5200208807 1 DYNAMIC SELF-REFRESH DISPLAY MEMORY TECHNICAL FIELD This invention
relates to display memories and more particularly to a dynamic memory for storing data in a display
having at leat0ad6@MEMS device for each 10 pixel. BACKGROUND Displays and light-projectors
using arrays of MEMS devices such as the micromirrors of Digital Micromirror Devices(tm) (DMD's)
have been developed for a number of applications. ("Digital Micromirror Device(tm)" is a trademark of
15 Texas Instruments.) For some applications, DMD's include a static random- access memory
(SRAM) for storing image data and addressing the array of micromirrors. Thus, the DMD SRAM's
have used memory cells having a single static memory cell per pixel. Typically, each mirror in an array
of mirrors is suspended above an individual SRAM cell in a corresponding array of memory 20 cells.
Address electrodes are connected to the SRAM nodes at which "1" or "0" voltages are set.

Electrostatic forces applied pejween th d%r lectrodes and the mirrors rotate the mirrors about
an axis. The rotation is stopﬁg(f‘lgt?méo%%r Tﬁﬁfe%%élgslj |ﬁ%ﬁeﬁ%§4§%§’%§ of an edge of the mirror
at the substrate. Gray scale 25 in images is accomplished by using pulse width modulation of the
binary ON (1) and OFF (0) times of each mirror. Such digital operation of DMD's and other
MEMS-based display arrays imposes bandwidth requirements on the display's circuitry for filling the
array with data for each frame to be displayed. 200208807 2 Some DMD displays take advantage of

mechanical latching of the mirrors and some DMD displays utilize architectures having SRAM's
smaller than the

TECHNICAL FIELD

This invention relates to display memories and more particularly to a dynamic
memory for storing data in a display having at least one MEMS device for each

10 pixel.

BACKGROUND

Displays and light-projectors using arrays of MEMS devices such as the
micromirrors of Digital Micromirror Devices™ (DMD’s) have been developed for
a number of applications. (“Digital Micromirror Device™” is a trademark of

15 Texas Instruments.) For some applications, DMD’s include a static random-
access memory (SRAM) for storing image data and addressing the array of
micromirrors. Thus, the DMD SRAM'’s have used memory cells having a single
static memory cell per pixel. Typically, each mirror in an array of mirrors is
suspended above an individual SRAM cell in a corresponding array of memory

20 cells. Address electrodes are connected to the SRAM nodes at which "1" or "0"

voltages are set.

Electrostatic forces applied between the address electrodes and the mirrors
rotate the mirrors about an axis. The rotation is stopped at predetermined
angles, limited by touching of an edge of the mirror at the substrate. Gray scale
25 in images is accomplished by using pulse width modulation of the binary ON (1)
and OFF (0) times of each mirror. Such digital operation of DMD’s and other
MEMS-based display arrays imposes bandwidth requirements on the display’s

circuitry for filling the array with data for each frame to be displayed.



micromirror array, in the sense of having a number of SRAM cells that is a fraction of the number of
micromirrors in the micromirror array. In such 5 architectures, the peak data rate can be made
comparable p0ara8gErage data rate. As faster and larger arrays of MEMS devices are developed for
displays and other applications, further reduction of bandwidth is a very desirable goal, especially if it
can be achieved in a way that does not depend on particular physical characteristics of the MEMS
devices in the array. 10 BRIEF DESCRIPTION OF THE DRAWINGS The features and advantages of
the invention will be readily appreciated by persons skilled in the art from the following detailed

description wittRe é2M kh dissialsciaie wRNaAgafingechaealiatehingsoh the ypieEmnaRe diagram of

an embodimggief BTIS HRM AR TIALS HcRESSIGARAVIHY BRIVESUAN I GharsRetiming diagram of
the memory cell embodiment shown in FIG. 1. DETAILED DESCRIPTION OF EMBODIMENTS 20 For

clarity, the foIURTD defAEAXd3dhBLRINRSAEB RSP BHBERE SMRAN sRlsathatis & a dynamic
self-refreshig, pigmentse hifhBdY MR GBHRER53R tRE RV GOMENPHARxcem dhgse skilled in the art

will recognize that the invention may be readily implemented in other similar embodiments. For

spedificity, tRsCiieriarasyibe RRRKARER il iraBRRp MAdGcorRATaRiehihgca¥aragBataigital 25
micromirror gendcendMBdr RIHA TS RN DRYIEVED RIRACKOs 31 B UM PYE NP JisIspsand to an

array of any kind of MEMS devices. Throughout this specification and the appended claims, the term

"MEMS" hasPisl etiriciilifatiaBanfHg i aderdinetrrrbridihitap yrie fesvaRiR gedticular
devices are ggpignalfdias cEmananegleaedthAanehR Gty Soegiisénbihgaracirseription of a

particular example embodiment, those skilled in the art will 200208807 3
physical characteristics of the MEMS devices in the array.

10
BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the invention will be readily appreciated by
persons skilled in the art from the following detailed description when read in

conjunction with the drawings, wherein:

15 FIG. 1 is a schematic diagram of an embodiment of a memory cell made in

accordance with the invention.

FIG. 2 is a timing diagram of the memory cell embodiment shown in FIG. 1.

DETAILED DESCRIPTION OF EMBODIMENTS

20 For clarity, the following detailed description focuses on a particular simple
embodiment of a dynamic self-refreshing memory cell for a MEMS device of an
array of MEMS devices. Those skilled in the art will recognize that the invention
may be readily implemented in other similar embodiments. For specificity, the
MEMS device with which the invention is used may be considered to be a digital

25 micromirror device (DMD), but the invention may be applied to any kind of
MEMS device and to an array of any kind of MEMS devices.

