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UccneposaHue HerayccoBocTH 1/f uyma GaAs anuTtakcuanbHbIX NAEHOK
A.B.Mopsimun, A.B.SIknmos'

Huoicecopoockuii cocyoapemeennvlii ynueepcumem um. H.H.Jlobauesckoeo
npocnexm 'acapuna 23, Husicnuii Hoseopoo 603950, Poccus

Beeoenue

B nanHO# paboTe Jenaercs NONBITKA BBIABICHUS HErayccoBocTH 1/f myma no usme-
pEeHHOMY OucrekTpy. 3a OCHOBY aHalM3a BBIOMPACTCS MOJEIb JIBYX YPOBHEBBIX CHCTEM.
HccnenoBanus mpousBogsTesa Ha obpasuax Gads [1], u3roToBneHHBIX B DHHIXOBEHCKOM
TexHoJorudeckoM yHusepcurere (Hunepnanapr). Otu 00pasubl ObLIM MOABEPIHYTHI MIPO-
TOHHOMY OOJIy4eHHIO cO cpenHel sHepruei yactun 3M»aB. IInoTHOCTH TOTOKA cocTaBIsA-
na 1,5000"cm?. 3atem ux oToxriu npu Temmeparype (543 + 563)K B TeueHue 5 MUHYT.
KOHLEHTpaLHs 2IEKTPOHOB 10cie oTiKura coctapuia 10'%cm™>. PaGora coctouT 13 Tpex
yacTedl. B mepBoii MpoM3BOANTCS MCCIIEIOBAaHUE CHEKTPA, C IETIbI0 ONpPENeNICHUs YHCIa
TIOJIBIKHBIX aTOMOB, '€HEPHPYIONMX IIyM. Bo BTOpO# 9acTH BBMHCIACTCS OHCIIEKTp,
CO3JIaHHBI THMH aTOMaMH M CPaBHHUBAETCSI C M3MEPEHHBIM. B TpeTheM paszmene oneHu-
BaeTCsl TOYHOCTh, C KOTOPOH MPOU3BOJUTCSA M3MepeHue. B pe3ynpTarte nemaercst BBIBOA O
HEBO3MOXKHOCTHU BBISBIICHHS] HETayCCOBOCTH HMCCIEAYEMOTO IIyMa C HOMOIIBIO paccMar-
pPHBAaEMOT0O METOJIa.

Cnexkmp

HaGmonenne cmekrpa mry-
MOBOTO HaIpSHKEHUS IIPOH3BOIH- <3U*>;, V}/Hz
J0Ch B muanasone gactot 0,21 —
1,5xI'n. IIpu 3TOM 3aBHCHMOCTB
Buza 1/f OblIa IBHO BBIpa)keHA Ha
yactorax Huwke 20I'um. Ha puc.1
TOYKAaMH MOKa3aHbl 3HAYCHHS H3-
MEpPEHHOTO CIIEKTpa Ha BBIXOJE
younurens. Haknonwas nummms — 1OE+11
oTpaxkaeT (yHKIMOHAIBHYIO 3a-
BHCHMOCTbH CIIEKTPa OT YacTOTHI C
nmapaMeTpoM  (OpPMBI, PaBHBIM

1,06. Taxxke Ha pUCYHKE IIpUBe- TEILL LIYM 8

JIeH YpPOBEHb TEIUIOBOrO IlymMa
o0Opasna COBMECTHO C OMHUYECKH- 1.0E+10 e -
MM KOHTAaKTaMH. 1 10 £, Hz

YuuTeiBasi, 4TO IOJHOE CO-
MPOTHUBJICHUE, reHepupyloiiee

Puc. 1
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TEIIOBO 1Iy™m, cocraBisteT 4kOM, yIaJoch BBIYHCIHTH KOX()(GUIMEHT yCHIEHHS yCTa-
HOBKH, papHbiii 2,2(00". [lanee Gbin BHIIOTHEH MepecyeT HaGMIOAAEMOTO CIIEKTPa IIyMO-
BOT'O HAIPSDKEHUS B CHEKTP OTHOCUTENBHBIX (UIYKTyalui CONPOTHBIICHHS 00pasia.

