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Hccnenyrorest xapakrepuctikuy HY niymMoB B cBeTOM3IIydaromux Juojaax Ha InAs
kBaHTOBBIX Toukax (KT). B skcriepiMeHTanbHBIX HIYMOBBIX 3aIUCIX OOHAPY>KEHBI J1BE
xommoneHTsl: CTII, BBI3BaHHBIH B3pPBHIBHBIM IIyMOM, U 1/f rayccoB mrym. BapbiBHOM
LIyM BBIIENSIETCS M3 MCXOIHOM CMECH IPU NOMOIIU CTaHJAPTHON TEOPHU OOHAPYKEHUS
curHanoB. IlokaszaHo, 4To smmupuueckas opMyna Xoyxe, BIEpBbIC NPHUMEHEHHAS
KnaiiHneHHHHOM K OOBIKHOBEHHBIM IIOIYNPOBOJHUKOBBIM AUOJAM, TAKKe MOXKET OBITH
npuMeHeHa U K cBeroauonaM Ha KT. Mccnenyrores 1Ba pasnu4HBIX criocoba pacdera
CIIEKTpa B3PHIBHOIO IIyMa M IHPOBOAUTCS CPAaBHEHHE TOKOBBIX 3aBHCHMOCTeH 1/f n
B3PBIBHOTO IIyMa. B pesynbrate MccienoBaHus MOKa3aHO, YTO Ppa3ziesieHHbIe IIyMOBbIE
KOMIIOHEHTHI HIMEIOT Pa3IHYHYI0 GH3UUECKYIO IPHPOLY.

1. Beeoenue

Llensio HacTOAIIEH PabOTHI SABISIETCS UCCIEA0BAHNE HI3KOUACTOTHBIX IIYMOBBIX Xa-
pakTepucTHK cBeTonsmydaommx auoaos (CHl) Ha kBaHTOBBIX TOUKax (KT).

HccnenoBanuch AMOABI, M3TOTOBICHHBIE B HIDKETOopoacKoM (H3MKO—TEXHHIECKOM
uncrutyte HHI'Y [1]. Bee anoasr nMerotT kodhGHULIUEHT HaeanbHOCTH 77~ 2 . DTO 03Ha-
4aeT, YTO OCHOBHOW TOK 4epe3 IO BbI3BaH pekoMOuHaimel Hocureneit B obnactu KT,
OTBEUaoLIel 3a BO3HUKHOBEHHE HM3IydeHHs. B OONBIIMHCTBE HMCCIEJOBAHHBIX AHOMIOB
ObL1 OOHapyskeH 1/f IIyM, XapakTepUCTHKH KOTOPOTO COOTBETCTBYIOT 3MITMPHYECKON
dopmyre Xoyxe (Hooge), mpumenennoii Knaitunennunom (Kleinpenning) k quonam [2].
Kpome 1/f myma, B HekoTopeix oOpa3uax Obul OOHApy»XeH B3pHIBHOW IIyM,
Mpe/ICTaBICHHBIN cityyailHbM TeserpadubimM nporeccom (CTII).

CyIIecTBYIOT pa3iIM4HbIE, 3a4aCTyI0 NPOTUBOPEUUBBIE, TEOPHH, MbITAIOLINECS 00b-
sicHUTh npupoay 1/f myma. Hexortopsle nccienoBarenu npeamnonarator 3], uto 1/f mym
ecTb cyneprno3unus psaaa CTII ¢ pa3nuyHbIMU BpeMEHHBIMH XapakTepucTHKaMu. [pyrue,
HanpoTuB, npeanonaraot [4], uro 1/f uym Bo3HHKaeT u3-3a (QIyKTyauuii MOABIKHOCTH
Hocuteneid, a CTII (B3pbIBHOI) IIyM — 3TO ABJICHUS 3aXBaTa HOCHTENEH JIOBYLIKAMHU, Be-
Jyliee K M3MEHEHHIO YMCIia HOCUTENeH 3apsja U, CJIeOBaTeIbHO, K (UIYKTyallsaM Ipo-
BOJMMOCTH.

B nannoii cratbe nccnenyercs B3pbiBHOH myM B C/1 Ha KT u cpaBHUBaeTcs ero To-
KOBasi 3aBUCHMOCTb C TOKOBOW 3aBUCHMOCTBIO 1/f myma. J[ns pasieneHust AByX LIyMO-
BBIX KOMIIOHEHT UCHOJIB3yeTcs IudpoBas oOpaboTka HCXOTHOIO IIyMa, OCHOBAaHHAs Ha
CTaHJapTHON TeOpUH 0OHAPYKEHUS CUTHAJIOB.
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BriepBrle BIZe€HHE IIYMOBBIX KOMIIOHEHT U3 CMECH T'ayccoBa ITyMa U CIy4aiHOTo
TenerpagHOro mporecca ObUIO OMUCaHO B padoTe [5]. ABTOPBI HCCIIEIOBAHM ONEPAOH-
HBIC YCHJIMTENH, Ha BBIXOJ€ KOTOPBIX HAOMIOAanach CMECh B3PBIBHOTO H I'ayCcCOBA IIyMa.
UToObl pa3fenuTh IIyMOBBIE KOMIIOHEHTHI aBTOPBI MCIIOIB30BAM PETYIHPOBKY Hamps-
JKEHUSI CMEIIEHNS YCUIIMTENS IOCTOSIHHOTO TOKa, Aenasi “BepXHee” COCTOSIHUE B3PBIBHOTO
[IymMa MOJIOKHUTENFHBIM, a “HIKHEee COCTOSIHHE — OTpUIaTensHbIM. [loce nenonp3oBa-
HUA aHanu3aropa Oypbe HUccIeRoBaTeNH MONydadd OTACIBHO CIEKTPHI MOIIHOCTH 1/f 1
B3pBIBHOTO mrymMa. OIHUM U3 pe3ysNbTaTOB 3TOH pabOTHI SIBUIOCH KCIEPUMEHTAIBHOE
JIOKA3aTeNbCTBO TOTO, YTO YHCTHIN B3PBIBHOH IIyM M (JOHOBEIN TayCcCOB IIyM BO3HHKAIOT
13-332 CTATHCTUYECKH HE3aBHCHUMBIX (PU3MUECKHUX MPOLECCOB.

OpHa u3 nmocneqHux padot, nMeromux aeno ¢ BeiaenenueM CTII Ha mymoBoM Qome,
ONHKCHIBAETCS B cTaThe [6]. B manHOM paboTe pa3meneHue HCXOMHON IITyMOBOW 3aliCH Ha
JIBE 3alHCH, COOTBETCTBYIOIME IBYM IUCKpeTHbIM ypoBHsM CTII, mpoucxogut ¢ uc-
MOJTb30BaHAEM BEPOSATHOCTHOTO KPUTEPHS, BEIPAOOTAHHOTO UCXOAS U3 MIPEANOIOKEHHS O
TOM, 4TO TenerpadHbIi MPOIECcC SBIAETCS MAPKOBCKHUM, a (DOHOBBII IIyM — rayCCOBBIM.
HcxonHoe 3KCHEPHMEHTATbHOE DPACIPEAENICHHE AaNMpOKCHMUPYETCS PacIpenelIcHIeM,
MOJIyYCHHBIM B pe3yibTaTe o0paboTku, mpuueMm cpenHue BpemeHa xu3Hu CTII BeicTy-
MafoT B POJIM MapaMeTpa anmpoKCHManuu. B xadecTBe pesynpraTa Takod oOpaboTku aB-
TOPHI TOJTyYarOT CTaTHCTUUECKH ycpenHenHble nmapamerpsl CTII. IlpemnoskeHHbIH MeTO
aHaNM3a aBTOPH WIITIOCTPHPYIOT HA MpUMEpe TelerpadHOoro mryma, HOSBILSIOLNIErocs B
BBICOKOTEMITIEPATyPHBIX CBEPXIPOBOAAMINX TOHKHX IUICHKAX NPH MPUIOKEHHU CMeIIe-
HUSL

Haubonee wacto mcmons3zyemas o0paboTka cMeCH IBYX Pa3IMYHBIX LIIYMOB B 4Yac-
TOTHOW 00JacTH MOZpa3yMeBaeT paclIelyICHHe UCXOJHOTO CIIEKTpa, Mo KpaiHel Mepe,
Ha JIB€ KOMIIOHEHTHI, TO €CTh 1/f CIIEKTp M JIOpPEHIEB CHEKTp (WIN creKTpsl). JlopeHes
CIEKTP BO3HMKAeT M3-32 HAJIMYMS B3PBIBHOTO MM T€HEPAIMOHHO—PEKOMOUHAIIMOHHOTO
mryma [7-8]. Lenpto Takoit 00paboOTKH sBIsieTCs IpeAcTaBleHne 1/f cekTpa B BHIE CyM-
MBI JIOPEHILIEBBIX CHEKTPOB. [Ipu 3TOM BhIIENIEHHE OAMHOYHOTO JIOPEHIIEBA CIIEKTPA W3
IIyMa, HMEIOIIETO CIEKTP Tuma 1/f7, MOXKeET ObITh OMMOOUHBIM, TAK KaK ¥ B OOIIEM CITy-
4ae 3aBUCHUT OT YacCTOThI aHAIIH3A f.

