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Hocmynuna 6 peoaxyuro 1 anpens 2014

Onucanbl KOHCTPYKIHS, TEXHOJIOTHS W OCHOBHBIC MapaMeTpbl  MMACCHBHO-MAaTPUYHOTO
MUKPOJUCIUIES. CBETOM3IyUaloNlero Tuma Ha ocHOBe IIIOTTKH-CTPYKTYpBl HAaHOIOPHCTHIM
KPEMHHUM/QTIOMAHAN I TIEPCOHATBHBIX BHICONPOEKIIMOHHBIX CHCTEM C  yAYUIICHHBIMH
MOTPEOUTETLCKIMH CBONCTBaMU. KOHTPOIB MX (QYHKIIMOHUPOBAHHS OCYIIECTBISIICS BU3YAIBHO C
MOMOIIBIO CHENHUATbHO Ppa3pabOTaHHBIX METOJMKM M IPOTPAMMHO-AIapaTHOrO KOMILIEKCa,
BKJIFOYAKOLICTO FeHepaTOp HCIBITATCJIbHBIX CHTHAJIOB B BHUIAC Ha6opa TCCTOBBIX nonei& nu
MPOrPAMMHOT0 00€CIeYeHHs], YCTAHOBIEHHOTO HA MEPCOHAILHOM KOMIBIOTEPE C ONMEPAIIMOHHON
cuctemoii Windows XP.

Knouesvie crosa: BUIEONPOEKIMOHHOE YCTPOWCTBO, MHUKPOAUCIUIEH, KOHTPOIb (YHKIMOHHU-
pOBaHus.

BBeaenue

B HacTosimiee BpeMsi HaOromaeTcs HOBBIM BUTOK MHTEpECAa K MUKPOIMCIUIEHHON TEXHHUKE B
CBsI3M C TeM, 4To HauuHas ¢ 2013 r. kpynHeiune koprnopauuu mupa Google, Microsoft, Samsung u
JIp., 3aKOHYMJIA Pa3paboTKH W HaYalld MPOMBIIIIECHHOE TPOU3BOJICTBO Pa3IMUHBIX BAPUAHTOB «yMHBIX
OYKOB» W MOOWJIBHBIX YCTPOMCTB TEJIEKOMMYHUKAllMM HAa HX OCHOBE, IJIABHBIM TEXHHUUYECKUM
KOMIIOHEHTOM KOTOPBIX SIBISIOTCS MuKpoauciuien (cm. puc. 1). M3-3a Toro, 4ro nucTaHnus
HaOJIIOZIEHHUS COCTaBIIIET BCETO HECKOJBbKO CAaHTUMETPOB, M300pa’KeHHWE BOCIPUHHMMAETCS IJIa30M
YeJI0BEKa KaK «BUPTYaJIbHOE», COOTBETCTBYIOILIEE IMOJHOAKPAHHOMY H300paskeHHI0 40-110iMOBOTO
9KpaHa TEJIEeBHU30pa C PACCTOSHUS HECKOJIBKUX METPOB (cM. puc. 2). Kak BUIHO U3 pUCYHKA, BEIUTPHILI
B 3(ddekruBHOCTH < OTOOpaxenus wuHbopmanuu gocturaer 300-500 pa3. Hecomuenno, dro
(yHKIMOHAIBHOCTh «YMHBIX OYKOB» ONPEAENSIETCS MCIOIb3yeMbIM NPOIPAaMMHBIM 0OECIICUeHHEM,
OJTHAKO MX MOTPEOUTENbCKIE CBONCTBA 3aBUCST, B MIEPBYIO OUEPE/lb, OT MAPAMETPOB U XapAKTEPUCTHK
NPUMEHSIEMBIX B HUX MUKPO/IHCILIEEB.

Kamepa

MUKPOAMCIUIEH

i, N
Puc. 1. «Ywmusie» ouku Google (ciesa) u Microsoft (cripasa)
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Puc. 2. TToBbleHne 3¢ GeKTHBHOCTH OTOOpaXKEHUSI KHPOPMAIMU C IOMOIIBI0 MUKPOANCIIEHHBIX TEXHOJIOT U

B nmanHO# paboTe NpHUBEICHBI pE3yibTaThl pPa3pabOTKHM U HCCIENOBAaHHA IACCHBHO-
MAaTPUYHBIX ~ MHUKDPOJHCIUICEB  CBETOM3IYYAlOIIETO  THINA HAa  OCHOBE  HHM3KOBOJIBTHBIX
ANEKTPOMIOMUHECTIEHTHBIX [IIOTTKA-CTPYKTYp HAHOMOPHUCTBIA KPEMHHUI/aTFOMAHHH.