Throughout this specification and the appended claims, the term “MEMS” has its
conventional meaning of a micro-electro-mechanical system. Where particular
devices are designated as “P-channel” or “N-channel,” etc. for specificity of the

30 description of a particular example embodiment, those skilled in the art will



recognize that bipolar devices or other combinations of device types may be used with appropriate
signals. Embodiments made in accordance with the present invention have a dynamic memory cell for
storing data 20Ge@etgpray having at least one MEMS dgvice for 5 each pixel. The dynamic memory cell
has at least two dynamic memory elements per pixel, including first and second dynamic memory
elements, each including at least one capacitor for storing charge. Both of the first and second
memory elements are electrically coupled to the MEMS device of a single pixel. A sense amplifier is
configured to amplify the data signal and to latch data in 10 response to a differential data signal and a
clock signal,’'S6RgBiEEsiAiRe 35 @e HREI U RN SRMB IS dRMiGetyRaS fIMEBEThe same

sense amplifige MaHPSTBAaE 8 Hagdata stored (e.g., for testing), as is discussed in more detall
hereinbelow. Other embodiments made in accordance with the present invention have a 15 number N

of dynamic reenpIiBeRES iia B8 i et ordaaiecNvRHofsisiesan InrenkiorRaaeNts Mar gxactly two

dynamic memory elements per pixel reduce the data bandwidth by a factor of two. Those skilled in the

art will recogREReRLCed 10T Bm A8 ALIRNRN GRS RL R OREMEMREPEPSIIY can reduce
the dnta bangiydgtpiky alieid dyiastaicahathbly) - deisrerRNyerRigst Roragndmis héthapplications to make

N an even number. Of course, larger values of the number N require larger numbers of transistors or

other active SIRMEIUSRHRT Rivgk RNduding Ustandeacrif heamiRiBIRNRR RlegeeteseRfMuding
fabrication cpiridiiRichtatristorRs saptiee fab bty rielpted cRstBAtMS; iReATREtiGR applisations there

are tradeoffs among bandwidth reduction, device 25 fabrication costs, and various other cost factors

which are faMRZIY FI6SCUSIAE B ectisA!rRAURIGA SR IRG M'EM&&[?M&%@‘ Rangle ARl of
memory cellg, sélrasappgifisrageoniglrisd enemphl tbbtaatdisiimg Bhe aaterydat @ an entire
arrf% of response to a differential data signal and a clock signal, self-refreshing the data
and loading data to the MEMS device as required. The same sense amplifier
may be used to read the data stored (e.g., for testing), as is discussed in more

detail hereinbelow.

Other embodiments made in accordance with the present invention have a

15 number N of dynamic memory elements per pixel, where N is greater than two.
Embodiments with exactly two dynamic memory elements per pixel reduce the
data bandwidth by a factor of two. Those skilled in the art will recognize that,
similarly, embodiments with N dynamic memory elements per pixel can reduce

(N-1)

the data bandwidth by about a factor of 2" /. It is convenient for many such

20 applications to make N an even number. Of course, larger values of the
number N require larger numbers of transistors or other active devices, and
there are costs associated with the additional active devices, including
fabrication costs, yield-related costs, and reliability-related costs. Thus, in
practical applications there are tradeoffs among bandwidth reduction, device

25 fabrication costs, and various other cost factors which are familiar to those

skilled in the art.

The memory for a display device has a number of memory cells, at least one
memory cell for each pixel of the display. The memory cell or an entire array of
memory cells may be incorporated into an integrated circuit, may be

30 incorporated on a substrate carrying microelectronics, and may be incorporated

into an electronic device.



memory cells may be incorporated into an integrated circuit, may be 30 incorporated on a substrate
carrying microelectronics, and may be incorporated into an electronic device. 200208807 4 FIG. 1
shows a schagnzarsdiagram of a simple embodiment4of a memory cell 10 made in accordance with
the invention. A representative timing diagram of the memory cell embodiment of FIG. 1 is shown in
FIG. 2. The schematic diagram shows a two-memory-element dynamic memory cell with thirteen
transistors and 5 four capacitors driving a MEMS device 20 for a single pixel of a display or of an
array of other MEMS devices. Memory cell 10 ma&/ﬁbe used in a display of the type having at least one

MEMS deviEéQ0!Hhrvwpenerhgrdisdiagiam efwisiarlsrirhedinaat sievieaicsetid hay be
more complexdhanPaREdRuer AT iREaRddREYn N %Fé@@ﬁféﬁﬁé@ﬂﬂ%%@%&ﬁ%fws device,

but for purposes of understanding the embodiment illustrated in FIGS. 1 and 2, MEMS device 20 may
be considerdefody aedipmeadiongstafdrieirtds. Iempip EdP18-is TR Sehestalis FRZERM response

to a data siggRbRIOYIRE At SHRIRANSH BN MiE! HIUMEOR @ ANGiBe RHRIBS Hans R iaRg (true

signal 60 15 and its complementary signal 7F5éand a clock signal 50 (os). This particular embodiment

has xactly fRErEARARIFOREHYNERMEMS saviigcR0fot R sinale RUSHOharieRinI9f@Bments has

a capacitor fgfrghaspstRt REEVE Jeiieds. the capacitors are designated as A or B capacitors,
corresponding to the designation at the gates 80 or 90 of their associated transistors 130.) Both of 20

the two dynayenasneely riamsneaisceieatachbpegwi askte e MEMP HAauina Healigpigale pixel,
as shown in FIG. 1. A sense amplifier (defined by devices 140, 150, and 160 as described

hereinbelow{RVIGhAGFRUGSRANBING IRLastaPLiGhaltail] Rei4neessieon b WIS ARY Rita signals
60 and 70 a0 mes) e Aeek sEnplSOtHRT dlURHpIE/mRMEPISRS, SHADROWRT BldbPhoH]RiSe is shown in

10 more than one MEMS device, but for purposes of understanding the
embodiment illustrated in FIGS. 1 and 2, MEMS device 20 may be considered
to be a simple MEMS micromirror.