B nanHO# paboTe MCMOIB3yeTCsl HECKOIBKO MHAs IMPOLEXYpa BBIIECICHHUS CIIEKTpa
B3pbIBHOrO Iryma. CHauajga IIyM oLM(POBBIBAETCS M 3alUCHIBAETCS HA JKECTKUH JUCK
KOMITbIOTEpA. 3aTeM, KpoMe CIIEeKTpa, aHaJIM3UPYEeTCs IUIOTHOCTh BEPOSITHOCTU HCCIIe-
nyeMoro imyma. B ciyuae cmecu B3pbIBHOTO M rayccoBa (1/f) yma IJIOTHOCTb BEpOST-
HOCTH MMEET J[BA MaKCUMyMa, MEXIy KOTOPBIMH PAacIoiaraeTcsi JOKaJIbHbIH MUHUMYM.
OO6pabaTbIBast JaHHYIO (DYHKLHUIO, MBI HAXOJUM 3Hau€HHE “BepXHEro” “a” W “HUKHEero”
“—b” cOCTOSIHHS CIIy4yallHOTo TejerpadHOro mporecca OTHOCHTEIBHO cpexHero. M3 Toi
K€ MJIOTHOCTU BEPOSITHOCTH Mbl HAXOAUM BEPOSTHOCTH p U ¢ AJs “BEPXHET0” U “‘HUXKHE-
ro” COCTOSIHUH LIyMa.

Janee, ucrons3ysi CTaHIAPTHYIO TEOPHIO OOHApYKEHUs CHTHajla Ha (OHE IIYMOB
[9], MBI paccuuTbiBaeM mopor ¥, KOTOPBII MO3BOJIAET PA3IHYUTh “BEPXHUN” U “HUX-
Huit” ypoBHu CTII. Takum oOpa3oM, MOSBISAETCS BO3MOXKHOCTH PACIICHIUTH MCXOAHYIO
LIYMOBYIO 3amKch Ha JBe — rayccoBy (1/f) u “umcteiii” CTIL
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3aTeM, pacCUMTHIBast OOMIMII CHEKTP M CIEKTP rayCCOBOH YacTH M3 PEKOHCTPYHPO-
BaHHBIX BO BPEMEHHOI 00JacTH JaHHBIX, HaXoAuM crekTp uiBiedenHoro CTII u ompe-
JIeNIsieM €ro YIJIOBYIO dHacToTy f.. Jns HaxoxkmeHus crmekTtpa BbipeneHHoro CTII
HCIIONB3YIOTCA 1BA PA3IMYHBIX IIOAXO0AA.

VrinoBas 4YacTtoTa ONpPEHENSeTCS CPSOHUMU BpEeMEHaMH JKM3HH <7> u <9> B
coctostHusix CTIT “1” u “0” [10]. OtHomenue <7>/<.9> onpenensercs: BEpOSTHOCTIMH p
U ¢, HaliIGHHBIMH HpU 00pabOTKE IUIOTHOCTH BEPOSTHOCTH IIyma. Takum obpasowm,
IUIOTHOCTh BEPOSITHOCTH Ja€T JOCTATOYHO MH(OPMALMU JUIsS ONpPEAeNICHUs] IapaMeTpOB
B3PBIBHOI'O IIIyMa.

B nannoit padote uccnenyercs 1/f miym u CTII ¢ ero xapakTepHbIMH BpeMEHAMHU
JKM3HH B 3aBUCHMOCTH OT TOKa 4yepe3 obpasell.

2. Pe3ynomamul IKCnepumMenmos

2.1 BoaeTamnepHas XapaKTEpPUCTHKA

HccnenoBaHHEIE JHOIBI MMEIOT aKTUBHYIO ONTHYECKYIO O0JAcTh, COCTOSIIYIO U3
InAs KBaHTOBBIX TOYEK.
Tunmynas BonbpTamIiepHast xapakrepucraka (BAX) npencrasnena Ha puc. 1.

kA /
107 o

1073 LED#4k e
10° I-v characteristic_;:'
J/
10* ¥ .
1=2.43-10" A
10° n=2
10° K R=0.98 Ohm
v U, Volt
0
10— T dx’ U
0 0.1 02 03 04 05 0.6 07 08 09 1
Puc. 1

IpencraBiennas BAX mozBonser paccuntaTh Kod()GUIMEHT HaeanbHOCTH 77=2,
ToK Haceimenns 1,=2,4-10° A u mocienoBaTensHOE comporuBienue R=0,89 Ohm.

2.2 V3mepeHne 3IeKTPUIECKUX IIIYMOB

B mocraBieHHOM S3KCHEPUMEHTE HM3MEPSUTHCh LIyMbl HAMpSDKEHHUS Ha AUOAE IIPU
MPOITYCKaHUH Yepe3 HEro MOCTOSIHHOTO ToKa. [locnenoBaTebHOE CONMPOTUBICHUE HCTOU-
HHUKa TOKa Bceraa Obu1o, 1Mo KpaiiHel mepe, B 20 pa3 Ooiiblie, 4eM AWHAMUYECKOE COIpO-
TUBNEHUE Anona. HekoTopele M3 MCCIEIOBAHHBIX JHOJOB MMEIOT HETAyCCOB IIyM, CO-
CTOSIIIMI U3 ABYX KOMITOHEHT.

[Ipumep ocuummnorpaMmsl Habmomaemoro myma V(f), mpencTaBieHHBIH Ha pHc.2,
conepkuT sipko BeipaxkeHHBIH CTII. I110THOCTH BEpOATHOCTH LIyMa MPH TOKE CMEIIECHHS
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1,=2,15-10 A npencraenena Ha puc.3 CIUIOIIHON THHHMEI, a npu Toke [,=1,53-10* A —
MyHKTUPHOH. IIIIOTHOCTH BEPOSITHOCTH COCTOUT U3 ABYX PacHpelesIeHUI rayccoBa THIIA.

Hcnone3ys cnenuanbHyto 00paboOTKy, MBI pa3zenseM HaOMI0AaeMblil IIyM Ha JBe
KOMITOHEHTBI.

3. Ananu3z uiymoguix 3anuceii

3.1 OcHoBHas uaes

U3 puc.2, 3 BunHo, uro Mbl umMeeM CTII, cMerianHblid ¢ TaycCOBBIM LIYMOM. 3/1€Ch
3HAYCHHS d U b MMCIOT CMBICI MOJOKHUTEILHOTO HampshKeHus (cocrosHue “17°) u abco-
JIIOTHOTO 3HA4YEHUs OTpuliaTesbHOro HampsbkeHus (cocrosHue “0”) CTII cooTBeTcTBEH-
Ho. Xapaktepuctukamu CTII sBisitoTcst citydaiiHas JJIMTENBHOCTD 7; MOJOXHUTEIHHOIO
HMITyJIbca HOMEP i ¥ JUINTEIBHOCTH i-T0 OTPUIATEIIFHOTO HMITYJIbca .

8:10%
paf LED#4k
V) pdf examples
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Wrak, uccnemyemblil IIyM COCTOUT U3 ABYX KOMIIOHEHT, OJlHA U3 KOTOPBIX — 3TO Ia-

YCCOB IIYM, KOTOphId o0603Ha4yaercs Vi, Tak Kak €ro CIeKkrp, Kak OyJleT INOKa3aHo

nanbiie, umeet Gopmy 1/f. Ipyras komnonenra — 3to CTII, obo3nauaemas Vyrs.

