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Uccrenyercst Gucniexrp 1/f mryma. st rayccoBa myma oH paseH Hyio. [Iporectu-
POBaHBI CBETOMOIBI HA CAMOOPraHM30BaHHBIX [nAs/GaAs KBaHTOBBIX TOUKaxX H Ja3ep-
Hble 1uoabl Ha Ing,GagsAs/GaAs/InGaP KBaHTOBBIX siMax, u3rotosiexHsie B HUDOTU
HHI'Y. AHanu3upoBanochk IIyMOBOE HAIllpsHKEHHE B IIMPOKOM JIMAINia30HE TOKOB 4Yepes
quoft. OLeHKa IUIOTHOCTH BEPOSTHOCTH M KYMYJISIHTOB LIyMa HE BBISBHJIA 3HAUHTEIIb-
HBIX OTKJIIOHEHHH OT HOPMAJIBHOTO paclpejeieHns. [IpoaHalM3upoBaH CHEKTp HIymMa
S,(f) B nuanazone 1 I'n—20 x['u. B GonbmmHCTBE ciydaeB napaMerp GpopMbl ciekTpa s
6ITH30K K eTMHHUIE, P 3TOM HapameTp XOyXe ay PUHAMAET 3HaueHue Topsyka 107,
Bucniexktp B.(f1, f>) iymMa — KOMIUIEKCHast GYHKIHS 9acToT fi u fo. Ero Monyns cragaer
MpU yJaJeHUH OT Hayaja 4acTOTHOM miockoctu Ofi fo. 3aKoH yObIBaHHS BJOJIb OUCCEK-
TpUCHI (fi =f, = f) nMeeT cTeneHHylo GpopMy ¢ rokaszareneM ¥z ~1,5ys. ToxoBas 3aBucu-
MocThb Moayisi |B,(f,f)| KauecTBEHHO IOBTOPSET TOKOBYIO 3aBHCHMOCTb CHEKTpa,
OJIHAKO CTENCHHBIC 3aBUCUMOCTH CYIECTBEHHO Pa3InyaoTCs.

1. Beeoenue

HccnenoBanne HerayccoBocTH 1/f ITymMa HCTIONB3yeTCsl KaK JOMOMHUTETbHBIN HHCT-
PYMEHT Ui u3y4eHus ero mpupozsl. Beficcman [1] omyOnuKkoBan ncuepnbIBarOmuii 00-
30p 9TOH MPOOJIEMBI M pe3ybTaThl, HoMy4eHHbIe K 1988 rogy. OmHako mpobiema 10 cux
MOp OCTaeTCs OTKPHITOH [2].

B nmanHoii pabote uccnenyercs oucnextp B,(f}, f,) HI3KOYaCTOTHOTO mryma Tuma 1/f.
Jlns rayccoBa IyMa OH PaBeH HYJIIO, a U MIPOYNX THIIOB IIyMOB MOKET NPEACTABIATh
c000ii KOMILIEKCHYI0 QyHKLHIO ABYX 4acToT B(f1, f2) = |B.(f1, [2)|-exp[j-D.(f1, /2)]-

HccnenoBanuch CBETOAMOIBI HA CaMOOPraHU30BaHHBIX [nAs/GaAs KBaHTOBBIX TOY-
Kax W Jla3epHble auoasl Ha Ing,Gay sAs/GaAs/InGaP KBaHTOBBIX SIMaX, H3TOTOBJICHHbIC B
DU3MKO-TEXHUYECKOM HccilenoBaTenbeckoM uHcTuTyTe HHIY®. Anamusuposanuch nry-
MBI HAIIPSDKCHHS B IIMPOKOM JJMAIla30HE TOKOB Yepe3 U0,

V3mepeHHs IIIOTHOCTH BEPOSITHOCTH M KyMYJISIHTOB IIIyMa HE BBISIBUJIM 3HAYHUTEIb-
HBIX OTKJIOHEHUH OT HOpMasIbHOTO pactpenenenus. Crekrp myma S,(f) B auanasone 1 I'ig
— 20 x[' B HEKOTOPBIX CIIydyasXx MOXKET ObITh omucaH (opmyinoi KnaiineHHuHa s
IonoB ¢ p—n nepexonoM [3]. Kak mpasuio, mapameTp GpopMBI CIIEKTpa ys OIM30K K €1~
HULE, IPU 3TOM NapaMmeTp XOoyXxe oy NPUHMMAET 3HAUYEHUs MopsiaKa 107+ 107 IIpak-

! Tem.: +7-8312-656153; Fax: +7-8312-656416; E-mail: yakimov@rf.unn.ru
% Ten.: +31.40.247 3242; Fax: +31.40.243 0712; E-mail: L.K.J.Vandamme@ele.tue.nl
wTen.: +7-8312—-656967; E-mail: Baidus@phys.unn.ru

174



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

THYECKH y BCEX JIHOJOB NMpPH OOJIBLIMX TOKAX CMELICHHs HaOMIofancs myM o0beMHOro
COIPOTHBJICHHSI.

Bucnexrp B,(f1, f;) Ilyma npencTaBisieT co00i KOMIUIEKCHYIO (PYHKIHIO YacToT f; K
f>. Ero Monynp cmajaer mpH yAaJeHHH OT Hadaja YacTOTHOW miockoctd Of)f>. 3akoH
yOBIBaHUS BIONb OMCCEKTPHUCH (f; = f, = f) HMeeT CTeneHHyr (GopMy C mapaMeTpoM
v~ 1,5y. TokoBas 3aBucuMocTb Moayisi |B(f,f)| KaueCTBEHHO MOBTOPSIET TOKOBYIO
3aBHUCUMOCTb CrIeKTpa. OJJHAKO CTENEHHbIC 3aBUCHMOCTH CYILIECTBEHHO OTIMYAIOTCA.

Taxoxe u3mepsutack oudasza D,(f), f2), ABIIOMAsICS apryMeHToM Oucrektpa. budasza
HpeJcTaBisieT co00i ciyyaiiHyto (QYHKLHIO 4acTOT f; U f, HE3aBUCHMO OT MCCIIEyeMOro
oA M INPUKIAABIBAeMOro K HeMy cMelleHus. Ee 3HaueHHss MEIUICHHO KOJeOIIoTCs
OKOJIO HyJIS.

2. Obpa3ywl u IKCnEpUMEeHMAIbHAA YCIMAHOBKA

2.1 HccnemyeMble THObI

HccnenoBanuch cBETOMMOABI HA CaMOOPTaHU30BAHHEIX [nAs/GaAs KBaHTOBBIX TOY-
kax (KT) u nasepnsie nuonst Ha Ing,Gag3As/GaAs/InGaP xBantoBbix amax (K5), usro-
TOBJIEHHbIE B DU3NKO-TEXHUIECKOM HCCIIEN0BATEIb-
cxkoM uncrutyte HHI'Y.