Memory cell 10 is used for storing data in response to a data signal provided as
a differential signal including true and complementary data lines (true signal 60
15 and its complementary signal 70) and a clock signal 50 (®s). This particular
embodiment has exactly two dynamic memory elements per pixel. Each of the
two dynamic memory elements has a capacitor for charge storage. (In FIG. 1,
the capacitors are designated as A or B capacitors, corresponding to the
designation at the gates 80 or 90 of their associated transistors 130.) Both of
20 the two dynamic memory elements are electrically coupled to the MEMS device
20 of a single pixel, as shown in FIG. 1. A sense amplifier (defined by devices
140, 150, and 160 as described hereinbelow) is configured to amplify the data
signal and to latch data in response to the data signals 60 and 70 as timed by
clock signal 50. For illustrative purposes, VDD power supply line 30 is shown in
25 FIG. 1 as supplying +5V; that supply voltage is chosen to be suitable for the

application and for the active device types used.

One of the problems with implementing a dynamic memory approach is
refreshing the charge- storage capacitors in the memory cells. The same sense
amplifier for each pixel is used to refresh the local charge-storage elements.

30 Thus, the dynamic memory cell 10 of FIG. 1 is a self-refreshing memory cell.



25 FIG. 1 as supplying +5V; that supply voltage is chosen to be suitable for the application and for the
active device types used. One of the problems with implementing a dynamic memory approach is
refreshing the20e2@ags- storage capacitors in the mentory cells. The same sense amplifier for each
pixel is used to refresh the local charge-storage elements. 30 Thus, the dynamic memory cell 10 of
FIG. 1 is a self-refreshing memory cell. 200208807 5 Reading of the stored data does not have to be
fast, since reading is required for test purposes only. For read operations, the sense amplifier is also
used to drive the read data on the bit lines. In the sense amgifier, P-channel device 140 is enabled

when QL is &&efied of 1w strser dlatepdarsviodipaussto kederd GIREXFERAIRG irdRfgEedith an
overbar) to g agacRefs¥PBHiroreh igh égpe%qﬁﬂ%%: {Redinserdrigfricr A has&yapd /Q signal

value. Amplification can occur only after one of two storage capacitors is enabled by either device 130
or 135 and d&ivectiersathdatesombaliblfesbled. N-channel device 150 is enabled when Qs is
asserted 10 high. Device 150 allows a signal path to gi'g)und for cross-coupled devices 160 so that Q

and /Q can U8 YR pRRse AR ifielifsanannreldsyies. ML inaRaPad e 1Be B ARsRE’Foss-coupled

deviges of thewermse\aapidigralldavscagndfid@rendsral fohawaitlyenie epbadigelwighals on Q and /Q so
that those signals can be amplified when device 150 is enabled first and then device 140 is 15

enabled secBNarbaLe Gy ARG SR R HIPHRB highBRPENGRER{ORLF JRidegifres at least two

capacitors agehfyties werd tansiiars Has. aampifidhiienery 6edurenly drarbRe(6f Bidsic SRAM
approach with two memory elements %%réjixel would require about twentg{ transis.torsr.f)r The dynamic

memory cellHi9P8RERASETE SEARRIPEBItIGb IR RS A5 BRARA R ceRal 2rPRamplify the
data signal y5erapsniki daaniéagensiiailedod aatedso ibeMibME deweaby hasserted

10 high. Device 150 allows a signal path to ground for cross-coupled devices 160
so that Q and /Q can be amplified when device 140 is enabled. N-channel
devices 160 form the cross-coupled devices of the sense amplifier. Devices
160 are used for positive feedback of signals on Q and /Q so that those signals
can be amplified when device 150 is enabled first and then device 140 is

15 enabled second.

The dynamic memory cell with two memory elements per pixel requires at least
two capacitors and requires fewer transistors than an SRAM memory cell would
require. (A static SRAM approach with two memory elements per pixel would
require about twenty transistors.) The dynamic memory cell has one sense

20 amplifier per pixel to latch the appropriate input data and to amplify the data
signal to an amplitude voltage suitable for actuating the MEMS device. If the
MEMS device is a micromirror, for example, the voltage level from the sense
amplifier is suitable for actuating a micro-mirror device. For simplicity, it is
assumed in this description that the MEMS device holds a binary value loaded

25 into it for at least a suitable predetermined time after the value is loaded.

The following description will be more readily understood by reference to the

timing diagram in FIG. 2 in conjunction with the schematic diagram of FIG. 1.

