Sag vs. Temp for Part 5 No Pre-Bake 

Figure 4.8 Part 5 Box Plots for Ascending and Descending Hinge Sag Measurements 
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Figure 4.9  Part 6 Mean Hinge Sag vs.  Ascending Measurement Temperature for 

30°C, 50°C, 70°C, 90°C, 95°C and 100°C 

 

Figure 4.10 Part 6 Mean Hinge Sag vs. Descending Measurement Temperature for 

30°C, 50°C, 70°C, 90°C, 95°C and 100°C 
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Table 4.5 Mean Hinge Sag vs. Temp for Part 6 200° Pre-Bake 

 

 

 

Figure 4.11 Mean Hinge Sag vs. Temp for Part 6 No Pre-Bake 
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Figure 4.12 Part 6 Box Plots for Ascending and Descending Hinge Sag Measurements 

 

Parts 8 and 9 

  Parts 8 and 9 underwent the same bake procedure as part 4; they were not 

baked with part 4.  The bake was 12 hours at 150°C and cooled in the oven. Part 8 was 

baked with a lid and part 9 was baked without a lid  These parts were tested at 

temperatures of 30°C, 70°C, 100°C, 120°C and 150°C 

 Both parts showed interesting phenomena between the temperatures of 120° 

and 150°.  When heating the parts above 120°C the same mechanical lock in occurred 

as with parts 5 and six with the 200°C.  

 Table 4.6 and Figure 4.13 for part 8 show the hinge sag increasing as a 

function of temperature up to 120°C.  Between 120° and 150°C the hinge sage reduces 

to a value of approximately 10 nanometers.  This effect is then repeated for part 9 in 

Table 4.7 and Figure 4.15.  Part 9 does exhibit lower values of hinge sag vs. 

temperature in comparison to part 8, but the values after the lock in effect are similar. 
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 Figure 4.14 for part 8 shows a range of sag values of 15 to 35 nm for 

temperatures up to 120°C.  This range is reduced to about 10nm for the individual 

hinges for measurements of 150°C back down to 30°C. 

 Figure 4.16 for part 9 shows a similar affect as part 8 discussed above.  The 

hinge sag increases up to 120°C.  The hinge sag expectantly becomes locked in place 

for measurements of 150°-30°C for part 9.  The main difference being that the range 

of measurement values does not change by the same magnitude as in part 8. 

Table 4.6 Mean Hinge Sag vs. Temp for Part 8 150° Pre-Bake 

 

 

Figure 4.13 Mean Hinge Sag vs. Temp for Part 8 150° Pre-Bake 
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Figure 4.14 Part 8 Box Plots for Ascending and Descending Hinge Sag Measurements 
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Table 4.7 Mean Hinge Sag vs. Temp for Part 9 150° Pre-Bake 

 

Figure 4.15 Mean Hinge Sag vs. Temp for Part 9 150° Pre-Bake 
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Figure 4.16 Part 9 Box Plots for Ascending and Descending Hinge Sag Measurements 

 

  



                                                                 Texas Tech University, Simon Wayne, May 2015 

34 
 

CHAPTER V 

 CONCLUSIONS AND RECOMMENDATIONS 

 The first hypothesis for this experiment is that hinge sag will increase as a 

function of temperature.  The Second hypothesis is that prebake will increase hinge 

sag as a function of temperature.  In the previous chapter on data analysis, it can be 

observed that neither of the hypotheses holds up in testing; both hypotheses are false. 

 Part 3 with no pre-bake behaved as expected, Table 4.2 and Figure 4.1 showed 

a small increase in hinge sag as a function of temperature.  Part 4 with a 150°C pre-

bake did show an increase in hinge sag with increasing temperature for all three test 

structures.  The Figures 4.3 and 4.4 and Table 4.3 associated with part 4 initially 

seemed to validate both the first and second hypothesis.  Hinge sag did increase as a 

function of temperature and prebake for part 4.  However, parts 8 and 9 show that the 

hypotheses are at best partially true.  Parts 8 and 9 underwent the same bake procedure 

as part 4.  Parts 8 and 9 where both tested at higher temperatures above 100°C which 

is the maximum testing temperature for part 4.  When compared, Figures 4.3 and 4.13 

show similar trends in the hinge sag between 30° and 100°C.  Figure 4.13 shows that 

as the temperature increases above 120°C, the hinge sag becomes static at around 

10±1.5nm.  This mechanical locking effect is attributed to the hinge reaching a quasi-

plastic state that allows the hinge to reconfigure to a lower and more stable energy 

state.  The mechanical locking phenomenon is also shown in part 9’s Figure 4.15, but 

the effect is not as dramatic as in part 8’s Figure 4.13.  

 Parts 5 and 6 with the 200°C pre-bake show no measurable change in in hinge 

sag as a function of temperature.  This clearly voids both the first and second 

hypothesis.  It is believed that a similar phenomenon occurred with these parts as with 

parts 8 and 9.   

 For DMD operation it would be best to minimize hinge sag.  This might make 

a 200° C bake look like a clear choice.  But the 200°C bake was highly destructive to 
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the mirrors that sit on top of the hinges.  In many cases warping was observed, and in 

a few cases the mirrors folded up like closed tulips.  The 150°C bake created more 

hinge sag as a function of temperature; no mirror damage was observed.  The 150°C 

bake is not recommended as increased hinge sag is not a positive attribute.  This leads 

to the conclusion that in order to reduce hinge sag that the “no extra pre-bake” case is 

still the best case. 