Ha puc.1 m3obpakeHa cTpykTypa CBETOAMOIA
Ha KT (cm. Taxxe [4]). Crnoit “1” —mmoamoxka (KoH-

TaKT) n'—Gads. “2” — GydepHbi croit n'—Gads
tonmmuHON d =550 HM. “3” — matpuna Gads, d =6
HM. “4” — cnoii InAs KT, d=6 um. “5” — cioit p— 3
Gads, d = 8 uM. “6” — xonTaxT p'—Gads, d = 600 HM.
Crpykrypa nasepa ¢ K5 moxoxa Ha CTPyKTypBI 2

ceronuoioB ¢ KT, HO uMeloTCs HEKOTOPbIE OTIH-
yng (cM. Takxke [5]). 3meck OydepHsiit cimoit “2”
umeet TommmHy d = 700 M. Cron “3” u “5” — 3ep-
Kaja, U3rOTOBJIEHHbIE W3 1 U p — [nGaP, d = 500 —

550 am. BomuoBonubIit Gads cnoit “4” (d = 750 — Fig. 1 Structure of LEDs
800 HM) comepxHuT B cepeauHe aBe Ing,GaggAs KA and lasers
(d=9 m).
Bonpramnepnas xapakrepuctuka (BAX) ceeronnona ¢ KT umeer cinenyroumii BUL:
HHV”H m
nr

rue /; — TOK Npy NPUI0KESHHOM HaNpspKeHUH V; [, — TOK HaCBILEHUS; 77 — KO3 (GUIUESHT
UJCaNbHOCTH; R, — 00BEMHOE CONMPOTHBICHUE; V7 — TemIoBoW moteHiman. Hanpumep,
tunnusbiil guog LED#1K uMmeer cienyromuye napaMeTpsl B Juana3oHe TOKOB [, OT 10"
1002 A: I,=7,510""0 A; n=1,86; R, = 0,27 Om. Koaddumment uneanpHocTu 77~ 2 03-
HAYaeT, 4TO OCHOBHAs pekoMOuHanus Hocureneil mpoucxoaut B KT.
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BAX Bcex mazepHBIX OHOAOB, B IONOJHEHHE K KOMIOHeHTE (1), COmEepKUT HemH-
HEHHBIA TOK YTEYKH, TOMUHHUPYIOIINI Ha MaJbIX TokaxX. Hampumep, mazep #1 0o [;= IMA
omuceBaeTcs mapamerpamu I, = 2-107° A; 1= 10. Ota gacts BAX ompeaensieTcss TOKOM
yreukn. Ha Oonee BbICOKMX TOKax mpeobiamaer pekomOuHamus B K, mpu stom
I, = 6-1072 A, n=22, R, = 0,1 Om. KorepentHoe J1a3epHOE H3JIy4eHUE HAUMHALTCS, KO-
rza Tok uepes obpasen npesbiaet /;, = 0,25 A.

2.2 VI3aMepuTeapHasl yCTaHOBKA

IMutanue Ha TUOABI MTOJABANOCH OT MAIONIyMSIINX Oarapeil uepe3 Gonbmoe Oamia-
cTHOE comporusienue. [llymMoBoe HampspKeHHe IUO/A yCHIMBaiIoch npu noMommu 60 dB
“Ultra Low Noise Preamplifier 5004” u “Precision ac Amplifier 9452”.

VYcunennsiit myMm ornudpoBsIBacs (106 OTCYETOB JUISl KaXKAOTO 3HAYECHUS TOKa ;).
JUI 3TOTO HMCHOJIB30BANICSI aHAJIOTOBBIM MOAYNh BBOAA-BEIBoga ADS224x48 (Muctpy-
MeHTaJbHBIe cucTeMbl, Mocksa). [llym, orudposannsiii ¢ yactoToi 48 k' mpu momoru
24—6utHoro ALIII, 3ammchiBajycs Ha JKECTKHU JUCK KOMITBIOTEpa Kak OWHApHBIA (aiii.
Taxue ¢aiinel 00pabaTHIBAIMCH TPH ITOMOIIM MHOTO(QYHKIIMOHAJIBHOTO aHAIN3aToOpa
nryma.

JIns TeKyIux HcclIenoBaHui pa3paboTaH MHOTO(YHKIMOHAIBHEIH aHAIH3aTOp IIIy-
Ma [6]. OcHoBanHbIH Ha rpaduueckux Oubmmorekax LabVIEW (Laboratory Virtual In-
strument Engineering Workbench), oH, B 4acTHOCTH, TTIO3BOJISICT N3y4aTh CHEKTPHI U OUC-
MEeKTPbI, PACCUUTHIBATH JPYIHE CTAaTUCTHUYECKHE XapaKTePUCTHKH. AHAIN3aTOp Mpes-
crapmseT coboit mprmoxkenue s Windows® 9x/NT/2000.

CHauana KOHTPOJINPOBANACch OCIUIIIOrPaMMa IIIyMa MY IIOMOIIH IHPOKOTo Habopa
CPEACTB, MpeyIaraeMbIX aHaam3aTopoM. Hampumep, HCHONB30BAIOCH yBETUIEHHE HEKO-
TOPOH MPSIMOYTONBHON 00JAaCTH OCHMIUIOTPAMMBI, a TakKe yBEIWIEHHE Pa3JelbHO IO
ocaM X u Y. [Ipu HE0OXOAMMOCTH OCHIIUIOTpaMMa MorJia OBITh TMPOpEKeHa. 3aTeM Hc-
CJIEI0BANIUCH PA3JINYHbBIE CTATHCTUYECKHUE XapAKTEPHCTHKH.

- IInoTHOCTH BEpOSITHOCTH, C OLEHKON CPEIHETO 3HAYECHUs, CTaHAApTa, KO3 PHUIHEHTOB
aCHMMETPHHU U 3KCIecca IIyMa; MPUYeM IO0Ib30BATEIh CAMOCTOSTEIBHO yCTaHABIIH-
BaeT KOJIMYECTBO MHTEPBAJIOB [UISl OLCHKU (DYHKIMHU INIOTHOCTH BEpOSITHOCTH. B ana-
JIU3aTOP MOTYT OBITh HOOABIECHB! OLICHKU APYTUX TPEOyEeMBIX CTATHCTHIECKHX Xapak-
TEPHCTHK.

- Cnektp S(f) U anmpoKCHMHpPYIOIIAasi B BBIOPAHOM YaCTOTHOM JAMAIa30HE (YHKIHA
Buza A/f”. 3nech TakxKe HOCTYIHBI BCe BUBI yBEIMUeHUs. BapbupyeMbIiM napaMeTpom
aHaJIM3a SABJIAETCS YHUCIIO OTCYeTOB ObicTporo mpeodpazosanus Pypoe (BIID). Uucno
YCPEMHAEMBIX CIIEKTpOrpamm Ny,, 3aBucsmiee ot pasmepa BII® u yucna orcyeTos B
OunapHoM (aiine ¢ JaHHBIMHU, TAKXKE 0TOOpAXKAETCS B OKHE CIIEKTPOaHAIM3aTOPA.

