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ONTUYECKUE M ®OTOIAEKTPUYECKUE CBOMCTBA
HAHOIETEPOCTPYKTYP Si/Ge C KBAHTOBbIMU TOYKAMU Ge

ITlocmynuna 6 pedaxyuro 25.11.2014

IIpedcmasnen anaus Hay4HO-mMeXHUHECKOU AUMEPAMYPbL NO ONMUMECKUM U (POMOINEKMPUHECKUM CEOUCMBAM HAHOZemepo-
cmpykmyp Ge/Si. Onucanbl 0cobeHHOCMU NOAYNPOBOOHUKOBLIX CIPYKMYD C HAHOPA3MEPHbIMU BKAIOYEHUSMU, UX ONMuUYecKue U
gomoanexmpuyeckue ceoticmea. I[lposeden 00630p 21eKMPOHHOU CMPYKMYPbL U ONMUYECKUX CEOUCME MAMepuanos Ha OCHOee
Si/Ge ¢ keanmosvimu moukamu Ge. [Iposederno cpasnenue cnekmpoe omosroMUHeCUeHYULU, IANCKMPONIOMUHECUEHUUU CIPYKMYD
0aHHO20 Muna, CReKmpog (HomonposooOUMOCMU, PACCMOMPEHO ABACHUE OMPULAMENbHOL (OMONPo8oOUMOCMU.
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Bsenenue

HM3yyeHne onTuyeckKuXx M (HOTOIIEKTPUIECCKUX
CBOWCTB TMOJIYIIPOBOIHUKOBBIX CTPYKTYp Ha OCHOBE
KPEeMHMUSI ¢ KBAHTOBBIMU TOYKAMH T€PMaHMS SBIISICTCS
aKTyaJbHOM 3aJadeil B CBSI3U C HEOOXOIAMMOCTBIO I10-
JIy4eHMST TTOMOOHBIX CTPYKTYP ¢ YHUKATbHBIMKA (PU3U-
YEeCKMMM CBOMCTBAMU JJIsI TIEPCIIEKTUBHBIX TPUOOPOB
OITORIEKTPOHNKN. MHTEpec K IMOTOOHBIM CTPYKTY-
paM U MX CBOMCTBaM CBsI3aH C MEePCIEKTUBHOCTDHIO Te-
TepocTpykTyp Ge/Si ns co3maHusi COJTHEUHBIX dJie-
MEHTOB U (DOTONETEKTOPOB, B TOM YHUCJIE MJIs1 OJIVDKHE -
ro mHdpakpacHoro nramnaszona (1,3...1,55 mxm) [1—6].

DOTO3NEKTPUYECKIE XApAKTEPUCTUKUA  TeTepO-
CTPYKTYP C KBAHTOBBIMM TOYKAMU F'epMaHUs Ha KpeM-
HUU MOTYT MCCJIEIOBAaThCS M3MEPEeHUEM cIieKTpa ¢o-
TO- U BJICKTPOJIOMUHECLICHIIMM, OTIpeeIEHUEM CITeK-
Tpa (OTONPOBOIUMOCTH.

B 0030pe paccMOTpeHBI OCOOEHHOCTH IIOJYIpPO-
BOIHWKOBBIX CTPYKTYP ¢ KBaHTOBEIMU Toukamu Ge B Si,
HX ONTHYECKMEe U (HOTOINEKTPUUYECKHE CBOMCTBA, Me-
TOIVKY WX U3MEPEHUS.

®oromomuHecennusa cTpykryp Ge/Si

OnuH u3 Hambosee BaXXHBIX METOAOB MCCIIEeI0Ba-
HUS ONTUYECKUX W (HOTOINEKTPUUCCKIX CBOMCTB TTO-
JIyITPOBOAHMKOBBIX MaTepPUaJOB ¢ HAHOPa3MEePHBIMU
BKJTIOUEHUSIMU — U3MEPEHHE CIIeKTpa (DOTOITIOMUHEC-
LIEHLIMU, TaK KaK OHO JaeT HanboJiee MOJIHYIO0 KapTUHY
00 SHEPreTUYECKON CTPYKTYpe MaTepHaa.

HeraabHO MCCIIeqoBaHBI M3TydaTeJIbHbIC CBOMCTBA
CTPYKTYp KBaHTOBbIX Touek Ge B MaTpule Si, BbIpa-

1eHHbIX B pexkuMe CtpaHckoro— KpacrtaHoBa. Oka3za-
JIOCh, YTO OHM 3aBUCST OT TeMIIEpaTyphl pocta. Tak, mpu
CpaBHUTEILHO HU3KUX TemIiepaTtypax (okoso 400 °C)
CO3IAI0TCS CTPYKTYPHI, CIIOCOOHBIE M31y4aTh (POTOHBI
C DHEpPTUE, Jake MeHBIIIeH, YeM IIIMPHHA 3aIpelleH-
HOI1 30HBI TepMaHUsI, @ UMEHHO B AUaria3oHe Mpuoiu-
surenbHo oT 0,6 mo 0,9 3B [1, 7, 8]. Takas Bo3MOX-
HOCTh 00ycClIOBJIeHa TeM, 4To Touku Ge B Si oOpa3sy-
0T TIOJTYTIPOBOTHUKOBYIO T€TePOCTPYKTYPY 2-TO THIIA,
B KOTOPOUl B M3Ay4yaTeJIbHYI0O pPeKOMOWHAIIUIO BOBJIE-
KaloTCs OBIPKY, 3aXBaY€HHBIC B TIOTCHIIUATBHBIC SIMBI
KBAHTOBBIX ToueK Ge, U 3JIeKTPOHBI U3 OKpYKalolle-
ro Si, JIOKaIM30BaHHBIC HA TpaHMIE C TOYKAMU Tep-
maHus. MznyyaTenbHble CBOMCTBA CTPYKTYpP KBaHTO-
BBEIX TOUYEK 3aBUCSIT OT TeMITepaTyphbl pOCTa M APYTUX
napaMeTpoB, TAKMX KaK CKOPOCTh ocaxkaeHusi Ge, Toj-
IIMHA HambuisieMbiX cioeB [4, 9—11], ypoBeHb Jieru-
poBaHus [12].

CTpyKTypHl, BBIpalllcHHBIC TIpH 00Jiee BBICOKUX
temrneparypax (okojo 600 °C), uznydaoT (GOTOHBI B
Oonee y3koM auana3zoHe sHepruii Boymsu 0,8 3B Hesa-
BMCHMO OT pa3Mepa KBaHTOBBIX ToUeK Ge, OT TOIIIMHBI
cjtoeB Si, pa3meNsIolIMX CJIOM TOYeK IrepMaHHus. DTO
MOXKET OBITh CBSI3aHO C TeM, YTO 3(PMEKT MPOCTPaAHCT-
BEHHOTO KBAaHTOBaHUs B To4YKax (Ge, BBIpALICHHEIX B
pexxume CtpaHckoro—KpacTtaHoBa, MOXET OBITh He-
3HAYNTETLHBIM M3-3a UX OOJIBIIOro pasmMepa. MHTepec
K CTPYKTYpaM, M3Jay4aroluuM (GOTOHBI C 3HEprueu
okouio 0,8 3B, BEI3BaH NCIOJIB30BAHNEM 3TOI 00JIaCTHA
CIEKTpa B ONTOBOJIOKOHHBIX cpelacTBax cBs3u [1]. Ha
puc. 1 n300pakeHBI TIPUMEPHI U3MEPEHUI CIIEKTPOB
(hoToNOMUHECLIEHLIMM HaHOTeTepocTpyKTyp Ge/Si.
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IlokazaHo, 4TO NMPMU YMEHBIIEHUU

TeMreparypbl pocTa B HHTepBaJe
700...630 °C nmuk GoToTIOMUHECLIEH-
mun (DJI) ocTPOBKOB cMelaeTcd B
00JIaCTh MEHBILIMX YHEPIUiA, YTO 00Yy-
CJIOBJIEHO YBEJIMUEHUEM COMEPXKaHUS