In FIG. 1, the charge-storage capacitors are identified as A or B capacitors by

the reference letter A or B shown at the gate of each corresponding FET device
30 130 or 135 respectively. The bit line of the memory consists of a conventional

complementary signal pair, DATA and its complement /DATA (shown in the



MEMS device is a micromirror, for example, the voltage level from the sense amplifier is suitable for
actuating a micro-mirror device. For simplicity, it is assumed in this description that the MEMS device
holds a binappaaiggoioaded 25 into it for at least a subtable predetermined time after the value is
loaded. The following description will be more readily understood by reference to the timing diagram
in FIG. 2 in conjunction with the schematic diagram of FIG. 1. In FIG. 1, the charge-storage capacitors
are identified as A or B capacitors by the reference letter A or B shown at the gate of each
corresponding FET device 30 130 or 135 respectively. The bit line of the memory consists of a

conventionaf'@VIs Ay QueiBRPaire TRTRNERMH s \@itgabinas: 88 AnA (ShiswH ¢ the 290208807
6 drawings Wit @Y 8HIRD I6ARIEERREHrNY BTG inE/BARRiIARINT KRG 11 AfdBEiRAG at the

lower ends of the DATA and /DATA lines in FIG. 1, these may extend to other memory ceélls of an
array. Other @¢8REHR Mheianenpsy gedisrpieaniatiate GEtsr slamentsIinthEainirgediagram, FIG. 2,

the vertical qashemhligefiviges dbeslipeitiy distinguish the STORE portion (left) from the LOAD portion
(right). FIG. 2 shows the DATA and /DATA signals (200 and 210 respectively) and their values 310

and §60 at differniifingsditig-nh ORE 0 1Rk 220 Raf dissvely Rz aiwbes taesafiedothe LOAD signal

230 and its value 370 when asserted, the A or B 10 selection signal 240 and its values 330 for a

STORE opeFisiinosiRN486 fof QRN Pl frametedLmh BRitenERRY- 25631 260 with

representatigp ovedue SN A i/ DIRTh S Q20 aha i i vahee Bl tamaaraip vimpand
LOAD clock siﬂ’:aélq L 280% and its value 400 at a later time. FIG. 2 also shows the MEMS-device

value Q (290 siftesent SMasy e oroD81628iA0 4 R AR 24P 8he8 MEMS
device 20, apddeled SHWWOAD SrMAIEBERINQISA)RSMDeWRING $36Hel Qrat AnsitiEer time after

SRR Y e A RS G SRR T
LOAD operation, the capacitor stored values 250 and 260 with representative
value 340, STORE clock signal ®s (270) and its value 390 at a certain time, and
LOAD clock signal ®(280) and its value 400 at a later time. FIG. 2 also shows
the MEMS-device value Q (290) and its value 350 at a particular time before

15 loading a new value into the MEMS device 20, and FIG. 2 shows its
complement /Q (300) and the value 410 of /Q at another time after loading the
new value into the MEMS device 20. Reference numeral 420 denotes a

transition time interval during which the values of Q and /Q are indeterminate.

N-channel FET devices 120 are enabled when the STORE signal is asserted

20 high. Devices 120 allow storage of the value of DATA and its complement
/IDATA when either the A or B capacitor select signal is asserted high. Storing a
pixel value is done by asserting the STORE signal 220 at a high value and by
also selecting 330 either the A or B storage capacitors with gates 80 or 90 (line
240 in FIG. 2). The bit line is driven differentially with DATA 200 and

25 complementary /DATA 210 values, and the corresponding data value is stored
into one of selected capacitors (A or B) on either side. Devices 120 also allow
reading of stored charge on a selected one of the two capacitor storage cells
after the stored charge is loaded into the sense amplifier. Reading is then done
by enabling device 125 and either device 130 or 135, and then enabling device

30 120 after the sense amplifier has amplified the storage-node charge signal. N-
channel FET devices 125 are enabled when LOAD signal 230 (terminals 110 in
FIG. 1) is asserted high.



transition time interval during which the values of Q and /Q are indeterminate. N-channel FET devices
120 are enabled when the STORE signal is asserted 20 high. Devices 120 allow storage of the value
of DATA ancizeasaplement /DATA when either the A or B capacitor select signal is asserted high.
Storing a pixel value is done by asserting the STORE signal 220 at a high value and by also selecting
330 either the A or B storage capacitors with gates 80 or 90 (line 240 in FIG. 2). The bit line is driven
differentially with DATA 200 and 25 complementary /DATA 210 values, and the corresponding data
value is stored into one of selected capacitors (A or B) on either side. Devices 120 also allow reading

of stored chd¥gd8AnesEleétdg\ise HBthis fakigshnitanstigagbrisiassrEethbistorddedilge is loaded
into the Se”%@@%ﬁ%"s%@ﬁi&%i@mﬂ daRe DATRNRD st e h AR ek pigvglevice 130 or 135,

and then enabling device 30 120 after the sense amplifier has amplified the storage-node charge

signal. N- cHeaRRHIES WBoR &6 ios 420 dpaternakied eibesraiaetingiekaiiats BOASFIG. 1) is
asserted hngH@\QQ%Q@%@&@d&EQ@QE%F Fierdoselam phifaabled iwhesrienaherisesrasted high.

Device 130 allows sgnals on DATA and /DATA to be stored on the respective capacitors when
deviee 120 id29s8rehaBRars eneigthe time. Device 130 also allows the storage capacitor value to be
amplified and refreshed when devices_5 125 and 130 are enabled. N-channel FET device 135 is

enabled wheN SIS fEdsdemics digh iDeiriedmnanRignal Bils BRsBREANAR-/H&YKSo be stored

on the respeggBeasicARPasigalybarDIETEaddIDATIRAEPaIRtad Biethamesiiastiieevice 135 also
allows storage capacitor value to be amplified and refreshed by the sense 10 amplifier when devices

125 and 135°8RAEHA e B AGHGeHR LG AsmEniiPdiah bR SaT R I MEEMES 138 by first de-
asserting the W sersege s stiepclarianalHa WrgmandBRIRQLhass9tigsense

10 amplifier when devices 125 and 135 are enabled.

Loading the stored memory elements in the MEMS latch is done by first de-
asserting the two sense-amplifier clock signals 270 (®s) and 280 (P, ), asserting
the LOAD signal 230 at a high value, and selecting one of two stored values: A
or B (330).

