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BucnekTp 1/f wyma B GaAs anutakcuanbHbIX NNeHKax
A.B.BeasikoB, A.B.Mopsimus, M.1O.IlepoBs, JI.K.I[m.d)aHaaMmeﬂ, A.B.SIkumon>

Huoicecopoockuii cocyoapcmeennuiii ynusepcumem um. H .M. Jlobauesckozo
npocnexm I'acapuna 23, Husxcnui Hoszopoo 603950, Poccus

"Eindhoven University of Technology, 5600MB Eindhoven, The Netherlands

Msr uccaenyem Oucnektp 1/f mrymoBoro HampspkeHHst B GaAs SMUTAKCHATBHBIX
IUIEHKaX, M3rOTOBICHHBIX B TexHonornueckoMm YHuBepcurere JitHaxoBena (Hunep-
nausl). C 9Tl IeNbio Co3/jaHa ClelualbHas H3MEepUTelbHas ycTaHoBKa. CIIEeKTp Iiy-
Ma omuchiBaeTcs mapamerpom Xoyxe a=4-10 u umeer mapamerp Qopmbl % =0,99.
AbcomtotHoe 3HaueHue Oucnekrpa |B.(fi,f2)| BO3pacTaeT mpu yMEHbUICHHH YacTOT B
nepBoM kBagpanTe miockoctu Of; f, Ha Ouccekrpuce 4actor f; =f, = f HaiineHo am-
npoKcuMHpyromee Beipaxenue: |B,)/V? = B,/ f'? [T 2], rae B;=3,35-10". Anamm3
9KCIEPUMEHTAIIBHBIX PE3YJIbTATOB BBHINOJHEH B PaMKaX MOJCIN JBYXYPOBHEBBIX CHC-
tem (AYC). Kaxnas AYC onuchiBaeT MOBEICHUE MOIBWKHOTO JeeKTa, UMEIOIIEro
JIBa METAaCTAOMIBHBIX COCTOSIHUSA. [10THBIHA NIyM (IIPH ONpEe/eNIeHHBIX YCIOBHSIX) HMEeT
1/f cnextp. ®opma OucnekTpa mIyma B 9KCIIEPUMEHTE U MOJienH pasnuyHa. KomndectBo
nedexToB, HeoOXoaumoe Uit OOBSICHEHHS CIIEKTpa HM3MEPEHHOro ILIyMa, IOpsaKa
5-10*. B MojielTHt 9TO COOTBETCTBYET GHCTEKTpY ¢ “BBIcoToi” By =7-107%, uTo TIpH-
MepHO B 50 pa3 MeHblIIe 3KCIEPUMEHTAIBHOTO PE3YJIbTaTa.

1. Beeoenue

BonbUIMHCTBO MONYIPOBOAHUKOBBIX mpubopoB umeer 1/f mrym, oOycioBieHHbIH
nozBIXKHBIMU Jedexramu. HaiineHo, uTo HyneBas rumnoresa (0 raycCoBOCTH M CTallHO-
napaocti) 1/f mryma gacto He Boimosnsiercs [1] . [lpeamonaraercs, uro 1/f mym cranuo-
HapHBIA U HerayccoBblil. J[J1s McciaenoBaHUS HEraycCOBOCTH IIyMa HCIIOJb3YyeTcs Ouc-
HEKTP, KOTOPBIH paBeH HyJIIO ISl FayCCOBBIX MPOLIECCOB.

Ms1 paccmatpuBaeMm Dypre-nipeodpaszoBanue y,(f) myma v(f) Ha OTpe3Ke BpeMEHU
T:

t+nT o
2= e dt n=1TN. M
t+(n=1)T

3necy N-T — noNHAS ATUTEIFHOCTD peali3alny IIyMa, COCTOSmAas U3 N KyCKOB, UCTIOIb-
3yeMBIX JUIS MTOTydYeHUs] Habopa yCpPEeHSIEMBIX CIIEKTPOTPaMM, ¢ — BpeMsI Hadana 3alucH
ryma.