V(@)= V(@) + Vers(®) - ()
Jlasnee OnUCHIBAETCS IIPOLIEAYPa pa3ieleHus NaHHBIX KOMIOHEHT, KOTOpas H03BOJIs-

et uccienoBarh otaenbHo 1/f mym u CTIL. OcHOBHAS HIesl 3aKITIOYACTCS B CICIYFOIIEM.
Ecnu nryMm HaxoauTcst B COCTOSIHUM 17, TO MBI BBIYMTAaEM 3HAUECHHUE d.

Vipty=v"0-a. 2)
[Ipu s3trom CTII npuHMMaeT 3HaUEHHE:
Vers() = +a . (3)

Bompoc o ToM, maxomurcst mm mym V(f) B cocrosHmm “1” mnm Her, Oyner
paccMoTpeH Hmke. Takke OyAyT pacCMOTpEHBI OIIMOKM, BO3HHKAIONIWE IHPH TaKON
o0OpaboTke.
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3HaueHue b JOMKHO OBITH MPUOABIECHO, YTOOB! HAKTH BENUYUHY Vi)r, €CIIH IIYM Ha-
xoxurcest B coctosHu “0”:

Vip® =V +b, @)
s CTII Torma umeem:
Vers() =—b . ®)

3HaueHus @ ¥ b HaXOJATCS U3 aHaNIM3a HKCIIEPHMEHTAIbHO U3MEPEHHON IIOTHOCTH
BEPOATHOCTH HIyMa.

3.2 [pouenypa onpeaenaeHus mopora Vo Mexxay coctosiHusmu “0” u 1

B nanHOl paboTe MBI MPUMEHSIEM CTaHIAPTHYIO TEOPHIO OOHAPYKEHHSI CUTHAJIOB Ha
¢one myma [9].
Bce paccMarprBaeMble cirydaiHble MPOLECCH HMEIOT HYJIEBOE CpeIHEe 3HAUCHHUE:
<H(D)> =<V (0> = <Vrrs(H)> = 0. (6)
DTO Tak, MOCKOJIBKY 1/f IIyM NPUHATO paccMaTpHBaTh C HYJECBBHIM CPEIHUAM 3HAYe-
HueM. C Ipyroil CTOpOHBI, Hallla SKCIIEPUMEHTAlIbHAs yCTaHOBKA MpeAHa3HaYCHa Ul H3-

MepeHHs TOIBKO IepeMeHHOI coctaBmstonieid. Takum odpasom, st CTII Beipaskenue (6)
HPHUBOIHUT K CIIEIYIOIEMY COOTHOLICHHUIO:

bla=<1>/<9>. 7)
OT0 03HAYAeT, YTO, 3HAsl 3HAYCHHS d U b, MBI MOXEM OIPE/CIUTh OTHOLICHUE CPel-
HeW JUINTENBHOCTH “HMITyJIbcoB” (cocTostHue “17) u “may3” (cocrostHue “0”). Tak, yBe-
JUYEHHE CPEIHEN ITUTENBHOCTH “Tiay3” <> MPHUBOAUT K YBEIUUEHHIO 3HAYCHUS a (Be-
JIMYMHA TOJIOKHUTETBHON YaCTH HMITYJIbCA).
Ipenmnonaraercs, 4To 1/ 1yM MMeeT rayccoBO paclpe/eNieHHe CO CTaHAApTOM O.

2
B e} ®)
\27o? 20°

Takum 06pazoM, GyHKIHUS INIOTHOCTH BEPOSTHOCTH HcxonHoro myma (1) nmpexcras-
JsieT co00 B3BELICHHYIO CYMMY JBYX TayCCOBBIX PAaclpelelIeHHi U MOXET ObITh BHIpa-
XKEHa CIIeLYIOIUM 00pa3oM:

Wy V)=

2 2
S R RO U U sl IR SO G U
v P ol
o

\2706? o 20° \/27702

3/1ech UCIOJIB30BaHbl BEPOSATHOCTU ¢ U p, COOTBETCTBEHHO, IS cocTosiHuil “0” u

“1”-

©

q=<9>/(<§>+<1>), p=<>/(<9>+<1>) . (10)

Urobbl paznuuuth coctostHMS 07 wm “1”, MBI HCHONB3yeM OTHOILICHHE
MIPaBIONONO0MS:
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V—a)? V +b)?
A(V) = pexp —% gexp —(72) . (11)
20 20

Ecnu A>1, To MBI cunTaeM, 4ToO MPOLECC HAXOOUTCS B COCTOSIHUU “17, a ecin A<I,
TO MPOLIECC CYMTACTCA HAXOIAMMMCS B cOCTOSIHUH “0”.

Ecnu nabGmiomaemMoe B JaHHBIH MOMEHT BpeMeHM 3HaueHue V(r) Oomplue mopora
V(t) > V,, TO npuMeHseTcsa BrIpaxkeHue (2) st Haxoxaenus Vi (f) u Beipaxxenue (3) aus
Vrrs(?). YenoButo A<l cOOTBETCTBYET CUTYallUsl, KOTJa MPOLIECC HAXOIUTCSI B COCTOSIHUU
“0”; npu sTOM V(f) < Vp, ¥ IPUMEHSIOTCS BhIpakeHus (4) u (5) Ans Haxoxaenus V() u
Vr1s(f), COOTBETCTBEHHO.

IMoporosoe 3nauenne V, Haxomurcs n3 otHomenwus (11) mpu A=1,

2
_ah ot e (12)
2 a+b b

"

W3 cootnomennii (7) u (10) nmeem:
qglp=alb . (13)

3aMeTHM, YTO TOJIBKO B YaCTHOM ciydae, Koraa p=q (unu a=b), mbl umeeM V=0, u
TOJIBKO B 3TOM Cllydae MOpor F, COOTBETCTBYET MHHHUMYMY 3KCHEPUMEHTAIbHOMN
THCTOTPaMMBI.

Bce 3nauenus, ucnons3dyemsie B (12), HAXOAATCS U3 aNMpOKCHUMAIMU IKCIIEPUMEH-
TaJIBHOH rucTorpamMmsl (puc.3) BeipakenueM (9). Bemuuunsl a, b 1 o ucnoib3yroTcs B
Ka4yecTBe NMapaMeTPOB arlpOKCHMAIIUH.

“1”

3.3 OmmnOKH Opu pas3zieNieHUH COCTOSTHUMN “0” U

CymiecTByeT /iBa THIA OIIHOOK, BO3HUKAIONIMX IIPH TaKOH 00paboTKe:

- “JloxHas TpeBora”, BO3HUKAIOIIAsl C BEPOSTHOCTBIO Pry ;
“IIpomyck Lenu”, BOZHUKAIOLIAsA ¢ BEPOATHOCTBIO Py .

BepositHocte  Pry  “moXHas TpeBora”  COOTBETCTBYET COOBITHSIM,  KOTJa
Habmonaemoe Hanpspkenue V(t) > V,, Ho CTII naxomutest B cocrostauu “0”. Ilpu sTom
puHUMaeTcs JloxkHoe peuieHue o ToM, uto CTII maxomutes B coctosHuu “1”. Takum
00pa3oM, 3Ta BEPOITHOCTH ONIPEAENISETCS CIEAYIONIENM COOTHOICHUEM:

o0
Pry=q [W, ;(V +b)dx. (14)
Vo
31eck NIOTHOCTB BeposTHOCTH Wy (V) mpeacTaBieHa BepaxkeHreM (8).
COOTBETCTBEHHO, BEpPOATHOCTh Py “HpOIycK Hemu” COOTBETCTBYET CHTYAIlUH,
korga Habmomaemoe Hampspkenue V(f) < Vy, no CTII Haxogurcs B coctosauu “17. Tlpu
9TOM MPUHUMAETCS OIIMOOYHOE PEUICHUE O MEPEX0/Ie CUCTEMBI U3 COCTOSTHUA “1” B “0”:
Vo
Pyr=p [W, sV —a)dx. (15)

—00
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W3 Beipaxenuii (14), (15) u (8) BHOHO, YTO BEPOATHOCTH YMOMSHYTBHIX OIIMOOK
CHJIBHO 3aBUCAT OT oTHOweHus ctangaproB CTII u rayccosa nryma. OueBuIHO, BEPOST-
HOCTh OOHApy’)KEHHS CHTHaja Ha LIyMOBOM (hOHE 3aBHCHT OT OTHOIICHHUS CHIHAJ-IIYM
SNR, KOTOpOE B HAIIEM CITy4Yae BHIPAXKACTCs CIACIYIOUINM 00pa3oM:

s - @rbhpa (16)

(o2

C yBenuuenneM SNR BeposSITHOCTH Pry U Py yMeHbIIAIOTCS.
OO0m1as BEpOSITHOCTh OIUOOK Py pecTaBIseT cO00H cyMMy

Pgp=Pry +Pyr. (17)

JlaHHas BEPOSATHOCTb MCIOJIB3YETCs A1 ONPEASICHHS KOPPEKTHOCTH Hallel 00paboTKH.