Bbruurasi TEIUIOBOI LIyM M y4UThIBas 3HaueHHE 3()(EKTHUBHOrO HANPSHKEHHUS, HPH-
JIOXKEHHOTO K 30HIUpyeMoi obmactu, koTopoe pasHo 0,18 B, mepexoaum K CHEeKTpy OT-
HOCHTEJIbHBIX (IIyKTyalui COnpoTHBICHHs. BenndnHa sToro crekrpa Ha dacrtore 1 I'u
cocrasiser 2,7007 T,

D heKTHBHBIHA pasmMep 30HIUPyeMoil 06macTi ecTh 260X260X3 MKM®, UTO JaeT dnc-
110 HocuTenel Toxa, passoe N = 2[00°. Takum o6pasom, mapamerp Xoyxe JUis IOJIyYeH-
HOTO crieKTpa cocTasmser 6107,

Jlnst aHanu3a MOJTy4YEHHOTO CIEKTpa PacCMOTPUM MOJENb JBYXYPOBHEBBIX CHCTEM
(AYC). B ee ocHOBe JIeKUT NPEANOI0KEHHE O TOM, 4To 1/f 1IyM reHepupyercs moABIK-
HBIMU MOHHM30BaHHBIMHU aTOMaMH, NIEPEMENIEHHUs] KOTOPBIX MPUBOAAT K H3MEHEHHUIO ceye-
HMS paccesHus Ui CBOOOHBIX HocuTenel. [lono6Hoe M3MEHEHHE CeUeHNs NPOSBIACTCS
yepe3 MOJIYJSIIUIO CONPOTUBIEHUST 00pa3ua, Ui CHeKTpa (IyKTyaruii KOTOpOro MoITy-
YEHO CIIEYIOLINE COOTHOILEHUE:

Ny Toly u

< R? >pE -
S hl(./high /./‘law) (T, +T0)2 ang

(6o, (1

Th€ fiows fhigh —HWJKHSS M BEPXHAS XapakTepHblE UYacCTOTHI Iepernda; U —TOmHas
TIOJIBIKHOCTD HOCHUTEJICH TOKa; L3 —[TOABIMKHOCTB, CBSI3aHHAS C pacCesTHHEM Ha MOIBIX-
HbIX MOHM30BAaHHBIX aTOMaX, FeHepUpyoIuX 1/f mym; Ty, T; —CpeIHue BpeMeHa npedbl-
BaHUs B BBIICJICHHBIX COCTOSHUSX; (O0); —OTHOCHTEIPHOE U3MCHCHHE CCUCHHUSI paccesi-
HMS OJJHOTO IOJBMXKHOTO MOHU30BaHHOTrO aroma; Ny=nyll — 4mucio 3TuX aTOMOB B 30H-
IupyeMoi obiactu oOpasua; ¥ — o0beM 30HAMPYEMO 4acTu oOpasla; 1y — KOHIEHTpa-
1151 aTOMOB.

CornacHo Matematudeckoit Monenu Ban nep 3uma — o [pe [2,3], B3sTOM 32 OCHO-
BY BBIYMCJICHHUH, CIIEKTP COCTOUT M3 TPEX YacTei: IJIAaTO B IHana3oHe 4yacToT oT O 110 fiow;
YYaCTOK, cHajarouii Kak 1/f, OT fiow 1O fhigh YIACTOK, cHafaromuii kak 1/f 2 or Jhigh 10
6eckoHeyHOCTH. B cBs3u ¢ Tem, 4To crekTp Buaa l/f Habmiomancs B Anana3oHe 4acTOT
0,2-20T'u, 6yneM MpOM3BOIUTH BBIYHCIICHUS AJI 00CIIEI0BaHHOTO JHaIa30Ha, TO eCTh B
KauyecTBe flo, mHOMokuM 0,2I'm, a B KauecTBe fi,, Bo3bMeM 20I'm, 4ro maer
In(fhign/f1ow) =4.8.

B [4] npuBoauTCcs BhIpaskeHHE AT BBIYMCICHUS NOABMKHOCTHU, CBSI3aHHOH C paccesi-
HHMEM Ha MOHM30BaHHBIX aTOMaX, COIJIACHO KOTOpoMy st GaAs npu KOMHATHOH TemIie-
paType moiy4aem:

Ualdy=(1,700")/In(10"7/ny), )

rae [lq IPUBOAUTCS B eM¥/Bld, a ny — cm>. Toacrasisis BoIpaskeHue (2) B crextp (1) u
3aMeHsist ny Ha Ny/V, monyuaem:

69



Tpyns! 2-ro coBewmanus no npoekry HATO SfP-973799 Semiconductors. Hwxuuii Hosropoz, 2002