Onenku criektpa S,(f) u Oucnekrpa B,(f, /) MpeacTaBIeHbl, COOTBETCTBEHHO, BbI-
paxenusamu (2) u (3):

' Ten.: +31.40.247 3242; Fax: +31.40.243 0712; E-mail: L.K.J.Vandamme@ele.tue.nl
2 Tem.: +7-8312-656153; Fax: +7-8312-656416; E-mail: yakimov@rf.unn.ru
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2 N 5
Sv(f)=ﬁz|ln(f)‘ ; )
n=1

N *
B, (f1,/2) = B,(fi, f2) [explj®, (f1, f2)]= % 2 (DX (D)2 (i + 12) - (3)
n=1

Ms! uccnenoBanu mryM GaA-mineHok, onucanHsix B [1] . Illym Hanpspkernst orugpo-
BBIBAJICS U 3aITHCHIBAJICS HA XKECTKUI UCK KOMITBIOTEpA.

B no6asnenne k criektpy S,(f) uccienoBano abconroTHoe 3HaueHue |B,(f}, )| u Ou-
¢aza D,(f}, /) bucnexrpa. s aToif nenu paspaboraHa crenuailbHast H3MEPUTEIbHAS yC-
TaHOBKa [2] .

2. 3KcnepumeHmwleb1e pesyibmambl

CriekTp IOIyMOBOTO HAaIpsOHKCHUS MokazaH Ha puc.l. Kommonenrta myma Buma 1/f
OMHCHIBACTCS SMIMPHUECKHM BhIpakeHHeM [3] ¢ mapamerpom Xoyxe a=4-107 u mapa-
MeTpoM ¢opMel criektpa s = 0,99.

2 - 3 -2

LS, BT Gads B.(f1./2)/B, T'n Gads
1075 ]

E 10234

| 3 1f
1076 10_24—:

E Tennosoii urym E

1 3 10 fTn 1 3 10 /i, T'n
Puc.1 Cnextp uryMoBOro HampsiKEeHHS Puc.2 Monynp OucniekTpa mryMoBOTO

HaIPAKCHUA

Monyne Oucnektpa |B,(f1,/f>)] B TepBOM KBaJpaHTE YaCTOTHOH IUIOCKOCTH
Of, f> Bo3pacTaeT npu yMeHbIIeHHH 4acToT. CeueHus |B(f1, f2)| TUIOCKOCTAMU f; =const
MOKa3aHbl Ha pHC.2 IS CIEeIyIONNX 3HauyeHui gactort f, (I'm): 0,78; 4,69; 10,16. XXupnoit
TUHAEH n300paXeHO IUaroHaJIbHOE CCUCHHE f1=f,=f MOAYII YCPEOHEHHOTO OUCIIEKTPA.

Annpoxcumanus 15 f, = 0,78 Ty umeer Bun |B,(f, A1V = 6,21-107 /7, T ™.
Taxum o6Opasom, napameTp GpopMbl ceueHust MOIyJIsl OucreKTpa paseH )z =1,07, koTopoe
OIIM3KO 3HAUCHHUIO, MONyYSHHOMY Ul clieKTpa % =0,99, puc.l. Annmpoxcumarys auaro-
HaJILHOTO CEUCHUS f| = f, = f Ipe/icTaBIIeHa CIIEAYIONINM BEIPAKEHHEM:

B.LAOIV =By /f7, Tu™. 4)
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3necs V=0,18 B, B, =3,35-107> i napamerp dopmsI bucmekrpa y=jp=1,21.

U3smepena 6udasza mymosoro Hanpspkenust O,(f}, f») (3). OHa numeeT BuUI cirydaiHON
GyHKUMY YacToT fi U f, . BenmunHa Oudasel MeUIEHHO MEHsIeTCS B TeUSHHE HECKOJIBKUX
MEepHOJIOB. DTO O3HA4aeT, YTO OMCIEKTP M3MEpeHHoro Imyma B.(f}, f;) sBiseTcs KoM-
IUIEKCHOH (pyHKLMEH, NpuueM JeHCTBUTEIbHAsT 1 MHUMas 9acTH MPUHUMAIOT Kak I10JI0-
JKUTEIIBHOE, TaK U OTPULATEIILHOE 3HAYCHHSI.