- BerectBennast 1 MHMMas 4acTH OHCIIEKTpa, a TaKKe ero Moayib |B(f, f>)| n oudasa
®(f1, f»), xak Ha mnockoctu Of)f,, Tak H BAOIb OHCEKTPUCCHL f=f =f,.
IIpexycMoTpeHa  BO3MOXKHOCTH ~ W3MEHEHHsS  OMCIEKTPAIBHOIO  4acTOTHOTO
pazpeueHust usMeHenueM JuiHb1 BI1D.
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ITonb30BaTeNb MHOTO(YHKIMOHATILHOTO aHAJIW3aTOpa MMEET BO3MOXKHOCTh COXpa-
HHUTh BCE H3MEPCHHBIC CTATUCTMYECKUE BEIUYMHBI (IUIOTHOCTH BEPOSTHOCTH, CIIEKTD,
OHCIICKTp, U T.1.) B TEKCTOBBIX (paiiiiax ¢ HEOOXOIUMBIMA KOMMEHTAPUSIMH.

2.3 OueHka cuekTpa U OMCIIeKTpa

Hcnonk3oBanocs KoMIUIEKCHOE mpeobOpazoBanue Dypee  y,(f) myma v(f),
Ol"paHI/IlIeHHOFO I/IHTepBaJ'IOM BpeMeHI/I TI
t+nT 2
La(N= [ve P dt,n=1,N,,. )
t+(n-1T

3nech Ny, T —1nmHA HCCTeyeMO IIyMOBOM 3aIMCH, KOTOpast TIPH aHAIU3€ Pa3OMBacTCs
Ha N, oTpe3KoB. Bennuuna ¢ B BepXHEM U HIDKHEM IIPEeNaX MHTErPHPOBAHMS — BPEMS
Havana 3amuch. J{o ucrnons3oBanus bII® mis pacuera y,(f) mym omudpoBeIBacTCS NpH
niomoru ALIIT.

Crextp S,(f) u 6ucnextp B,(f}, f>) OLICHUBAIOTCS CIEAYIOIIM 00pa3oM:

. 2 Nyp 2
Sv(f)=WZ|zn(f)| , 3)
spt n=l1

B, (f1,/2) =| By (f1,./2) | explj®, (f1,/2)] =

L mUDZ i+ ) @
_Nsan:IZn DXn\J2) XnJ1 2)-

Bucnexrp B\(f1,f;), kKak BugHO u3 (4), mpexacraBiser coboi, B o0meM ciyyae,
KOMIIIEKCHYIO (DYHKIIHMIO IBYX 4acToOT.

B nmanHnoii pabote uccnenyercs cuektp S,(f), Mmoxyns oucnexrpa |B.(f1, f>)| u 6udaza
@ (f1, f>) LIyMOBOT0 HANPSDKSHUS HA JIMOJAX.

3. Pe3ynomamasl IKCHEPUMEHINOG

IymoBoe HampspkeHne orudposbiBanock (nipu nomoriny 24—6utHoro AL ¢ gacro-
To# muckperH3anuy 48 k') M 3aMUCHIBANOCH HA JKECTKHMIT auck koMmbioTepa (10° oTcue-
TOB ISl KQXKJIOTO 3HAUEHHSI TOKa /).

3.1 [170THOCTB BEPOSITHOCTH IITyMa

OHeHKa MJIOTHOCTU BEPOATHOCTU HECKOJIBKO OTJIMYACTCA OT HOPMAJLHOI'O pacIiipe-
JCJICHUS, OITUChIBAEMOI'0 U3BECTHBIM BLIPAKCHUCM

2
! ~ Xp (v_<v2>) . 4)
\/27z0", 20,

v

W,(v)=

CpenHee 3HaueHHE <V> OTIMYACTCS OT HYJIA, XOTS 3TOrO HE JOJKHO ObITh, TaK Kak
U3MEpHTEIIbHAs YCTAaHOBKA HE 00pabaThIBAET MOCTOSHHYIO COCTABISIOILYIO YCHINBAEMO-
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ro imyma. M3MepeHHOe 3HaueHHE <V> OTIMYAETCS OT HyJs Ha BEIMYMHY, JISXKAIYI0 B
npenenax CTaTHCTHYECKOH OIIMOKHM, TOITOMY MOXXKHO HpeHeOpeub 3THM OTIHYMEM U
MOJIOXKHUTE <v> = ().

Ornnune K03()GUIMEHTOB ACHMMETPHHU H DKCIECca OT HyJIS Ul HEKOTOPBIX JTHOJIOB
TaKKe JIOKUT B PaMKaX CTATHCTHYECKOM ommOku. 1 rayccoBa IyMa YKa3aHHBIE KO-
3¢ PHULUNEHTH TOHKHBI OBITH paBHBI HYJI0. OIHAKO HEKOTOpPHIE CBETOAMOMABI U Ja3epPHbIC
oAbl UMetoT 3HaunTenbHble BIOpockl u CTII (TenerpadHslii myMm) B IIyMOBOM Hampsi-
KeHuH. B aHHOH paboTe aHATM3UPYIOTCS TOJIBKO JTHO/bI, HMEIOIIHE IIIYM C pacipeene-
HUEM, HAaMMEHee OTJIMYAIOIINMCS OT TayccoBa 3akoHa (5).

3.2 COexTp mryMOBOTO HAIPSKEHMS

Bce 1nozpl reHepupyIOT XOPOIIOo pa3iHuYuMbIi 1/f IyM BOo BceM HCCIieyeMOM ua-
na3zoHe 4actoT. Ha puc.2a moka3aHo ceMEHCTBO M3MEPSHHBIX CIIEKTPOB IIyMa AUOIA
LED#1K. 3nech u300paskeHbl CIEKTPhl A Pa3IMyHbIX TOKOB /; (cBepxy BHM3): 0,11;
0,38; 1,63; 5,48; 53,91; 180 MA. Annpokcumauus mig toka I; = 0,11 MA umeer Bug
S,()=3,29-10" /%S, Ilna Bcex cmexrpos mapamerp (GopMmbl ¥~ 1. CaMas HIDKHAS
kpuBas “Noise floor” npencrapisieT clieKTp COOCTBEHHBIX IIIyMOB yCTaHOBKH.

107137500 V*/Hz LED#1K S, V¥Hz Laser #1
)/

_ —1@% . f
10 10—12_ s\
10 _14]

10 \\
10 _k\
. —16 L
Noise floor 10 4
107 ‘%
00 1k e 10K 107 T T T
10 100 1k 10k T
f Hz 10 100 1k f,Hz 10k
(@) (b)

Fig. 2 The set of the voltage noise spectra measured at different currents through the
LED#1K (a), and laser #1 (b)

Ha puc.2b nokazaHo ceMelCTBO M3MEPEHHBIX CIIEKTPOB IyMa jaszepa #1. BeiOpan-
HbIe TOKH 1; (cBepxy BHU3): 0,055; 0,503; 1,055; 2,55; 5,188; 16,473; 46,54; 98,04; 210;
429 MA. AnmpokcuManst s Toka I; = 46,54 MA umeer Bux S,(f) = 8,17-107 /1% 3a-
METHM, YTO TOK yTEUKH CTAHOBUTCS NMPEHEOPEKMMO MaIbIM IIpH I;> 1 MA, a KOTepeHT-
HOE JIa3epHoe M3IydeHne nossisercs npu [, =250 MA. Kak BuIHO U3 pUCYHKA, CIIEKTp
myma Juisi Toka I; =429 MA HMeeT IONOJHHTENbHYI0 OEJOIIyMOBYIO KOMIIOHEHTY
npuMepHo Ha 10 dB BbIme criekTpa COOCTBEHHBIX ITYMOB yCTAaHOBKH. [Ipmpoma sToro
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JIOTIOJIHUTENBHOTO Oeoro IIymMa HaM MOKa HEeM3BECTHA. BO3MOXKHO, MOSBIEHHE 3TOMH
KOMITOHEHTHI BBI3BAaHO KOT'€PEHTHBIM JIA3€PHBIM H3TyUCHHEM.