DJIEKTPOIIOMUHECHIEHINS B KPEMHUH ¢ KBaHTOBOI >(dekTuBHOCTHIO ~ 108 BriepBhIe ObLIA
noxydena B 50-X rozax Ipoumioro Beka. B nanpHeiimeM OblIo 00HapYXeHO, YTO CO3aHHE MAaCcCHBA
KBAaHTOBBIX TOYEK WJIM HHUTEH MyTeM caMO(pOpPMUpPOBaHHS KPEMHHEBBIX HAHOCTPYKTYp B Hpolecce
ANEKTPOXUMHUYECKOW 00pabOTKM B pacTBOpax IUIABUKOBOH KHCIIOTHI 3HAYMTENHHO TOBBIMIAET 3¢-
(GeKTUBHOCTD 3JIeKTpoItoMUHECTieHIMH. O030p TOCTHKEHUH B 3TOW 00JacTH NpUBECH B padote [1].

K mHacrosmemy BpeMeHH Yy O0OpaTHO CMEIICHHBIX (JIABUHHBIX) JHOJOB Ha HAaHO-
CTPYKTYpPUPOBAHHOM KpPEMHHH JOCTHTHYTa BHEIIHss KBaHTOBash 3ddexkruBHOoCTh 1,4 %, dTO
OTKPBIBAaET TIEPCIEKTUBBI CO3JIaHHS ITOJIHOCTHIO KPEMHHEBBIX BBICOKOPOCTHBIX OMTOXJIEKTPOHHBIX
cHCTeM Tepelayd JaHHBIX, BHICOKOMH()OPMATHBHBIX MHKpoauciuieeB W np. OmHako Qusmueckue
MPOLIECCHI, MPOUCXOJSIINE B MOAOOHBIX CTPYKTYpax, €lle HEeJIOCTATOYHO H3YUYCHBI, ONTUMH3ALUS
CBETOJHO/IOB HAET IyTEM «IPO0 M OMIMOOK», a MOIy4EeHHbIE PEe3yIbTaThl JAJIIEKO HE BCETa YBEPEHHO
BOCHPOU3BOJISTCSL.

HaCCI/IBHO-ManI/I‘lHLIe MHUKPOAUCILICH ¢ MYJIbTHIIVIEKCHBIM YIIPaBJICHUEM

HaHonopucThlil KpeMHHH SIBISIETCS] IEPCIIEKTUBHBIM MAaTEPUAIOM, IIOCKOJIBKY HAa €r0 OCHOBE
BO3MOYKHO H3TOTOBJIEHHE MOJHOCTBE0 MHTEIPUPOBAHHBIX CO CXEMaMHM YIIPABIEHUS MHUKPOJMUCIUIEEB,
OTJIIMYAIOIIMXCS MOBBILICHHBIMUA (PYHKIIMOHAJIBLHBIMA BO3MOKHOCTSIMA WU HAJEKHOCTBIO, BBHICOKUMHU
SPrOHOMHUYECKUMHU TMapamMeTpaMd W MpUeMJIeMON CTOMMOCThIO [2-4]. Takue MHUKpPOAMCILICH
OpeNCTaBIsOT co0oit Mmarpuily IIIOTTKHM IHOMOB  aJrOMHUHHI/HAHOMOPUCTHIA KpemHHi (puc. 3),
3¢ EeKTUBHO HM3ITydyarollue B BUIAMMOM 00JaCTH CHEKTpa MpH Mojadye oOpaTHOrO HANpsDKEHUS Ha
YpOBHE HECKONBKHX BOJBT. OCHOBHOE MX NPEMMYLIECTBO — MHHHMAJBHBIE pa3MeEphl JJIEMEHTOB
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0TOOpakeHHs (IMKCENEi), BEICOKOE pa3pelleHne M OBICTPOJEHCTBIE, BO3MOXHOCTh UCIIOIh30BAHHS
cragnaptHoii kpemHreBoii KMOII-TexHONMOTHM TIpU CYMIECTBYIONUX MPOEKTHBIX HOpPMax, dYTO
obecrnevynBaeT MX HU3KYIO C€0ECTOMMOCTh NMPHU MPAKTUUYECKH HYJIEBBIX HAYaJbHBIX MHBECTHUIMSIX B
MIPOU3BOICTBCHHYIO 0a3y.
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Puc. 3. Tomosorust TeCTOBOTO KpHCTaLIa MAKPOIHCILIES

