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** U.S. AArmy RDECOM CERDEC Night Vision 

AAbstract 
TThe performancce details of a full-color 2K xx 2K resolutionn 
OOLED microdispplay with a brigghtness of 5,0000 cd/m2 will bee 
ppresented. The mmicrodisplay wass built on a CMOOS-based siliconn 
bbackplane usingg direct patterninng  of the primaary-color OLEDD 
eemitters. Additionnally, the color ggamut of the miccrodisplays weree 
inncreased to meeet sRGB requireements. Such m icrodisplays willl 
bbe ideally suitedd for wearablee VR (virtual rreality) and ARR 
(a(augmented realiity) applications.. 
AAuthor Keywwords 
OOLED; AMOLEED; microdisplay; augmented reality; virtuall 
reality; high resoolution; head-moounted display 

11. Introducttion 
Immmersive virtuual reality (VR)) and augmenteed reality (AR)) 
wwearables requiire displays wiith high luminnance and highh 
resolution. In adddition, excellentt contrast, wide color gamut andd 
hhigh pixel densiity coupled withh low power coonsumption andd 
liight weight are aalso needed. Whhile cell phone-ttype displays aree 
uused in many VVR applicationss today, the loww pixel densityy 
(ttypically aroundd 500 ppi) and fill factor can create a ‘screenn 
ddoor’ effect in wwhich the dark sspace between ppixels is visible. 
FFurther, these deevices are not cuurrently capable of achieving thee 
hhigh luminance rrequired for bothh VR and AR. 
OOLED microdisplays are capabble of generatinng high qualityy 
immages that meet many of the requiremennts of VR/ARR 
aapplications [1--7]; however, the maximum luminance off 
cconventional fulll color OLED mmicrodisplays remmains below thee 
22,000 cd/m2 mi nimum thresholld requirement of VR/AR. Thee 
luuminance is limmited by the devvice’s structure; all conventionall 
fufull color OLED microdisplays uuse a broad specttrum fluorescentt 
wwhite OLED in conjunction wiith red, green aand blue (RGB)) 
ccolor filters patteerned or placed on top of the OOLED (after thinn 
film encapsulatioon) to achieve ffull color emiss ion (Figure 1a). 
HHowever, the oveerall luminance is decreased by up to 80%. 
EEliminating the color filters an d directly patterrning individuall 
sside-by-side red , green and bluue OLED emittters (Figure 1b)) 
ooffers significannt improvementss in efficiency and luminance, 
eespecially if phoosphorescent maaterials are usedd. However, thee 
ssmall subpixel siize (typically ~33 micron x ~10 mmicron) presentss 
aa major technoloogical hurdle a s the patterned dimensions aree 
bbelow that achieevable by standdard fine metal masks. Thoughh 
thhere have been significant effoorts to develop tthe capability too 
ppattern organics at such a fine sccale it was only in 2016 that thee 
first working dirrectly patterned (DP) RGB OLEED microdisplayy 
wwith sub-10-miccron pixel sizes was demonsttrated, reachingg 
luuminance of >33,500 cd/m2 [8]. This work utiliized a WUXGAA 
resolution CMOS backplane deesigned for convventional OLEDD 
mmicrodisplays wiith white OLEDD emitter and collor filters. In thiss 
ppaper, a new higgh resolution 2KK x 2K CMOS siilicon backplanee 
iss reported with individual corrrections for eachh color channel , 

and Electroonic Sensors s Directorate,, Fort Belvoi r, VA 

whichh allows the utillization of the ddiffering efficienncies and IV 
charaacteristics of eaach color emitteer in a true RGGB display. 
Furthher, the DP diisplay performaance is advancced through 
improovements to thee device luminannce and the intrroduction of 
color enhancement laayers leading too an expanded ccolor gamut 
exceeeding the sRGB and approachingg the DCI-P3 staandard. 

Figure 1. Structuree of (a) conveentional white OOLED with 
colorr filter (CF) arrray in compaarison with a ((b) directly 
patteerned OLED wwith red, greenn and blue emmitter layers 
(EMLL) eliminating thhe need for co lor filters. Fromm Ref 8. 