3.4 CrexTpanbHbI{ aHAIN3 Pa3AeACHHBIX OCHMIIIOTPAMM

Omubky “N0oKHAasE TpeBora” M “IPOIyCK LEeNH” MPUBOAAT K IOSBICHUIO TOHOJIHH-
TEJIBHBIX CKAQUKOB B 3aITHCSAX 00EUX BBIICICHHBIX KOMIIOHEHT.

W3menenuss B 1/f mryme MOryT OBITH JOCTaTOYHO MaJbIMH, M JIONIOJHUTEINIBHEIE,
NIPUBHECEHHbIE 00PabOTKOW, MMITYJIBCHl HCKaXKAIOT TOJIBKO BBICOKOYACTOTHYIO YacTb
CHEKTpa.

C npyroii CTOpOHBI, TaKHe OMIMOOYHBIE NMITYJIECHI 3aHIDKAIOT CPEHEE BPEMsl JKH3HU
i “BepxHero” u “HikHero” coctosHui CTII. B pesynbrare yriosas 4acToTa f. U3BIie-
YEHHOT'0 TaKUM 00pa30M B3PHIBHOTO LITyMa MOXKET OBITh OLIMOOYHO 3aBhIIICHA.

B paGote nmpoBOAMTCS CpaBHEHHE JIBYX Pa3IMYHBIX CHOCOOOB HCCIENOBAHHS CIIEK-
tpa CTII. Crioco6 “A” ocHOBaH Ha MPOCTOM BBIYMTAHUM CIIEKTpa BbIAEICHHOTO 1/f ryma
U3 creKTpa ucxoaHoro myma. Crocod “B” ocHOBaH Ha HEMOCPEACTBEHHOM BBIYHCIICHUH
crHeKTpa BbliesieHHOH peanuzanuu CTII.

Crioco6 “A” He BHOCUT HETOYHOCTEH B pacueT yriioBod yactotsl criektpa CTII, BI-
3BaHHBIX OIIMOKaMH “JIOKHasi TpeBora” M “HpOIyCK Lenu”’, HO MPEeArojaraeT HeKoppe-
JIMPOBAHHOCTh KOMIIOHEHT UCXOJHOTO LIyMa.

Crnoco6 “B” MOXkeT MpUBOANTH K OLIMOOYHOMY 3aBBIIICHHIO YIJIOBOM YacTOTHI, HO
UCTIOJIb3yeTcsl 0e3 NMPEAIONIOKEeHUs] O HEKOPPEIMPOBAHHOCTH HMCTOYHHMKOB 1/f mryma u
CTII. Ecnu oTHOIIEHHE CUTHAI-IIYM SNR JIOCTaTOYHO BEJIMKO, TOTJA OIIMOKH METOJa
“B” cTaHOBSTCS MPEHEOPEIKUMO MAIBIMHL.

B Hacrosiiem ucciaenoBaHuy ObLIM MCIIONL30BaHLEI 00a Merona “A” u “B”, uToObl
MOJIYYUTh SKCHEPHMEHTAIBHOE IOATBEPIKICHUE TOTO, YTO 1/f ¥ B3PBHIBHOW IIyM HUMEIOT
pasnyto npupony B CJl na KT.

4. Pesynvmamot ananusa evioenennvix Vi u ' Vers

Ha puc.4a n3obpaxena 4acTb peanu3aly UCXOJHOTO, a Ha puc.4b,c — obpaboran-
Horo mryma. CIIIOIIHOM TOpH30HTAIBHON JIMHKEH Ha prc.4a 0003HAa4YeH IMOpOT paciier-
nenust V. Kax BumHO, OH pacronaraercs HajJ CPeIHUM 3Ha4eHHEM, 0003HaueHHBIM () Ha
ocu opauHat. Ha puc.4b m3o00paxeHna BbIeNIeHHAs rayccoBa KOMIIOHEHTa, a Ha puc.4c —
YacTh BBIAEIECHHOIO B3PBIBHOI'O LIyMa.
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INocne pacuieruieHns: HCXOAHOTO 3KCHEPUMEHTAIBHOIO IIlyMa BO BpEMEHHOM obac-
TH BO3MOKHO HUCCIIE€A0BAHHIE CIIEKTPATBbHBIX XapaKTEPUCTHUK LIyMa.

XapakTepHbl€ CIEKTPbl HCXOAHOTO IIyMa U €ro rayCcCcoBOM M B3PBIBHONM KOMIIOHEHT
npeacTaBieHbl Ha puc.S. CIeKTp 0JHOTO U3 BBIICICHHBIX HPOLecCoB uMeeT Gopmy 1/f; a
Zpyroil umeeT JopeHueBy ¢opmy, uro cootBercTByeT crektpy CTII. MurepecHo, yuto
UCHOJIB3YEMBI MeTOZ OOHapyxuBaeT BKiIaa 1/f Iyma B 4acTOTHOM JMana3oHe
30Tu<f<3kl'u, roe ero mossi, o KpailHel Mepe, Ha MOPSI0K MEHBIIIE HCXOHOTO IIyMa.
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4.1 Boigenennslit 1/f mym

ITocne BeineneHus 1/f myma Mbl HCCIEAOBAIM 3aBUCUMOCTH €0 CIIEKTPaJIbHBIX Xa-
PaKTepUCTHK OT TOKa 4epe3 auoid. Ha pmc.6 paccmMaTpuBaroTCsl 3aBUCUMOCTH CIEKTpa
H3MEpPAHHOTO HATIPSUKCHHS Sy M PacCUNTHIBACMBI CIIEKTp IIyMOB TOKa S;=Sy/r’,, rue
rq=dV/dI — muddepenmansHoe conpoTuBieHne auoaa. sl TOKOBBIX IIyMOB Ha 4acTo-
tax aHanuza f=10 I'n u =100 ['n Benmuuuna criekrpa Si~/;. Takum 06pa3oM, IKCIICPUMEHT
MIOKAa3bIBACT, YTO TAKHE CIOXKHBIE CTPYKTYpHI, kak CJl Ha KT, ¢ Touku 3peHus 1nryMoB Be-
IyT cebst cxoxke ¢ OOBIMHBIMU auogaMu. Mcmoms3yst cootHomenne S,=alq/zf [4] n
VUHTHIBASA, 9TO BpeMs peKoMOuHaImy Hocuteneii 7=10"" cek [1], momyuaeM mapameTp
Xoyxe (Hooge) s u3Bnedennoro 1/f uryma a=8-107.

2 2 2
S, ViHz . (g1 Svs ViHz S, AYHz 4
0 EiﬁB¥t S z‘;t:sls?;:f_ if_icsmlm 3 10 Hz: Slope =-0.99 10 Hz: Slope =1.01
] urst noise "\, ] F
] spectrum v 1< ¢ ;10,19
10— =247 Hz) 101
E 3100 Hz: Slope =-0.85 —>
] ] =107
13— £
10"'*3 1/f (Gaussian) nois¢ 1077 F
7 spectrum: 1 £102!
17=1.04, 2y =8-10" 100 Hz: SIdpe = 1.15, E
-15 104 LED#4K F
107 é LED#4K E Current dependence E102
] Total noise spectrum and ] ;)_lfz Sy ::in;iof; ;;fi}:lh E
] its decomposition in a 1/f B eXt::cted w_'m‘;se e 3 r
and RTS , Hz 10715 102
1076 e N LA P R A A
2 3 4 10 10° 10 10° 10"
10 10 10 10 Id, A
Puc. 5 Puc. 6

4.2 BbljielIeHHBIH B3pLIBHOH 1IYM

Hcrions3yst BBEIIIEOMHCAHHBI METOJ, MBI HAIIUIM 3aBUCHMOCTh CKAa4KOB TOKA, BBI-
3BaHHbIX HanmmuueMm CTII, ot Toka depe3 auoa. 3HaueHWs HANPSHKEHHH a, b uia obonx
ypoBHert CTII ObUIH HAWCHBI U3 ANNPOKCUMALUH SKCIIEPUMEHTAIBHON IUIOTHOCTH BEPO-
SITHOCTH (THCTOTPaMMBI) MCXOJHOTO IIyMa BbIpakeHHeM (9). 3ameTumM, 4TO aOCUHCCHI
000MX MakCHMyMOB THCTOTPaMMBI HE B TOYHOCTH PaBHBI COOTBETCTBYIOIINM 3HAUCHUSIM
a u (—b), Tak KaKk 3TH NUKH CMELICHHI B HANPaBICHUN HYJIS U3-3a HAJIIOKEHUS ‘‘XBocCTa”
COCETHEro0 MHKA.