Crnenyer OTMETHTh, uTO cBerouznydaroume wmukpoaucimien (LED, OLED) wumeror psig
NPUHIUIHAAIBHBIX IPEUMYIIECTB Hepe kuakokpuctaumieckumu LCOS mMukponuciesmu, Tak Kak
001a/1al0T CYIIECTBEHHO 00Jiee BBHICOKMM ObIcTpozciicTBueM 1o cpaBHeHuio ¢ JKK suelikamu, 4ro
MO3BOJIIET CO3/1aBaTh BBICOKOMH(OPMATUBHBIC MACCHBHO-MATPHYHBIE MHUKPOAUCIUIEH C BBICOKUM
KauyeCTBOM HU300paKeHusI.

Maoe BpeMsi OTKIHMKa U paboTa Ha OONBIIMX IJIOTHOCTAX TOKa ITO3BOJIIIOT Peai30BaTh
3¢ peKkTUBHOE MYJIBTUIUICKCUPOBAaHWE M, B MTOTe, CO3JaTh HEIOPOTHE BHICOKOMH(OPMATHBHBIC
NIACCHBHO-MAapUYHbIE MHKpoauciuien. Hanpuwmep, fipu miotHocTd pabodero toka J = 7000 A/cm?,
aKTHBHOM TUTONIAN W3ITyYarOIIe MOBEPXHOCTH A? =0,6x0,6 cMm, HanpsbkeHun cMmerienus V =8 B,
BHEIIHEeH sHeprernueckoist 3ddextuBHocT 1 =0,3 % u momuoctn u3myuenus W =0,2 wmBr,
BO3MOKHO JIOCTHIKEHUE YPOBHS MyJIbTUILIEKCHpoBanus M, pasaoro M = (J -V-n-A%)/W =302400, uro
coorBercTByeT VGA ¢opmary paspemenuss mukpoauciuies. [ms 10 Mc mukna ero azgpecanud,
BPEMEHHON OTKJIMK KaKJIOTO MHKCEIS JAOJHKeH OBITh ~ 30 HAHOCEKYH], YTO JIETKO TOCTHUTAeTCS B
KPEMHHEBBIX CBETOM3IYYAOIUX HOuoAax. [IpW TakoM ypOBHE MYJbTHIIEKCHPOBAHHUS BO3MOXKHO
npsMoe  OToOpakeHHE  BHICOMHGpOpManuu (Kak B 3JIEKTPOHHO-MYYEBBIX TpyOkax) 0e3
JOTIOJTHUTENIBHBIX MUKPOCXEM MAMSITH U HCIOIb30BAaHUS CHIEUN(UIECKUX APAHBEPOB.

B HWJI 4.7 BI'YUP i co3maHusi BICOKOCTAOMIIBHBIX KPEMHHUEBBIX JJABUHHBIX CBETOIMOI0B
TPaIULHOHHO HMCTOJb3yeTcs anekTponHas cucrtema Al-Al,O3 moBepX HAHOMOPUCTOrO KPEMHHUSL.
TexHonornyeckn 53Ta cucteMa (QOpMHUpYeTCs IyTeM HalbUICHHS QIIOMHUHHMS M I1OCIEIyIOLIUM
aHOAMpOBaHUEM uepe3 poTope3ncTHBHYIO MacKy. OCHOBHBIM MPEUMYIIECTBAMU JJAHHOW TEXHOJIOTUH
SIBISTFOTCSI:

— MCIOJIb30BaHUE HU3KOTEMIIEPATYPHBIX IIPOLIECCOB;

— BaKyyMHas O4MCTKA CJIOs [IOPUCTOTO KPEMHUS B MpOoIecce MOATOTOBKH U HarnblieHus Al;

— TIOJTHAST M30JIALINS CJI0S TIOPUCTOTO KPEMHHMS OT BHENTHHUX BO3zelcTBHit tureHkoi Al-Al,Os.