“Pa3BepHyTas” Ougasza OucrekTpa Ha OMCCEKTpUCE MEPBOTrO KBaJpaHTAa YaCTOTHOM
mwiockoctu Of; f>, fi =/f>=f npuBencHa Ha puc.3. 3aTeMHEHHbIC 00JACTH MMOKA3bIBAIOT
3HaYCHHs OU(a3bl HA JOMOJHUTEIBHBIX “TIONIOKHUTENBHBIX U “OTPHUIIATEIBHBIX” MEPHO-
nax, coorBerctBeHHO: 0,5<®,/(27)<1,5 (mepuox “+17), u ®,/(27)<—0,5 (mepuoxn
“—17).

®,/2 7, “pazBepHyTas” Oudasza Gads, fi=H=f

14 +1

-1
_1'|'|'|'|'|

0 4 8 12 16 2
ST

Puc.3. budasza myma GaAs-3nuTaKCHATBHBIX ICHOK B 3aBUCHMOCTH
oT yacToThl Ha quaronanu Of f>

0

[Ipu uHTErpUpOBaHKUHU JCHCTBUTEIBHON YacTH OucnekTpa Re[B(fi, f2)] mo Bceii 06-
JIACTH YaCTOT MOJIYYEHO, YTO KOIQ(DHIIMEHT aCUMMETPUH cocTaBisieT y3=—0,4 nporeHra.
ITpsiMoit METO OLICHUBAHHUSI CTATUCTHYECKOIO MOMEHTA IIyMa Jiajl CICAYIOLIUIA pe3yib-
TaT: ¥3=-0,2 mpouenra. Takum 0O6pa3oM, HECMOTpPs Ha OOJBIINE OIIMOKN BBHIYMCICHUH,
MOJTYYEHHBIH PE3yJIbTaT XapaKTEPU3yeT JOCTOBEPHOCTH OUCTICKTPAIBHBIX H3MEPEHH.

Jlust Toro 4ToOBI JIydIlle MOHATH 3KCIEPHUMEHTAIBHBIC PE3YJIbTAThl, PACCMOTPHM
OUCIIEKTD B PA3HBIX MOJCIISAX IIyMa.

3. Teopemuueckuii ananus

Jl1s 1OIyIpPOBOJHUKOB CYIIECTBYET MOJENb NBYXypoBHeBbIX cucteM ([YC), rze
HO/BIKHBIE e(EKTH MOI'YT HAXOJUTHCS B OJHOM M3 JIByX METAaCTAOMIIBHBIX COCTOSTHHUM.
ITepexoapl MEXLY COCTOSIHHSAMHU MPOUCXOIAT OBICTPO MO CPABHEHHIO CO BPEMEHEM Ipe-
ObBaHMs B HHUX. ClleIOBAaTENbHO, MEPEABMKEHHUS Ae(PEKTOB MOTYT OBITH OMHCAHBI CIIY-
yaiiHeIM TenerpadueiM nporeccom (CTII). [Ipenmonaraercs, uro yncio nedeKkToB Beu-
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ko. [lepexnrouenne cocrossHus kaxaoi AYC MEHSET ceueHHe paccesHHs DIICKTPOHOB.
Crnextp CTII umeer nopennes Buf [4]. [lomHblil mrym (pu onpeneneHHbIX YCIOBHAX [S])
uMmeer crekTp Buaa 1/f.

K coxanenmnto, 6ucnextp 1/f myma B mogenu CTII naiitu Tpyauo. st oueHku Ouc-
MEKTpa cO3/1aHa BCIIOMOTaTeNbHas MMyacCOHOBCKas moxenb 1/f myma. bucmektp myacco-
HOBCKOTO TIpOIlecca MOXET OBITh BBIUHCIECH Tpu mnomomu dDypre-npeobpa3oBaHus
3JIEMEHTapHOT0 UMITyJIbca Iporecca [6].

