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[IpuBoauTcs 0630p pe3yabTAaTOB, NONYUYEHHbBIX B SKCIIEPUMEHTE 110 u3Mepenuto HY
LIYMOBBIX XapaKTEPHCTHK CBETOM3/IYYalOIIMX JHOAOB Ha INAs KBAaHTOBBIX TOYKaX.
AHaIM3UpPYIOTCS JUHAMHYECKUE U IIIyMOBBIE XapaKTePHCTUKH 00pa3loB, TAKUE KaK I1a-
pamerp (OPMBI CIIEKTpa, 3aBHCHMOCTH CIIEKTpa (IyKTyauui TOKa M HANpPSHKEHUS OT
ToKa uepe3 obOpaser. [ToBeseHre 06pa3IOB C TOUKK 3PEHUS LIYMOB CPAaBHHBAETCS C IO-
BeJIeHHEeM OOBIYHBIX JJUO/IOB C pP-N-TlepexoaoM. Mccenyercs BlusHIUE B3PBIBHOTO LIyMa
Ha KaueCTBO CBETO/IHOIOB.

1. Beeoenue

Ocenbto 2002 ropa, B pamkax nporpammsl HATO “Hayka g Mupa”, nposeaeHsl
COBMECTHBIE SKCIepUMEeHThl HuKeropoJCkuil roCyHUBEpCUTET — DWHIXOBEHCKHH TeX-
HOJIOTMYECKUI yHHUBEpCUTET 0 HccnenoBanuio HY myMoB cBeTOM3Iy4aromMX AHOIOB
[1] Ha InAs xBanTOBBIX Toukax (KT). 3neck IpHBOIATCS OCHOBHBIE HKCIEPHMEHTAIBHBIC
Pe3yNbTaTHI, MOTyYeHHBIE IPH UCCIIEM0BAHUN HIEKTPHIECKUX ITyMOB 00pa3IioB.

2. Cmpykmypol u IKCHEPUMEHMATbHAA YCIMAHOGKA

@yHKHHOHaHBHa}I cxema H3MepI/ITeJII>HOI71 YCTaHOBKHU ITPUBCJACHA Ha PUC. 1.

Personal Computer

—= i
| | Ultra Low Noise Precision AC Buffer Amplifier | | ADS224x48 | —
| | Preamplifier 5004 | Amplifier 9452 || BUF 634 i board HDD
| [ 60dB, Ry=5 MO 30-100 dB R,=80MQ || | [24Dbit’s ADC— | |

I
} Channel #0 (electrical) ! Multifunctional
e ! Analyzer

Puc.1

HY ¢nykryanmu HampspkeHHs HCCIEAyeMOro IHOJa YCHIMBAINCH, OLU(POBHIBA-
JIUCh U 3aIMCBHIBAJINCH HA JKECTKUH JMCK KOMIIBIOTEpa peaM3alusMu 1Mo 1 MIH. oTcye-
TOB. 3aTeM JlaHHbIe 00pabaThIBAIICh MIPU HOMOIIM MHOTO(YHKIMOHAIEHOIO aHAIN3aTO-
Ppa, BBIIOJHEHHOTO B IIporpaMMHoii cpene LabVIEW [2].

! Ten.: +7-8312-656153; Fax: +7-8312-656416; E-mail: belyakov@rf.unn.ru
2 Ten.: +31.40.247 3242; Fax: +31.40.243 0712; E-mail: L.K.J.Vandamme@ele.tue.nl

116



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

CaeTousnyJalone AWOARl MMENH JBa THIIA TeTepocTpykTyp (puc.2). Oba Tuma
nmerot cioit InAs KT B p-n—nepexone. CBeToanoas!, IMEIOIIKE B CBOEM Ha3BaHWUM HH-
nexc “K”, otHOcarcs k crpykrype Ne 3486. OOpasmsl 6e3 mHmekca “K” oTHOcATCS K
cTpykType Ne3504, koTopas OTIHYacTCs HAIMYUMEM JAOMONHHUTENbHOro cios InGaAs
KBaHTOBBIX M (KST).