B mpouecce pa3paOOTKM M M3rOTOBIEHHUS TECTOBBIX KPUCTAUIOB MACCUBHO-MATPUYHBIX
MHUKPOJMCIUICEB Ha OCHOBE HAHOIOPUCTOTO KPEMHHMS ObUIM peIleHbl MPOOJIeMBbl, CBA3aHHBIE KaK C
O0COOCHHOCTSIMH CBETOM3TYYAIONIMX 3JIEMEHTOB (MOBBIIICHHEM HAIMPSHKEHHS MPO0O0S, «MEPTBBIM»
TOKOM Ha HayaJbHOM YYacTKe aMIep-IpKOCTHOM XapaKTepUCTUKH, BBIBOJAOM M3IYUYECHHUS IO
HEePUMETPY JIEKTPOJIA), TaK U ¢ OCOOCHHOCTAMH (DYHKIIHOHUPOBAHHS NACCUBHO-MATPUYHOTO JUCILICS
B 1esioM (mpobsieMa TOKOMOBOA K OTACIbHBIM CBETOAMOIAM TI0 Y3KOW JUTMHHOW IUHE, TPOOIeMbI
OKPAHUPOBAHUS M3ITYYCHUS U CMEIICHHS BOJIbT-IPKOCTHBIX XapaKTEPUCTHK, MpodliemMa Cco3JTaHust
0OJIBLIOr0 KOJMYECTBAa CHJIBHOTOUHBIX KIJIIOYEH JIsi YHpaBICHUS IMAacCHUBHOM MaTpuued u ap.).
BHemHu# BUJI TECTOBOTO KpUCTaIa M AKTUBHOM CTPYKTYpBI B IOTIEPEYHOM pa3pe3e NMPHUBEJCHBI Ha
puc. 4 u 5.
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Mag= 144 KX WD= 9mm  EHT= 500KV reronTy

Puc. 4. AKTUBHAs CTPYKTypa TECTOBOTO KPHCTA/Ia MUKPOAUCIIIES B IIOTIEPEYHOM pa3pese

Mag= 116X , WD= 9mm  EHT=500kV NZFONTU Date B Sep 2010

Puc. 5. BremHnii BUI KprCTaiIa MUKPOIUCIUIES

OCHOBHOI OCOOEHHOCTBIO JTaHHOH CTPYKTYpBL SIBIISICTCS HMCHOJIB30BAHUE B KaYeCTBE BEPXHETO
snektpona ILoTTkm 1woma cHenuasbHO  CHOPMHPOBAHHOTO HAHOCTPYKTYPUPOBAHHOTO — CIIOS
AOMUHUSL, OO0JIQJAIOIIEro TMPO3pavyHOCTRIO  Ha ypoBHe 65-70% [5,6] um MamsiM  yAETBHBIM
ANEKTPUYECKUM conpoTHBiIeHHeM Ha ypoBHe 100 OM/KB., 4TO IO3BOJIMIIO CYIIECTBEHHO HMOBBICHTH
3¢ dekTUBHOCTH paboTHI MPUOOpa.

TexHoJI0rUsA (l)OpMHpOBaHI/IH CJIO€B HAHOMOPHUCTOI0 KPEMHUSA

CraHIapTHBIM  TEXHOJOTHYECKMM NpUEMOM  (OPMHUPOBAHUS HAHOCTPYKTYPHPOBAHHOTO
MOPUCTOTO  KPEeMHUsA  KaKk  (YHKIHMOHAIBHOTO  CJOS  JIISl  CBETOM3IYYAIOUIMX  MPUOOPOB
OTITORJIEKTPOHUKH SIBISIETCS DIIEKTPOXUMHUYECKOE TpaBjeHHe (aHOAWPOBaHKUE) B KOHIIEHTPUPOBAHHOMN
IUIAaBUKOBOM KUCIIOTE [5], MMeroleM Takue CYIIeCTBEHHbIE HEIOCTATKH, KaK Majioe BpeMs TPaBJICHHUS
(HECKOJIbKO CeKYHJ JIJISl TIOJYYEHHUS TOHKUX HAHOMOPHUCTBIX CIOEB), BBHICOKAS TOKCHYHOCTH JIJISt
OIEepPaToOPOB M arpECCHBHOE BO3JICHCTRUE MIABUKOBOW KHCIOTHI HA MeTayuTM3aIuio. B nanHoi padote
Ut )OPMHUPOBAHHS CTAOMIBHBIX U BOCIIPOM3BOJIUMBIX CIIOEB HAHOTIOPUCTOTO KPEMHHUSI MBI BIIEPBBIE
MCIOJB30BAIM  PAacTBOP CoNM  IIaBUKOBOWM kucioThl coctaBa NHiF:H3PO4:CoHsOH:HO  co
CBEpXMaJIol KOHIIeHTpanueil noHoB (ropa. JlobaBnenue stanona (CoHsOH) B pactBop mo3BomseT
3G(QEKTUBHO CMauWBaTh TIOBEPXHOCTh KPEMHUs, B  pe3yjbTaTe dYero  YBEJIWYHBAETCS
BOCIIPOM3BOJIMMOCTh IIporiecca, a poGamienue oprodochopuoii kucimorel (HzPO.) mospossier
KOHTPOJIMPOBaTh YPOBEHb MOHOB ()TOpPa B PacTBOpPE U IMOJy4daTh paBHOMEPHBIE MOPHUCTHIE CIIOU TI0
BCEll MOBEPXHOCTH aHoaupoBaHus. Mcnonb3oBanue ¢ropuma ammonus (NH4F) cHmkaer ypoBeHs
TOKCHYHOCTH JI0 a0COJIIOTHO O€30MacHOrO Ui OIepaTopoB IMpeliella, a TaKkKe MHUHUMH3HPYET
arpeccMBHOE BO3JCHCTBUE HA METAJUIM3ALIUIO TPHOOPOB.