Bennunna ckauka HampsDKeHMs, OYEBHUIHO, BbIpaxkaeTcs kak AV=a+b. 3Has
i depeHIanbHOe CONPOTHBICHUE 7y U3 PaHee U3MEPEHHON BOJBTAMIICPHON XapakTe-
PHMCTHKH, PACCYMTHIBAEM BEIMYMHY CKauka Toka, Be3BaHHOTO CTII, AI=AV/r,.

3aBucumocts Al OT TOKa Yepe3 U0 IpeJcTaBlIeHa Ha puc.7. BuaHo, 4ro kpuBas Ha
rpadrKe HMEeT H3IIOM TpH TOKe uoma [, = 107 A.
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07IALL A

Best fit:
] AI=3.4-10°1,2%

LED#4K
10 Dependence of the
] RTS noise on bias
| Best fit:
| AI=1.3-1071,*
) I, A
10—
107 10°¢ 10° 10 10°
Puc. 7

BenmunHa ckayka Toka A/ JUIsi BBIAGICHHOTO B3PBIBHOTO IIyMa NPONOPLHOHATbHA
exp(qV/nrrskT), mpu 3TOM TOK uepe3 auox [ mpomnopuuonaneH exp(qlV/nkT). Takum
00pa3oM, MBI IMEEM 7JgTs=2,5 IUIS MAIIBIX TOKOB U 77p1s=4,0 It OONBIINX TOKOB. 3aMe-
THM, YTO U3 BOJBTAMIIEPHON XapaKTEPUCTHKH Arona (puc.l) Obu1 momydeH KodpQuimeHT
WEaNbHOCTH 77=2.

Hcnonb3yst aHHbIC aHaiM3a (QYHKIMH IUIOTHOCTH BEPOSTHOCTH MCXOJHOTO ILIyMa,
paccuuThIBaeM OTHOLICHHE CHrHai-myM SNR, ompenensemoe BblpakeHueM (16). 3aBu-
cuMocTb SNR OT ToKa yepe3 1uoj [, mpeacTaBlieHa Ha PHC.8 CIUIONIHON JIHHUEH.

P
3.27 SNR PEE 10
3.0 r
2.8 0
£107
2.6 r
247 :
2.27 =107
2.0 LED#4k
«— Signal-to-noise ratio and [
1.87 probability of treatment |-
errors versus current ,
1.6 - 10
107 10° 10° 10" 107

dy
Puc. 8
[Ipu Toke cmemienus I; = 107 A ornomenue SNR nmeer MaKCHUMyM. DTO, B YaCTHO-
CTH, TOBOPHUT O TOM, YTO B HAIIMX 0Opa3ilax B3pBHIBHOW IIYM M 1/f IyM MMEIOT pa3iuy-
HYO 3aBUCHMOCTh OT MPHKJIAIbIBAEMOro cMmemeHus. OTcroaa Mbl ipeanoaaraem, uro 1/f
u CTII umeror paznuunyto npupony B CJ[ Ha KT.
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Taxske MBI PaCCUNTHIBAEM BEPOSITHOCTH BOZHHKHOBEHHUS OIINOOK Pr, ONpeneIsIeMyIo
BeIpaskeHHeM (17). 3aBUCHMOCTh JaHHOH BEPOSITHOCTH OT TOKa CMEICHHUS MPEACTaBIICHA
Ha pHC.8 MyHKTUPHOH JTUHHEH.

Temneps MOXKHO CPaBHHUTH J[Ba METOJa M3BIECUCHHS CHEKTPA B3PHIBHOTO IIyMa U3 HC-
XOmHOW cMecHu. B meronme “A” Mbl BBIYHTaeM CIEKTp 1/f KOMIOHEHTHI U3 CyMMapHOTO
CIEKTpa, MPEATNoaras, 4To MIyMOBbIE KOMIIOHEHTHI HEKOPPEIHpoBaHsl. TakuM o6pazom,
MBI U30€raeM MOSBICHUS OIIHOOK B CIIEKTPE, BBI3BAHHBIX HAIMYHEM HMITYJILCOB “‘TOXK-
HOU TpeBOTH” | “mpoItycka nenu’” B BeiAenaeHHoU peanu3anuu CTIIL.

AnpHopHOE TPENOI0KEeHHE 0 HEKOPPETUPOBAHHOCTH UCTOYHUKOB IIyMa B METOE
“A” mposepsiercst meronoM “B”, rae cnextp CTII paccuuThIBaeTCs HETIOCPEICTBEHHO M3
BBIJICIICHHON peann3aliy B3PBIBHOTO myMa Vyys(?).

Ha puc.9 moka3aHsl 3aBUCHMOCTH yTJIOBOM YacTOTHI f, OT TOKa Yepe3 MO/, BBIUHUC-
JICHHBIE TIpY ToMonn o0oux MeTomoB HaxoxaeHus cnekrpa CTII. Kpusas, oTHocsmascs
K MeToxy “B”, mpu HHU3KHX TOKaX pacrojaraeTcsi HeCKOJIBKO BBINIE, YeM KpHBas, COOT-
BETCTBYIOIIAss MeToAy “A”. DTO pasznuyme sBISETCS IMPOSBICHHEM OMIMOOK ‘TIOXKHOMN
TpeBOTH” M “TIpomycka 1eny’”’, mpucyumx merony “B”. BuaHo, 4To 3TH OmIMOKH HOSBIIS-
I0TCS TOJNBKO ISl CAMbIX MAJICHBKUX 3HAYCHHH TOKOB CMEIICHUS JIHOJa, TaK KaK OTHO-
IIEHWEe CUTHAJ-IIYM B 3TOH 00JIaCTH AOBOJIBHO MAJlo, H BEPOSATHOCTH P TIOSIBICHHS OIIN-
6ok Beimre, eM 1072 (puc.8).

Jlnst 3HaueHuil Toka, Tl OTHOIIEHHE CHTHAN-IIYM CTaHOBUTCS JOCTaTOYHO OOJb-
LIMM, H BEPOSITHOCTb TOSABICHHS OMMOOK MeHbIIe, ueM 1072, 06a MeTo1a NPUBOMAT K Of-
HOMY U TOMY K€ pe3yJbTaTy, TO €CTh OIIMOKY, BO3HUKAIOIINE NIPH PACLICIUICHUH pealn-
3aIUy, JI0BOJIBHO MaJbl. JTO CBHIETEILCTBYET O TOM, YTO B HAaIMX oOpasuax 1/f mym u
CTII HexoppenupoBaHsl.

VrioBas yacrora f. cnekrpa CTII 3aBUCUT OT CpeIHHX BpPEMEH XH3HH B 000MX CO-
CTOSHUSX <7> 1 <$> [10] cnexyrommm oo6pa3om:

J=UQRrzy), toe 1 =1/<t>+1/<9>. (18)
Hcnonp3yst HaliIeHHYIO paHee YIJIOBYIO YacToTy B BeIpaxkeHusix (7) u (18), Haxoqum
<r>=((bla)y+1)/2#f, , <3>=((a/b)+1)/2xf,. (19)

Cpennue BpeMeHa XM3HHU IPEACTABIEHbI B 3aBHCUMOCTH OT TOKa 4epe3 AMOI Ha
puc. 10.

Cpennee BpeMsi H3HH <9> B cocTosiHUM “0” yMEHBIIAETCS C POCTOM TOKa, IPU
9TOM CpeJHee BpeMsl )KU3HU <7> B COCTOSIHUM “1”” MeJIeHHO BO3pacTaer.

