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PURPOSE 

This paper will show how different operating conditions improve 
hinge memory lifetime of the Digital Micromixor Device (DMD). 
The correlation of paramettic measurements to physical properties 
will also be developed. Specific operating conditions explored 
include the effects of (1) odoff duty cycle, (2) relaxation during non- 
operation and (3) reversibility on hinge memory lifetime 
performance. 

INTRODUCTION 

As previously discussed in reference [I], temperature plays a key 
role in the hinge memory lifetime of a DMD. However, other factors 
also play a role and can effect the lifetime of a device in a given 
projection display application. Specific factors to be explored are: 

1. 

2. Relaxation during non-operating time. 

3. 

The duty cycle or the ratio ofpixel on versus off time. 

Reversibility of hinge memory by application of an 
opposite pattem or even a lower duty cycle. 

Application of these factors to hinge memory lifetime prediction 
models results in lifetime estimates at nominal use conditions several 
times longer than previous worst-case estimates. [ I ]  [Z] Tnesc results 
can be used by our customers to get better estimates of DMD lifetime 
in DLPTM technology enabled projection systems. 

A correlation study of the static landing voltage test parametrics 
versus measured flat state tilt angle will also be reviewed to show the 
association between test parametrics and physical material property 
changes. 

Previous papers [ I ]  [2] have introduced the hinge memory failure 
mechanism with a mean lifetime of 100,000 hours for worst case 
duty cycle and continuous operation. This paper provides improved 
lifetime estimates for nominal operating conditions at video duty 
cycles and with normal power on and off cycling. It discusses hinge 
memory in the same vein as any other semiconductor failure 
mcchanism and shows that we have conquered this problem. The 
paper documents that hinge memory is reversible and is not a 
permanent degradation unlike CRT phosphor bum out and LCD 
browning. It even points out that hinge memory can be completely 
removed by a screen saver type operaling mode. Lastly, it provides 
an estimated lifetime of over 225,000 hours at nominal duty cycles 
and non-continuous use conditions. This demonstrates that a MEMS 
device such as the DMD can provide superior lifetime as compared 
to other competing display technologies. 

Hinge M e m q  

Hinge memory is a tilt in a mirror from a set twist of the hinge 
[I]. This tilt, called the residual tilt angle, can he caused by landing 
the pixel on one side more oflen than the other. Landing the pixel 
twists the torsional hinge that supports the mirror. Afler operating 
with this condition for a long period of time, the hinge will take a set 
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twist and not retum to the flat state but be tilted toward the side that 
landed most ofien. If the residual tilt angle becomes.too great, the 
pixel will no longer land on the side opposite the direction of tilt and 
will result in a hinge memory failure. Parametrics used to monitor 
the amount of hinge memory are: 

Vb50 shift %: the change in the DC bias voltage applied to the 
mirror that is required to land the pixel in the direction of the tilt 
relative to the initial voltage required to land the pixel. 

Vb50 +/-: the difference between the DC bias voltage required 
to land to the plus side versus the minus side [I]. 

Residual Tilt Angle: the angle that the mirror is tilted from the 
as processed flat state. 

Du@ Cycle 

The amount of time a pixel spends landed on one side versus the 
other side effects the amount of hinge memory a device will accrue. 
In tests for hinge memory, the duty cycle is expressed as the number 
of plus (or on side) landings versus the number of minus (or off side) 
landings. A typical test for hinge memory lifetime is pcrformed with 
a 5/95 duty cycle where the pixel is landed 5 times on the plus side 
and 95 times on the minus side. This cycle is repeated for the 
duration of the test. Since the transition time of the pixel is small in 
comparison 10 the time the pixel is in the landed state, this duty cycle 
represents the proportion of time the pixel spends in one landed state 
versus the other. For the 5/95 test, the pixel spends 95% of the test 
time in the minus landed state and only 5% in the on state. 

Using different duty cycles during the test will produce varying 
amounts ofhinge mcmory. A set of 16 devices was tun at 65C with 3 
different duty cycles on the same die. One part of the die was ran 
with a 25/75 duty cycle (altematively landing 25 times on the plus 
side then 75 times on the minus side), another part of the die was 
operated with a 15/85 duty cycle, and a third part of the die was 
operated with a 5/95 duty cycle. Numerous other tests have been 
performed with a 50150 duty cycle (equal number of landings on 
plus and minus side) with no accrual of hinge memory. Plotting the 
amount of hinge memory as measured by the percent change in the 
Vb50 shift YO parametric [ I ]  at several points throughout the test 
results in the relationships seen in Figure 1. Each data point is based 
on the average performance of 14,000 mirrors in each of the 3 
sections of the 16 devices on test. The 50150 duty cycle accrues no 
hinge memory for the duration of the test. The unequal duty cycles 
have increasing amount of hinge memory. The relationship between 
the amount of hinge memory accrued is directly proportional to the 
amount of time the mirror spends in minus versus plus landed state. 