2. AApproach 
2K x 2K Silicon Baackplane 

In ordder to fully expl oit the capabilitiies of the novel side by side 
DP OOLED technologgy, a new backpplane architectuure has been 
develloped with full c color 2K x 2K reesolution. The baackplane has 
been designed to deeliver high peakk luminance, wiide dynamic 
rangee, high frame rattes, and variablee persistence op eration with 
both rolling and globbal shutter optioons. A luminancce output of 
more than 60,000 cdd/m2 has been mmeasured for a mmonochrome 
greenn OLED displaay, demonstratiing the capabiility of the 
backpplane to drive the OLED arraay to very highh brightness 
levelss. The backplanne also includes  a new 4T-1C pixel driver 
circuiit that supports high pixel dennsity and improoved silicon 
manuufacturability, annd is built in ann advanced 1800nm CMOS 
founddry process wiith dual 1.8/5VV capability. TThe features 
providded by the commbination of OL ED DP technoloogy and the 
new bbackplane platfoorm are aimed aat meeting the r equirements 
of futture wearable VRR and AR appliccations. A blockk diagram of 
the baackplane architeecture is given inn Figure 2. 

A keyy requirement o f the new backpplane design waas to achieve 
maximmum compatibiility with the wwide field of vview optical 
solutiions that might bbe used for nearr to eye immersiive systems. 
As a result, the pixell size selected foor the array wass the largest 
that wwould allow the 2K x 2K designn to be patterned by standard 
semicconductor lithoggraphy tools wiithout the use oof stitching. 
The ccolor pixel pitchh is 9.3x9.3 umm and the overall die size is 
21.911x21.88 mm withh a viewing diaggonal of 26.94mmm (1.06”). 
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Figgure 2. 2K x 2KK block diagramm. 

Figure 3. Close-up photo oof a 2K x 2K mmonochrome 
dispplay. 

TThis is the largeest microdisplayy built by eMaggin to date withh 
oover 12.9 milllion individual color dots. AA photo of aa 
mmonochrome display image showwn in Figure 3 ddemonstrates thee 
hhigh resolution c apability of the 22K x 2K displayy. 

TThe backplane wwas designed wwith the flexibiliity to support aa 
vvariety of color ppixel layouts inccluding RGB veertical stripe andd 
RRGBB quad-typee design configuurations. This wwas done so thatt 
thhe tradeoffs between opticcal performance and OLEDD 
fabrication for different sub-pixeel arrangements could be testedd 
aand evaluated. SSome of the suub-pixel layouts that have beenn 
eexplored are shoown in Figure 4.. These range from the standardd 
RRGB stripe on thhe left to the rotaated RGBB struccture on the rightt 
wwhere sub-pixelss of the same collor are adjacent tto each other. 

TThe on-chip diggital video receeiver is compriised of 13 loww 
vvoltage differenttial signaling (LLVDS) data chhannels and onee 
cclock channel that are commpatible with standard fieldd 
pprogrammable gaate array (FPGAA) LVDS drivers. It is based on aa 
pproprietary low-ppower design whhich includes funnctions for clockk 

Tablee 1. Summary oof 2K x 2K feattures 

Figgure 4. Exampples of 3 x 3 co lor pixel config urations. 

recovvery, channel de -skew, and dataa deserialization.. In addition 
to thee full-function color mode, thhe LVDS receivver offers a 
reducced-power monoochrome mode that requires oonly 5 data 
channnels and one cclock channel to allow the ooption of a 
simpllified cable desiggn for driving thhe display. 

Of paarticular importaance to wearablee VR systems iss the need to 
manaage motion arti ifacts that resullt when fast eye or head 
moveements are performed with displ ays running at tyypical frame 
rates.  One of the bennefits of OLED technology is thhe ability to 
updatte the image at eextremely fast raates compared too alternative 
displaays such as LCDD, enabling low persistence opeeration to be 
impleemented for redducing motion bblur. In additionn DP allows 
low ppersistence to be achieved while still providing hhigh average 
luminnance to the eyye. To exploit this feature thee 2K x 2K 
backpplane design inccludes two methhods of persistence control. 
The rrolling shutter opption is generate ed via pulse widtth control on 
a roww by row basis. In this approachh a portion of thhe display is 
alwayys lit, consistingg of a group of rows that is mooving across 
the diisplay from top to bottom at thee frame rate. Thee number of 
rows that is lit at anyy time can be seet independentlyy by the user 
and ddefines the perssistence of the display. A bennefit of this 
approoach is that theree is no additionaal timing overheead required 
so thee display can ruun at the maximuum frame rate. A summary 
of keyy features is listeed in Table 1. 

Globaal shutter modee is the second type of persisteence control 
that iss implemented iin the 2K x 2K design. In this aapproach the 
displaay is completelyy off while the piixels are being uupdated with
fresh data. After the ffull frame of datta is written, the  entire array 
of piixels is turnedd on simultaneeously for a period that 
determmines the persis stence time. The 2K x 2K displayy provides a 
globaal shutter pin thaat is used to turnn the full array of pixels on 
and ooff simultaneoussly using a pixxel level controll signal. No 
externnal frame memoory is required aas the pixel memmory is used 
to stoore image duringg the write timee when emissionn is off. Any 
rangee of shutter ccontrol is posssible from 1000 to <10% 
persisstence. A conseequence of thi s method is thhe need for 
additiional time beyoond the normall frame period in order to 
illumim arrayy, causing a reeduction in theeinate the  maximum 
availaable frame rate. 