15 N-channel FET devices 125 allow charged signal in one of two storage
capacitors to be amplified by the sense amplifier when either A or B signal is
asserted high and LOAD signal 230 (terminals 110 in FIG. 1) is asserted high.

FET devices 125 also allow reading of stored charge on one of two capacitor
storage cells. Reading is done by enabling device 125 and either device 130 or
20 135 to select the A or B capacitor, and by then also enabling device 120 after

the sense amplifier has amplified the storage node charge signal.

Once the cross-couple sense-amplifier has had sufficient time to differentiate
the signal, the clock signal 50 (®s) for the N-channel devices 160 is asserted at
a high value to resolve the differential input signal. At a later time, both

25 P-channel devices 140 are turned on, which pulls the high input side to VDD.
To reduce power dissipation, the P-channel devices 140 are turned off once the
required voltage is attained. The LOAD signal remains asserted (370 in FIG. 2)
until after the P-channel devices 140 are turned on. This allows the sense

amplifier to refresh the selected A or B memory capacitor.



the LOAD signal 230 at a high value, and selecting one of two stored values: A or B (330). 15
N-channel FET devices 125 allow charged signal in one of two storage capacitors to be amplified by
the sense ar@iifssorhen either A or B signal is asse¥ted high and LOAD signal 230 (terminals 110 in
FIG. 1) is asserted high. FET devices 125 also allow reading of stored charge on one of two capacitor
storage cells. Reading is done by enabling device 125 and either device 130 or 20 135 to select the A
or B capacitor, and by then also enabling device 120 after the sense amplifier has amplified the
storage node charge signal. Once the cross-couple sense-amplifier has had sufficient time to

differentiate the SRjR8ISeseIseriipRissalged)Ted ieediventiendatieor dRel bl inesdareapdt a high
value to re%ﬁ%ﬁ&&%ﬁ@f%@@&étd’(@ﬁlﬁg&[@d {bf)é'%h@rﬂéq ORER 2nchsehrmprl Seyiresikdiyare tumed

on, which pulls the high input si o reduce power dissipation, the P-channel devices 140

are turned offisplaldesit bfdaadathidadhaiariess RWlitsapnsldatahethalAscestigtsalys7o in FIG.
2) until afterdhgiEhelammeTrYRESiHE022(RiLERSE MY YR pdowmiresers alioifigicaseiresh the

selected A or B memory capacitor. 200208807 8 The same sense amplifier is also used to drive the

data?on the i Reelingnoathepitdingss. Fesenthahthebreinsiias anpthersrasaiyitiefion of one

of two pixel yRiu8RIXRPHO3ERE T IASIEUIRE BPRITRIASEHRIEREHalArteadtith tRk!Iedrilatched, the
STORE line 220 is asserted high (320 in FIG. 2) to allow the data 5 to be driven on the bit lines. The

end of the bif@feHiSkNother sense amplifier (not shown) to sense the data and to provide sufficient
gain to latch_the read data quickly. Thus, in the embodiment of FIGS. 1 and 2, the first dynamic

memory elerhBHE: |HHU8e%"ébm&ta@eF tGacliand anhedishevaAmin D RBATY S eBREN: 10
includes a sereINESIATE BRSO LB ACLEAAtifctetrshaalgatively ifgory element

10 includes a second storage capacitor B, and data is stored selectively in a
selected storage capacitor A or B in accordance with a capacitor selection
signal. The sense amplifier refreshes data stored in the selected capacitor in
accordance with the capacitor selection signal. Similarly, data is loaded to the
MEMS device selectively from a selected one of the storage capacitors A or B

15 in accordance with the capacitor selection signal. Thus, the sense amplifier is
adapted to read data stored in a selected one of the storage capacitors A or B
in accordance with a read signal. As described above, the read signal is sent by
enabling device 125 and either device 130 or 135 to select the A or B capacitor,
and by then also enabling device 120 after the sense amplifier has amplified the

20 storage node charge signal.

FABRICATION

A display using the present invention and having a desired number of pixels
arranged in an array may be made by providing a substrate and forming an
array of MEMS devices on the substrate, at least one MEMS device

25 corresponding to each pixel. Each MEMS device of the array is configured to
be actuated by an electrical signal on at least one actuation electrode. The
fabrication also includes forming on the substrate a dynamic memory cell for
each pixel, each dynamic memory cell including first and second dynamic
memory elements, each including at least one capacitor, both of the first and

30 second memory elements being electrically coupled to the actuation electrode of

the MEMS device corresponding to a single pixel. Each dynamic memory cell



selected storage capacitor A or B in accordance with a capacitor selection signal. The sense amplifier
refreshes data stored in the selected capacitor in accordance with the capacitor selection signal.
Similarly, dagadgdezated to the MEMS device selectigely from a selected one of the storage capacitors
A or B 15 in accordance with the capacitor selection signal. Thus, the sense amplifier is adapted to
read data stored in a selected one of the storage capacitors A or B in accordance with a read signal.
As described above, the read signal is sent by enabling device 125 and either device 130 or 135 to
select the A or B capacitor, and by then also enabling device 120 after the sense amplifier has

amplified thehabistrepechalse drckstesigrianraBrRIIAST ONNAIMIEIEP @milithésreaént invention
and having agdesiremh§WNBESPHRMEIS resiIgRIE 20 RH IgRAYARY @%ﬂf‘c%gfmﬂing a substrate

and forming an array of MEMS devices on the substrate, at least one MEMS device 25 corresponding
to each pixef RiRMBERMN EMRcdeyiers lrrECRBIRRRAA R sORYeNiRPh)YENMSectrical signal on at

least one achiariaaclecyanirndin fabrisatiaRinkpiinaledas femimgnHassSURT R R asdwamic