3aBucumocTb pazmepa mop B pactBope NHsF:H3PO4:CoHsOH:H2O ot xonuentpaunn NH4F
npu motHoctn Toka J=0,1 MA/cM? npuBemena Ha puc. 6. BuaHo, 4TO ¢ yBenMYEHHEM
koHmeHnTparmu NH4F ¢ 5 go 25 macc. % pasmep mop ymensimnaercst ¢ 20 mo 10 am. [Ipu stom
MOPHCTBIE CJIOW UMEIOT I'y0uaTylo CTPYKTYpY U MOpUCTOCTh B penenax 70—-80 %.
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Puc. 7. Criexktpsl pOTOTFOMUHECIICHITNI
HAHOIOPUCTOTO U MOHOKPHCTAIUTYECKOT O
KPEMHUS

q)OTOHIOMI/IHCCI_ICHI_II/II/I HaHOIIOPHUCTOTO MW MOHOKPHUCTAJIIMYECKOI'O KPEMHUA

nokaszaHbl Ha puc.7. Kak BuAHO M3 pHCyHKAa, NHK (OTOTIOMUHECUEHIMH I HAHOTIOPUCTOrO
KpPEMHHUS JISKUT B roiyboit obnactu (460 HM).

OnTuMHu3anus TEXHOJIOTHYECKOro Mpolecca

B Ta6i1. 1 npuBenena nociaen0BaTebHOCTh ONTUMHU3HUPOBAHHBIX TEXHOJIOTHUYECKUX ONeparui
M3TOTOBJIEHUS TECTOBOTO KPHUCTANJIa MATPUYHOT0 MUKPOJIUCIUIES CBETOU3IIYYaIOIero TUIla Ha OCHOBE
HAHOIIOPHUCTOTO KPEMHMSI, COBMECTUMBIX cO cTanxapTHO KMOII-TrexHonorueil.

TexHoJorn4ecKkuii MAPIPYT U OCHOBHBIE IAPaMeTPbl CTPYKTYPbI

Tun IToBepx- | YnembHOE
Tonmuna, | mpo- . HOCTHOE compo-
DIEeMEHTHI CTPYKTYPBI Mcnonb3yemeblii MaTepua
MKM BOJIU- conpo- THBJICHHE
MOCTH TUBJIEHUE OMm-cM
HaumenoBanne | O603H. Haumenosanne I'OCT, OCT, TY
Iommoxka H1 255+ 20 n Jlerupyrorias no0aBka—CcypbMa — — 0,01
DnuTakcuaneHeiit|  H2 13+15 n Jlerupyromias no6aBka—docdop - - 30+03
CIIOM
Bbaza H3 3,2+0,5 p ¢hro6op OCT 6-02-4-83 | 250+ 50 —
OMuUTTEp H4 2,0+0,8 n |[®ocdop Tpexxmopuctsiit ocoboit |ETO.035.290 TY 3-7 -
YHCTOTHI
Oxucen H5 0,7 +0,07 - JIBYOKHCH KpeMHHSI — — —
SamuTHeIH citoit | HE6* 0,2-0,27 - Terpastokcucuminan OCUY.14- [ TY6-09-5230-85 - -
(CTOCO) 50I1-1 Tpumetunoseiid apup | TY6-09-3473-78
($hochopHOI KHCITOTHI
AHonupoBaHue H7 0,4-0,6 n PactBop NH4F:H3PO4:H20 B — — —
KpEeMHUS B N- Pa3IMYHBIX COOTHOIIEHHUSIX
KapMaHax
MeTanm3anns H8 1,0-1,2 — CIHTKY alFOMHUHHEBBIE T'OCT 1943 7-81 - -
muHIpudeckue A995 S1e0. 021.157TY
250X400 H
3arotoBka AK 1,0 270x120x238
K
AHOIMpOBaHKE H9 1,0-1,2 - Pacteop H2SO04:H20 B — —
AIIFOMHUHUA paS.]'ll/ILlHl)IX COOTHOILIICHUAX