Para meter Value 
Array Resolution 2048 x RGB x 20048 

Extra Pixels for Opptical Alignment 24 rows and co lumns 

Pixel Dimensions 9.3 um square 
Di agonal Viewing AArea 26.94 mm (1.066") 

Die Size 21.91 x 21.88 mmm 

Backplane Techno logy 180nm CMOS 11.8/5V 

Gray Levels 256 per primaryy color 
Contrast Ratio >10,000:1 

Supported Video MModes 2K x 2K (2048 x rgb x 2048) 

QXGA ( 2048 x r gb x 1536) 

WUXGA (1920 xx rgb x 1200) 

HD1080 (1920 xx rgb x 1080) 
UXGA (1600 x rggb x 1200) 

Parameter Value 
Video Intterface Seria lized low‐power LV DS 

24‐bit RGGB mode 13 da ta + 1 clock channel s 

8‐bit monnochrome mode 5 dataa + 1 cl ock channel s 
LVDS Datta Bandwidth >12 GGbps 

Video Soource Clock 118.5 MHz 

Re fre sh RRate 30 to >90 Hz 

Horizontaal Picture Shift 255 p ixels in 1 pixel step s 
Vertical PPicture Shift 511 li nes in 1 line steps 

Dimmingg Ratio (analog) 500:1 

Rolling S hutter Persistence <1 to 100% 

Global Shhutter Persistence <10 too 100% 

Gamma CCorrection Function On‐Chip separate RGB 
Host Inteerf ace 2 wiree serial (I2C) 
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OOne of the primmary challenges for any sidee-by-side OLEDD 
ddisplay is to pprovide accuratee gray axis coolor uniformity, 
pparticularly whenn the individuall RGB sub-pixeels are based onn 
mmaterials with ddiffering LIV ccharacteristics. To achieve thee 
pproper gamma setting for aall gray levelss may requiree 
inndependent pixeel voltage as welll as separate gamma control forr 
eeach color. Thi s requirement is addressed inn the 2K x 2KK 
bbackplane by prroviding on-chipp sensors that monitor the IVV 
ccharacteristics oof each color aand including sseparate gammaa 
ccorrection functiions. As oppossed to using ann external colorr 
ccorrection approach, the methodd developed in thhe 2K x 2K cann 
aachieve 24bit collor accuracy for the entire gray axis over a widee 
luuminance and teemperature rangee. 

DDirectly Patterrned 2K x 2K MMicrodisplay 

TThis 2K x 2K silicon backplane formed the fouundation of a topp 
eemitting DP OLEED microdisplayy. A pixelated, hhighly reflectivee 
mmetal anode wass formed on top of the silicon bbackplane in thee 
ppixel layout indiccated to the righht in Figure 4. TThough previouss 
eefforts have pattterned subpixelss as small as 1.995 micron x 7.88 
mmicron, this rottated RGBB piixel structure wwould allow forr 
ssimultaneous pattterning of eitherr four red / greeen subpixels (3.55 
µµm x 3.35 µm siized subpixels) oor two larger bluue subpixels (3.33 
µµm x 7.85 µm sizzed subpixels).  The overall fill ffactor is 57%. 

OOn top of the anoode, the organic  structure indicaated in Figure 1bb 
wwas deposited. All common orrganic and cath ode layers weree 
eevaporated usingg conventional laarge opening meetal masks.  Onlyy 
thhe RGB emitterr layers were dirrectly patterned using eMagin’ss 
pproprietary DP t echnology - thoough future systeems could alloww 
for the patterningg of entire uniquue OLED stackss for each color . 
AA fluorescent bblue emitter wwas used in coonjunction withh 
pphosphorescent rred and green (UUniversal Displaay Corporation) . 
DDisplays were enncapsulated, proocessed and packkaged followingg 
aa standard process flow with no significant channge to processess 
oother than the diirectly patternedd emitter layers. Measurementss 
oon packaged dispplays were takenn using a Photo RResearch PR6800 
sspectroradiometeer/spectrophotommeter (spectraa and colorr 
ccoordinates) or aa Minolta CS-1000A (luminance). 