memory cell for each pixel, each dynamic memory cell including first and second dynamic memory
elentents, edBﬁhﬁé&@ﬂi’@Qﬁ“E@s’t’V é@&ﬁﬁ@l’t‘QH%gﬂpfﬁ‘%ﬁésﬁ?Q ahtredveasiie RIMY elements

being e|eCt”6?4%59@'%t%>¥5ﬁ1?@%t@bﬁ'WN@&B&B@S@@M%@%Wc%@ﬁﬁ%ﬂﬁ’éﬂg to a single

pixel. Each dynamic memory cell 200208807 9 that is formed also includes a sense amplifier

configured t&4PREIRIEtRE MBIy PRI eisionNAIsEariHPXSSSn S0 8ok BNt HFitaldRE Ptiock signal.
Forming therMﬁfM@jQﬂﬂ%%b‘h@%‘ﬁaﬁﬁﬁﬁ‘ﬁﬁé&ﬂ%ﬁ@lyem@@%MrlﬁM%Wl%?ﬁ@ﬁ%ké\@N” to

those skilled in the art, selecting those unit processes 5 that are compatible with semiconductor

processing dPIAREAPMARREYRBHRIG! BRERiePREULHE IRRISRISNRIACRAERES HBRESses is the fabrication

on e conventional CMOS processes. Again, unit processes are chosen to be

compatible with MEMS processing.
INDUSTRIAL APPLICABILITY

Dynamic self-refreshing memory cells made in accordance with the present
invention may be used for a variety of MEMS arrays, including arrays of digital
15 micromirror display devices. Having more than one memory element per pixel
reduces data bandwidth required for the MEMS devices, and the dynamic
approach requires fewer transistors and thus smaller area than an equivalent
two-memory conventional static approach. A local sense amplifier for each pixel
allows refreshing of the selected pixel value and also allows driving the bit lines

20 in read operations.

In accordance with a useful aspect of the invention, a method is provided for
using a dynamic memory cell in a display of the type having at least one MEMS
device corresponding to each pixel: a dynamic memory cell is provided for each
25 pixel, each dynamic memory cell including first and second dynamic memory
elements, each of the first and second dynamic memory elements including at
least one capacitor. Both of the first and second memory elements are
electrically coupled to the MEMS device corresponding to a single pixel.
A differential data signal, a clock signal, and a capacitor selection signal are
30 provided to each dynamic memory cell. In response to the differential data

signal, the capacitor selection signal, and a first phase of the clock signal, data



substrate of an array of digital micro-mirror devices, one or more digital micro- mirror devices
corresponding to each pixel. The dynamic memory elements are formed by conventional
semiconductnofaiBaeation processes, such as 10 comgentional CMOS processes. Again, unit
processes are chosen to be compatible with MEMS processing. INDUSTRIAL APPLICABILITY
Dynamic self-refreshing memory cells made in accordance with the present invention may be used for
a variety of MEMS arrays, including arrays of digital 15 micromirror display devices. Having more than
one memory element per pixel reduces data bandwidth required for the MEMS devices, and the

dynamic appr6iRIeFfLAdEIsIvRNersARREIR aha srledrthnaeRELhRYBATBKUNEBATYtwo-memory
conventionaLRaticREPIOa: i sIBFeH SR HI8HBPEHEr dapSath: PRéfle SHEW SHRIraatpNacLy. the selected

pixel value and also allows driving the bit lines 20 in read operations. In accordance with a useful

aspect of thdNieSRENSEAPEM S8R PEBURRIEFHE NUBIEh N ansRaMRMRIAASRIPHRE Ry of the type
having at leagtAge SRS dIRMSa<CREABRORTING (AT deivRl 2 SiYB3PYRATRIMEYRSH H@rovided for

each 25 pixel, each dynamic memory cell including first and second dynamic memory elements, each

of the first ar@l i\ IpiRTaRFHaR dRECAEARSRIY Kt heistifferaptiat dala signritol drsilast the first

and second {RHRMIEYRIE BN SIS BIGEE IFsNiRE YR HdeatBR MEM T i icEtRBH @eiPOREIDBLO a single
pixel. A differential data signal, a clock signal, and a capacitor selection signal are 30 provided to each

dynamic meth8r)aRAWidthEpiHERAfomB MRBIMiISEHARVIER PAe MeBPH GBI BF6PBhal, and a

first phase OBWQbQJQFhéffgﬁ%s@'%%ngéﬁéﬁ@tg@%%étd%ﬁ%l? rePACiEAbSf R oelected one
of the dynamic memorééﬁlements. Data is stored in at least one capacitor, refreshed, and amplified.

In response AMOBABIEENE P SeRRN B iRT9es B30 B iscsEds dhsr BRE¢yeith requirement

10 can be further reduced.

Although the foregoing has been a description and illustration of specific
embodiments of the invention, various modifications and changes thereto can
be made by persons skilled in the art without departing from the scope and spirit
of the invention as defined by the following claims. For example, various MEMS

15 devices, including both display devices and other (non-display) MEMS devices
may be used with memory cells made in accordance with the invention, either
individually or arranged in arrays, and other MOS or bipolar transistors or other
active devices may be used in place of the CMOS devices used in the illustrated
embodiments.