Puc. 1. Cnektpsl ¢oTOTIOMIHECHEHINH HAHOCTPYKTYP, BbIpAMIEHHbIX (@—d) HA OKHCJIEHHOM
TMOBEPXHOCTH KPEMHHs B pe3yJibTaTe ocaxkaeHus (a, b) cJiost 0CTPOBKOB repMaHMs, MOKPHITHIX
cioem Kpemuusi, u (¢, d) TOJBKO CJios KpeMHHsA, a Takke (e, /) B pexxume CTpaHCKOro—

Kpacranosa [1]; Ip; — mATeHCHBHOCTDL (h)OTOIOMAHECICHIAA

Fig. 1. Photoluminescence spectra of the nanostructures grown (a—d) on an oxidized surface of
silicon during sedimentation (a, b) of a layer of islets of Ge, covered with a silicon layer, (c, d)
only a silicon layer, (e, f) in Stranski-Krastanov mode [1]; Ip; — intensity of photoluminescence

Crpyktypbl Ge/Si, BbIpallleHHble HA OKUCJIEHHON
MOBEPXHOCTU KpeMHMUsI, n3ay4aior B obnactu 0,8 3B ¢
MHTEHCUBHOCTbIO, Bo3pacTatolleidi Ha 1—2 mopsiaka
Ipy yBeJIMYEeHMU TemIiiepaTypbl oTxkura go 1000 °C
(puc. 1, b). Crpykrypsl Ge/Si, BbIpallleHHbIE B peXrMe
Crpanckoro—KpacraHoBa ¥ OTOXKEHHbIC IIPU TEMIIE-
parypax Boiie 700 °C, mpakKTU4eCKM MOJHOCTBIO Te-
PSIIOT CIIOCOOHOCTH K (DOTOJIIOMUHECLEHIIM, CBSI3aH-
HOI ¢ KBaHTOBBIMUM TOUKamu repmanus (puc. 1, f) [1].
Takast 3aBUCUMOCTb (DOTOJIOMUHECLICHIIMU OT TeMIIe-
paTypbl OTXHUra 4acTO MCIIOJb3YeTCsl KaK KpUTepUid
JIJI TIOATBEPXKACHUST MPOUCXOXICHUS (DOTOIOMUHEC-
LIEHIINM OT KBAHTOBBIX TOUECK TepPMaHUsI, a HE OT KPH-
CTAJIINYECKUX Ae(EKTOB B OKPYXKAKOIIEM KPEMHUU.
Takum 00pa3oM, Bo3pacTaHWE€ WHTEHCUBHOCTU (OTO-
JIIOMUHeCLIeHIIMK Ha 1—2 mopsiaka B oonacti 0,8 3B B
crpykrypax Ge/Si, BbIpallleHHbIX Ha OKUCJIEHHOI I10-
BEPXHOCTU KPEMHMSI U OTOXCKEHHBIX TIpU TeMIlepaTrype
Boiire 700 °C, He MOXeT OBITh CBI3aHO C KBAaHTOBBIMU
ToukaMu Ge, a IIPOUCXOOUT BCIEACTBUE ONTUUECKON
PEKOMOVHALIMY B 3aKPhIBAIOIIEM CJIOE€ KPEMHUS.

Takum o0Opa3oM, CHEeKTphl (OTOJIOMUHECIECHIINA
Ha puc. 1, b MoKa3bIBAIOT, YTO CJIOM KPEMHUS, BhIpa-
LIIEHHBbIE Ha CJI0e OCTPOBKOB T'€pMaHMsI Ha OKUCJIEH-
HOI1 TTOBEPXHOCTU KPEMHUSI, CITIOCOOHBI U37Ty4aTh CBET
TOJIbKO TIpU 3Heprusix B objactu 0,8 3B, T. e. uMeloT
9 PEeKTUBHYIO IIUPUHY 3aIlpellleHHON 30HBI, 3HAYM-
TEJIbHO MEHBIIYI0, YeM KPUCTAJUTMYECKUI KPEMHUIA.
DTO CBUAECTENLCTBYET O CYLISCTBEHHOM OTJIUYMU
aTOMHOW CTPYKTYPbI 3TUX CJIOEB, KOTOPbIE MOTYT OBbITh
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Ge B OCTpOBKax M MoJaBJIeHUEM pa3-
MbITHSI HaIpsLKeHHBIX Si-cioeB. O6-
. HapyXeHO CMellleHHe M1MKa B 00J1acTh
OOJIBIIINX SHEPTUI TIPYU TTOHKCHUH
Temmeparypsl pocta ¢ 630 go 600 °C
(puc. 2). 910 CBSI3aHO C U3MEHEHU-
€M THUIIa OCTPOBKOB ¢ dome Ha hut.
s TOBBIMICHUS JIOKATU3AIIIN
BJIEKTpOHOB B padore [11] ObLIO
npemioXeHo ucmoab3oBatb Ge(Si)-
CTPYKTYPbI ¢ CaMO(OPMUPYIOIIMMKCS OCTPOBKAMH,, BbI-
palleHHBIMM Ha penakcuposanHoMm Sij_ Ge,/Si(001)
Oy(depHOM cCJI0€ M BCTPOCHHBIMM B HAIIPSKCHHBIN
Si-cnoit (e-Si-cnoit). Ilpu sTOM OH sBIsSeTCs 3¢-
(GeKTUBHOU TMOTEeHUUATIbHON SIMOI 11 3JE€KTPOHOB

(puc. 3).
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Puc. 2. Cnektpsl (oTOMNOMUHECHEHIMH CTPYKTYP € OCTPOBKAMH
Ge(Si)/Si, chropmupoBannbivu nipu Temnepatypax 700 (1), 600 (2),
630 (3) u 600 °C (4). Temnepatypa usmepennii 77 K [7]

Fig. 2. Photoluminescence spectra of the structures with islets of
Ge(Si)/Si, formed at 700 (1), 600 (2), 630 (3) and 600 °C (4).
Temperature of measurements — 77 K [7]
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Puc. 3. CxemaTnynoe M300paKkeHne NMOMEPEYHOr0 CEYEHHS reTepo-
cTpykTyp ¢ Ge(Si)-camodopMupyOIMMICS OCTPOBKAMHE, 3aKIIOYEH-
HbiMH Mexay e-Si-cioamu [11]: 1 — SiGe-6ydepHsblii crioit, 2 —
Si-ciou nmoa u Hax octpoBKamu, 3 — Ge(Si)-camodopmupyrolyecs
OCTPOBKU, 4 — MOKPOBHBIN SiGe-cioii, 5 — 3aluTHBIN cloit Si
Fig. 3. Image of a cross-section of the heterostructures with Ge(Si) self-
forming islets between the e-Si layers [11]: 1 — SiGe — buffer layer,
2 — Si layers above and under the islets, 3 — Ge(Si) self-forming islets,
4 — covering SiGe layer, 5 — protecting Si layer

b

{ pe . arb. umiis
: i

07 g 0.9 1.0
hv ey

Puc. 4. Cnekrpot DJI crpykryp ¢ Ge(Si)/e-Si-ocrposkamu (7= 77 K)
[11]
Fig. 4. PL spectra of the structures with ¢ Ge(Si)/e-Si islets at 77 K [11]

IMomoxeHne sHEPTETUIECKUX YPOBHEH 3JIEKTPOHOB
B TaKOi siME€ MOXHO KOHTPOJUPOBATb, MEHSISI COCTaB
oygpepHoro SiGe-cnost u TomuuHy e-Si-cios. IToka-
3aHa BO3MOXHOCTb 3(h(heKTUBHOTO YIIPaBJICHMUS MOJIO-
xxeHueM nuka ®JI oT oCTPOBKOB 3a CUET U3MEHEHUSI
TOJIIUH e-Si-cioeB HaJ U oA OCTPOBKAMU.