Jlns MomenupoBaHMs MOBEACHHS OJHOTO MOABMKHOTO Ie(eKTa B COOTBETCTBUH C
equanuHbIM CTII mcmonp3oBancst OTAENBHBIN ITyaCCOHOBCKHM mporecc. [loaToMy BbI-
OpaH IPSMOYTOJIBHBIN 3NIEMEHTapHbIH UMITyIIbc. [ITOTHOCTh BEPOSTHOCTH JIIUTEILHOCTH
nmmynbca, kak Uy CTII, mpencrasnena pacnpeaenenueMm bonpimana. Yactora BO3HUK-
HOBEHUS HMITYJIbCOB OJJMHAKOBA AJISI ITyaccoHOBCKoro mpouecca u CTIL.

Msbl HCTIONB30BaM aHCAMONIb ITyaCCOHOBCKHX MPOIECCOB, XapaKTEPU3YIOIIUHCS
IUTOTHOCTBIO BEPOSTHOCTH CPEJHEH IIHTEIBbHOCTH HMIIyJIbCa B OTAENBHOM MpoIecce
W.(7) ~ 1/7, xak u B Mmozmenu Bau nep 3una u [ro [Ipe [5] .

CrekTpsl mymMa Bo BcriomorarensHoi moaenu u moaenun CTII umeror 1/f Bun. M3-3a
BO3MOKHOCTH MEPEKPHITUSI UMITYJIbCOB B IIyaCCOHOBCKOH MOJENHU CHEKTPhl OTIHYAIOTCS
MOCTOSIHHBIM MHOXXUTeNeM. JlOMOIHUTENbHO HcclienoBaHa Mozaens Xandopaa myacco-
HOBCKO# CYIEpIIO3HULIH IPSIMOYTOIbHBIX UMITyJIbcOB st 1/f mryma [7].

bucnekTpsl BO BCIIOMOraTeIbHONH MOJEIH U B Mojeian Xajiadopaa UMEIOT HyJIEBYIO
MHHUMYIO 4acThb U OIMHAKOBBIE YACTOTHBIE 3aBHCHUMOCTH. 3aBHCUMOCTh OHCIEKTpa Ha
JIMaroHaNy 4YacTOTHOM IUIOCKOCTH, f, =f, =f umeer Buf (4), HO ¢ mapaMeTpoM (GOpPMbI
oucnektpa yp=_2. Takum o6pazoM, popMa U3MEPEHHOT0 OMCIEKTPa OTINYAETCS OT (op-
MBI OMCHEKTpa IIyMa B pACCMOTPEHHBIX MOJIEISX.

IIpu ompenenenun ypoBHs Oucniekrpa B Ha yactore 10 mMcmonb3oBaHa OlEHKa
oucnektpa 1/f myma B mogenu JJVC [8]. Ha ocHOBe 3T0#t OIICHKH KOJMYECTBO Je(hEeKTOB
u cootBercTByrommx UM JIYC ynoBieTBOpsieT BEIUYMHE M3MEPEHHOro crekTpa S,(f) u
COCTaBIISICT MOPSIAOK 5-10% JaHHOE 4HCIIO NeEeKTOB MPUBOAUT K B1= 7-107%. Dra Be-
JHYHHA TIPHMEPHO B 50 pa3 MEHbIIE KCIIEPUMEHTAIBHOTO pesynbrara By =3.35-107%.

4. Bvieoowt

Ecnu pe3ynbTaThl HAIIETO WCCIEIOBAHUS JIOCTOBEPHBI, MOXKHO CHETIaTh BBIBOJ, YTO
1/f mym B GaAs 3MuTaKCHAIBHBIX IJICHKAX HE SBISETCS HU MyaCCOHOBCKUM IPOLIECCOM,
Hu cyneprnosunueii CTII. Takum o06pazom, HEOOXOAWMO BBIMOIHUTH JOMOTHUTEIHHBIC
HCCIIeJOBAHMS.
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Bispectrum of the 1/f noise in GaAs epitaxial films
A.V.Belyakov, A.V.Moryashin, M.Yu.Perov, L.K.J.Vandamme"!, A.V.Yakimov>
Nizhni Novgorod State University, Gagarin Avenue 23, Nizhni Novgorod 603950, Russia
*Eindhoven University of Technology, 5600MB Eindhoven, The Netherlands