Ilpn HU3KKX TOKaxX cpeJHee BpeMs JKU3HH, NOIY4YEHHOE MeTonoM “B”, Heckoiabko
MEHBIIIE, YeM Ta K€ BEJIHYHMHA, MMOJyYCHHAs METOJ0M “A”. DTO MpOsBIICHHE OIMIHMOOK
“10’KHOU TPEBOTU” U “IPOIlyCcKa Lelau’ .
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102 3
36107 £ Hy 3.010°74S L seate <07
3.4-10°7 [ Ep#ak Method “A™
,| Corner frequency of 25107 LED#4k
3.221077 extracted RTS noise spectra Mean lifetimes in both
3.0-10 depending on bias Method “B” states of extracted
. 2.0:10° burst noise
2.8:10*
2.6:10*7] 1.5-10°7]
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1.0-1077
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) g “1
2,0-102 T T T T e 05107 | St ‘Id‘"m
107 10°¢ 10° 10 10°? 107 10° 10 10 10°
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Ha puc.11 u 12 nokasans! 3aBucuMoctu BenuuuHsl wiato cnekrpa CTII (Sy u S)) ot
TOKa 4epe3 JH0J], pacCUUTaHHble 000UMH paccMaTpUBaeMbIMHU MeToxaMu. [Ipu moctike-
HUM TOKa auona I; = 107° A MPOMOPIUOHANIBHOCTA M3MEHSIOTCs. Tak, Hanmpumep, AJs
S;~I}' ua puc.11 3nauenne m usmensiercs ¢ 1,42 na 0,96. Pasnnunbie HAKIOHBI KPUBBIX
MIPU MAJIBIX TOKAX CMECIICHHS BBI3BAHBI HAJTMYHEM OIIMOOK “JIOXHOW TPEeBOTH” M “TIpo-
IycKa 1enu’”’, MpUCcyIux merony “B”.

3amMeTuM, 4TO u3BJIeueHHas 1/f yacTh umeer m=1 B coOTHOIWEHUH S;~17'.

2 2 2 2
I Sp Az, Sn ViHZ SwATMz_
E «__ ~Slope=-0.59 Slope=0.96 | » E Slope = -0.28 Slope=0.91 | .
1 LED#K e 10 1 Sopan > E10
Plateau value F £
12 L -12_| Plateau value r
10 3 (1[! Hz) of RTS L 10" 10 3 (10 Hz) of RTS noise L 10"
7 noise spectra E 1 spectra obtained by < E
] obtamed“b{/’ E 1 method “B” E
1 method “A’ L 1020 E L 1020
1034 Slope =-1.05 1073 Slope =-1.09 g
] ) ; 102 1 ;7 10
| Stope=1.42 g 1 Slope=1.72
1074 D It‘h‘éwi 102 107 - 1072
107 10° 10° 107 103 107 10°¢ 10°° 10 10°
Iy, A
Puc. 11 Puc. 12

WTak, MOXXHO clienath BBIBOZ O TOM, YTO B paccMaTpuUBaeMbIX oOpaslax XapakTep
noBenienust B3pbiBHOTrO (CTII) u 1/ nryma B 3aBHCHMOCTH OT TOKa CMEIICHHS Pa3iIHdeH.
Bce xapaxrepuctiki CTIT numeror m3iom npu Toke I; = 107 A B To Bpemst kak 1/f urym
HE UMeeT U3MEHEHHH IMTOBEACHHS TIPH JaHHOM TOKE.

140



Tpynst 3-ro coBemanus o npoekty HATO SfP-973799 Semiconductors. Hixauit Hosropoz, 2003

5. Buvieoowt

1) Ilpu u3MepeHusIX LIyMOBOTO HANPSDKEHUS Ha CBETOM3IYYAIONIMX JMOJAX Ha KBAHTO-
BBIX TOYKaX HAOJIO/IAJICs B3PBIBHOM IIIyM, HAJIO)KCHHBIN Ha TayCCOB LIy M.
2) Hcnonb3oBaHa MpoLEypa BbIACICHHS B3PbIBHOTO IIyMa M3 CMECH, OCHOBAaHHas Ha
CTaHJApTHOW TeOopuH OOHApY)XCHHUs CUIHANOB Ha (oHe mymoB. McxonHas peaimsa-
1y IyMa ObUIa paclieruieHa Ha JIBe KOMIIOHEHTHI. IlepBasi — B3pBIBHOM LIyM C JIO-
PEHIIEBBIM CIIEKTPOM, a IpyTras — 1/f mym.
Haiinena 3aBucumocts tuna S;(l,)~I; nns uzsnedennoro 1/f myma. Takast 3aBucu-
MoCTh OblIa BIEpBBIC paccuMTaHa U nposepeHa KnaiinnenHuHoM. [Tonyuen napamerp
Xoyxe (Hooge) ams 1/f myma 0y;=8-10" 13 CHEKTPaNbHOro aHaIH3a BBICICHHOrO 1/f
oIyMa B IPEANONIOKEHUM, 4YTO BpeMs PEKOMOMHAIMM HEOCHOBHBIX HOCHUTEINEH
=10"cex.
4) B paboTe HCIOIB30BaHbI Ba PAa3IHYHBIX CHOCO0A HAXOXKACHHMS CIIEKTpa B3PHIBHOTO
mryma. CpaBHEHHE HX Pe3yJbTaTOB MOATBEP)KAACT TUIIOTE3y O TOM, 4YTO 1/f M B3pHIB-
HOH ITyM HEKOPPEIUPOBAHEI B HCCIEIyEMbIX 00pasmax.
OmpeneneHsl pa3IMyHble XapaKTEPUCTHKH BBIJEIEHHOTO B3PBIBHOTO IyMa, TakKue,
KaK TOKOBBIC 3aBUCHMOCTH BesmuuHEI 1ato crekrpa CTII, yrioBoii gacToTsl, cpen-
HUX BPEMEH XH3HH B 000MX COCTOSIHUSX, BEJIMYMHBI CKauKa TOKA M HAIPSDKCHUS JUIS
CTIL
Bce momydeHHBIE XapaKTEPUCTHKH B3PHIBHOTO IIyMa MMEIOT M3JIOM IIPH TOKE AMOAA
I,=107 A, B To BpeMs Kak 1/f acTh BOOGIIE He MMEET MOTOOHBIX H3OMOB. OTHO-
LICHUE CUTHAI-IIyM SNR TakKe CHIBHO M3MEHSETCS IPH YKa3aHHOM 3HAYCHHM TOKa
yepe3 auof. Takum obpazom, CTII u 1/f irym UMEIOT pa3nuvHyo MPUPOAY B CBETOM3-
JIYYaroIIUX JUOAaX Ha KBAHTOBBIX TOUKAX.
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~
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~
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~

bnazooapnocmu

Ceeromuonsl Uil HCCIEIOBAHUS H3rOTOBIEHB B Hiokeropojackom  ¢u3nko—
texaudeckoM uHcTHTyTe HHI'Y. JlaHHOE MccnenoBaHie M MPOU3BOACTBO 0Opa3IoB dyac-
TU4HO mozanepxansl nporpammoit HATO “Hayka mist mupa”, mpoekt SfP-973799 Semi-
conductors mMexxny yauBepcuteramu HikaHero Horropoma m DitaxoseHa (Hunepman-
ne1). PabGora Taoke mopzmepxana rpantamu POOU HI-1729.2003.2, 01-02-16666 u
02-02-06298.
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Low frequency noise characteristics of light-emitting diodes with InAs quantum
dots are investigated. Two noise components were found in experimental noise records:
RTS, caused by burst noise, and 1/f Gaussian noise. Extraction of burst noise compo-
nent from Gaussian noise background was performed using the standard signal detection
theory and advanced signal-processing techniques. It was found that Hooge's empirical
relation applied to diodes by Kleinpenning is applicable to the electric 1/fnoise of quan-
tum dot diodes as well. Two different spectra decomposition techniques are used to ob-
tain burst noise spectra. Bias dependences of burst and 1/ noise are compared. It is con-
cluded that the RTS noise and 1/f noise have different physical origin in light-emitting
diodes with quantum dots.

1. Introduction

Our aim was to investigate characteristics of low frequency noise in light-emitting
diodes with layer of InAs quantum dots. We investigated at the Eindhoven University
LEDs manufactured in the Physical-Technical Research Institute of Nizhni Novgorod
State University (Russia) [1]. All diodes have the ideality factor 77~2. That means the
main current is caused by a recombination of carriers on QDs yielding the light emission.
Most diodes exhibit 1/f noise. The Hooge's empirical relation applied to diodes by
T.G.M.Kleinpenning [2] is applicable to the electric noise of quantum dot diodes as well.
In addition to the 1/fnoise, burst noise was found in some diodes.

There is a long-standing controversy on the origin of 1/f noise. Some researchers
propose [3] that the 1/f noise is a superposition of RTS (random telegraph signal) noise
with different characteristic time constants. Others propose [4] that 1/f'noise is a result of
mobility fluctuation and RTS noise is a trapping phenomenon leading to fluctuations in
the number of carriers and hence to conductance noise.