33. Results 
DDirectly Patterrned 2K x 2K OOLED Microdisisplay 

AAn image of a full color 2K xx 2K microdispllay running testt 
ppatterns is shownn on the left sidee of Figure 5. Thhe right image off 
FFigure 5 shows a close-up imaage of directly patterned pixell 
cconfiguration taaken under aa high magniffication opticall 
mmicroscope. Figure 6 shows lluminance versuus array currentt 
mmeasured with 550% of pixels on. The blue diamonds showw 
mmeasured data wwith the solid liine extrapolatingg past 100 mA. 
TThis extrapolatioon was necessarry due to a curreent limitation inn 
thhe initial drive bboard that prevennted currents pa st 100 mA. Thee 
nnext generation of drive board will allow highher currents andd 
luuminance. Witth a reduced wwindow size (122.5% pixels on), 
luuminance of oveer 5,000 cd/m2 wwas achieved usiing the advancedd 
bbackplane.  Figuure 7 shows the individual colorr spectra for thee 
ddirectly patterneed 2K x 2K m icrodisplay withh correspondingg 
ccolor coordinates listed in Tablee 2.  As can bee observed, eachh 
ddirectly patterneed color is distinct and close to the inherentt 
mmaterial spectra. 

Figure 5. Image off full color DP 2Kx2K microd isplay (left) 
and close-up imagge of emissio n from patternned OLED 
arrayy (right). 

Figure 6. Luminancce versus arra y current with 50% of the 
pixelss on, where thhe solid line is the extrapolattion to high 
brighhtness. 

Figure 7. Individuaal red, green a nd blue spectrra from DP 
2K x 2K OLED micrrodisplay. 
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TTable 2. Color coordinates foor directly patteerned 2K x 2KK 
OOLED microdisplay 

Color CCIEx CIEy % DCI-P3 % sRGB 
White 0.309 0.419 

58.6 79.5Red 0.656 0.338 

Green 0.343 0.616 

Blue 0.157 0.212 

EEnhanced Color Gamut on WWUXGA Backpkplane 

Inn addition to the development oof a DP 2K x 2KK, progress wass 
mmade in significaantly enhancing the color gamuut of existing DPP 
WWUXGA displayys. The processs discussed preeviously [8] wass 
followed in conjuunction with thee introduction of additional colorr 
eenhancement layers that serveed to narrow and shift eachh 
inndividual color emission to moore saturated coolor coordinates . 
TThis process wass applied to WUUXGA DP OLEDD microdisplayss 
thhough it can bbe readily appliied to the 2Kxx2K DP OLEDD 
mmicrodisplays disscussed here. 

TThe effect of thhese layers are demonstrated in Table 3 andd 
FFigure 8 which sshow data from  identical proce ssing other thann 
thhe color enhanccement layer.  CColor coordinatees are shifted too 
mmore fully saturaated values, and the enhanced gamut DP OLEDD 
mmicrodisplay reaaches 133% of ssRGB color gammut compared too 
886.3% for the staandard process ((Table 3). Thesee more saturatedd 
ccolors are sommewhat less effficient than the standard DPP 
ccounterpart and for the same acctive drive setti ngs, the displayy 
wwith the enhanceed color gamut eemits 35-45% leess light than itss 
sstandard DP couunterpart.  Howwever, future woork will increasee 
thhe luminance fuurther to compensate for this losss. 

TTable 3. Color  coordinate coomparison betwween standardd 
aand enhance d gamut diirectly patternned WUXGAA 
mmicrodisplay 

Color 
Standaard DP (Control)) 

CIEEx CIEyy %DCI-P33 %sRGB 

Red 0.6649 0.3466 

63.6 86.3Green 0.322 0.6300 

Blue 0.148 0.1900 

Color 
Enhannced Gamut DP 

CIEEx CIEyy %DCI-P33 %sRGB 

Red 0.6773 0.3244 

98.0 133.0Green 0.2558 0.683 

Blue 0.1335 0.071 

44. 	Conclusi ons 
AA full color directly patterned 2K x 2K OLEED microdisplayy 
uusing an advancced backplane was demonstratted. This highh 
resolution backpplane incorporates high frame rrates, individuall 
ccolor gamma coontrol and variaable persistence operation withh 
bboth rolling and global shutter ooptions. A maxiimum luminancee 
oof 5,000 cd/m2 wwas achieved witth a color gamuut of 80% sRGB . 
TThis color gamutt can be improveed through a collor enhancementt 
laayer demonstraated on directlly patterned WWUXGA OLEDD 
mmicrodisplays to achieve 133% ssRGB and 98% DDCI-P3. 

Figure 8. Emission n spectra for booth standard (d ashed line) 
and enhanced (soolid line) direectly patternedd WUXGA 
OLEDD microdisplayys. 
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