O6e cTpykTypsl uMeloT n' -GaAs momnoxkky u n'-GaAs 6ydepHEI# cII0H, SKCIOHH-
posanmsiii B CCly, ¢ KOHIEHTpaurell ocHOBHEIX Hocuteneil n=10"% cm ™. Croit n-GaAs
SIBIISIETCS MATPHILEH JUIS HapallMBaHUS KBAaHTOBBIX TOUeK. AKTHUBHAs 00JIaCTh CBETOAMO-
JoB, mpezactasiaeHHas ciaoeM InAs KT, pacnonaraercs B IEHTpe Pe3KOro p-n-nepexona.
Croii p'-GaAs Taxxke sBIseTCs 6yhEepHEIM.

OtnuuueM cTpyKTyphl Ne3504 spnsercs Hamuuue cinod InGaAs KS Tonuunoii 6 HM.

Ne3504 Ne3486
p" - GaAs
d=270 nm p+ _ GaAs
p—GaAs d=600 nm
d=150 nm
I GaAs d=6 nm (QW)
p — GaAs d=5nm p — GaAs d=8 nm
QD layer InAs C ) layer InAs d=6 nm
n— GaAs d=5nm n— GaAs d=6 nm
n — GaAs
d=150 nm n" - GaAs
n" — GaAs d=550 nm
d=180 nm
Substrate n* — GaAs Substrate n* — GaAs
Puc.2

3. Bonbmamnepnole XapaKkmepucmuxku

Bonbrammnepnas xapaxrepuctuka (BAX) nomynpoBopnukoBoro auona /(V) m ero
i depeHnranbHOe COPOTHBICHHE R,y NMEIOT CIISIYIOINI BUI:
V-I1-R dv._ n-V, n-v
S5 |-1|,Ryj ==L 4Ry~

I1=1,|ex =
VP, dl — I+1, I

(M

3nech n — k033G GHUIKEHT UeaTbHOCTH auoaa, Vr=kzT/q — TernoBoit moteHIman, /y— TOK
HACBIIIEHHMS TM0/1a, Rg — IOCIIeI0BaTeIbHOE COPOTHBIICHHE 00pa3La.

Nzmepenne BAX B 3kcriepuMeHTe MPOBOIIIIOCH IBYMs CIIOCOOAMU: BPYUHYIO, IIPU
MOMOIIH MUGPOBBIX MYJITHMETPOB, & TAKXKE MPHU MOMOIIM aBTOMATH3UPOBAHHOU ycCTa-
HOBKM Ha 6a3ze LabVIEW. Cnenyer oTMETUTb, YTO B OOJIBIIMHCTBE CIy4YacB BOJIbTAMIICP-
HBIC XapaKTePUCTUKH, U3MEPEHHBIC 000OUMH CIIOCOOAMU, COBIAIANHU, HO ISl HEKOTOPBIX
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00pa3oB UMENIN MECTO HEOOJBbIINE pa3inius, BEPOATHO 00YCIOBICHHBIC HAIPEBAHUEM
IMOJa TIPU PYYHOM, OoJiee MEAJICHHOM, CII0cO0e H3MEPEHHSL.

Ha puc.3 npexncrapnena THmUYHAs BOJbTaMIepHas xapakTepucTuka (oopaszen Ne2K)
IUTS AMOJIA cO CTPYKTYpoit Ne3486, e nmeromeit cnos KA.