17
<oR?>,=— L Toh_p M __ N2 0 Bsoz (3)
T B8 (1 +1y) 0,700 H Ny

BerumciiuM 4nciio moJBIKHEIX aTOMOB, HEOOXOAUMBIX JUIS TOTyYeHUs HaOJIroaeMo-
ro cmekrpa. st 5TOro ompeneluM BBEJCHHBIC BEIMYHMHBL Bo3bMeM IS YIPOINCHUS
7o=T,. Ilpu paccmorpennn monenu (JYC) 3Hauenue (80); Gepercsi paBHbIM €AHHHUIIC,
YTO COOTBETCTBYET aOCOTIOTHOMY U3MEHEHHIO CEUEHHs IPIMEPHO HA OHY TPETh OT MaK-
cuManbHOro. O6beM 30HAMPYeMOii uacT obpasua pasen ¥ = 2007 cm™. Tonxas mox-
BIDKHOCTH cocTaBisier [ = 780cm*/(BId). B pesysbraTe, BRIpaXKeHHe A CIIEKTPa MPHHH-
MAaeT CJIEeIYIOLUI YNCIEHHBIN BUL:

oy - 1 780 2200 H 4
<aR* >, met,8E3,4Enolz Nyln S (C))

Jnst ynporieHnst BBIYMCIEHHN OyJeM IPOW3BOAWTH NaJbHEWININHA aHAIM3 CHEKTpa
gactore 1 I'n. M3mepennoe 3uauenne crekrpa pasro 2,700 '*T'n'. 3 coorHomenus
(4) HaXOmUM, YTO HEOOXOAMMOE YHCIIO MOABHMKHBIX aTOMOB cocTapiuger 50%, a ux kou-
nenrtpamwms 2,300 em,

bucnexmp

Jlns Toro e o6pasua ObUIO BHIOJIHEHO H3MEPEHUE MO OUCIIEKTpa OTHOCUTENb-
HbIX (uyKTyanuii conporusnenus <OR>> 11,72 Ha puc.2 mpencrapieH €ro auaroHalib-
HBIH cpes (To ecTb f| = f, = f), U3 KOTOPOTrO HaXOJUM 3HaYeHHe Ha ogHoM repre. OHo co-
crasmser 2,300072? T'y™?. O6patiM 0co60e BHUMAHHE HA TOT (BaKT, YTO MPEICTABICHHBI
ucrextp cnagaer kak 1/f+%.

ITockonbky mnst momenu JYC BbI-
YHCJIEHHEe OUCTIEKTpa SBISIETCA IIOKa
HEPELIEHHOHN 3aJauell, HaC UHTEpeCyeT
XOTsl OBl Ipe/BAPUTEIIbHAS OLIEHKA €ro
3HaueHus. Ilostomy Bocmomb3yemcs
BBIp@OXXEHHEM Ul OuCIeKTpa, cMoje-
nupoBaHHOTO myTeM 3ameHsl CTII my-
accoHOBCKMM mporneccom. Ilpu stom
npenrnonaraeM, 4dTO  pacrHpejeieHHe
JUTUTENTBHOCTEN HMITYJIbCOB TaKOE K€, ]
kak B CTIl, a nqnurensHOCTH May3 y4u-

TBIBAIOTCS B CPEJHEH yacToTe MOsBIIe-
HHS IMITyJIbCOB.

B 3TOM Cilydae eAMHCTBEHHOE pa3- 10e23
JUYHE MEXIY ITyaCCOHOBCKUM IIPOIiec-
coM u CTII B TOM, 4TO B EpBOM IpoO-

Hecce 3a KaXKIBIM IPSIMOYTOJbHBIM
UMITyJbCOM HE O00S3aTeNbHO CIEmyeT

<6R2>f'f, I/Hz2

Puc. 2
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nay3a, kak B CTII. Beipaxkenue i OHCIIEKTpa ITyaCCOHOBCKOTO TIpoliecca Ha THarOHAIH
YaCTOTHOU TIOCKOCTH f| = f; = f UMEET CIICAYFOIIIA BUJI:

1 N, In2 u 3
N mf i fegs
51 oy 2 0(fhig / fiow) 8 DM Uig IV :

W3 storo BbIpaXXCHUA BUAHO, YTO 6I/ICHCKTp JOJDKCH CIlagaThb Kak l/f‘z C ydaeToMm
YUCJICHHBIX 3HAYCHHIA BCJIMYUH, BBCICHHBIX IIPU PACCMOTPCHUU CIICKTPaA, JaHHOEC COOT-
HOMICHUEC ITPUMET BU!:

10
<R} >, = 1n2EB780 Ny 2207 (©)

39,5052 488 B,400'2 Hn~ H

Brruncnenne oucniexrpa mo (6), Ipon3BeICHHOE Ha OJHOM Teplie Ul YHcia IOA-
BIDKHBIX aTOMOB 5[]]04, naet 3uagenne 700 23T 2,

CpaBHUBasE U3MEPEHHBIN OUCIIEKTP C BBIYMCICHHOI OLIEHKOH, BUANM, YTO 3HauYCHHE
OLICHKH Ha TPH MopsaKa MeHslie. bonee Toro, GyHKIMOHAIbHBIE 3aBUCHMOCTH OT 4acTO-
TBI Pa3JINYHbL. BBISICHMM MPUYMHY TAKOTO PACXO0XKICHHS.