20



signal, selected data is loaded to the MEMS device corresponding to each pixel 5 to display information in
accordance with the differential data signal. If desired, this method can also include reading the data
stored. This metRodO88¢éduce the bandwidth requifdd for a memory cell having one memory element
per pixel by about half if just two memory elements are used per pixel. If a number N of memory
elements per pixel larger than two is used, the bandwidth requirement 10 can be further reduced.
Although the foregoing has been a description and illustration of specific embodiments of the invention,
various modificajigps andsahaggss thereto can be made by persons skilled in the art without departing
from the scope and spirit of the invention as defined by the following claims. For example, various MEMS
15 devices, including both display devices and oth&H 2display) MEMS devices may be used with
memory cells made in accordance with the invention, either individually or arranged in arrays, and other
MOS or bipolar transistors or other active devices may be used in place of the CMOS devices used in the
illustrated embotirienemay 280208801 0IaWhthddypeiraing aCleastehe MEMEmewmceell for a display of

the type having BbiRasidmY NSNS RSP LS AR DA R B sREm@YY eglstoring data in

response to a data signal and a clock sigzr%?l, the memory cell comprising: at least two dynamic memory
elements per piXAINACRMIRCIRSE Siv e Hh B IYAAER! IFRMIIS ™ements, each of the first and second
dynamic memoré Flem(tentsdncludln%at least one ¢ Spamto.&ek?oth of the f'rst:]%anrjgd secorc]d memory 10

elements being eg?r?éaw C 38@5: to?ﬁ]eomgi\ﬁ@%qeviegr&'a Si'nngcllé'dd% |r 88Ke8 amplifier
configured to ansifgntiie rdasosigelensndstcekztbotitia finst and second dynamic memory

elements including at least one capacitor, both of the first and second memory

10 elements being electrically coupled to the MEMS device of a single pixel; and

a sense amplifier configured to amplify the data signal and to latch data in

response to the data signal and the clock signal.

2. The memory cell of claim 1, wherein the at least two dynamic memory
15 elements comprise N dynamic memory elements per pixel, where N is an

integer equal to or greater than two.

3. A memory for a display, the memory comprising a plurality of memory cells,

at least one memory cell as recited in claim 1 for each pixel of the display.
20

4. A display device comprising the memory cell of claim 1.

5. An integrated circuit comprising the memory cell of claim 1.

25 6. A substrate carrying microelectronics comprising the memory cell of claim 1.

7. An electronic device comprising the memory cell of claim 1.



response to the data signal and the clock signal. 2. The memory cell of claim 1, wherein the at least two
dynamic memory 15 elements comprise N dynamic memory elements per pixel, where N is an integer
equal to or great¢®@Red%Wo. 3. A memory for a display? the memory comprising a plurality of memory
cells, atleast one memory cell as recited in claim 1 for each pixel of the display. 20 4. A display device
comprising the memory cell of claim 1. 5. An integrated circuit comprising the memory cell of claim 1. 25
6. A substrate carrying microelectronics comprising the memory cell of claim 1. 7. An electronic device

comprising the rBe AR AEHGACLITbECRARA0GAMF ke the Hoh T B ASth S doiga L, wherein the at least

one MEMS device comprises a micro-mirror device. 9. The memory cell of claim 1, wherein the sense
amplifier amplifi€STHREI8EEL BGhANITPad5¥eRtermined level suitable for actuating the at least one MEMS
device. 10. The memory cell of claim 9, wherein the predetermined level is suitable for actuating a
micro-mirror device. 10 11. The memory cell of claim 1, wherein the first dynamic memory element

includes afirst siprage RANAGHPECNG SRARNH WABHFHASIBREL SISMIRR BAALHRS RSagend storage

capacitor, and data is stored selectively in a selected one of the first and second storage capacitors in
accordance withSieapRR A edrietaReddeyguitadefapadyaitg Berbicast-AreLMENERein the sense
amplifier is furthgewegmfigured to refresh data stored in a selected one of the first and second capacitors
in accordance with the capacitor selection signal.

10. The memory cell of claim 9, wherein the predetermined level is suitable for

actuating a micro-mirror device.
10

11. The memory cell of claim 1, wherein the first dynamic memory element
includes a first storage capacitor, the second dynamic memory element includes
a second storage capacitor, and data is stored selectively in a selected one of
the first and second storage capacitors in accordance with a capacitor selection

15 signal.

12. The memory cell of claim 11, wherein the sense amplifier is further
configured to refresh data stored in a selected one of the first and second

capacitors in accordance with the capacitor selection signal.
20

13. A memory cell for a display of the type having at least one MEMS device
corresponding to each pixel, the memory cell storing data in response to a

differential data signal and a clock signal, the memory cell comprising:

first and second dynamic memory elements, both of the first and second

25 memory elements being electrically coupled to a MEMS device corresponding to
a single pixel, the first dynamic memory element including a first storage
capacitor and the second dynamic memory element including a second storage
capacitor, data being stored selectively in a selected one of the first and second

storage capacitors in accordance with a capacitor selection signal at a first



20 13. A memory cell for a display of the type having at least one MEMS device corresponding to each
pixel, the memory cell storing data in response to a differential data signal and a clock signal, the
memory cell comPAZRRRGRst and second dynamic méihory elements, both of the first and second 25
memory elements being electrically coupled to a MEMS device corresponding to a single pixel, the first
dynamic memory element including a first storage capacitor and the second dynamic memory element
including a second storage capacitor, data being stored selectively in a selected one of the first and

second storage 4apacHpisiid 5o AGRACE it it f&lastinp pign Aldifisst 200208807 13 phase

of the clock signal, and data being loaded to the MEMS device selectively from a selected one of the first
and second stor8§EEYSACitore meelectiganesrhine ArshpadirsiconrsiiadidiPnes!arsdéond phase of the
clock signal; anddzargmnsewvitn zliiepacitdigiaiedtionasigpiyat e stifenarpial wdosa thigrrido a predetermined
level suitable for actu tin%the at least one MEMS device and to latch data in response to the differential

data} signal and ﬁ%%“aoa? Signal. 14: A memory cell for a display Qf thg type having at least one MEMS
device 10 caregnonding o, prehuBRR)bS ['SMBY AL BRBRIRIAL L AAd|RegPnd means for

dynamically storing data in response t0 a data signal and a clock signal, each of the first and second

means for dynaMiEdRPETONRE 'evrbsnEabifigraaadingribeab'sanb PsoMEM Theewise ahd &cond means

for dynamically isferingh @atarespimsiacttinatyfepsiiardatdnagnblenst arecMERAS device corresponding
to a single pixel; and amplifying means configured to amplify the data signal and to latch data in
response to the data signal and the clock signal. 15. A method of making a display having a plurality of

pixels, the method
14. A memory cell for a display of the type having at least one MEMS device