W3 puc. 4 BUaHO, YTO NMPU YMEHBUIEHUU TOJILLUH
e-Si-c10eB Hax (a’ls‘) W TI01 (dZS‘) OCTPOBKAaMHU OT 3 HM
1o 1 HM noJiokeHue Nuka (POTOTIOMUHECLIEHIIUU OT
Ge(Si)/e-Si-ocTpoBKOB cMellaeTcsi B 00JacTb 0O0Jb-
mux sHepruii. OOHapyXeHHOe CMELIeHUE CBSI3aHO C
TeM, UTO MPU YMEHbIIEHUU TOJIIMH e-Si-CJIoeB B pe-
3yJbTaTe KBAaHTOBO-pa3MEpPHBIX 3(PHEKTOB MPOUCXO-
AT BBITATKWBAaHUE TTIEPBOTO SHEPTETUUECKOTO YPOBHS
3JIEKTPOHOB B €-Si-CJI0sIX KO THY 30HbI IPOBOAUMOCTH.

Taxxxe B padote [11] npoaeMOHCTPUPOBAHO YBEIU -
YeHUe Ha MOPsI0K MHTEHCMBHOCTU cUrHaja (oToo-

muHecueHuuu rpu 77 K ot Ge(Si)-ocTpoBKOB, BCTPO-
€HHBIX B HAIPSDKEHHBbIN €-Si-CJIoii, M0 CpaBHEHMIO C
curHajaoM DJI ot Ge(Si)-ocTpOBKOB, BhIpAllIEHHBIX HA
HeHanpspkeHHbIX Si(001)-nomioxkax. YBeanueHe UH-
TEHCUBHOCTH (DOTOJIOMUHECIICHIINY CBSI3BIBACTCS C
3¢ GEeKTUBHON JIoKaIM3alluell 3JeKTPOHOB B IOTEH-
LIMAJILHBIX IMAaxX, 0O0pa30BaHHBIX €-Si-CJI0sIMU Ha U
MOoJl OCTPOBKAMMU.

®oTonpoBoaMMOCTh CTPYKTYp Si/Ge

Hzyuenme mnatepasbHON (OTOIMPOBOOAUMOCTH B
Si/Ge-cTpyKTypax, coaepxalluX caMOOpPraHU3YIOLIe-
¢ KBaHTOBBIe TOUKM Ge, aKTyaJlbHO B CBSI3W C BO3-
MOXHOCTbIO MCIIOJIb30BaHUSI 3TUX CTPYKTYP B OITO-
BJIEKTPOHHBIX Tpubopax [12].

Ha puc. 5 npuBeneHa crnieKTpaibHasi 3aBUCUMOCTb
MPOJOILHON (hoTonmpoBOAUMOCTH CTPYKTYphl Ge/Si ¢
KBaHTOBBIMU TouKaMu Ge (KpuBasi /) mpyu KOMHATHOM
teMmmneparype. J1si cpaBHEHMST TaKKe MPOBEICHBI M3-
MEpeHUs CITEKTPaIbHON 3aBUCHUMOCTH TTPOJOILHOM
(hoTOIPOBOIMMOCTH CTPYKTYP ¢ HEOTHOPOIHBIMU JIBY-
mepHbiMU (2D) cnosimu Ge (KpuBas 2) U obpasia Mo-
HOKpucTaganyeckoro Si (c-Si), KOTOphIi He comep-
xkan Ge (kpuBag 3). [lomoxeHne NIMHHOBOJIHOBOTO
Kpasi U3MEPEeHHBIX CIIEKTPOB yKa3bIBaeT Ha TO, YTO
¢doTOTOK 00YCIOBJIEH TeHepalueil HepaBHOBECHBIX
HOCHUTeJIel 3apsima 3a CYeT HEeNPSMBbIX 30Ha-30HHBIX
nepexoaoB B Si.

CTpyKTypa c KBAaHTOBbIMU ToukaMu Ge oOHapy-
KWJIa 3HAYUTETHHO OOJBIIYIO (POTOUYBCTBUTEIIBHOCTD
B obmactu sHepruit kBaHtoB 1,0 < Av < 1,11 3B, MeHb-
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Puc. 5. CnekrpanbHble 3aBUCHMOCTH NPOJOJIBHOH ()OTONPOBOIMMO-
cTH retepocTpykTypsl Ge/Si ¢ KBanToBbiMu TOUKaMu Ge (kpusas 1),
CTPYKTYpbI ¢ AByMepHbIMH ciosivu Ge (xpuBas 2) u obpasua c-Si
(xpusas 3) npu 290 K [3]; Ipy — doroTok

Fig. 5. Spectral dependences of the longitudinal photoconductivity of
Ge/Si heterostructure with Ge quantum dots (curve 1), structures with
two-dimensional Ge layers (curve 2), and c-Si sample (curve 3) at 290 K
[3]; Ipy — photocurrent
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Puc. 6. CnekrpajibHble 3aBUCHMOCTH NMPOAOJIbHOM (OTONPOBOINMO-
cTH retepocTpykTypsl Ge/Si ¢ KBanToBbIMM TOUKaMu Ge (kpuBas 1),
CTPYKTYpbI ¢ HeonHopoaubsivMu 2D cinosvmu Ge (kpusas 2) u c-Si 00-
pasua (kpuBas 3) mpu 7= 77 K. Ha BcTaBKe — 30HHAs AMArpamMMa
reTepocTpykTypsl Ge/Si ¢ KBaHTOBBIMH TOUKamu [3]

Fig. 6. Spectral dependences of the longitudinal photoconductivity of
Ge/Si heterostructure with Ge quantum dots (curve 1), structure with
nonuniform 2D Ge layers (curve 2) and c-Si sample (curve 3) at 77 K.
On the insert is a band diagram pf Ge/Si heterostructure with quantum
dots [3]

IIUX IUMPUHBI 3aNIPELIEHHON 30HbI C-Si MPU KOMHAaT-
HOIi TeMIleparype (Eg = 1,11 »B). Kak usBectHo, op-
Ma creKkTpa BOJIM3U JUIMHHOBOJHOBOIO Kpast (poTo-
MMPOBOAVMMOCTH OIIPENeISIeTCSl CIeKTPaJbHON 3aBU-
CUMOCTBIO CMEKTpa ONTUYECKOTo MorioleHust. Takum
o0pa3zoM, OTJIMYHME CIIEKTPOB (HOTONPOBOIAMMOCTH
00YCJIOBJIEHO U3MEHEHUSIMU B ONITUYECKOM MOTJIOLIe-
HUM TeTePOCTPYKTYP C KBAaHTOBBIMU TOYKamu |[3].

B cBoto ouepenn, ahdekThl pa3MepHOro KBaHTOBA-
HUS B CTPYKTYpaX ¢ KBAHTOBBIMU TOYKAMU OIPEICIIs-
I0TCS1 pa3dMepaMy HAHOKJIACTEPOB U, BOBMOXHO, YIIpy-
MMM HANPSDKEHUSIMU B CUCTEME.

3amMeTHO OoJblIKUN (POTOOTKIUK CTPYKTYPHI C
KBAaHTOBBIMU TOUKaMU B MHOpaKpacHoil obiactu
1,0...1,11 B MOXHO OOBSICHUTH TEM, UYTO CXKATbie 00-
Jlactd Si BOJIM3U HAHOOCTPOBKA UMEIOT MEHBIIYIO 111 -
PUHY 3allpellieHHOM 30HHI IO CpaBHEHUIO ¢ Henedop-
MUpOBaHHOU Si-Marpuiieii. HepaBHOBeCHbIE HOCUTE-
JIM 3apsiga, TeHepupyeMble B CKaThIX 00JacTax Si, ma-
10T BKJag B ¢otoToK B obnactu 1,0...1,11 3B.

30Ha-30HHBIE TEPEXONbl B KPEMHMEBBIX CTPYKTY-
pax ¢ KBaHTOBBIMM TouKaMu Ge u3ydanucs B [12] me-
TOJIOM CIIEKTPOCKOMNUM (POTOTOKA MPHU IOMEPEUYHOM
HamnpaBJIe€HUU MPUIIOXKEHHOIO HATPSIKeHUST CMellle-
Hust. ®oTouyBcTBUTENBHOCTL ~10 MA/BT B obnactu
900...1200 M3B o0ObsicHSIIaCh HEMPSIMBIMU 3KCUTOH-
HBIMU TIePEXOAaMU MEXIY ABIPOUHBIMU COCTOSIHUSIMU
B Ge u JIOKaJIM30BaHHBIMU B Si 3JIEKTPOHHBIMU CO-
CTOSTHUSIMU.