3aBucuMocCTh criekTpa S,(f) oT Toka /; Ha ¢uKkcupoBaHHOU yactore f= 93,75 ['m mus
muoga LED#1K mpencraBnena Ha puc.3a. Ilpu mameix tokax ([;<100 MA) nmannas

3aBUCHMOCTh UMEET BH/I I,;ﬁ, rae f=0,46; mpu Ooiee BBICOKHX TOKAaX CHEKTpP HAYMHAET
yBennuuBaThea. YBenmuenue S,(f) mpu [; > 100 MA 0OBACHSETCS BIUSHHEM
¢dykTyanuii 00beMHOTO CONPOTUBIIEHHS R, (CM., HarpuMmep, [3]), moBeaeHUe CrieKTpa Ha
HHU3KUX TOKax TPeOyeT JOMOIHUTEIBHOTO aHaIN3a.

S,, V2/Hz LED#1K ay S,, V2/Hz Laser #1
1. f=93.75Hz L 1070 £ =93.75Hz
I 107"+
105 __10_3 10712
10753
: 10—14_
i 107154
107
L 107
I, A
0.0001  0.001 0.01 0.1 fa 0.0001 0.001 0.01 0.1 InA
(@) (b)

Fig. 3: (a) LED#1K, the dependence of the voltage noise spectrum (at /= 93.75 Hz) and
the Hooge’s parameter on the current. (b) Laser #1, the dependence of the voltage
noise spectrum (at f=93.75 Hz) on the current

KoatinennuH [3], HCHONB3ys SMIMPUYECKOE COOTHOIICHHUE [ 7], TONYUHIT Cllemyromee
BEIpaXXKEHHE JUIA crieKkTpa S;(f) IIyMOBOro ToKa /; B TUOJE C p—1 TIEPEeX00M:

2
Si(f)x—udeld @ndela pgorp ooy (6)
(1d+15)rmf z-mf

3neck a — mapamerp Xoyxe (OH IPHHEMAeT 3HadeHust oT 10~ 1o 107 B 3aBuckMocTH
OT KauecTBa KPUCTaJIa, MOABMKHOCTH M BPEMEHHM XXU3HU HOCUTEINEH); ¢, — 3apsj dJIeK-
TPOHA; T7,, — BPEMs XU3HU HEOCHOBHBIX HOCHTeENEH ToKa. J[JIs nCClieIOBaHHBIX ONTHYECKH
akTHBHEIX croes ¢ KT nmeem 7, =107 cex.

U3 Beipaxxenus (6) ciemyer, 4TO CIIEKTp LIYMOBOTO TOKa Yepe3 JHOJ JOJDKEH OBITh

MIPOMOPLIHOHATIEH TOKY CMeIleHUs, S; ~ [;. CHeKTpBI IIyMOB HAPSDKEHHUS U TOKA CBSI3aHBI

2 -
crepyroummM  obpasom S, =S;- Ry, rtme Ry=(dl;/dV) b nuddepenmpansHoe
compoTHBJIeHHe quona. B ciyuae, korma [;>>1;, u 00beMHOE CONMPOTHBICHHE R; Tmpe-

-1 -1
HeOpeXXUMo Majio, umeeM R, ~ I, . Otcrona cnenyert, uto S, ~ I; . Jlpyrumu cioBamu, AJist
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3aBUCHMOCTH, M300pakeHHOH Ha puc.3a, Mbl IOJDKHBI TOJNYYHUTh HAaKIOH f=1 BMecTo
Habmromaemoro = 0,46. J{ns HEKOTOPBIX THOMOB, NEHCTBUTENBHO, HabOmMOMaMO0Ch S~ 1,
OJTHAaKO B OOIIIEM CiTydyae 3TO He Tak.

Ha puc.3a taxxe nzobpakeHa 3aBHCHMOCTH MOCTOSIHHON XO0yXe @ OT TOKa depes3
mox LED#1K. Dta BemumHa pacTeT ¢ pocToM Toka ot 1-107* 10 3-107.

Ha puc.3b n3o0paxkeHa 3aBHCUMOCTH crieKTpa S,(f) OT Toka /; Ha 4acTOTe aHaNM3a
f=93,75 T'u nona mazepa #1. Ha Huskux Tokax (/;<5MA) mIymoBoe HampshKEHHE
ompeneNeTcs TOKOM YTEYKH, NPH 3TOM CHEKTP MOXKET OBITh amnmpOKCHMHPOBAH
sasucuMoctbio S, = So / (1 + (I /1p)?), tae S; =1,15-107B* ', Iy = 0,4 MA, S=3. Ilpu

-
OoJiee BBICOKHX TOKaX CIIEKTp yObIBaeT kak ;" , rae f=1,6.

3.3 bucnektp

[IlymoBBIE 3amucH, WCHONB30BAaHHBIC Ui M3MEPEHUs IUIOTHOCTH BEPOSTHOCTH M
CIEKTpa, TAKKe MCIOIB30BAINCH ISl H3MEPEHUsI MOy Ouctektpa |B,(f}, f2)| 1 onudassr
O(f1,£5). Ilpu H3MepeHUsIX yUYUTHIBAJIOCH (YHIAMEHTAJIBHOE CBOWCTBO OHCIIEKTpa:
B\[(f1, f2)=B\(f>, fi), — CHMMETPHIHOCTb OTHOCHUTEIHFHO OMCCEKTPUCHI MEPBOTO KBaJpaHTa
IUIOCKOCTH 9acToT Of; f; .

Mopnyns 6ucnexrpa |B,(f}, f2)| Bo3pacTaeT Ha HM3KUX dacToTax. CedeHHe M3MepeH-
HOTO MOJyJs OMCIEKTpa INIOCKOCTRIO f> =const s auoga LED#1K npu Toke cMemeHus
0,11 MA mperncraBieHo Ha puc.4a.