OueHKa cmamucmuy4eckol ouuoKu umepenusn

Ecny mym siBiisieTcst rayCcCOBBIM, TO €ro OMCIHEKTp JIOJKEH PaBHATBCS HYIIIO, a €ro
OLICHKH JIOJDKHBI NIPUHUMATh 3Ha4YEHMs OJIM3KUE K HYIIO, JIeKAIlUe BHYTPH HEKOTOPOTO
JIOBEPUTEIILHOTO MHTEpBaia. I'paHUIly TaKOTrO JOBEPUTEILHOIO MHTEPBAIA MOXHO OIpe-
JIeJIUTh, BBIYMCIIMB JUCTICPCUIO OLIEHKH OMCIIEKTpa.

B pabote [5] mpousBomuTcs aHanu3 MpeAeiabHOM YYBCTBUTEIBHOCTH IOJHCIEK-
TPaJIbHBIX AHAIU3AaTOPOB. [IpUBOIUTCS BBIpAXKEHHE, XapaKTEPU3YIOLIEe TOYHOCTb OMC-
HEKTPAIbHBIX M3MepeHHil. M3 Hero MOKHO MOJIYy4YHTh COOTHOLICHHME IS AUCHEPCHU
OLICHKU OHMCHEKTpa, KOTOPOe MPU BBIOOPE OMCHIEKTPaNbHOrO OKHA HPsIMOYToJbHOHM (op-
MBI IIPUMET CICIYIOIIHH BUIL:

2.2 2
<OR >f<5R >2f
NE0Lf)?

D<5R3>f,f]:2 @)

e <6R2>f —3Ha4YeHHe CIIEKTPa, U3MEPEHHOI0 Ha YacToTe, Ha KOTOPOH MPOU3BOIUTCS
OLIEHKa OHCIeKTpa; < OR*>, £ —CIEKTp Ha y/IBOCHHOM yacToTe; NIE/-BpeMs 0JHOM 3anucy;
Af —pa3pemenue o yacrore. B Hamewm cirydae Bpemst 3amucu coctaBisieT 412 cekyHn, a
Af=0,39T. Ha uwacrote ananusa 1 Ty sHauenns crekrpa pasro 2,700 T, a muc-
nepcus (7) cocrasnger 2,4007°Tu™, uTo cOOTBETCTBYET 3HAUCHHIO TPAHMIBI JOBEPHU-
TENBHOTo MHTEpBaIa pasHoMy 3,810 221 2.

3axknwuenue

B nmanHo# pabore OBLIO MONYYEHO, YTO PE3yJbTaThl BBIYUCICHUH OHCIEKTpa Haxo-
JSITCSl BHYTPH JOBEPUTEIBHOTO MHTEpBAa, a Mbl U3MEpSEM CTaTUCTHUYECKYIO OIIHOKY.
Amnanu3 BelpakeHus (7) B UUCIUTEIE KOTOPOTO CTOUT NPOM3BEICHUE TPEX CHEKTPOB, Ka-
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JKJIBII N3 KOTOPBIX HMEET 3aBHCHUMOCTH OT YacTOTHI Buzia 1/f, HOKa3bIBaeT, YTO JUCHEPCUs
nponopuyosansHa 1/, a cranpapT goivkeH cnaxath kak 1/f . OyHKIHOHANbHAS 3aBU-
CHMOCTb Pe3ylIbTaTa H3MEPEeHHs, KOTOpasi IpeAcTaBleHa Ha puc. 2, umeeT Bux 1/f 46,
YTO MOJATBEPKJACT Hallle IpeAnoaoxkenue. To ecTh Molyd4eHHas 3aBUCUMOCTb IIPEJCTaB-
JsieT co0O0M CTaTUCTHUYECKYIO OMIMOKY M3MEpEHMs, a Pe3yibTaThl BBEUHMCICHUS JIEXKaT B
npejenax JOBEpUTEIbHOIO MHTepBala. IHaue roBops, B JaHHBIX U3MEPCHUSIX BBIIBUTH

HErayCCoOBOCTDH IIyMa HE YyAaJIOCh.