The aim of this paper is to investigate burst noise and to compare its bias dependence
with 1/fnoise behavior in our LEDs. The advanced signal-processing technique is used to
measure two noise components separately.

The first successful attempt in making separate measurement of Gaussian noise su-
perimposed on burst noise was made by Strasilla and Strutt [S]. The authors investigated
operational amplifiers, showing a mixture of Gaussian and burst noise. To separate noise
components researchers used voltage-offset adjustment of the dc amplifier, making the
“upper” level predominantly positive and the “lower” level predominantly negative. Us-
ing Fourier analysis they got separated power spectra of 1/ and burst noise. A result of
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their work was an experimental proof that pure burst noise and Gaussian noise are due to
statistically independent processes.

The most recent work dealing with RTS extraction from the background noise is de-
scribed in paper [6]. In this work the separation is performed of the total noise record onto
two sub records belonging to the discrete RTS levels using a probability criterion based
on the assumptions that the telegraph noise is a Marcovian process while the background
noise is Gaussian. The authors obtained the values of statistically averaged RTS parame-
ters. They illustrated the proposed procedure on RTS voltage noise mixed with Gaussian
1/f'* noise appearing in biased high temperature superconducting thin films.

The standard frequency domain treatment splits the noise into (at least) two compo-
nents — such as 1/f'noise and a Lorentzian spectrum (or spectra) stemming from burst (or
generation-recombination) noise [7-8]. The aim of such a treatment usually is the decom-
position of 1//~like spectra onto a sum of Lorentzian spectra. The extraction of a single
Lorentzian spectrum from the background of the spectrum of the 1//7 type can be errone-
ous due to dependence of the exponent y on frequency /. We use here a somewhat differ-
ent procedure for the extraction of the spectrum of the burst noise.

The noise is sampled and recorded on HD of a PC. Then, in addition to the spectrum
the probability density function (pdf) of the total noise is analyzed. In the case of the mix-
ture of the burst noise and Gaussian noise, the pdf has two maxima separated by a local
minimum. Treating this pdf we find the top “a” and bottom “—b” values of the random
telegraph signal. From the same pdf we find probabilities p and ¢ for the “top” and the
“bottom” states of the noise.

Using the standard signal detection theory in a background noise [9], we calculate
the threshold Vj, to distinguish between “top” and “bottom” levels of RTS. This allows us
to split the initial noise record into two records — the Gaussian noise, and a “pure” RTS.
Then we calculate the spectrum of the extracted Gaussian noise. Having a total spectrum
and 1/f spectrum calculated from the reconstructed time domain data, we find the spec-
trum of the extracted RTS noise and determine the corner frequency f. of this noise. Two
different decomposition techniques can be used to find RTS noise spectra.

The corner frequency is determined by mean durations <7> and <> of states “1”
and “0” of the RTS [10]. The ratio <7>/<9> is determined by probabilities p and ¢ found
from the treatment of the pdf. The pdf gives sufficient information to determine parame-
ters of the burst noise.

We will investigate the 1/f noise component and the RTS noise component with its
characteristic time as a function of applied bias.

2. Experimental results

2.1 Current-voltage characteristic

All the diodes studied have an optical active area consisting of InAs quantum dots.

A typical I-V characteristic is shown in Fig.1. From the figure we can see that the
ideality factor is 7= 2, saturation current /,=2.4-10° A, and the series resistance R,=0.89
Ohm.
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2.2 Noise measurement

The so-called open-circuit voltage noise across the diodes is measured by passing a
constant current through the sample. The bias series resistance was always at least 20
times larger than the dynamic resistance of the diode. Some of our devices showed non-
Gaussian noise that consists of two components. After analysis it proved to be 1/f noise
and burst (RTS) noise. The waveform of the measured noise V(¢) displayed by the oscillo-
scope (Fig.2), contains well-pronounced RTS. The probability density function of the
noise at 7,=2.15-107% A is represented by the solid line and at 7,=1.53-10* A is shown by
the doted line in Fig.3. The pdf consists of two Gaussian-like distributions with different
mean values. We can split the noise into two components. A treatment of the initial noise
is described below.

3. Analysis of noise data

3.1 Main idea

We will investigate the noise in the noise. From Fig.2 it seems that we have RTS
with Gaussian noise on top of it. Here values a and b have the sense of the positive (state
“1”) and absolute value of the negative (state “0”) meanings of the RTS, correspondingly.
The RTS has the random duration z; of the positive pulse, and 4; — for the negative pulse
with number 7. Thus, the measured noise contains two components — the Gaussian noise
henceforth denoted by V;, because we find that its spectrum is 1/, and RTS denoted by
Vrrs (1). Here we describe a procedure of selecting these components, which allows us to
separately observe the 1/fnoise and the RTS. The main idea is as follows.

If the noise is in state “1” we subtract the value a from it (2). At the same time the
RTS is expressed by eq. (3). Whether or not ¥(¢) can be considered as a V"(¢) will be
discussed later together with the small errors that can be made using this detection
method. The value b has to be added for state “0” in order to find V;; (4). And for the
RTS we have eq. (5). Magnitudes of a and b are to be found from the analysis of the ex-
perimental histogram (pdf) of the noise.

3.2 Calculation of threshold V,, for states “0” and “1”

We use the standard signal detection theory in the noise background [9].

All considered random processes have a zero mean value (6). It is true because the
1/f noise is always considered to have a zero mean value. On the other hand, our experi-
mental set-up was measuring the ac components only.

For the RTS it yields <r>a = <3>b and consequently eq. (7) appears. Thus, know-
ing magnitudes of a and b we can determine the ratio of average durations of positive
pulses (state “1”) and negative pulses (state “0”). For example, an increase in the mean
negative pulse duration <> yields an increase in value @ (the magnitude of the positive
pulse).

The 1/f noise V) is considered to have the Gaussian pdf (8) with the standard o
Thus, the pdf of the total noise (1) is the weighted sum of two Gaussian distributions, see
€q.(9). Here the probabilities ¢ and p for states “0” and “1” are used (10).
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To distinguish between states “0” and “1” and have VOz) or V(l)(t) we use the likeli-
hood relation (11).

If A>1 we decide that the process is in the state “1”. Otherwise, for A<l the process
is considered to be in the state “0”. Hence, if the observed value V(¢) is larger than a
threshold value V()>V, eq. (2) is applied for the V,/(f) and eq. (3) is applied for Vgrs(?).

For A<1, we have the state “0”, and V(¥) < V; eq. (4) is applied for the V() and eq.
(5) is applied for Vrrs(?).

The threshold value ¥} (12) is found from relation (11) with A=1.

From (7) and (10) eq. (13) follows.

Note that only in the special case of p=¢ (hence a=b) we have V=0, and only in this
case the threshold corresponds to the minimum of experimental pdf.

All values used in eq. (12) were found from the approximation of the experimental
histograms as in Fig. 3 by equation (9). Here a, b, and o are calculated fitting parameters
from our experimental results and eq. (9).

3.3 Errors in distinguishing between states “0” and “1”

There are two types of errors arising in such treatment:
“False Alarm” with the probability Pr4 (erroneously state “1” is detected),
“Missing of the Target” having the probability Py, (erroneously state “0” is detected).

The probability Prs of “False Alarm” corresponds to events when the observed
value V(¢) > V,, but the RTS is in state “0”, and the false decision can be made that the
RTS is in the state “1”. Thus, the relation (14) determines this probability. Here the pdf’
Wi;r (V) determined by relation (8) is used.

Consequently, the probability P, of “Missing of the Target” corresponds to the ob-
served value V(¢) < V,, but the RTS is in state “1”, and an erroneous decision can be made
of a transition from “1” to “0” (15).

From equations (14), (15) and (8) it is clear that the probabilities of the errors men-
tioned strongly depend on the ratio of root mean squares of RTS and Gaussian noise. The
detection of a signal in a background noise depends on a parameter “signal-to-noise ratio”
SNR = ogrs/ oy In our case this is expressed by eq. (16). Obviously with the increasing
of SNR, probabilities Pr, and P, decrease.

The probability of the total error Pp is the sum of these two components expressed by
¢q.(17). This probability is used to estimate the correctness of our treatment.