JIOCTUTHYTHI ClIEAYIOLINE OCHOBHBIE TAPaMETPhl U3Iy4aIOIUX CTPYKTYP:
— MUHHMMAaJIbHOE IPOCTPAHCTBEHHOE pazpemeHue 12x12 Mxwm;
— pabouee HarpspkeHue oT —5 10 —8 B;
— ObicTponeticTBre oT 5 10 30 Hc;

2 .
— IJIOTHOCTH pabodero Toka 10 7000 A/cM” B uMIIyJibCe;
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— SIPKOCTB M3My4eHus He menee 20 Kn/m?;

— BHeITHAA 3G (HEeKTUBHOCTH HEe MeHee 1 %0,

— cpok ciryx051 He Mernee 7000 gac.

Takum 00pa3oMm, CBETOM3IydalOMIME TACCUBHO-MAaTPUYHBIE MHUKPOAWCIUIEM Ha OCHOBE
KPEMHHEBBIX JIABUHHBIX CBETOIMO/I0B MOTYT PaCCMaTPHBAThCS B KAYECTBE PEAbHBIX KOHKYPEHTOB Ha
PBIHKE BHJICOIPOCKIIMOHHBIX YCTPOHCTB 0TOOpaKeH!Us MH(OPMAIINH TIEPCOHAIBHOTO THIIA.

3akiIouyenue

B nanHO# cTaThe OmUCaHBl KOHCTPYKIUS, TEXHOJOTHS W OCHOBHBIC TapaMeTphl MacCUBHO-
MaTPUYHBIX MHKDPOJUCILICEB Ha OCHOBE OOpaTHO cMemeHHbIX [IIoTTKM IHOJIOB CO CTPYKTYpOit
HAHOIIOPUCTHIA KpeMmHUI/amoMuauii. Ocoboe BHUMaHHWE YAENeHO Tmporeccy (popMupoBaHus
HAHOIIOPUCTBIX CJIOCB KpeMHHS TpeOyeMoH TONIIUHBI, OO0JIAJArOIIUX BBICOKOW TOPUCTOCTHIO,
ry0uaToil CTPYKTYpO#l ¢ HaHOpa3MEpHBIMH MTOPAMH, YTO MO3BOJSIET Y3PPEKTUBHO UCIIONB30BATh UX B
CBETOMIITYYAIOIINX ONTOIEKTPOHHBIX PUOOpaX pasIMIHOrO Ha3HAYCHUSI.

YHUKaIBbHOCTh  MapaMeTpPOB  KPEMHHEBBIX  CBETOMIYYAIONUX  JHUOJOB  IO3BOJISICT
KOHCTpyHpOBaTb Ha HX OCHOBE€ HCAOPOIHUC IMAaCCHMBHO-MATPUYHBIC BI)ICOKOI/IH(I)OpMaTI/IBHLIC
MUKPOJUCIUICH, KOTOPbIE MOXKHO HCIOJh30BaTh B BHICOMPOCKIIMOHHBIX YCTPOHCTBAX MEPCOHATBHOTO
THUIIa HOBOI'O IIOKOJICHU .

PASSIVE MATRIX LIGHT EMITING MICRODISPLAYS
A.S. MOHAMMED, Y.U. MUKHA, A.A. STSTAPANAU, A.G. SMIRNOV
Abstract
The construction, technology and main features of passive matrix light emitting microdisplays

based on reverse biesed Schottki diodes with the structure of nanoporous Silicon-Aluminium are
described.
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The construction, technology and main features of a passive matrix light emitting
microdisplay based on the nanoporous silicon/aluminum Schottky structure for personal
video projection systems with improved consumer properties are described. The
functional control was visually carried out using a specially developed technique and a
software and hardware complex, including a test signal generator in the form of a set of
test fields and software installed on a personal computer with the Windows XP operating
system.
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Introduction

There is currently a new round of interest in microdisplay technology as, since 2013, the world's largest
corporations Google, Microsoft, Samsung and others have completed development and begun commercial
production of various versions of “smart glasses” and mobile telecommunications devices based on them, whose
main technical component is microdisplays (see Figure 1). Because the viewing distance is only a few centimeters,
the image is perceived by the human eye as “virtual”, corresponding to the full-screen image of a 40-inch
television screen from a distance of several meters (see Figure 2). As can be seen from the figure, there is a 300-
500 times gain in information display efficiency. There is no doubt that the functionality of “smart glasses” is
determined by the software used, but their consumer properties depend primarily on the parameters and
characteristics of the microdisplays used in them.