1072 5 B.(fufo)l, VIHZ LED#1K B.(fi.f2)l, V'HZ Laser #1
1,=46.54mA

107
107
1072
10777
T T L | T LR | _
A e
(@) (b)

Fig. 4 Cross—sections of the voltage noise bispectrum absolute value at different
frequencies f> : (a) LED#1K, (b) laser #1

3neck BEIOpaHBI TpU 3HAUCHUS 4acTOTHI f; (cBepxy BHH3): 93,75; 562,5; 4500 I'm.
Anmpokeumanust s f3,=93,75 I't mmeer Bux [By(fi, )| = 1,1-10722 />, 10 ectb mapa-
MeTp Gopmsl 3 =0,81. DT0 3HaUCHHE AOBOJBHO OJM3KO K mapamerpy ¢Gopmbl s =0,95,
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HaMICHHOMY UIS CIIEKTpa, cM. puc.2a. 3HaueHus Ha Ouccekrpuce (f; =f, =f) BBIICICHBI
KHPHOM MHHHeH. 371ech HanTydmas ammpokcuMauus: |B.(f; £)| = 4,17-1072" /146,

Ha puc.4b npencraBieHo ceueHne MOy OUCTIEKTpa IIOCKOCTBIO f, =const Ajs aa-
3epa #1 npu Toke 46,54 MA. 3aech BbIOpaHbl 4acToOTHI f>: 93,75 ' u 562,5 'u. Anmpok-
cumanmst st f> = 93,75 T maer |B,(fi, )| = 1,34-1072 /£,'. TTapamerp (opmbl 6:1m30K K
napameTpy s =0,91, HalimeHHOMY JUIsl CIIeKTpa, cM. puc.2b. 3HadeHHs Ha OHCCEeKTpHCce
(fi =f>=f) cHOBa BBIIENEHBI XUPHOU JrHUEH. Hamrydmas annpokcuManus st Orccex-
tpucer: |Bf, f)| = 1,84-1072 /52,

Ha puc.5a npencrapnena 3aBUCUMOCTb MOIyJs Oucnektpa |B.(f, /)| myma ot Toka I,
Ha ¢ukcupoBaHHoi yacrore f=93,75 I'm mna muoma LED#1K. Monpyns Oucnextpa

B
CIaJlaeT C pOCTOM YacTOTHI Kak [, , rae f=0,64.

B,|, V}/HZ B,,V/HZ
A LED#IK g bV Laser #1
E fi=6=93.75Hz 10 7 fi=£,=93.75 Hz
] 107"
—24_] u
10 3 10—20
] 1072
—25_] ]
10 é 10_24_
] 107254 ;
10~ 24— rrr— "h
0.0001  0.001  0.01 0.1 IA 0.0001 0.001 001 0.1 [, A
(@) ()

Fig. 5 The dependence of the voltage noise bispectrum absolute value on the current at
the point f;=£,=93.75 Hz: (a) LED#1K, (b) laser #1

IMomoGHas 3aBHCHMOCTb, HaOmtomaeMas [uisi Jlazepa #1, mpeacrtaBneHa Ha puc.Sb.

Mopnynb OucniekTpa iyma cnagaeT Kak Id_ﬂ, rae f=2,54. 3ameTum, 4TO LIyM TOKA yTed-
K1, OOHapy>KeHHBIH B CIIEKTpe S,, 311eCh HE MPOSIBIISIETCS.

CratucTuyeckas OmMOKa B HAIIMX OWUCIEKTPAIbHBIX HM3MEPEHHUSX CPaBHHUTEIBHO
Gonbiast — okono 60% nis Moy 6ucnekrpa. OHa HAMHOTO OOJIbIIE, YEM CTATHCTHYE-
cKast OIIMOKa CIIEeKTPaIbHBIX U3MEPEHUI gs=1/\/NSp, rae Ny, —4MCJIO CHEKTPOrpaMMm JiH-
HOU Nprr B 00pabaTbiBaeMoi 3anncH. B OMCIEKTpaIbHBIX H3MEPEHHUSX MBI HCIIOJIB30BAIII
Nppr =512, mostomy Ny, =1953, u £=2,3 nponeHnTa.

Kpome momyns Oucmektpa, msmepsiiace Oudaza @, (f, f,) IIyMOBOTO HaNpsDKEHHUS
(4). budaza npexncraBnser coboil ciaydaliHyr0 (YHKOUIO 4YacToOT f; M f, A BceX
WCCIIEIOBAHHBIX IMOA0B. Hukakoii sBHOW 3aBucmMocTH Oudaszel OT TOKa [; He
oOHapykeHo. BenmnunHa Ouasel MemneHHO KoieOneTcs okoio Hyist. Takum oOpaszom,
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oucniextp B,(f}, f>) MIyma — 3TO KOMIUIEKCHast (YHKIHS, KOTOpas HMEET PEaJbHyI H
MHUMYIO YacTH, KOJEOIIOIMecs MEeXAy MOJIOKUTSIbHBIMA W  OTPULATEILHBIMU
3HAYCHUSIMH.

Ha puc.6 nzobpaxena pasepuytas 6udasza @,(f, /) mymMoBoro HanpspKeHUs! quoaa
LED#1K, usmepennoro npu toke I[;=0,11MA, Ha Ouccekrpuce (f;=f,=f) nepBoro
KBaJIpaHTa 4acToTHOi uiockoctu Of) f, . B obnacTsix, OTMEUEHHBIX CEpbIM I[BETOM, IIe
0,5<d,/27)< 1,5 (obmacte “+17), u —1,5<®,/(27)<—0,5 (obmacte “—17), Oudaza
MEPEXOAUT B JOTIOJIHUTEIBHBINA 000pOT.

U3 puc.6 BuaHO, 4TO OMdaza (B 3aBHCHMOCTH OT YaCTOTHI f) MEAJIEHHO OCLIMILTUPYET
B Iana3oHe 277 pajuaH ¢ ObICTPBIMU KoJeOaHUsIMU Hopsiaka +77/2 paauaH.

D, (f,f)/27, unwrapped LED#1K, I;=0.11mA

1 +1

o M A
ol vERTA
AR

-1
' I ' I i |
0 4 8 fkHz 12
Fig. 6 LED#1K, the voltage noise biphase on the bisector, f| = f, =f, measured at the cur-
rent [;=0.11mA

4. Bvieoowt

1) Buepssie usmeper oucnekTp B, (f1, f2) HanpsbkeHus 1/f iryma B CBETOAMOAAX HA CaMo-
opraHu3oBaHHBIX [nAs/GaAs KBaHTOBBIX TOYKAaX M JIA3€PHBIX JOHOJAaX Ha
Ing,Gay sAs/GaAs/InGaP xBaHTOBBIX AMax. JlaHHOe McClleOBaHHE COMPOBOXKIANOCH
CTaHJAPTHBIM QHATM30M IUIOTHOCTH BEPOSTHOCTH U CIIeKTpa S,(f).