The amount of hinge memory accumulated is linearly 
proportional to the duly cycle. A 3 / 7 5  duty cycle has ahout half the 
hinge memory of a 5/95 duty cycle and hinge memory for the 15185 
duty cycle is exactly half way between the 5/95 and 25/75 duty 
cycles. This ratio remained constant throughout the test kom the first 
reading at 168 hours to the last at 2387 hours. The following 
equation provides a means for quantifying this effect. 
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DutyCycleFactor = Abs __ [ 3 ( I )  

Where Ahs = the absolute value function 
P = # of plus landings 
M = # of minus landings 

Using the above equation, we can estimate the lifetime impact of 
operating a device with lower duty cycles than the 5195 duty cycle 
used in hinge memory testing. For instance, a typical TV application 
has a duty cycle of 20180 for displaying primarily broadcast video. 
The duty cycle factor for the 20180 duty cycle is 0.6. The duty cycle 
factor for the 5195 test is 0.9. So a 20180 duty cycle TV application 
will accumulate 66% (0.610.9) of the hinge memory of a 5/95 test. 
The estimated lifetime will be 1.5 times (110.66) the 5/95 lifetime. 
TV applications are a relatively benign environment and have typical 
operating temperatures for the DMD of around 40°C. Using the chart 
for lifetime versus temperature from reference [I], the estimated 
lifetime for a worst case 5195 duty cycle at 4 0 T  is in excess of 
100,000 hours. Converting this to the typical TV's 20180 duty cycle 
results in over 150,000 continuous operating hours. The next section 
will explore non-operational effects on hinge memor). to hctter 
estimate typical applications where the projection system is not 
operated continuously. 

Hinge Memory vs Duty Cycle 

v) 

n .....''-x.--' > 50150 
U P ' .  , 

0 0.2 0.4 0.6 0.8 1 

Duty Cycle Ratio 

Figure 1: Duty Cycle Effects on Hinge Memory 

Relaration 

After accruing hinge memory, if a DMD is left in a non-operating 
state, the hinge memory will reduce or relax during the off time. 
There are two effects: a very fast or short-term relaxation that occurs 
over the period of a few seconds and a longer duration effect. 

The non-operating effects on hinge memory were first discovered 
during a hinge mcmory temperature test. The devices were removed 
from test to make way for higher priority devices in the lab. It took 
several weeks to get the devices hack on test. The devices were 
tested when they were removed from test and retested, several weeks 
later, when the test was resumed. The plot of hinge memory 
accumulation during the test had a discontinuity that corresponded to 
the time that the devices were removed from test. Mmy theories 
were proposed to explain this occurrence and the most likely was that 
the stress in the hinge relaxed during the off time resulting in a lower 
measured amount of hinge memory. Further tests were conducted to 
explore and quantify this phenomenon. 

Hinge Memory Relaxation 
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Figure 2:Effect of long non-operating time on hinge 
memory 

The first set of tests to explore the long non-operating duration 
effects on hinge memory consisted of continuously running devices 
at 85°C with a 5195 duty cycle for two weeks (322 hrs), testing them 
and then putting them on a shelf and retesting every day for the 
following week. Figure 2 shows the resulting plot of hinge memory 
accumulation as measured by Vb50 shift %. Each line in the plot is a 
single device. The devices ranged from 15% to 23% shift afler the 
two week test. Most of the variation from part to part can he 
explained by variation in the temperature control of the life test 
board. It was observed that the devices dropped ahout 2% shift after 
sitting non-operational on a shelf at room temperature for only 1 day. 
Subsequent measurements in the following days did not show any 
further relaxation in the hinge stress. This test confirmed that the 
hinge memory reduced during the non-operating time and hinted that 
in a typical application whcre the devices are not operating 
continuously that the hinge memory lifetime could he much longer 
than previous estimates [I] for continuous operation. 

A second set of tests were performed to closely monitor the hinge 
memory relaxation during the first few minutes after the power is 
removed from the devicc. 