Microdisplay

Figure 1. “Smart glasses” of Google (left) and Microsoft (right)
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Figure 2. Improving the efficiency of displaying information using microdisplay technologies

This paper presents the results of development and research of passive matrix light emitting microdisplays
based on low-voltage Schottky electroluminescent nanoporous silicon/alumina structures.

The electroluminescence in silicon with a quantum efficiency of ~ 10-8 was first obtained in the 1950s.
Subsequently, it was found that creating an array of quantum dots or filaments by self-forming silicon
nanostructures during electrochemical treatment in hydrofluoric acid solutions greatly increases the
electroluminescence efficiency. An overview of advances in this field is given in [1].

By now inversely shifted (avalanche) diodes on nanostructured silicon have achieved an external quantum
efficiency of 1.4%, which opens up prospects for all-silicon high-speed optoelectronic data transmission systems,
highly informative microdisplays, etc. However, the physical processes involved in these structures are not yet
sufficiently studied, LEDs are optimized by the trial and error method and the results are not always reliably
reproducible.

Passive matrix microdisplays with multiplex control

Nanoporous silicon is a promising material, as it can be used to manufacture fully integrated with control
circuits microdisplays with improved functionality and reliability, high ergonomic parameters and acceptable cost
[2-4]. Such microdisplays are a matrix of aluminum/nanoporous silicon Schottky diodes (Fig. 3), effectively
emitting in the visible spectrum when the reverse voltage is applied at a few volts. Their main advantage is the
minimum size of the display elements (pixels), high resolution and speed, the ability to use standard silicon CMOS
technology under the existing design standards, which ensures their low cost with almost zero initial investment
in the production base.



Figure 3. Topology of the microdisplay test chip

It should be noted that light emitting microdisplays (LED, OLED) have a number of fundamental
advantages over liquid crystal LCOS microdisplays, as they are significantly faster compared to LCD cells,
allowing for highly informative passive matrix microdisplays with high image quality.

A short response time and operation at high current densities make it possible to implement efficient
multiplexing and, as a result, to create low-cost highly informative passive-marker microdisplays. For example,
at the operating current density J = 7,000 A/cm?, active area of the radiating surface A? = 0.6x0.6 cm, bias voltage
V = 8V, external energy efficiency n = 0.3% and radiation power W = 0.2 mW, it is possible to achieve a
multiplexing level M equal to M=(J*V*n*A?)/W=302,400, which corresponds to the VGA microdisplay
resolution format. For a 10 ms address cycle, the time response of each pixel should be ~30 nanoseconds, which
is easily achieved in silicon light emitting diodes. At this level of multiplexing, it is possible to directly display
video information (as in CRTs) without additional memory chips and the use of specific drivers.

In BSUIR Research Laboratory 4.7, to create highly stable silicon avalanche LEDs, the A1-Al,Os electrode
system is traditionally used on top of nanoporous silicon. Technologically, this system is formed by aluminum
deposition and subsequent anodization through a photoresist mask. The main advantages of this technology are:

- use of low-temperature processes;

- vacuum cleaning of the porous silicon layer during preparation and deposition of Al;

- complete isolation of the porous silicon layer from external influences by the Al-Al,O3 film.

In the process of developing and manufacturing test crystals for passive matrix microdisplays based on
nanoporous silicon, problems were solved related both to the features of light emitting elements (increased
breakdown voltage, “dead” current in the initial section of the ampere-brightness characteristic, radiation output
along the electrode perimeter), and and with the features of the functioning of the passive matrix display as a
whole (the problem of current supply to individual LEDs via a narrow long bus bar, the problems of shielding
radiation and shifting the voltage-brightness characteristics, the problem of creating a large number of high-
current switches to control the passive matrix, etc.). The external view of the test crystal and the active structure
in cross section are shown in Fig. 4 and 5.
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Figure 4. Active structure of the microdisplay test chip in cross section
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Figure 5. Appearance of the microdisplay crystal
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The main feature of this structure is a specially formed nanostructured aluminum layer as a Schottky diode
top electrode, which has a transparency of 65-70% [5,6] and low resistivity of 100 Ohm/sqg.