2) YacroTHast 3aBUCUMOCTb MoIyJsl Oucnektpa |B,(f1, f>)| (Ha mnockoctu gactot Of; f> )
MoX0Xa Ha moBeneHue crektpa S,( /). Moxyns OucIeKTpa cnagaeT MpH yAaJeHUH OT
Havama dactoTHOW twiockoctu Of(f;. Ceuenme wmoxyna |B(fi, /)|, Hampumep
IUIOCKOCTBIO f> =CONSt, IMEET CTENECHHYIO 3aBUCUMOCTb OT JIPYroi 4acToThl. JlaHHas

3aBUCHMOCTb XapaKTePH3yeTcs II0Ka3aTelieM CTEHEHH J31, BEIMYMHA KOTOPOTro OJIM3Ka
K IOKa3aTeNIo s, MOTyYEHHOMY I CIIEKTpa TOro e IryMa. IlokasaTesb cTeleHu )
Ju1st 3HaueHui |B,(f, /)| Broib OuccekTpuch puMepHo B 1,5 pasa Oombire.
3) Crarucriyeckasl ommOKa B HAMIMX OUCIEKTPATBHBIX H3MEPEHHUSX JTOBOJBHO BBICOKA.
Ona npumepHO B 25 pa3 Oouibllie, 4eM CTaTHCTHYECKasl OIIMOKa M3MEpEHHs CIIeKTpa,
KOTOpast COCTaBISIET &=2,3 MPOIEHTA.
Wsmepena 6udaza D,(f, /) xak aprymeHT Oucrektpa. HezaBucumo oT m3ydaeMoro
QIM0/1a M BEJIMYMHBI TOKA Yepe3 Hero, Oudasa uMeeT BUJ CIIydaifHOW (YHKIMH 4acTOT
f1 uf,. Benuunnaa Oudassl MEIJICHHO OCIMIUIAPYET OKoJIo Hyis. bucmektp B,(f1, f2)

4

~
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mymMa — KOMIUIEKCHas (YHKIHSA, KOTOpas HMEET PEabHYl0 M MHHMYIO 4YacTH,
OCLIMJUTUPYIOLINE MEXKIY MOJIOKUTEIbHBIMU U OTPULIATSIbHBIMU 3HAYCHUSIMH.

5) Ecnu pe3ynbTaThl HAIIUMX U3MEPEHHMIT M aHaIN3a JOCTOBEPHBI, MOXKHO C/eNaTh BBIBOJ
0 TOM, 4TO 1/fTIIyM B MCCIeIOBaHHBIX CBETOIUOAAX U JIa3€Pax HETAyCCOB.

bnazooapnocmu

HccnenoBaHHbIe HOABI M3TOTOBIEHB B HaydHo-McciienoBaTenbecKkoM  (H3HMKO-
TexHuueckoMm uHcturyte HHI'Y. JlanHoe uccnenoBanue M U3roTOBIEHUE JUOJOB IPOBE-
neHo npu yactuaHoi mogaepxkke HATO B pamkax mporpammsl “Hayka mis Mupa” SfP-
973799 mexny ynuepcuteramu Hwmkaero Hosropoma m DitHaxoseHa (Hupmepnanmpr)
Kak mapTtHepamu. PaGora Oputa Taxoke moanep:kaHa rpantamu PODOU Ne 01-02-16 666,
Ne 02-02-06298 u “Benyue Hayunsle mkossl” Ne HIII-1729.2003.2. ABTtops! 61aro-
napusl [.H.boukoBy n A.A./lyOKkoBy 3a LIeHHbIE AUCKYCCUH IO MpobiaeMe OUCIeKTpaib-
HOTO aHa/u3a.
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Bispectrum of the 1/f noise in nano—dimensional semiconductor diodes
based on GaAs

A.V.Yakimov', A.V.Belyakov, A.V.Moryashin, M.Yu.Perov, L.K.J.Vandamme"
Nizhni Novgorod State University, Gagarin ave. 23, N.Novgorod 603950, Russia
*Eindhoven University of Technology, 5600MB Eindhoven, The Netherlands

The bispectrum of the 1/f noise is investigated in the present work. For the Gaus-
sian noise it equals zero. LEDs on self-organized InAs/GaAs quantum dots and laser di-
odes on Ing,GaysAs/GaAs/InGaP quantum wells made in Russia were tested. The volt-
age noise was analyzed in a wide interval of currents through the diodes. Estimates of
the probability density function and semi-invariants of the noise have not revealed any
appreciable deviations from the Gauss law. Noise spectra S,(f) in the range 1 Hz —
20 kHz were analyzed. In most cases the frequency exponent ys of the spectrum is close
to one, the Hooge’s parameter ¢y has magnitude of the order 10™. The bispectrum
B\(f1, /») of the noise is a complex function of frequencies f; and f;. Its absolute value is
decreasing while moving from the beginning of the frequency plane Of f;. The decrease
along the bisector (f; = f; = f) follows the power law characterized by the frequency ex-
ponent yz~ 1.5%. The dependence of the “height” of |B,(f, f)| on the current through the
diode is qualitatively similar to this one for the spectrum. The power law describes these
dependences, however the exponents are essentially different.

1. Introduction

The research of the 1/f noise non-Gaussianity is used as the additional tool for study
of its nature. M.B.Weissman [1] published the comprehensive review of this problem and
results obtained in 1988. But the problem is open for discussions until now [2].

The bispectrum B,(f}, f>) of the 1/f voltage noise is investigated in the present work.
For the Gaussian noise it equals zero, and for other types of noise it may be a complex
function of two frequencies, B,(f1, /2) = |B.(f1, /2)|-exp[j-@.(f1, /2)]-

LEDs on self-organized [nAs/GaAs quantum dots and laser diodes on
Ing,GaygAs/GaAs/InGaP quantum wells made in Physical-Technical Research Institute
of Nizhni Novgorod State University* were tested. The voltage noise was analyzed in a
wide interval of currents through the researched diodes.

! Phone: +7-8312-656153; Fax: +7-8312-656416; E-mail: yakimov@rf.unn.ru
? Phone: +31.40.247 3242; Fax: +31.40.243 0712; E-mail: L.K.J.Vandamme@ele.tue.nl
#Phone +7-8312-656967; E-mail: Baidus@phys.unn.ru
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Measurements of the probability density function and semi-invariants of the noise
have not revealed any appreciable deviations from the Gauss law. The 1/f noise spectra in
the frequency band 1 Hz — 20 kHz for some our diodes may be described by the formula
by T.G.M.Kleinpenning offered for p—# junction diodes [3]. In most cases the frequency
exponent of the spectrum s is close to one, the Hooge’s parameter o has magnitude of
the order 107} =+ 107, The noise in the bulk resistance was observed practically in all di-
odes in the region of large bias currents.

The bispectrum B,(f}, f>) of the noise is a complex function of frequencies f; and f.
Its absolute value |B,(f,/>)| is decreasing while moving from the beginning of the fre-
quency plane Ofif;. Along the bisector (f; = f, = f) this value is decreasing following the
power law characterized by the frequency exponent yz~=1.5ys. The dependence of the
“height” of |B,(f, f)| on the current /, through the diode is qualitatively similar to this one
for the spectrum. The power law describes these dependences, however the exponents are
essentially different.

The biphase @,(f}, f>) being the argument of the bispectrum was measured as well.
Independently on the tested diode and the current through it this biphase is like random
function of frequencies f; and f;. The magnitude of the biphase fluctuates slowly around
zero within a few cycles.

2. Samples, measuring technique

2.1 Investigated diodes

Light emitting diodes (LEDs) on self-organized /nA4s/GaAs quantum dots (QDs) and
laser diodes on Ing,GaggAs/GaAs/InGaP quantum wells (QWs) made in Physical-
Technical Research Institute of Nizhni Novgorod State University (Russia) were tested.