A relatively new optical technique was used to measure short- 
term relaxation effects, although it can also be used for long term 
measurements if desired. The mirrors are initially landed in a special 
spatial pattern with approximately half of the mirrors 
addressedilanded to the ON side, and other half landed to the OFF 
side. The mirrors are held statically in their landed statcs for an 
extended period of time (days), with heat applied so as to raise thc 
die temperature to about 105"C, in order to greatly accelerate the 
hinge memory accrual rate. Such elevated temperature is certainly 
not representative of what the DMD sees in real life applications 
(typically 45" to 5 5 O  C), hut it is necessary to use very high 
temperatures in order to accelerate hinge memory in a timely 
manner. Oncc the mirrors have accrued hinge memory in this 
manner, the temperature is lowered, and the mirrors are electrically 
deactivated ( or "released"), allowing them to relax hack towards the 
flat state. An optical laser scattering technique is used to measure the 
tilt angles of the mirrors after they have been released. A laser 
illuminates many mirrors simultaneously, hence the result is an 
"ensemble average" measurement of the tilt of several thousand 
mirrors. As the mirrors relax, the spatial intensity distribution of the 
scattered diffraction pattern can be analyzed in order to ascertain the 
tilt angle of the mirrors. This intensity pattem which changes in time 
as the mirrors relax, is interrogated by imaging the scattered 
difiaction pattem with a CCD camera. 
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The CCD camera is attached to a PC equipped with a frame- 
grahber card, with the PC progammed to provide a "time-lapse" 
sequence of the difiction images as the mirrors relax. In accordance 
with the anticipated "exponential" relaxation of the mirrors, the PC 
was programmed to space out the sampling times in an exponential 
manner. Subsequent processing of these images using custom written 
image analysis software then allows us to acquire a "trajectory" of 
the residual tilt angle versus time. 
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Figure 3: Short duration non-operating relaxation 

Results are depicted in Figure 3 for various temperatures. It is 
clear that elevated temperatures accelerate the relaxation 
phenomenon, particularly whcn the temperature is elevated to 105'C, 
where the activation energy effect begins to strongly manifest itself. 
The fact that the 6 5 T  curve almost overlays the 85°C curve is 
attributed to experimental artifacts. These curvcs were made by 
landing the mirrors at 105°C, waiting an appreciable time for hinge 
memory to build, lowering the temperature to the desired target 
(65"C, W C ,  22°C ctc.), and then releasing the mirrors at which 
point the time-lapse camera records the images. The hysteresis 
involved makes it difficult to start each measurement with the same 
amount of accrued hinge memory, as that varies strongly as a factor 
of temperature, amount of time the mirror is landed prior to rclcase, 
as well as the past history of the part in terms of previous 
landingirelease cycles etc. [I]. In the future, we hope to conduct 
more controlled cxperiments enabling the relaxation versus 
temperature curves to be compared in a more accurate and 
quantitative fashion. 

Further tests were conducted to quantify this effect for use in 
lifetime predictions. Three groups of devices were operated with 
varying amounts of operating versus non-operating time at 85°C and 
a 5/95 duty cycle. The first group was designated as a control and 
was operated continuously. The life test board for the second group 
was programmed to turn on the devices and heater for 1 hour then 
turn the devices and heater off for 1 hour and repeat this cycling 
indefinitely. The third group was turned on for 1 hour and off for 2 
hours. Figure 4 shows the resulting plot of average hinge memory 
accumulation for each group of devices. 

From Figure 4, you can see that the group of devices that were 
cycling on and off at 1 hour intervals accumulated about two-thirds 
the hinge mcmory aficr 800 hours compared to the continuously 
operating group. It's interesting that the group that was on for 1 hour 
and off for 2 hours had the same amount of hinge memory as the 
group that was an far 1 hour and off for I hour. This is 
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Figure 4: Effect of continuous versus non- 
continuous operation on hinge memory accrual 

understandable considering the rapid relaxation effects previously 
discussed. It didn't matter how long it was off, it just had to be off 
long enough to relax 

This information can give us insight to provide better estimates 
for hinge memory lifetime in real life operating conditions. The 
implication of this at the projector system level is that lifetime can he 
significantly increased just by tuming the projector off for some 
period during the day. Given the TV application mentioned earlier, 
the TV for home use is not likely to be operated continuously. For 
most applications the TV will be off for some period during a 24 
hour period. This should be long enough far the hinge to relax. The 
resulting effect on hinge memory should be to reduce the hinge 
memoe accumulation by at least one third increasing the estimated 
lifetime to over 225,000 operating hours. 