10 corresponding to each pixel, the memory cell comprising:

first and second means for dynamically storing data in response to a data signal
and a clock signal, each of the first and second means for dynamically storing
data including at least one capacitor, both of the first and second means for
dynamically storing data being electrically coupled to the at least one MEMS

15 device corresponding to a single pixel; and

amplifying means configured to amplify the data signal and to latch data in

response to the data signal and the clock signal.

15. A method of making a display having a plurality of pixels, the method

20 comprising the steps of:
providing a substrate;

forming an array of MEMS devices on the substrate, at least one MEMS device
corresponding to each pixel, each MEMS device of the array being configured to

be actuated by an electrical signal on at least one actuation electrode; and

25 forming on the substrate a dynamic memory cell for each pixel, each dynamic
memory cell including first and second dynamic memory elements, each of the
first and second dynamic memory elements including at least one capacitor,
both of the first and second memory elements being electrically coupled to the

actuation electrode of the at least one MEMS device corresponding to a single



20 comprising the steps of: providing a substrate; forming an array of MEMS devices on the substrate, at
least one MEMS device corresponding to each pixel, each MEMS device of the array being configured to
be actuated by aVeB@B@4al signal on at least one acftlfation electrode; and 25 forming on the substrate a
dynamic memory cell for each pixel, each dynamic memory cell including first and second dynamic
memory elements, each of the first and second dynamic memory elements including at least one
capacitor, both of the first and second memory elements being electrically coupled to the actuation

clectrode of the shigeshanaiidrise forasanndina g § side 2000 AdRkeb and each

dynamic memory cell includintg a sense amplifier configured to amplify the data signal and to latch data in
response to a d&ARIGhEIAR@ IR angialatchslatadispapansitia deRb R @WA BREnethod of

claim 15. 17. A msigtiand of using a dynamic memory cell in a display of the type having at least one
MEMS device corresponding to each pixel, the method comprising the steps of: 10 a) providing a
dynamic memory cell for each pixel, each dynamic memory cell having at least two dynamic memory
elements per pixel, including first and second dynamic memory elements, each of the first and second
dynamic metor\PelbrAiSNEYTBRIAD aeTerianste iliphsiethPe _te R a Toupling both of the first and
second memory elements to the at 15 least one MEMS device corresponding to a single pixel; c)
providing a differential data signal, a clock signal, and a capacitor selection signal to each dynamic

memory cell d) iyrexRABERICH R AETS Bpah NG oA eREI) SPIREI9PAIpIRd a first phase
of the clock signal, storing data in at Teast one capacitor of a
least one MEMS device corresponding to each pixel, the method comprising the

steps of:

10 a) providing a dynamic memory cell for each pixel, each dynamic memory cell
having at least two dynamic memory elements per pixel, including first and
second dynamic memory elements, each of the first and second dynamic

memory elements including at least one capacitor;

b) electrically coupling both of the first and second memory elements to the at

15 least one MEMS device corresponding to a single pixel;

c¢) providing a differential data signal, a clock signal, and a capacitor selection

signal to each dynamic memory cell;

d) in response to the differential data signal, the capacitor selection signal, and
a first phase of the clock signal, storing data in at least one capacitor of a

20 selected one of the first and second dynamic memory elements;
e) refreshing and amplifying data stored in the at least one capacitor; and

f) in response to the capacitor selection signal and a second phase of the clock
signal, loading selected data to the at least one MEMS device corresponding to

each pixel to display information in accordance with the differential data signal.

25



20 selected one of the first and second dynamic memory elements; e) refreshing and amplifying data
stored in the at least one capacitor; and f) in response to the capacitor selection signal and a second
phase of the clo@R02@BR0/loading selected data to th&bat least one MEMS device corresponding to each
pixel to display information in accordance with the differential data signal. 25 200208807 15 18. The
method of claim 17, further comprising the step of: g) reading data stored in data-storing step d). 19. The
method of claim 17, wherein the data-storing step d) is characterized 5 by a required bandwidth and the

required bandwiqg igabpiak il &f daahreaulirAdPESTPRENMREYBA YR one memory element per pixel.

20. The method of claim 17, wherein each dynamic memory cell has a number N of dynamic memory

elements per pixglredunig dhta swistepaiRgutdlinPsEp gieater than two, and wherein the data-storing
step d) is characterized by a required bandwidth and the required bandwidth is about 1/2(N-1) of the

bandwidth required for a memory cell having one memory element per pixel. 15

19. The method of claim 17, wherein the data-storing step d) is characterized
5 by a required bandwidth and the required bandwidth is about half of that

required for a memory cell having one memory element per pixel.

20. The method of claim 17, wherein each dynamic memory cell has a number
N of dynamic memory elements per pixel, where N is an integer equal to or

10 greater than two, and wherein the data-storing step d) is characterized by a
required bandwidth and the required bandwidth is about 12N of the

bandwidth required for a memory cell having one memory element per pixel.

15