We investigate the bispectrum of the 1/f voltage noise from Gads epitaxial films
made in Eindhoven University of Technology (The Netherlands). The specially de-
signed set-up was used for this purpose. The spectrum is well described by the Hooge’s
parameter o=4-10" and the frequency exponent 7 =0.99. The bispectrum absolute
value |B,(f1, f>)| tends to the increase towards low frequencies in the first quadrant in the
plain of frequencies Of; f,. On the bisector, f, =f, =, it is approximated by relation
|B,J/V?=B,/f"* [Hz*], where B;=3.35-10"%. The experimental results were analyzed
in frames of the TLS (Two Level System) model of the noise. Each TLS is associated
with some mobile defect that can be switched between two meta-stable states. The total
noise (under the known conditions) has the spectrum of the 1/f type. The shape of the
bispectrum is different for the experimental data and model considered here. The num-
ber of defects, which is necessary for the explanation of the measured spectrum, is of
the order 5-10*. That yields B;=7-10™° —nearly 50 times less as compared with the re-
sult of our measurements.

1. Introduction

At present time nanodimensional semiconductor devices belong developing branch
of nanoelectronics. The light emitting diodes (LEDs) and lasers based on self-organized
quantum dots (QD) are very promising devices in this field. It is suggested that the diodes
have to function at higher temperatures with less temperature sensitive operation and with
an enhanced radiation hardness. Development and manufacturing of such type of struc-
ture base on investigation of quantum well devices and theirs properties.

Most of semiconductor devices have 1/f noise probably caused by mobile defects. It
is found that the zero-hypothesis (about the Gaussianity and stationarity) for 1/f noise in
semiconductors often is not fulfilled [1] . The 1/f noise was suggested to be stationary and
non-Gaussian. To investigate the non-Gaussianity of 1/f noise the bispectrum is used.
This one equals zero for Gaussian processes.

We consider the Fourier transform y, (f) of noise v(¢) “truncated” by time block T as
it is presented in eq. (1). Here N-T is the total length of the analyzed noise record, while
treating it is divided onto N pieces.

The value ¢ in low and upper limits of integration is the time of the recording start.
The estimations of the spectrum S,(f) and bispectrum B,(f}, f>) are described by the equa-
tions (2) and (3), respectively.

We have studied the noise from the same Gads epitaxial films as in ref. [1] . The
voltage noise v(f) was sampled and recorded onto hard disk of PC. In addition to the spec-

! Phone: +31.40.247 3242; Fax: +31.40.243 0712; E-mail: L.K.J.Vandamme@ele.tue.nl
? Phone: +7-8312-656153; Fax: +7-8312-656416; E-mail: yakimov@rf.unn.ru
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trum S,(f) the absolute value |B,(f}, f>)| and biphase @ ,(f}, f>) of the bispectrum were ana-
lyzed. The specially designed set-up [2] was used for this purpose.

2. Experimental results

The spectrum of the voltage noise is shown in Fig.1. The 1/f noise component is de-
scribed by the empirical relation [3] with the Hooge’s parameter ¢=4-107, and the fre-
quency exponent y5=0.99.

The absolute value of the bispectrum |B,(f, f>)| tends to the increase towards low fre-
quencies in the first quadrant in the plain Of; f; . The cross—sections by coordinate lines
f>=const are shown in Fig.2. The following frequencies f, are selected here (Hz): 0.78,
4.69, and 10.16. The bold line shows the meanings at the bisector, fi=f=f.

Best fit for f, = 0.78 Hz is |B,(f;, £)I/V = 6.21-107% /#;""7, Hz™>. Thus, the frequency
exponent is y3;=1.07. This value is close to the frequency exponent 5 =0.99 found for the
spectrum, Fig.1. On the bisector, f; =/, =/, the best fit is presented by equation (4):
B, HI/V?=B,/f7, Hz . Here V=0.18 Volt, B, =3.35-10%, and the frequency expo-
nent y is y3=1.21.