Reversibility 

Running an opposite pattern or even a lower duty cycle factor 
pattern can erase or reduce the hinge memory accrued during testing. 

A test was conducted to study this cffect. A group of devices 
were operated continuously at 65°C with an alternating 5/95 and the 
opposite 9515 pattern. The devices were tested at one week intervals 
changing the pattem afler each test interval. The resulting plot of 
hinge memory accrual versus time is shown in Figure 5. Vb50 +/- 
parametric was used for this test to be able to track the direction of 
the hinge memory accrual. VhS0 +/- is positive when the pixcls are 
landing predominately on the plus side (95/S) and negative when the 
pixels are landing predominantly on the minus side (5195) [l]. 

From Figure 5 we see that hinge memory from the first week of 
operation with a 5/95 duty cycle is completely erased by hinge 
memory accumulated in the second week of operation with the 
opposite 9515 pattem This cyclc is repeated through three cycles. In 
each cycle, the VbS0 +/- retums to the previous peak with no 
hysteresis or damping of the amplitude. This result is important 
because it shows that hinge memory is not a permanent degradation. 
The lifetime of other competing technologies is limited by a 
permanent failure mechanism. In cathode ray tubes, the cathodes 
burn out and the phosphors degrade permanently [3]. Liquid crystal 
displays are permanently damaged by exposure to light and 
temperature [4]. While displays based on DLPTM technology have 
only one lifetime limiter, hinge memory, it is completely reversible 
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Hinge Memory Reversal 
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Figure 5: Hinge Memory Reversibilit). 

by application of an opposite pattern or pattems with a duty cycle 
factor close to 0 (with equal numbers of plus and minus landings). 
System applications that demand long life and continuous operation 
could add a mode similar to a screen saver, that completely erases 
hinge memory and thus eliminate this failure mechanism. 

Correlation of Test Parametrics to Flat State Tilt Angle 

A study was performed to correlate the Vb50 shift % parametric 
to the residual tilt angle to see how well the static DC bias voltage 
test paramebic correlated to physical measuements of the pixel 
state. 

A group of devices that had been through a hingc memory life 
test at various temperatures was used. The devices had a wide range 
of accumulated hinge memory and would provide a wide span for 
correlation of the elechical and optical measurement techniques. 

The optical method for measuring residual tilt angle employs 

Figure 6: Correlation of Hinge Memory 
Parametric to Residual Tilt Angle 

laser illumination, time domain excitation of the mirrors, and time 
domain interrogation of the periodic diffraction orders scattered by 
the DMD using discrete photo detectors. 

The resulting data in Figure 6 showed that the voltage 
measurements are linearly correlated to the flat state tilt angle and 
that this angle and thus the amount of hinge memory can be derived 
from the voltage measurements without having to make laborious 
optical measurements. 

Lifetime Estimate 

Building on lifetime estimates provided in reference [I], Figure I 
shows the mean lifetime estimates for a worst case 5/95 duty cycle, a 
more typical 20180 duty cycle and the 20/80 duly cycle with non- 
continuous operation. The 20180 duty cyclc with relaxation C U N ~  

provides a more realistic estimate of expected mean life under typical 
TV operating environments improving the estimated lifetime 225% 

Hinge Memory Lifetime 
0.7 XGA 14 pm I O "  

1000 -7 - - Operating ~ ~ ~ 
~ ~ Operating ~ ~ ~ - 

Test Conditions i Range Range 
n h c < vc I. 3.4 

100 7" LI 

25 35 40 45 55 65 75 85 95 

Temperature (C) 
. . . . . . . 20180 Mean Lifetime 

Figure 7: Mean Lifetime Estimates 
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over continuous 5/95 operation. 

Conclusion 

Previous studies [I] [2] have estimated lifetime at worst-case 
operating conditions. These studies have shown that the expected 
lifetime of a DMD under nominal operating conditions is extended 
significantly. Duty cycles typically used in normal operation improve 
hinge memory lifetime. Non-continuous operation of the DMD 
improves the estimated lifetime by a factor of 1.5 by allowing the 
hingc to relax. Hinge memory has been shown to he reversible and is 
not a permanent degradation unlike competing display technologies 
which have irreversible failure mechanisms. Finally, lifetime is 
estimated under typical 40°C TV use conditions to be 150,000 hours 
with the lower 20/80 duty cycle and exceed 225,000 hours with n o w  
continuous operation. 
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