MoXHO MPeAnoJoXUTb, YTO B CTPYKTYpax ¢ KBaH-
TOBBIMU Toukamu Ge ToriolleHUue B 00JacTu
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900...1200 m3B 00ycioBiIeHO KaK HEMPSIMBbIMU TIepe-
XollaMHu, TaK U IepexomamMu B JaeOpMHPOBAHHBIX
SIIUTAKCUAIBHBIX CJIOSIX Si BOJM3M HAHOKJIACTEPOB.
OTHOCHUTENTLHBIM BKJIa KaXIOrO0 MeXaHW3Ma ITOTJIO-
IIEHUST, BEPOSITHO, 3aBUCHUT OT TUIOTHOCTU KBAHTOBBIX
TOYEK, UX pa3Mepa U OJHOPOAHOCTU pacIpeiesieHUs],
YTO TpeOyeT AOIOJHUTEILHOIO UcciaeaoBaHus [3].

IIpu ymenbuienun temmnepatypsl 1o 7 < 120 K B
TeTepOCTPYKTYpax ¢ KBAHTOBEIMM TOYKAMH OOHapyKe-
Ha ¢dorouyBcTBUTENbHOCTL 0,4...1,15 3B B uHdpa-
KpacHoO obnactu, rae ¢-Si aBisieTcst mpo3payHbiM. Ha
puc. 6 IpuUBeIeHbl CIICKTPaJIbHbIE 3aBUCUMOCTH IIPO-
JOJTBHOM (hOTOTIPOBOINMOCTH CTPYKTYPHI C KBAHTOBBI-
MU ToOYKaMu (KpuBasi 1), CTPYKTYphI ¢ HEOTHOPOIHBI-
mu 2D cnosimu Ge (kpuBas 2) 1 obpasiia c-Si 6e3 Ge
(xkpuBast 3), uamepennsie npu 77 K.

Hns1 oObSICHEHUSI HEIPEPHIBHOIO BO3pAacTaHUS
(hoTOOTKIIMKA TIpM YBEIMYEHUM /v B CIIEKTPATbLHOM
obmactu 0,4...1,15 3B rerepocTpyKTyphl ¢ KBAHTOBHI-
MM TOUYKAMM CJIEIyeT paCCMOTPETh 30HHYIO TUarpaMmmy
Ge/Si. OO1IETTPUHSITO OTHOCUTD 3TU CTPYKTYPHI K TU-
my II, B KOTOpHIX MOTeHUMAIBbHAS sIMa CYIIECTBYET
TOJIbKO JUISI HOCUTENIeH 3apsiaa OIHOro 3Haka. DHep-
T'YsT MIOHU3AIIM OCHOBHOTO COCTOSIHUS IBIPOK B KBaH-
TOBOI TOUKE MO OTHOLIEHMIO K BaJIeHTHOM 30He Si co-
crasisieT npumepHo 400 maB [3]. Ha BctaBke K puc. 6
NpUBeAeHA 30HHAs AMarpaMMa CTPYKTYpbl BAOJb IUia-
HApHOT'O HAIIpaBJIEeHUSI, IIPOXOISIIETO Yepe3 HaHOKJIIA-
crep Ge. M306paxkeHHbIe U3rMOBI 30H BOJU3H TeTEepPO-
rpaHulbl 0OYCIOBIEHBI HEOMHOPOIHOU nedopMaliuei.
B pesynsrate BOMM3U reteporpaHul] Ge/Si B KpeMHUU
BO3HUKAIOT TTOTEHIIMAIBHBIC SIMBI VTSI 9JIEKTPOHOB.

HMccnenoBanbl CrieKTpbl MPOAOJbHON (POTOMPOBO-
JUMOCTH MHOTOCJONHBIX CTPYKTYp Si/Ge ¢ KBaHTO-
BeIMU Toukamu Ge [16, 17]. HaGmoganuch TMHUM OMI-
TUYECKUX MEPEXOJ0B MEXAY AbIPOYHBIMU YPOBHSIMU
KBaHTOBBIX TOUEK M BJIEKTPOHHBIMU COCTOSTHUSIMU Si.
Ha puc. 7 nmokazaHbl CIEeKTpbl (POTOMPOBOAUMOCTH
JIBYX 00pa3loB, u3MepeHHbIe Ipu 78 K B nuamna3oHe
0,3...1,2 »B. YcraHoBjeHa BO3MOXHOCTb YIPaBICHUS
CIIEKTPOM 3JIEKTPOHHO-ABIPOYHBIX COCTOSTHUI MacCH-
Ba KBaHTOBBIX To4eK Ge ¢ TTOMOIILI0 U3MEHEHUS T1a-
paMeTpoB pocta cTpykTyphl Si/Ge [16].

3HaueHue IIMPUHBI 3ampelleHHOM 30HBI  Si
(Eg = 1,12 3B) nokazaHo Ha puc. 7 BepTUKaJIbHOI
ITpuxoBoii TuHUeir. O6pasen; / ¢ MACCMBOM KBaHTO-
BbIX ToueK Ge oOHapyXuBaeT IUPOKUI MUK (POTOOT-
Kkirka B guamnasone 0,6...0,9 3B. Bugno, uto ero ¢dop-
Ma SBJIAETCS PEe3YJIbTaTOM HAIOXCHMS JTUHUM Tpex
ny0JIeTOB, KOTOPBIE MPOSIBISIIOTCS B BUIE CIa0bIX OCO-
OeHHOCTeM, OTMEYeHHbIX Ha KpuBoit / (cM. puc. 7) ma-
JILIMU cTpesikamu. JlyGeTHoe paculerjieHHe COCTaB-
Jsiet 30 MaB, a paccrosiHue Mexay nydieTaMy paBHO
80 maB. Ctpykrypa cnektpa (POTOIIPOBOAMMOCTH XO-
POIIIO0 BOCIPOM3BOAUTCS TSI OOpa3loB C MEHBIIUM
cofepxkaHueM MceBIOMOPGhHBIX KBAHTOBBIX Touek Ge
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Puc. 7. Cunexrpsi (hoTONPOBOAMMOCTH ABYX 00Pa310B MHOTOCIOMHBIX
crpykryp Si/Ge ¢ kBantoBbiMu Toukamu Ge npu 78 K: /, 2 — 00-
paslibl, MOJYyYeHHBIe IIPY pa3HbIX YCIOBUsIX pocTa [17]

Fig. 7. Photoconductivity spectra of two samples of Si/Ge multilayered
structures with Ge quantum dots at 78 K: 1, 2 — samples received under
different conditions of growth [17]

B MaccuBax (~50 %). B aTux ciydasix OCHOBHOM IITH-
POKUII MUK YXe pa3MbIT B HEIPEPHIBHO CIamaoliee
KPbLIO U3-32 HEOJHOPOMHOM peakcaluy HaMpsDKeHUN.
Takum ob6pa3oM, HajauuMe MajblX MUKOB (CM. pucC. 7,
KpuBasi I, Majble CTpeJKMU) IOKa3blBaeT, YTO JOCTa-
TOYHO OOJIbILIOE YMCJIO TICEBIOMOP(MHBIX KBAHTOBBIX
Touek Ge comepXUTCsl B UccaeayeMoM maccuse [17].