Additionally, the biphase ®,(f}, f5) of the voltage noise was measured (3). This bi-
phase is like a random function of frequencies f; and f; . The magnitude of the biphase
fluctuates slowly within a few cycles. This result means the bispectrum B (fi, f) of the
measured noise is a complex function. It has real and imaginary parts, and both of them
fluctuate between positive and negative values.

The unwrapped biphase measured on the bisector, f; =f, =f, of the first quadrant in
the plain of frequencies Of; f, is shown in Fig.3. The regions are shadowed in which the
biphase is wrapped onto one additional circle up or down correspondingly,
0.5<®,/(27) < 1.5 (that is region “+1”), and @,/(27) <— 0.5 (region “~1).

Integrating the real part of the bispectrum, Re[B,(f}, f2)], we estimate the skewness as
73=—0.4 percent. This result compared with y;=—0.2 percent found from direct evalua-
tion of statistical moments of the noise suggests our bispectral measurements are rather
reliable despite the large error as compared with the spectral measurement.

In order to better understand experimental results we need to know the bispectrum in
some models of the noise.

3. Theoretical analysis

There is the TLS (Two Level System) model in semiconductors where some mobile
defect can be in one of two meta-stable states. The transitions between these states are
very fast as compared to the time in the meta-stable state. Therefore, movements of defect
can be described by the random telegraph signal (RTS). The number of defects is sup-
posed to be large. Thus, noise is created by superposition of RTS type changes in the
scattering of electrons. The RTS spectrum is described by Lorentz curve [4] . The total
noise (under the known conditions [5] ) has the spectrum of the 1/f type.

Unfortunately, the bispectrum of the 1/f noise is very difficult to deduce in the RTS
model. To estimate the bispectrum the auxiliary Poissonian model of the 1/f noise has
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been constructed. The bispectrum of any Poissonian process can be found through the
Fourier transform of the elementary impulse of the process [6].

One Poissonian process is used to model the behavior of one mobile defect, and it is
corresponded to a single RTS. That is why the rectangle elementary impulse has been
chosen for this process. The pdf of the impulse duration in the modeling of one defect is
of Boltzman type like it is for the single RTS. The frequency of appearance of impulses is
the same both for the Poissonian process and RTS.

We use the ensemble of Poissonian processes with the pdf of mean impulse duration
W.(7) ~ 1/7 as it is in models by Van der Ziel and Du Pre [5] .

Spectra in models of RTS and Poissonian processes are of the 1/f type. The possibil-
ity of the overlapping of impulses in Poissonian process causes some numerical differ-
ence between spectra because impulses are not overlapped in the case of RTS.

Additionally, the model of the 1/f noise by Halford [7] for the Poissonian superposi-
tion of rectangular impulses was analyzed.

Bispectra in the auxiliary model and model by Halford have zero imaginary part and
similar dependences on both frequencies. On the bisector, f; =f, =, this dependence is of
the type given by eq. (4), but with the frequency exponent yp=2. Thus, the shape of the
bispectrum is different for the experimental data and models considered here.

In order to estimate the height B; of the modeled bispectrum we use the TLS—model
[8] of the 1/f noise. It gives the number of defects, which form the TLSs in the film and
is necessary for the explanation of the magnitude of the measured spectrum S,(f), to be of
the order 5-10*. The same quantity of defects yields B,=7-1072. This magnitude is
nearly 50 times less as compared with the result of our measurements B; =3.35-107%.

4. Conclusions

If results of our investigations are reliable, we can conclude that the 1/f noise in
GaAs epitaxial films is neither Poissonian process nor the superposition of random tele-
graph signals. Thus, the additional investigation on the 1/f noise Gaussianity is to be
made.

Acknowledgements

This investigation was supported by the NATO in the framework of the “Science for
Peace” Project SfP-973799 with the universities of Nizhni Novgorod and Eindhoven as
partners. The work was also supported by grants of RFBR 00-15-96 620, 01-02—16 666,
and NSh—1729.2003.2 (Scientific Schools).

173