3.4 Spectral analysis of extracted waveforms

“False Alarm” and “Missing of the Target” errors yield the appearance of artifact
impulses in both the extracted RTS and the 1/f noise. The change in the 1/f noise spec-
trum after the extraction may be rather small, and additional artifact impulses only affect
the high-frequency part of the spectrum. By contrast, such impulses considerably reduce
the actual mean lifetimes for the “bottom” and “top” states. As a result, the corner fre-
quency of the extracted burst noise can increase erroneously.

There are two ways of investigating the RTS noise spectrum that will be compared.
Method “A” is based on subtracting the spectrum of extracted 1/f noise from the total
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spectrum. Method “B” is based on a direct calculation of the spectrum of the extracted
RTS waveform.

Method “A” does not introduce errors in the estimation of the RTS spectrum corner
frequency caused by “False Alarm” and “Missing of the Target” errors, but it assumes
that two components of initial noise are uncorrelated phenomena. Only in this case sub-
traction of spectral values is allowed. Method “B” can lead to the artifact increasing of
corner frequency, but can be used without any a priori assumption on a possible correla-
tion between 1/f and RTS noise source. If “signal-to-noise ratio” SNR is large enough
then the errors of method “B” become negligible. Both decomposition techniques “A”
and “B” are used in our research in order to obtain experimental proof of the different
physical origins of 1/f'and burst noise.

4. Obtained results after analysis of calculated V and V grg

In Fig.4a part of the waveforms of raw noise is depicted and treated noise is shown in
Fig.4b and 4c. The horizontal solid line in Fig.4a corresponds to the threshold 7 level for
the splitting. This level is above the mean value indicated by “0” at the y-axis. Fig.4b
shows the extracted Gaussian component. Fig.4c is the detached burst noise found.

After splitting experimental raw noise into two separate components in the time do-
main, it is possible to study the noise spectra.

Examples of raw noise, detached Gaussian noise and burst noise spectra are pre-
sented in Fig.5. One component of initial noise has 1/f behavior. Another component has
the typical spectrum of the burst noise. The surprising result is that the detection method
shows a 1/f contribution in a frequency range of 30 Hz < f'< 3 kHz at least one decade be-
low the raw spectra. Such low 1/f'noise components cannot be detected with standard fre-
quency domain treatments like discussed in [7-8].

4.1 Extracted 1/f noise

Having extracted 1/f noise we can take a look at the dependence of noise spectral
values on the current across the diode. These dependences for the measured Sy and calcu-
lated S;=S,/r2 with r,=dV/dl are shown in Fig.6. Since for our sample the ideality factor 7
does not depend on current through the diode, we have r,~1/1, and consequently S;~S){ 2.

For noise in the current at frequency /=10 Hz and /=100 Hz spectral values S;~/;.
Thus, experimental results show us that such complicated structures as diodes with quan-
tum dots have a noise behavior comparable to 1/ noise in ordinary diodes. Using the rela-
tion S;= el q/ tf [4] and taking =10 sec [1] for the carrier recombination time we ob-
tain the Hooge parameter for extracted 1/fnoise: ¢;=8-107.

4.2 Extracted burst noise

Through the analysis described above we obtain the dependence of current “jumps”
in the diode current. Absolute values of voltage a, b of the both RTS levels were found
from the approximation of the experimental pdf of raw noise by eq.(9). Note that abscis-
sas of both peaks of the experimental pdf are not exactly equal to corresponding values of
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a and (-b), because the maxima mentioned are shifted towards zero due to the presence of
a “tail” from the neighboring peak.

The magnitude of voltage jump is obviously expressed as AV'=a+ b . Knowing the
differential resistance r; from previously measured I-V characteristic it is easy to find the
corresponding magnitude of jump in the current caused by RTS AI=AV/r,.

The dependence of Al on the current through the diode is shown in Fig.7. It is clear
that this curve has a break at the current I, = 107 A.

The current “jump” Al of the burst noise is proportional to exp(qV/nrrskT) and the
diode current I, is proportional to exp(qV/nkT). We find nrrs=2.5 for lower currents and
nrts=4.0 for higher currents. Note that the ideality factor 77=2 was evaluated from I-V
characteristic shown in Fig.1.

From an analysis of pdf of the total noise we calculated the “signal-to-noise ratio”
SNR, defined by eq. (16). A solid line in Fig.8 represents the dependence of SNR on cur-
rent I, across the diode. At a bias current of 7, = 107 A the ratio SNR shows a maximum.
This implies that the burst noise and 1/f noise have a different bias dependence in our
samples. Therefore we suggest that 1/fand RTS noise have a different physical origin.

We also calculated the probability of errors P expressed by eq. (17). Its dependence
on current is represented by a dotted line in Fig.8.

Now we compare two methods of extracting the spectrum of the burst noise. In
method “A” we subtract 1/f noise spectra from raw spectra and we assume that both noise
components are uncorrelated. In such a way we avoid errors in spectra caused by errone-
ous impulses (“False Alarm” and “Missing of the Target”) arising from splitting the
waveforms. The a priori assumption about uncorrelated noise sources in method “A” is
verified in method “B” by the RTS spectra estimated from detached RTS waveforms
Vers(®).

In Fig.9 we see the dependence of corner frequency f. on current. The results of both
methods of decomposition of the spectra are compared. The curve related to method “B”
at lower bias shows slightly higher values (at most 20%) than the values of method “A”.
This is due to some “False Alarm” and “Missing of the Target” errors in method “B”.
These errors only occur for the smallest currents because the “signal-to-noise ratio” SNR
becomes rather small, and probability Py of errors is higher than 107 (see Fig. 8).

For currents where “signal-to-noise ratio” becomes larger, and probability Py of er-
rors is less than 1072, both methods give about the same result and errors due to waveform
splitting are rather small. This also means that 1/f'and superimposed RTS noise are uncor-
related in our device.

From the corner frequency it is possible to verify the harmonic mean of mean life-
times <z> and <> using eq. (7) and eq. (18). The corner frequency of RTS depends on
<z>and <> [10] as expressed by eq.(18). And thus we find eq. (19) for <z> and <g>.

Mean lifetimes dependences on diode current are presented in Fig.10. The mean life-
time <> in the state “0” decreases with increasing current, while mean lifetime <z> in
the state “1” slightly increases. Again, at lower currents the mean lifetimes for method
“B” are slightly lower than for method “A” due to “False Alarm” and “Missing of the
Target” errors.
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In Fig. 11 and 12 the dependence of the plateau value (Sy and S)) of the RTS noise
spectra versus current is shown for both methods. Below and above I,= 10" A propor-
tionalities mentioned are changed (e.g. m=1.42 or m=0.96 for S;~I;j' in Fig.11). Note that
the 1/fnoise part showed S;~Ij' with m=1 (Fig.6).

Slopes of Sy (1) and S;(I;) given by method “A” in Fig.11 at lower bias current differ
from slopes obtained from method “B” as shown in Fig.12 due to “False Alarm” and
“Missing of the Target” errors intrinsic to the method “B”. At this point we should note
that the behavior of burst noise and 1/f noise are different depending on bias current. All
characteristics for RTS noise have a break at the current of 7, = 107> A. The 1/fnoise does
not have such a change in behavior at the current mentioned.

Conclusions

The main results of this work are as follows:

1) Burst noise superimposed on Gaussian noise can be observed in the voltage across
light-emitting diodes with quantum dots.

2) The burst noise extraction procedure from raw noise is based on the standard signal
detection theory. The raw noise is split into two components. One appeared to be burst
noise with a Lorentzian—like spectral shape. The other component was 1/f noise.

3) Dependence S;(/;) ~I, was obtained for the extracted 1/ noise. Such a dependence was
calculated for the first time and verified by T.G.M.Kleinpenning. The Hooge’s 1/f
noise parameter o;=8-10~ was evaluated from the spectral analysis of the extracted
1/fnoise assuming a 7=10"" s, which is a reasonable meaning for this type of device.

4) Two different spectra decomposition techniques are used to obtain burst noise spectra.
Comparison of these two methods proves the fact that 1/f'and burst noise are uncorre-
lated in our samples.

5) Different characteristics of extracted burst noise were obtained, such as current de-
pendences of plateau value, corner frequency, mean lifetimes in both states, and mag-
nitude.

6) All obtained characteristics of the burst noise have a break at the diode current
I,=10"° A. No such change was revealed for the 1/fnoise part. “Signal-to-noise ratio”
SNR also completely changes at the current mentioned. Thus, it is possible to conclude
that the RTS noise and 1/f noise have different physical origins in light-emitting di-
odes with quantum dots.
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