OO6pazen; 2, crnekTp (HOTOMPOBOAMMOCTU KOTOPOro
TakxKe MpYBeAeH Ha puc. 7 (KprBasi 2), MOJydeH Mpu 060-
Jiee BBICOKO# Temmeparype pocra cinoes Si (7~ 500 °C),
yeM obpasewt / (7 = 450 °C). B stom ciyyae 3Haue-
HUE HAIPSLKeHUS B KBAHTOBBIX TOUKAX YMEHBIIIACTCS
Ha 20 %, a UX pa3Mepsl YBEJIMIUBAIOTCSI B pe3yiIbTaTe
B3aMMHOTO TIepeMEIIMBAHNS KOMITOHEHTOB TP POCTE.
HybnetHast cTpykTypa (cM. puc. 7, KpuBasl 2, TuHUU A
U B) cBsi3aHa ¢ 3JIeKTPOHHBIMU YPOBHSIMMU Si, 00pa3o-
BaHHBIMA B Je(OpMAIlMOHHON ITOTEHIIMAIEHON sIMe
BOMM3u reteporpanul; Si/Ge. Iluku criektpa doto-
MPOBOJAMMOCTH, OTMEUEHHbIE Ha KPUBOU 2 cTpeJiKa-
MU, OOYCJIOBJIEHBI ONITUYECKUMU TMEPEXOTaMU MEXKITY
IBIPOYHBIMU YPOBHSIMU KBAHTOBBIX TOUEK M COCTOSI-
HUSIMU 30HBI IpoBoauMocTtu Si [17].

B pa6orax [18, 19] akcniepuMeHTaIbHO OOHapyKe-
HO SIBJICHME OTpHUIaTeIbHON (hOTONPOBOAUMOCTH B
KBaHTOBBIX Toukax Ge/Si, 3akioyarolieecss B yMEHb-
IIEHUX TIPOBOAMMOCTH CJI0SI ¢ KBAHTOBBIMU TOYKAMU
MPU OCBELLECHUM.

MexaHuU3M SIBJICHUSI OTPHIIATEIHLHON (POTOIIPOBO-
JTHUMOCTH 3aKJjitoyaeTcs B cieaytomeM. Paccmorpum Si
n-TUTIA, B KOTOPBIM BCTPOSHBI HAHOOCTPOBKM HEJICTH -
poBaHHoro Ge. B TeMHOTe MPOBOAMMOCTb CHCTEMBI

OIIpeessIeTCs CBOOOTHBIMU 3JIEKTPOHAMU B 30HE TPO-
BOOVMMOCTH Si, TTOMTABIIMMHM TyJA B pe3yJIbTaTe TEPMU-
YeCcKO MOHM3aluuu 10HOPoB [18].

B oTcyTcTBHME B KBAHTOBBIX TOYKAX ABIPOK Ha TETe-
porpanuue Ge/Si CyllleCTBYeT MEJIKOE COCTOSTHUE TSI
3JIEKTPOHA ¢ 3Heprueil ceasu E, ~ 9 MoB Bcnencrsue
HEOTHOPOIHBIX AeopMaInii, MPUBOASIINX K 00pa3o-
BaHUIO MOTEHUMAIBHON SIMBI 115 2JieKTpoHa. IloaTo-
MYy paBHOBECHasI KOHIICHTpAlLMs 3JEKTPOHOB B 30HE
TPOBOAMMOCTHY OYIeT MOHIKEHA 3a CUeT 3axBara dJIeK-
TPOHOB Ha 3TOT YPOBEHb.

I1pu morJIomeHNM CBeTa, BBI3LIBAIOIIETO MEX30H-
HbIE TIepeXoIbl M 00pa3oBaHMe Tap 3JIEKTPOHOB U JIbI-
POK, IBIPKY HAYHYT HAKATIJIMBATHCS B KBAHTOBBIX TOY-
Kkax Ge, 3apsokas UX TTOJIOKUTETbHO. B pesynbraTe Ha
reteporpanunax Ge/Si B KpeMHUU BO3HUKHYT MMOTEH-
LIMAJIbHBIE SIMBI JJIS DJIEKTPOHOB, B KOTOPBIX HAYHYT
aKKyMyJTHUpOBaThes oTo31eKTpoHBI. C pOCTOM YHCIa
IBIPOK B OCTPOBKaX (IIpH YBEJIWYEHUU WHTECHCUBHO-
CTU OCBELLEHMSI) DHEPrus 3ajeraHust "M30bITOYHOro"
BJIEKTPOHHOTO YPOBHS yBeTmunBaeTcs. [10CKOIBKY 1Mo
Mepe 3ariIyoJieHusT YPOBHS CTEIIeHb ero 3aIlOJTHEHUS
3JIEKTPOHAMHU PACTeT, KOHIIEHTPALMS 3JEKTPOHOB B
30HE IMPOBOAMMOCTHU JOJKHA YMEHBIIIUTHCS, a TIPOBO-
IUMOCTh CUCTEMBI CHU3UTHCSI.

DJIeKTpoIOMHHECTEHIHSA CTPYKTYp Si/Ge

B pa6otax [20, 21] ucciaenoBanuch (hOTOITEKTPU-
YyecKHWe CBOMCTBA U 3JieKTpositoMuHecueHust (DJI)
p—Ii—n-auonoB Ha ocHOBe retepocTpyKryp GeSi/Si ¢
HaHokJiactepamu GeSi B i-obnactu. s uzmepeHus
BJI Ha MOBEPXHOCTU 0OPA3IIOB CO CTOPOHBI CTPYKTYPhI
(opmupoBaica omMuueckuii KoHTakT Au/Ti nuamer-
pom 0,5 mMm. Bropoit oMuyeckuii KOHTakKT (hOpMHUPO-
BaJICSI HAHECEHMEM CIUIOIIHONM ruieHKu Al Ha obpart-
HYIO CTOPOHY NOAJOXKH. CTPYKTYphl ¢ KOHTaKTaMU
pacKajblBaJIMCh Ha OTACIbHBIE KYCOUKM (YMIIbI) pa3-
mepoM 2 X 2 mM. MamepeHust cniektpoB BJI npoBo-
IWJIM HA YUIax B UMITYJbCHOM DEXMMeE, YTOObI U3-
O6exaThb neperpesa oo6pasioB. AIMTeTbHOCTh UMITYJIb-
COB cocTaBJisuia 4 Mc, TIepuoJl MOBTOpeHUsT — 25 Mc.
CnekTpbl DJI perucTpupoBaIv ¢ TOMOLIBIO OXJIaXKaAae-
Moro xugkum azotom Ge:Au-poronpueMHuka. Ha-
omonmanack DJI mpu pa3anuHBIX TeMmeparypax. O0Ha-
PYKEHO, UTO CTPYKTYPHI C OCTPOBKAMM, BHIPAILICHHBIMK
npu 600 °C, o6mamaoT HauOOJIbIIe NHTEHCUBHOCTBIO
curdHana BJI rpu KOMHATHOI TemIiepaType B 00JacTu
amvH BoiH 1,3...1,55 MM (puc. 8).

Otxur cTpykTyp ¢ Ge(Si)-ocTpoBKaMu MPUBOAUT K
YBETMYCHUIO WHTEHCUBHOCTH cuTHayma DJI mpu Hm3-
KUX TeMIIepaTypax, HO yXyIlIaeT TeMIepaTypHYyIo cTa-
OMJBHOCTB ATOTO cUTHasA (puc. 9), UTo CBA3BIBAETCS C
JOTOJHUTEIbHOI nuddy3ueil Si B ocTpOBKU BO BpeMs
OTXMUTA.
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OOHapyXeH CYILIeCTBEHHBI pPOCT MHTEHCHUBHOCTU
curHasna BJI ¢ yBeanyeHUeM TOJIUMHBI pa3aeJuTesb-
Horo Si-cios (puc. 10). DTo CBI3bIBaeTCS C YMEHbIIIE-
HHUEM YIPYTHX HANpPSDKEHWH B CTPYKTYpe C yBeJTHMYe-
HHUEM TOJIIIMHBI 3TOTO CJIOS.