Structure of LED with QDs is shown in Fig. 1 (see also [4]). Here layer “1” is the
substrate (contact) n'—~Gads. “2” — buffer layer n'—Gads, the layer thickness is d = 550
nm. “3” — matrix Gads, d=6 nm. “4” — layer of Inds QDs, d=6 nm. “5” — layer p—
Gads, d = 8 nm. “6” — contact p'—Gads, d = 600 nm.

Structure of laser with QWs is similar to shown in Fig. 1, but layers are somewhat
different (see also [5]). Here buffer layer “2” has the thickness d = 700 nm. Layers “3”
and “5” are mirrors made from » and p — InGaP, d = 500 — 550 nm. Wave—guiding Gads
layer “4” (d = 750 — 800 nm) contains two Iny,GagsAs QWs in the middle of the layer
(d=9 nm).

Current—voltage (I-V) characteristic of LED with QDs is described by known rela-
tion (1). Here /; is the current when the voltage V' is applied; /; — the saturation current; 77
— the ideality factor; R, — the bulk resistance; V7 — the thermal potential. For example,
typical device LED#1K has following parameters in the range of currents I, from 107" up
to 02 A: I, =7510""A, 7=1.86, R, = 0.27 Ohm. The result for the ideality factor
(77 = 2) means that the main recombination of current carriers takes place on QDs.

I-V characteristic of all laser diodes with QWs, additionally to the component (1),
have nonlinear leakage, which dominates at small currents. For example, laser #1 below
I;=1mA is described by I, = 2-10° A, and 7= 10. This part of I-V characteristic is de-
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termined by the leakage current. At higher currents the recombination through quantum
wells is dominating, and /; = 610712 A, n=2.2, R, = 0.1 Ohm. The coherent laser emis-
sion starts when the current through diode exceeds /;, = 0.25 A.

2.2 Measuring setup

Diodes were biased from the low-noise battery via large base resistance. The voltage
noise from the diode was amplified by 60 dB “Ultra Low Noise Preamplifier 5004 and
“Precision ac Amplifier 9452”.

Amplified noise was sampled (10° points for every selected current 7;). Analog input-
output module ADS224x48 (Instrumental Systems Corporation, Moscow, Russia) was
used for this purpose. Noise sampled with frequency 48 kHz by 24-bit ADC (analogue—
to—digital converter) was recorded onto hard disk of PC as the binary file. This file was a
data source for the noise analyzer.

The multifunctional noise analyzer is being developed for our investigations [6].
Based on LabVIEW (Laboratory Virtual Instrument Engineering Workbench) graphical
libraries it allows, in particular, investigating noise at low frequencies (up to 24 kHz), to
study spectrum and bispectrum, to calculate other statistical characteristics. Analyzer is a
stand-alone application for Windows® 9x/NT/2000.

At first, the waveform of the noise was studied. Any kinds of the zoom are available
for the detailed research of the noise. It is possible to use zoom to rectangles, zooms along
X—axis and Y—axis. The noise record may be decimated if necessary. After the viewing of
the waveform various statistical characteristics of the noise were estimated.

- Probability density function (pdf), with the evaluation of the mean, standard, skew-
ness, and kurtosis. The estimate of other required statistical characteristics could be
added here. The User sets the quantity of intervals for the pdf.

- Spectrum S(f), with the fitting by power function 4/f” in the chosen frequency band.
There are also zooming and cursor on the spectrum graph. Variable parameter of the
analysis is the quantity of readouts for the Fast Fourier Transform (FFT), which is
used for the measurement of the spectrum. The quantity of averaged spectrograms N,,
depending on the FFT size and quantity of readouts stored in the binary file, is also
mapped in the window of spectrum analyzer.

- The real and imaginary parts of the bispectrum, its absolute value |B(f;, f>)| and biphase
@(f1, f2) both on the plain Of; f;, and on the bisector f=f; =f, . There is a possibility to
change the bispectral frequency resolution by the modification of FFT length.

The User can save all estimated statistical functions (pdf, spectrum, bispectrum, and
so on) in separate text files with necessary legend.

2.3 Estimating spectrum and bispectrum

We use the complex Fourier transform y, (f) of noise v(f) “truncated” by time block
T, see eq. (2). Here N, T is the total length of the analyzed noise record, while treating it
is divided onto Ny, pieces. The value ¢ in low and upper limits of integration is the time of
the recording start. Obviously, before the calculating of y,(f) with the use of FFT the
noise was sampled by ADC.
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The spectrum S,(f) and bispectrum B,(f}, f>) are estimated following egs. (3), (4).

The bispectrum B,(f1, f>) is a complex function of two frequencies in common case as
it is explicitly seen from eq. (4).

Here we investigate the spectrum S,(f), the bispectrum absolute value |B,(f}, f5)| and
biphase @ (f}, f>) of the voltage noise in the diodes.

3. Experimental results

The voltage noise was sampled (by 24-bit ADC, sampling frequency 48 kHz) and
recorded onto hard disk of PC (10° points for every selected current 1,).

3.1 The pdf of the noise

The estimated pdf is somewhat different from the Gaussian law described by the
known relation (5).

The mean value <v> differs from zero, while it should be in our measuring setup,
which cut off the dc component of the amplified noise. But the meanings of <v> found in
our experiments are within the statistical error limits. Thus, we can neglect this difference
and put <v>=0.

The difference of the skewness and kurtosis (which are zero for the Gaussian noise)
from zero is for some diodes within the statistical error limits. Nevertheless, some LEDs
and laser diodes exhibit large excursions in the noise, and RTS (random telegraph) noise.
In this paper we report results only for diodes having the noise with the smallest differ-
ence from the Gaussian law (5).

3.2 The spectrum of the voltage noise

All diodes generate a well-pronounced 1/f noise in the whole investigated frequency
band. The set of spectra measured at different currents through the LED#1K is shown in
Fig.2a. Here the spectra for different currents /; are shown (from up to down): 0.11, 0.38,
1.63, 5.48, 53.91, 180 mA. Best fit for I, = 0.11 mA is S,(f) = 3.29-107% /f*°. Thus, the
frequency exponent for all spectra is y5= 1. The lowest curve (“Noise floor”) is the spec-
trum of the setup inner noise.

The set of spectra measured at different currents through the laser #1 is shown in
Fig.2b. The selected currents /; are (from up to down): 0.055, 0.503, 1.055, 2.55, 5.188,
16.473, 46.54, 98.04, 210, 429 mA. Best fit for I, = 46.54 mA is S,(f) = 8.17-1071* /f*1,
Note that the leakage current becomes negligible at /,> 1 mA, and the coherent laser
emission is starting at /, =250 mA. The spectrum for the current /;, = 429 mA, as it
follows from the figure, has an additional white noise component nearly 10 dB higher
than the noise floor of the measuring setup. Probably, this component is caused by the
coherent laser emission from the diode. But we do not understand the nature of this
additional white noise as yet.

The dependence of the spectrum S,(f) on the current /, at frequency /= 93.75 Hz for
LED#1K is shown in Fig.3a. At low currents (/; < 100 mA) it is the decreasing function

of the kind I(jﬁ, /= 0.46 and at higher currents the spectrum is increasing. The increase of
S, (f) at I; > 100 mA is explained by the influence of the noise in the bulk resistance R,,
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see, e.g., [3]. But at lower currents the behavior of the spectrum requires an additional
analysis.