As to the reason for the negative change in length of the hinge as a function of 

increasing temperature, it is hypothesized that it is a part of a non-bulk property of 

Aluminum and Aluminum Oxide(Al2O3).  As the parts are heated past the 120°C mark 

whether in prebake or during testing two things happen:  the 35nm aluminum in the 

hinges becomes more malleable and the oxide layer begins to be the dominate force 

mechanism.  Platinum Nano scale particles with aluminum oxide have been shown to 

shrink as a function of increasing temperature when placed on Al2O3 [12].   Some 

authors have phrased this as “negative expansion behavior is thought to be a result of 

transverse motions in metal-oxygen-metal bonds, which is made possible by the 

crystal structure of the material [13].”  This transverse motion is due to the valence 

bond structures that connect the atoms being able to transition to a lower energy 

configuration at higher temperatures and to be able to hold this state when the 

temperature decreases back towards room temperature. 

So as the temperature increases, the bond lengths of the Al2O3 contract.  The 

aluminum is already encapsulated by the Al2O3 from either the pre-bakes or the length 

of the measurement process (several hours), and the aluminum is made ductile by the 

increased temperature. 

Lastly, it should be asked what is most important to the customer in terms of 

reliability.  The customer wants brightness in the image above all else.  Brightness 

means having a bright lamp which means heating the system.  So the ultimate way to 

reduce hinge sag and decrease hinge memory is proper cooling of the DMD. 
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Suggestions for Future Work 

 While the “no extra pre-bake” case may be the best case of everything 

measured, it would be advantageous to run a few more tests.  The mirrors in both the 

main array and the test structures should be tested for comparison purposes.  It may be 

found that mirror structure negates hinge sag or creates more hinge sag.  It may be 

advantageous to heat “no pre-bake” above the 120°C threshold without de-lidding the 

parts.  This may reduce what little hinge sag already exists and help make an even 

more reliable product.  After the hinge arrays are heated to above 120°C, the 

variability of hinge sag in individual hinges seems to decrease.   

It should be noted that all parts tested were center wafer parts from the same 

wafer.  This is due to a limited number of parts available.  Future studies should be 

done using both center and edge parts over multiple wafers.   

The most difficult part of future work could be heating the part as parts with 

internal heaters that are not currently in production.  Heat tape is an option, but 

experience has shown it is not a good option.  Some type of burn-in board would be 

the best.  Most burn-in board lids will, however, interfere with the Zygo Scope. 

The tests should also be repeated under three separate conditions: an oxygen 

bake, a nitrogen bake and an argon bake.  This would help significantly in deciding 

what role the Al2O3 actually plays as the part is heated either in a pre-bake or a 

measurement.     
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APPENDIX 

 

 

Part Type, Test Structure, Ascending or Descending Temperature (C°) 
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Curve Fits for Ascending and Descending Measurement Temperatures (C°) 

Part Type, Test Structure, Ascending or 
Descending Temperature (C°) 

Curve Fit, y=Hinge Sag, 
x=degrees Celsius 

R2 
Value 

Part 3-Baseline 7.56um VSP No Pre-Bake 
Ascending Mean Temp TS1 y = 0.053x + 10.552 0.952 

Part 3-Baseline 7.56um VSP No Pre-Bake 
Descending Mean Temp TS1 y = 0.0406x + 11.501 0.924 

  

Part 4-7.56um VSP 150° Pre-Bake Ascending 
Mean Temp TS1 

y = 4E-05x3 + 0.001x2 - 
0.339x + 35.76 0.990 

Part 4-7.56um VSP 150° Pre-Bake Ascending 
Mean Temp TS2 

y = 0.0051x2 - 0.329x + 
29.515 0.987 

Part 4-7.56um VSP 150° Pre-Bake Ascending 
Mean Temp TS3 

y = 0.0071x2 - 0.5999x + 
32.939 0.936 

Part 4-7.56um VSP 150° Pre-Bake Descending 
Mean Temp TS1 

y = 0.0003x3 - 0.0423x2 + 
2.2062x - 9.5417 0.966 

Part 4-7.56um VSP 150° Pre-Bake Descending 
Mean Temp TS2 

y = 0.0066x2 - 0.5311x + 
33.107 0.963 

Part 4-7.56um VSP 150° Pre-Bake Desceding 
Mean Temp TS3 

y = 0.0068x2 - 0.538x + 
31.44 0.969 

  

Part 5-7.56um VSP 200° Pre-Bake Ascending 
Mean Temp TS2 y = 0.0473x + 11.403 0.974 

Part 5-7.56um VSP 200° Pre-Bake Descending 
Mean Temp TS2 y = 0.0223x + 13.641 0.983 

  

Part 6-7.56um VSP 200° Pre-Bake Ascending 
Mean Temp TS3 y = 0.0264x + 7.7503 0.961 

Part 6-7.56um VSP 200° Pre-Bake Descending 
Mean Temp TS3 y = 0.0209x + 8.5088 0.822 

  

Part 8-7.56um VSP 150° Pre-Bake Ascending 
Mean Temp TS1 

y = -0.0002x3 + 0.0496x2 - 
3.1823x + 75.768 0.999 

Part 8-7.56um VSP 150° Pre-Bake Ascending 
Mean Temp TS2 y = 0.0052x + 9.6388 0.139 

Part 9-7.56um VSP 150° Pre-Bake Ascending y = -3E-05x3 + 0.0071x2 - 1.000 
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Mean Temp TS3 0.4148x + 21.851 

Part 9-7.56um VSP 150° Pre-Bake Descending 
Mean Temp TS1 y = 0.005x + 7.2875 0.429 

 

 

 

Bake Type, Test Structure, Ascending or Descending Temperature (C°)  

 

 