B pesyabTaTe npoBeIeHHOro CpaBHEHUSI CIIEKTPOB
(hOTONMOMUHECHIEHIIMY 1 3JEKTPOJIOMUHECLICHIINU
HaHoreTepocTpykTyp Si/Ge ¢ KBaHTOBBIMU TOUKAMU
Ge, MOJIyYUeHHBIX PA3TUYHBIMM CITOCOOaMU, MOXHO
3aKJIIOUYNTh, YTO KBaHTOBBIC TOUKM Ge, BHEAPEHHBIC B
00beMHYI0 MaTpUILy Si, BHI3BIBAIOT MOSIBIIEHVE ITUKA B
obnactu 0,7...0,9 3B, 4TO COOTBETCTBYET AMANa30Hy
nnvH BoaH 1,3...1,55 mxm. Ilpu 3TOoM 1IMpUHA U MO-

1.55 pm 1.3 pm

lslands | a

Puc. 8. CnekTpbl 3/1€KTPOTIOMAHECHEHIH p— i— n-THONHBIX CTPYK-
Typ ¢ Ge(Si)-ocrpoBkamu, Beipamennsix npu 550 (1), 600 (2) n
650 °C (3). Cnektpsbl u3mepennl npu Temnepatypax 77 (a) u 300 K (b).
IInoTHOCTH TOKA HAKAYKM 1A BCEX CTPYKTYp — 5 A/cM2 [21]; I —
HHTEHCHBHOCTD JJIEKTPOTIOMHHECIEHIHA

Fig. 8. Electroluminescence spectra of p-i-n-diode structures with Ge(Si)
islets, grown at 550 (1), 600 (2) and 650 °C (3), and measured at 77 K
(a) and 300 K (b). The density of the pump current for all the structures

is 5 A/cmZ [21]; Iy is intensity of electroluminescence
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Puc. 9. CnekTpbl 3JeKTPOJIOMHHECHEHIIMA TUOTHOH CTPYKTYPbI C
Ge(Si)- ocTtpoBkamu, Beipamennoii npu 600 °C xo orxura (1) u no-
cie orxura npu 650 (2) n 700 °C (3). Cnexrpsl u3mepens: npu 300 K
[21]

Fig. 9. Electroluminescence spectra of a diode structure with Ge(Si)
islets, grown at 600 °C, before annealing (1) and after annealing at
650 (2) and 700 °C (3), and measured at 300 K [21]

{gp | arb.units

Puc. 10. CnekTpsl 3J1€KTPOTIOMHHECIIEHIMH THOJHOH CTPYKTYpPBI C
Ge(Si)-ocrpokamu, Beipamennoi npu 600 °C, ¢ TommuHoi Si pa3-
nenuteabHoro ciost 25 (1) u 32 um (2). CnekTpsl U3MepeHbl NPH
300 K [21]

Fig. 10. Electroluminescence spectra of a diode structure with Ge(Si)
islets, grown at 600 °C, with thickness of Si of the dividing layer of 25 (1)
and 32 nm (2), and measured at 300 K [21]

JIOXKeHWEe MaKCHUMYMOB CHUTHaja (POTOTIOMHHECIICH-
LIMY U 3JIEKTPOTIOMUHECLIEHIIMH, CBSI3aHHOTO C KBaH-
ToBbIMU Toukamu Ge, ompeaesseTcss pa3dopocoM Iia-
paMeTpoB KBAaHTOBBLIX TOUYEK, MX pa3MepaMu, IUIOTHO-
CTBIO B MaccuBe, a Takxke aud¢ysueit Ge u Si.

B cnexkrpax ¢oronpoBogumoctu cTpykTyp Si/Ge,
colepxXalnx KBaHTOBbIe Touku Ge, HabmomaeTcs




npomieHue poroorkianka B UK obiacte 10 3HaueHUU
sHepruu ¢doroHoB 0,4...0,9 3B. Oriuuue crieKTpoB
(¢ OTOIPOBOAMMOCTH OOYCIOBICHO U3MEHEHUSIMU B OIT-
TUYECKOM TOMIOLIEHUN TeTePOCTPYKTYP ¢ KBAaHTOBbI-
MU Toukamu. B cBoio ouepenb, a(pdeKkThl pa3zMepHOTo
KBaHTOBaHMSI B CTPYKTypaxX ¢ KBAHTOBBIMU TOUKaAMU
OIIpeIe/STIOTCST pa3MepaMy HaHOKJIACTEPOB U, BO3MOXK-
HO, YIIPYTUMU HAIpSIKEHUSIMU B CUCTEME.

3akimoueHue

ITposeneH 0030p 37AEKTPOHHON CTPYKTYpPhI U OI-
TUYECKUX CBOWCTB MarepuasioB Ha ocHoBe Si/Ge c
KBaHTOBBIMU TOUKaMM, 0030p JIUTEPaTyphl MOCIETHUX
JIET, TIOCBSIIIEHHOMN MCCIIeNoBaHNIO0 (DOTORIEKTpUUe-
CKMX CBOMCTB HaHoreTepocTpyktyp Ge/Si ¢ KBaHTO-
BbIMU Toukamu Ge.

Bricokast 3heKTUBHOCTD TTONIOIICHIS U3TyIeHMS,
MOJISIPU30BAHHOTO B IIJIOCKOCTH BBIPAIIIMBAHUS, KOTO-
past HabOJoaaeTcsl 1o JaHHBIM CITEKTPOCKONUU (HOTO-
MMPOBOINMOCTH JJIsT CTPYKTYp p-Si/Ge CBUIETENbCTBY-
€T 0 MePCIEKTUBHOCTH UX TIPUMEHEHHUS B TETEKTOPAX
nns cpenHero MK nuamaszoHa, a Takke B MaTpuliax,
TPeOYIOIINX HOPMAJILHOTO TTAACHUS M3TYYCHUS U BbI-
COKOM OTHOPOAHOCTU IUKCEJICH.

Hcenedosanus evinoanenbl npu UHAHCOBOL NOOOepic-
ke PODU 6 pamkxax nayunoeo npoexma p_Cubupv _a
Ne 13-02-98023.
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Optical and Photoelectrical Properties of Ge/Si Nanoheterostructures
with Ge Quantum Dots

Study of optical and photoelectrical properties of semiconductor structures based on silicon with germanium quantum dots is an
important task for researchers today because there is a demand for creation of structures with unique physical properties for fab-
ricating new promising optoelectronic devices. In this paper analysis of scientific and technical literature on optical and photoelec-
trical properties of germanium on silicon nanoheterostructures is given. Peculiarities of semiconductor structures with nanodimen-
sional inclusions, such as quantum dots, their optical and photoelectrical properties are described. A review on electronic structure
and optical properties of germanium on silicon nanoheterostructures with quantum dots is conducted. Methods of measurement of
optical and photoelectrical properties of such structures are described. Photoelectrical characteristics of heterostructures with quan-
tum dots of germanium on silicon may be characterized by traditional methods of measuring photoluminescence and electrolumi-
nescence spectra and defining photoconductivity spectrum. These important methods of investigations of semiconductor materials give
full information about energy structure of material. A comparison of photoluminescence, electroluminescence and photoconductivity
spectra of such structures is done. An attention is given to the phenomenon of negative photoconductivity. The results of conducted
review show that absorption of radiation polarized in the plane of growth has high efficiency. This fact was observed from the data
of photoconductivity spectroscopy for p-Si/Ge structures. It argues for good perspectives of using of such structures in photodetectors
of mid-infrared range and their matrices that require normal incidence light and high homogeneity of pixels.

Keywords: nanoheterostructures, quantum dots, silicon, germanium, solar cells, photodetectors, photoelectrical properties

Introduction

Studying of the optical and photo-electric properties of
the semi-conductor structures on the basis of silicon with
quantum dots of germanium is an important task because
of necessity to obtain structures with unique physical
properties for perspective devices of optoelectronics. The
interest to such structures and their properties is due to
the prospects of Ge/Si heterostructures for the solar el-
ements and photodetectors, including for a near IR range
(1,3...1,55 pm) [1—6].

The photo-electric characterises of the heterostruc-
tures with quantum dots of germanium on silicon can be
investigated by measurement of the spectrum of photo-
and electroluminescence, and determination of the spec-
trum of photoconductivity.

The review is devoted to the specific features of the
semi-conductor structures with quantum dots of Ge in Si,
their optical and photo-electric properties, and techniques
for their measurement.