Pabora BrimonHeHa npu mojuepkke rpantoB POOU Ne 00-15-96620, Ne 01-02—
16666, Ne 02-02-06298 u Otnenenus Hayku HATO, nporpamma “Hayka mng Mupa”,
rpaat SfP-973799 Semiconductors.
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The research of GaAs epitaxial film 1/f noise non—Gaussianity"’
A.V.Moryashin, A.V.Yakimov "
Nizhni Novgorod State University, Gagarin Avenue 23, Nizhni Novgorod 603950, Russia

The attempt to reveal the non—Gaussianity of the measured noise is made in this pa-
per. The GadAs epitaxial films made in Eindhoven University of Technology (The Nether-
lands) [1] were researched here. The samples were damaged by 3MeV proton irradiation
to the dose 1.500" ¢cm™ and annealed at the temperature about 545K. The annealing pe-
riod was 5 min. The electrons concentration after an annealing has made 10'® cm™.

The spectrum of the noise voltage was analyzed in frequency range 0.2—1.5kHz. The
1/f dependence was found at frequencies below 20Hz. At higher frequencies the spectrum
passed to a plateau of the thermal noise of the sample (including ohmic contacts). By
conducting the calibration of the spectrum of noise voltage on the thermal noise and re-
calculating it to the spectrum of the relative resistance noise of the sample, we find the

meaning at 1Hz is equal 2.700 “Hz ™.
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For the analysis of the measured spectrum we consider the model of two—level sys-
tems (TLS). In the basis of the model lays the supposition that 1/f the noise is generated
by mobile ionized atoms. The result of the motion of such atoms is the noise in the scat-
tering of free carriers, and in the resistance of the sample. Using expression for the spec-
trum of the resistance noise (4) and taking into account the experimental data, we find the
number of mobile atoms necessary for the explanation of the spectrum observed. It makes
5000%, that corresponds to the concentration 2.3000'"" ¢cm™. The bispectrum absolute
value of the relative resistance noise <dR>> 71,r2 Was also measured. Its magnitude in the
point f; = f, = f = 1Hz is equal 2.3002?Hz . The functional dependence on the fre-
quency at the diagonal f; = 4= f has a kind 1/£.

For determination of the noise non-Gaussianity the expression for bispectrum, ob-
tained when the noise was simulated by the Poissonian process instead of the random
telegraph process (RTP), was used. It was assumed, that the distribution of pulse duration
is the same as for RTP. The duration of pauses was taken into account in average fre-
quency of appearance of pulses. In this case a distinction between the Poissonian process
and RTP is only that in the first process the pause not necessarily follows each pulse, as in
RTP.

From expression (6) it follows, that in case non—Gaussianity of the noise, bispectrum
should fall down as 1/f2. The magnitude at 1Hz, for the number of the mobile atoms
50004, is equal 7000 ¥Hz 2.

Comparing the measured bispectrum with the calculated one, we see that the magni-
tude of the estimate is three order less, and the functional dependence on the frequency
are different. Let's clarify the reason of such divergence.

If the noise is Gaussian, then the bispectrum is zero, and its estimates have meanings
around zero, inside the confidence interval, the width of which is determined by the vari-
ance of the bispectrum error measurement.

In paper [5] the analysis of the sensitivity of polyspectral analyzers was made. The
expression describing an accuracy of bispectrum measurements is given. The approximate
relation for the estimation of the bispectrum variance (7) may be found from it. According
to this relation the calculated variance at frequency 1 Hz is equal 2,400 **Hz™*, this cor-
responds to the standard being equal 3.810 **Hz°.

On other turn, all results of theoretical estimate are inside the confidence interval.
Thus, we have measured the statistical error. Analysis of equation (7) containing the
product of the three spectrums is showing that the variance is proportional to the 1/f3, and
the standard should decrease as 1/f '3 The functional dependence of the measurement re-
sult has the kind 1/f "4 that confirms our supposition. That is, the obtained dependence
represents the statistical measurement error, and calculated results lie in the limits of the
confidence interval. It means, that in this measurement the observation of the noise non-
Gaussianity is not possible.

This work was supported by grants of RFBR Ne 00-15-96620, Ne 01-02—-16666,
Ne 02-02-06298 and NATO Science Division, program “Science for Peace”, grant S{P-
973799 Semiconductors.
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