Technology of formation of layers of nanoporous silicon

The standard technological method for the formation of nanostructured porous silicon as a functional layer
for light emitting optoelectronic devices is electrochemical etching (anodizing) in concentrated hydrofluoric acid
[5], which has such significant drawbacks as a short etching time (several seconds to obtain thin nanoporous
layers), high toxicity for operators and the aggressive effect of hydrofluoric acid on plating. In this work, for the
formation of stable and reproducible layers of nanoporous silicon, we for the first time used a hydrofluoric acid
salt solution of the composition NH4F:H3PO4:C,HsOH:H,O with an ultra-low concentration of fluorine ions. The
addition of ethanol (C,HsOH) to the solution makes it possible to effectively wet the silicon surface, which
increases the reproducibility of the process, and the addition of phosphoric acid (HsPO4) makes it possible to
control the level of fluorine ions in the solution and obtain uniform porous layers over the entire anodizing surface.
The use of ammonium fluoride (NH4F) reduces the level of toxicity to an absolutely safe limit for operators, and
also minimizes the aggressive effect on the plating of devices.

The dependence of pore size in NH4F:H3PO4:C,HsOH:H20 solution on NH4F concentration at a current
density of J = 0.1 mA/cm? is shown in fig. 6. It can be seen that as the concentration of NH4F increases from 5 to
25 wt%, the pore size decreases from 20 to 10 nm. At the same time, the porous layers have a spongy structure
and porosity in the range of 70-80 %.
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Figure 6. Dependence of the pore size on the concentration
of NH4F in a solution of NH4F:H3PO,:C;Hs0H:H.0
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Figure 7. Photoluminescence spectra of nanoporous and
single-crystal silicon

The photoluminescence spectra of nanoporous and single-crystal silicon are shown in Fig. 7. As can be
seen from the figure, the photoluminescence peak for nanoporous silicon lies in the blue region (460 nm).

Process optimization
Table 1 shows the sequence of optimized process steps for the fabrication of a nanoporous silicon-based
light emitting matrix microdisplay test crystal compatible with standard CMOS technology.



Technological route and main parameters of the structure

Structure elements Thl_ckness, Conductivity Material used Sgrface Re5|sE[V|ty
microns type resistance Ohm*cm
Name Symbol Name GOST, OST, TU
Substrate H1 255+20 n Alloy additive - antimony - - 0.01
Epitaxial layer H2 13+1.5 n Alloying additive - - - 3.0+0.3
phosphorus
Base H3 3.2+0.5 p Boron fluoride OST 6-02-4-83 250+50 -
Emitter He | 202081 n Phosphorus trichloride of | vy 435 290 Ty | 3.7 .
special purity
Oxide H5 0.7 +0.07 - Silica — - -
Protective layer | . | (507 ) Tet;g?f‘f;ﬁ;gﬂgr?csi?am' TU6-09-5230-85 ) )
(STFSS) trimethyl ester TU6-09-3473-78
S|I_|con anodizing H7 04-06 n NH4F_:H3PC_)4:H20_solut|on ) ) )
in n-pockets in various ratios
Aluminum cylindrical ingots
o A995 250X400 H GOST 1943 7-81
Metallization | H8 | 10-12 "~ | AK blank 1.0 270x120x238 | Yeo. 021.157TU - -
K
AIum_mpm Ho 1.0-1.2 ) HzSO4:HzO solytlon in ) i i
anodizing various ratios

The following basic parameters of the emitting structures have been achieved:
- minimum spatial resolution of 12x12 pum;
- operating voltage of -5t0 -8 V;
- operating speed of 5 to 30 ns;

- operating current density up to 7,000 A/cm? per pulse;
- luminance of radiation not less than 20 Cd/m?

- external efficiency not less than 1 %;
- service life not less than 7,000 hours.

Thus, passive matrix light emitting microdisplays based on silicon avalanche LEDs can be considered as
real competitors in the market of personal video projection information display devices.

This article describes the design, technology and basic parameters of passive matrix microdisplays based
on inverse Schottky diodes with nanoporous silicon/aluminum structure. Particular attention is paid to the process
of nanoporous silicon layers formation of desired thickness, possessing high porosity, spongy structure with

Conclusion

nanoscale pores, which allows their effective use in light-emitting optoelectronic devices of various purposes.

The unique parameters of silicon light emitting diodes enable the construction of inexpensive passive matrix
high-informative microdisplays on their basis, which can be used in personal video projection devices of a new

generation.

The construction, technology and main features of passive matrix light emitting microdisplays based on
reverse biesed Schottki diodes with the structure of nanoporous Silicon-Aluminum are described.
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