Photoluminescence of GeiSi structures

One of the most important methods for research of the
optical and photo-electric properties of the semi-conduc-
tor materials with nano-sized inclusions is measurement of
their photoluminescence spectrum, because it gives the
fullest picture of the energy structure of a material.

The radiating properties of the structures of Ge quan-
tum dots in a Si matrix, grown in a Stranski-Krastanov
mode have been thoroughly investigated. It turned out that
they depend on the growth temperature. So, at rather low
temperatures (about 400 °C) the structures are formed, ca-
pable to radiate photons with energy even smaller, than the
width of the forbidden Ge zone, namely, in the range from
about 0,6 up to 0,9 eV [1, 7, 8]. This is possible, because
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Ge dots in Si form a semiconductor heterostructure of the
second type, in which the radiating recombination in-
cludes the holes, trapped into the potential pits of Ge
quantum dots and the electrons from the surrounding Si,
localized on the border with the dots of germanium. The
radiating properties of the structures of the quantum dots
depend on the temperature of growth and other parame-
ters: speed of sedimentation of Ge, thickness of the de-
posited layers [4, 9—11], and the level of doping [12].

The structures which were grown at higher tempera-
tures (about 600 °C), radiate photons in an narrower range
of energies, close to 0,8 eV, irrespective of the size of the
Ge dots and thickness of the Si layers dividing the layers
of Ge dots. This may be connected with the fact that the
effect of the spatial quantization in Ge dots grown in
Stranski-Krastanov mode can be insignificant because of
their big size. The interest to the structures radiating pho-
tons with energy of about 0,8 eV is due to the use of this
spectrum range in the fiber-optical communication fa-
cilities [1]. Fig. 1 presents examples of measurements of
the photoluminescence spectra of the Ge/Si nanoheter-
ostuctures.

The Ge/Si structures grown on the oxidized surface of
silicon radiate in the range of 0,8 eV with the intensity in-
creasing by 1—2 orders in case of an increase of the an-
nealing temperature up to 1000 °C (fig. 1, b). The Ge/Si
structures grown in Stranski-Krastanov mode and an-
nealed at over 700 C lose practically completely their pho-
toluminescence ability connected with Ge quantum dots
(fig. 1, e) [1]. Such a dependence is often used as a crite-
rion for acknowledgement that the origin of a photolumi-
nescence is Ge quantum dots, but not crystal defects in the
surrounding silicon. Thus, an increase in the photolumi-
nescence intensity by 1 or 2 orders in the range of 0,8 eV




in Ge/Si structures grown on an oxidized surface of silicon
and annealed at temperature over 700 °C, cannot be due
to Ge quantum dots, but it occurs due to an optical re-
combination in the covering layer of silicon.

Thus, the photoluminescence spectra presented in
fig. 1, b show that the layers of the silicon, which were
grown on a layer of Ge islets on an oxidized surface of sil-
icon, can radiate light only at energies in the range of 0,8 eV,
i. e. they have an effective width of the forbidden zone
considerably smaller, than the crystal silicon. This testifies to
the fact that the atomic structure of these layers, which can
be considered as layers of a nanostractured silicon (ns-Si),
are different from the structure of the crystal Si [1].

The work [7] contains study of the influence of the
temperature of growth on the photoluminescence of the
structures with Ge(Si) islets, grown on the relaxed buffer
layers of SiGe/Si(001) and situated between the strained
Si-layers. It was demonstrated that with lowering of the
growth temperature in the range of 700...630 °C the pho-
toluminescence (PL) peak of the islets was shifted to the
area of smaller energies, which was due to an increase in
the content of Ge in the islets and suppression of blurring
of the strained Si-layers. With a fall of the growth temper-
ature from 630 down to 600 °C (fig. 2) a shift of the peak
to the area of big energies was discovered. This can be ex-
plained by a change of the type of islets from a dome type
to a hut type.

For a higher localization of the electrons in [11] it was
proposed to use Ge(Si)-structures with self-forming islets
grown on relaxed Si;_,Ge,/Si(001) buffer layer and em-
bedded in the strained Si-layer (e-Si-layer). At that, it was
an effective potential hole for the electrons (fig. 3).

Position of the energy levels of the electrons in such a
hole can be controlled by changing the composition of the
buffer SiGe-layer and thickness of the e-Si-layer. Feasi-
bility was demonstrated of an efficient control of the po-
sition of PL peak in relation to the islets due to changing
of the thickness of e-Si-layers over and under the islets.

In fig. 4 it is visible, that with a reduction of the thick-
ness of e-Si-layers above (dlSi) and under (dzsi) the islets
from 3 nm down to 1 nm the position of the peak of pho-
toluminescence from Ge (Si)/e-Si-islets is shifted to the
area of high energies. The discovered shift is connected
with the fact that a reduction of the thickness of e-Si-lay-
ers due to the quantum-dimensional effects results in ex-
pulsion of the first energy level of the electrons in e-Si-lay-
ers to the bottom of the zone of conductivity.

Besides, the work [11] demonstrated roughly a one-or-
der increase of the signal strength of photoluminescence at
77 K from the Ge (Si) islets embedded in the strained
e-Si-layer, in comparison with PL signal from the Ge (Si)
islets grown on unstrained Si (001) substrates. The increase
in intensity of the photoluminesccnce was connected with
an effective localization of the electrons in the potential
holes formed by e-Si-layers above and under the islets.

Photoconductivity of Si/Ge structures

Studying of the lateral photoconductivity in the Si/Ge
structures, containing self-organizing Ge quantum dots, is
important in connection with the prospects of such struc-
tures in optoelectronic devices [12].

Fig. 5 presents a spectral dependence of the longitudi-
nal photoconductivity of Si/Ge structure with quantum
dots of Ge (curve 1) at a room temperature. For compar-
ison reasons also presented are the measurements of the
spectral dependence of the longitudinal photoconductivity
of the structures with nonuniform two-dimensional (2D)
layers of Ge (curve 2)) and a sample of monocrystal Si
(c-Si), which did not contain Ge (curve 3)). The position
of the long-wave edge of the measured spectra points to
the fact that a photocurrent is caused by generation of the
nonequilibrium charge carriers due to the indirect band-
to-band transitions in Si.

A structure with quantum dots of Ge demonstrated a
considerably higher photosensitivity in the area of ener-
gies of quanta of 1,0 < Av < 1,11 eV, of a smaller width
of the forbidden zone of c-Si at a room temperature
(E, = 1,11 eV). As is known, the form of the spectrum
near the long-wave edge of photoconductivity is deter-
mined by a spectral dependence of the spectrum of optical
absorption. Thus, the difference between the spectra of
photoconductivity is due to the changes in the optical ab-
sorption of the heterostructures with the quantum dots [3].
In their turn, the effects of the dimensional quantization
in the structures with quantum dots are determined by the
sizes of the nanoclusters and, probably, elastic strains in
the system.

A considerably bigger photoresponse of the structure
with the quantum dots in IR-area 1,0...1,11 eV can be ex-
plained by the fact that the compressed Si areas near a na-
no-islet have smaller width of the forbidden zone in com-
parison with a non-deformed Si-matrix. The nonequilibri-
um charge carriers generated in the compressed Si areas
contribute to the photocurrent in the range of 1,0...1,11 eV.

The band-to-band transitions in the silicon structures
with the quantum dots of Ge were studied in the work [12]
by the method of photocurrent spectroscopy in case of a
cross-section direction of the applied shift voltage. The pho-
tosensitivity of ~10 mA/W in the range of 900—1200 meV
was due to the indirect excitonic transitions between the
hole states in Ge and the electronic states localized in Si.

It is possible to assume, that in the structures with the
quantum dots of Ge the absorption in the range of
900...1200 meV is caused both by indirect transitions, and
the transitions in the deformed epitaxial layers of Si near
the nanoclusters. A relative contribution of each mecha-
nism of absorption, possibly, depends on the density of the
quantum dots, their sizes and uniformity ot distribution,
which demand an additional research [3].