T.G.M.Kleinpenning [3] used the relation by F.N.Hooge — T.G.M.Kleinpenning —
L.K.J.Vandamme [7]. He has found the spectrum S;(f) of the noise in the current /, of a
p—n junction diode, see eq. (6). Here ¢ is the Hooge’s parameter (it takes magnitudes
between 10~ and 107 depending on the crystal quality, mobility and carrier lifetime), g,
is the elementary charge, 7, — the lifetime of minority carriers. For our quantum dot opti-
cal active layers the typical magnitude 7,, =107 s is measured.

Thus, following to eq. (6), the spectrum of the current noise is proportional to the
current in the first power, S; ~ ;. Spectra of voltage and current noise are linked as S, =
S; - R;, where R, =(dl, /a’V)f1 is the differential resistance of the diode. If 7;,>>1, and the

bulk resistance R, is negligible, then R, ~ I, 1. That yields S, ~ 1, 1. In other words, for the
dependence shown in Fig.3a we must have the slope absolute value f=1 instead of ob-
served f#=0.46. For some diodes we have observed S~ 1, but this was not a common
rule.

The dependence of Hooge’s parameter o on the current for LED#1K is shown in
Fig.3a. This value is increasing from 1-10~* to 3-10 while the current is increased.

The dependence of the spectrum S,(f) on the current /, at the frequency f=93.75 Hz
for laser #1 is shown in Fig.3b. At low currents (/; < 5 mA) the voltage noise is
determined by the noise in the leakage, and the spectrum may be fitted by the law S, = S,
/(1 + (I /1)"), where Sy =1.15-10"°V¥Hz, I, = 0.4 mA, £ = 3. At higher currents the

spectrum is decreasing as I;ﬂ, p=1.6.

3.3 The bispectrum

The same noise records used for estimations of the pdf and spectrum of the voltage
noise were used for the estimation of the absolute value of the bispectrum |B,(f}, f2)| and
biphase @ ,(f, f>). The fundamental feature of the bispectrum was taken into account in
our measurements: B,(f}, )= B.(f, f1), — it is the symmetry relatively to the bisector of
the first quadrant in the plain of frequencies Of f> .

The absolute value of the measured bispectrum |B,(f;, />)| tends to the increase to-
wards low frequencies. The cross—sections of the measured absolute value of the bispec-
trum by coordinate lines f, =const are shown in Fig.4a for LED#1K at the current
0.11 mA. Three frequencies f; are selected here (from up to down): 93.75, 562.5, 4500
Hz. Best fit for f = 93.75 Hz is |B,(f;, )| = 1.1- 1072 /f;*%!. Thus, the frequency exponent
is y3 =0.81. This value is rather close to the frequency exponent y;=0.95 found for the
spectrum, see Fig.2a. Values measured on the bisector, f; =f, =f, are shown by bold line.
Best fit here is [B,(f; /)| = 4.17-1072' /£,

The cross—sections of the measured absolute value of the bispectrum by coordinate
lines f; =const for laser #1 at the current 46.54 mA are shown in Fig.4b. Only two inter-
section frequencies f, are selected here: 93.75, and 562.5 Hz. Best fit for f, = 93.75 Hz is
IB/(fi, )l = 1.34-10% /f;'?. The frequency exponent here is close to this one y=0.91
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found for the spectrum, see Fig. 2b. Values measured on the bisector, f; = f, =f, are shown
by bold line. Best fit for the bisector is [B,(f, /)| = 1.84-1072 /f'*%,

The dependence of the bispectrum absolute value |B,(f,f)| on the current /; at the
frequency f=93.75 Hz for LED#1K is shown in Fig.5a. It is the decreasing function of

the kind 7, f= 0.64.
Similar dependence for laser #1 is shown in Fig. 5b. The bispectrum absolute value

is decreasing as Id_ﬂ, P =2.54. Note, that the noise in the leakage found in the spectrum S,
is not visible here.

The statistical error in our bispectral measurement is rather high, being of the order
60 percent for the bispectrum absolute value. It is much more as compared with the statis-
tical error in the spectral measurement ag=1/\/]\§p, where Ny, is the quantity of spectro-
grams with the length Ngzr in the treated noise record. We have used Ngrr =512 in the
bispectral measurements, thus, Ny, =1953, and &=2.3 percent.

Additionally to the bispectrum absolute value, the biphase @ (f, f) of the voltage
noise was measured; see eq. (4). For all diodes this biphase was like a random function of
frequencies £ and f, . No explicit dependence on the current /; was found. The magnitude
of the biphase fluctuates slowly around zero within a few full cycles. This result means
the bispectrum B,(f, ;) of the measured noise is a complex function. It has real and
imaginary parts, and both of them fluctuates between positive and negative values.

The unwrapped biphase @,(f, /) of the voltage noise from LED#1K measured at the
current /;=0.11mA on the bisector, f; =f, =, of the first quadrant in the plain of fre-
quencies Of, f, is shown in Fig.6. Shadowed regions, where 0.5 <®,/(27) < 1.5 (that is
region “+1”), and -1.5<®,/(27) <—0.5 (region “~1”), are the regions in which the
biphase is wrapped onto one additional circle up or down correspondingly.

It is seen from Fig.6 that the biphase (in the dependence on the analyzing frequency
/) slowly oscillates within 2 7 radian with fast jitter somewhat like +(/2) radian.

4. Conclusions

1) The bispectrum B,(f1, f2) of the 1/f voltage noise in LEDs on self-organized InAs/GaAs
quantum dots and laser diodes on In,Gay3As/GaAs/InGaP quantum wells was meas-
ured for the first time. This investigation was supported by the standard analysis of the
noise probability density function (pdf) and spectrum S,(f).

2) The dependence of the bispectrum absolute value |B,(f}, f2)| on the frequencies (in the
plain Of; f,) is similar to the behavior of the spectrum S,( /). The bispectrum absolute
value is decreasing while moving out from the beginning of the frequency plane Of, f>.
The cross—section of |B,(f}, f5)| by coordinate line, for example, f; =const, yields the
power law in the dependence on other frequency. This dependence is characterized by
the frequency exponent y3;, which magnitude is close to the frequency exponent 5 ob-
tained for the spectrum of the same noise. The frequency exponent 3 for |B(f, f)|
along the bisector is approximately 1.5 times more.
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3) The statistical error in our bispectral measurement is rather high, it is nearly 25 times
more as compared with the statistical error in the spectral measurement that was esti-
mated as =2.3 percent.

4) The biphase @ (f, ;) being the argument of the bispectrum was measured as well.
Independently on the tested diode and the current through it this biphase is like
random function of frequencies f; and f,. The magnitude of the biphase fluctuates
slowly around zero within a few cycles. Thus, the bispectrum B,(fi, f>) of the measured
noise is a complex function. It has real and imaginary parts, and both of them
fluctuates between positive and negative meanings.

5) If results of our measurements are reliable, we can conclude that the 1/f noise in inves-
tigated LEDs and laser diodes is not Gaussian random process.
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