With a reduction of temperature down to 7' < 120 K in
the heterostructures with quantum dots a photosensitivity
was discovered in the IR area of 0,4...1,15 eV, where c-Si
was transparent. Fig. 6 presents the spectral dependences
of the longitudinal photoconductivity of a structure with
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quantum dots (curve ), a structure with nonuniform 2D
layers of Ge (curve 2) and a sample of c-Si without Ge
(curve 3) at 77 K.

In order to explain a continuous increase of the
photoresponse with an increase of Av in the spectral range
of 0,4...1,15 eV of a heterostructure with quantum dots it
is necessary to consider the zone diagram of Ge/Si. Usu-
ally these structures are considered to belong to type II, in
which a potential hole cxisls only for the charge carriers of
one sign. Energy of ionization of the basic state of the holes
in a quantum dot in relation to the valent zone of Si is ap-
proximately 400 meV [3]. The insert to fig. 6 presents a
zone diagram of the structure along the planar direction,
passing through Ge nanocluster. The depicted bends of the
zones near the heteroborder are due to a nonuniform de-
formation. As a result, potential holes for the electrons ap-
pear near the heteroborders of Ge/Si in silicon.

The spectra of the longitudinal photoconductivity of
the multilayer structure of Si/Ge with Ge quantum dots
[16, 17] were studied. Lines of optical transitions between
the hole levels of the quantum dots and the electronic
states of Si were observed. Fig. 7 presents the spectra of
photoconductivity of two samples, measured at 78 K in the
range of 0,3...1,2 eV. Feasibility of control of the spectrum
of the electronic-hole states of a mass of Ge quantum dots
by means of changing the parameters of growth of Si/Ge
structure was established [16].

The value of the width of the forbidden zone of Si
(Eg = 1,12 eV) is shown in fig. 7 by a vertical stroke line.
Sample 1 with a mass of Ge quantum dots demonstrates
a wide peak of photoresponse in the range of 0,6...0,9 eV.
It is visible, that its form is a result of a superposition of
the lines of three doublets, which are shown in the form
of weak features marked on curve 7 (fig. 7) by small ar-
rows. The doublet splitting is equal to 30 meV, and the dis-
tance between the doublets is 80 meV. The structure of the
photoconductivity spectrum is well reproduced for the sam-
ples with a smaller content of pseudomorphous Ge quantum
dots in the mass (~50 %). In those cases the basic wide
peak is already washed away in the continuously falling
down wing because of a nonuniform strain relaxation. Thus,
the presence of small peaks (fig. 7, curve I, small arrows)
shows, that a rather big number of pseudomorphous Ge
quantum dots arecontained in the investigated mass [17].

Sample 2, the spectrum of photoconductivity of which
is also presented in fig. 7 (curve 2), was obtained at a high-
er growth temperature of the Si layers (7, ~ 500 °C), than
sample / (T, = 450 °C). In this case the value of the strain
in the quantum dots decreases by 20 %, and their sizes in-
crease as a result of a mutual mixing of components dur-
ing growth. The doublet structure (fig. 7, curve 2, lines 4
and B) is connected with the electronic levels of Si formed
in a deformation potential hole near the hctcroborders of
Si/Ge. The peaks of the spectrum of photoconductivity
marked by arrows on curve 2, were caused by the optical
transitions between the hole levels of the quantum dots
and the states of the conductivity zone of Si [17].
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The works [18, 19] the authors experimentally discov-
ered the phenomenon of a negative photoconductivity in
the quantum dots of Ge/Si, consisting in a reduction of
conductivity of a layer with the quantum dots under illu-
mination. The mechanism of the negative photoconduc-
tivity consists in the following. Let us consider Si of n-type
with embedded nanoislets of unalloyed Ge. In the dark-
ness the conductivity of the system is determined by free
electrons in the zone of conductivity of Si, which appeared
there as a result of a thermal ionization of the donors [18].

In their absence in the quantum dots of the holes on
the heteroborder of Ge/Si there is a small state for an elec-
tron with a binding energy of E,~ 9 meV owing to the non-
uniform deformations leading to formation of a potential
hole for an electron. Therefore, a balanced concentration
of the electrons in the zone of conductivity will be lowered
due to their trapping on this level.

During absorption of light causing band-to-band tran-
sitions and formation of pairs of electrons and holes, the
holes start to accumulate in the Ge quantum dots, charg-
ing them positively. As a result on Ge/Si heterobordcrs
potential holes for electrons appear in silicon, in which
photoelectrons will start to accumulate. With a growing
number of holes in the islets (due to an increase in the in-
tensity of illumination) the energy of the deposited "su-
perfluous” electronic level increases. With the progress of
embedding of the level, the degree of its filling with elec-
trons grows, the concentration of the electrons in the zone
of conductivity decreases, and the conductivity of the sys-
tem goes down.

Electroluminescence of Si/Ge structures

In works [20, 21] the photo-electric properties and
electroluminescence (EL) of p-i-n diodes on the basis of
GeSi/Si heterostructures with GeSi nanoclusters in i-area
were investigated. For measurement of EL an Au/Ti ohm-
ic contact with diameter of 0,5 mm was formed on the sur-
face of the samples on the side from the structure. The sec-
ond ohmic contact was formed by deposition of a contin-
uous A 1 film on the reverse side of the substrate. The
structures with contacts were broken into separate slices
(chips) with the size of 2 X 2 mm. Measurements of EL
spectra were done on the chips in a pulse mode in order
to avoid overheating of the samples. Duration of the pulses
was 4 ms, the repetition period — 25 ms. The EL spectra
were registered by means of a photodetector cooled by
liquid nitrogen. EL was observed at various temperatures.
It was discovered, that the structures with the islets grown
at 600 °C possess the greatest signal strength of EL at a room
temperature in the range of wavelengths of 1,3...1,55 pm
(fig. 8).

Annealing of the structures with Ge(Si)-islets leads to
an increase of EL signal strength at low temperatures, but
worsens the temperature stability of this signal (fig. 9),
which is due to an additipnal diffusion of Si in the islets
during annealing.

An essential growth of EL signal strength was discov-
ered with an increase of the thickness of the dividing Si-




layer (fig. 10). 1 his was explained by a reduction of the
elastic stress in the structure with an increase of the thick-
ness of this layer.

As a result of comparison of the phololuminescence
spectra, of the electroluminescence of Si/Ge nanoheter-
ostructures with Ge quantum dots, obtained in various
ways, it is possible to conclude, that these dots introduced
in the volume matrix of Si, provoke appearance of apeak
in the range of 0,7...0,9 eV, which corresponds to the
range of the wavelengths of 1,3...1,55 um. At that, the
width and position of the maxima of the photolumines-
cence and electroluminescence signals, connected with
Ge quantum dots, is deftermined by scattering of the pa-
rameters of the quantum dots, their sizes, density in a
mass, and also diffusion of Ge and Si.

In the photoconductivity spectra of the Si/Ge struc-
tures, containing Ge quantum dots, a prolongation of the
photoresponse is o erved in the IR area up to the values of
the photon energies of 0,4...0,9 eV. The differences in the
spectra of photoconductivity are due to the changes in the
optical absorption of the heterostructures with the quan-
tum dots. In turn, the effects of the dimensional quanti-
zation in thc structures with the quantum dots are deter-
mined by the sizes of the nanoclusters and, probably, by
the clastic stresses in the system.

Conclusion

A review was done of the electronic structure and op-
tical properties of the materials on the basis of Si/Ge with
quantum dots, and of the literature devoted to the research
of the photoelectric properties of Ge/Si nanoheterostruc-
tures with with Ge quantum dots.

High efficiency of absorption of radiation, polarized in
the plane of growth, which is observed according to the
data of spectroscopy of photoconductivity for p-Si/Ge
structures, testifies to the good prospects of their application
in the detectors for medium IR range, and also in the ma-
trixes demanding normal falling of radiation and high uni-
formity of pixels.

The research was done with the financial support of RFFI
within the framework of the scientific project r_Siberia_a
No [3-02-98023.
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