1 1,1, A 1 Elda A
10! ]
LED#2K
-1
10° (Struct. 3486) 1073 ( Str‘;‘g’ﬁém)
. I-V ch teristi ] :
10° characteristic 1 I-V characteristic
y 107
10 3 High current:
10° ] n=4.1
§ n=1.86 10~ 3
10 a=3.210" :
107 R,=0.25 Ohm 4
10* 3
. E Low current:
10 ] n=5.53
10° \ \ \ I LV | 10° \ \ \ I lU’V \
0 02 04 06 08 1 0 02 04 06 08 10 12
Puc.3 Puc.4

BonbramnepHble XapakTepUCTHKHM IMOJIOB, HE MMEIOUIMX B cBoeil cTpykrype KIS,
obnamaroT K0P PUIMEHTOM HICANTBHOCTH n~2. JTO 03HAYaeT, YTO OCHOBHOW TOK 4epes
MO BBI3BaH pekoMmOuHanuell Hocuteneld B obmactu KT, oTBeuaromeil 3a BOSHUKHOBE-
HYe H3TydYeHHs. BpeMs penakcaiun 0CHOBHBIX HocHTeNneil 3apsaga 7= 107 c. [Tocienosa-
TEJIFHOE CONPOTHBIEHHE ANOIOB, MPOSBIIIIONeecs Ha Tokax [;~0,9 A, nexuT B quamna-
30HE Rg=0,25+1 Om.

V nuonos, nmeromux B cBoel crpykrype Ne3504 cuoit K5I, 6611 oOHapysxeH Oonee
cnoxHbiil xapakrep BAX. Ha puc.4 npencrasiaeH npuMep Takoi BOJIBTAMIIEPHON Xapak-
TEPUCTHUKH. 371eCh MOXKHO BBIJICTUTD JIBA YYaCTKA C Pa3IMYHBIMH KOd(UIMeHTaMH HIe-
aJBHOCTH, 00a U3 KOTOPHIX Jaleku oT n=2. CliefyeT OTMETHUTb, YTO JUI HEKOTOPBIX JHO-
noB, nMeronx K5 B cBoelt cTpykType, BoOOIIe HE yAanoch OCYIIeCTBATH ITyMOBBIE H3-
MepeHUs], BBHIY KpaliHel HeCTaOMIBHOCTH PabOTHI AUOIOB.

4. CnekmpansHble XapaKmepucmuxku

Jig ananuza cpoiicts HY myma nonynpoBoaHukoBbix cBetoanonos ¢ KT B akrus-
HOHM o0JlacTH McHoNb30BaHa sMnupuydeckas Gopmyna Xoyxe st 1/f myma [3], Bnepsble
IIPUMEHEHHAs K U0y Ha p-n—nepexoje Knalinennunom [4]:

S _Sy() _gqra 1

- , 2
I? y? It f @
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3neck @ — mapamerp Xoyxe, 0ToOpaxkaroliii ypoBeHs 1/f mryma oOpasia B nepecuere Ha
OJIIH HOCHTEJb TOKa, / — TOK, ¢ — 3apsi/i DJIEKTPOHA, 7 — BPEMsI peJlaKCcalluy HEOCHOBHBIX
HocuTelnel Toka. 13 BeipakeHus (2) ciemyer, 4To CHEKTp LIyMOBOI'O TOKa Ha 4acTtore f
MIPOIIOPIOHANEH TOKY B oOpasue: S, (f)ocl.

CrexTpsl (UIyKTyanuii HalpsDKEHHUS M TOKa CBsI3aHBI depe3 auddepeHnnaibHoe co-
npotuBienne obpasua: Sy (f)=(dV/dI)>-S;(f)=R ,*S;(f). CremoBaTensHO, B paMKax
monenu Xoyxe—KiaiiHeHHHHA, CIIEKTP LIYMOBOTO HANpsDKEHHUS AWOAa OOpaTHO Ipo-
nopuuoHaineH Toky: Sy (f)oc1/1.

Ha puc.5 npencraBieHo xapakTepHOe ceMEHCTBO CIeKTpoB Sy (/) A CBETOAMOIOB
6e3 KSI. Tok uepe3 obpazer; uamensuics ot 100 MxA 1o 200 MA, pu 3TOM ¢ POCTOM TOKa
MOIIHOCTb IITyMOB YMEHbBIIAIACh.

13— 2 _
10 ESV, V°/Hz LED#1K 147 Y LED#1K
10 7; ]
] 0 mka; 7095 10 Hz < f<300 Hz
10 3 o
107 *
10" *
E 03kHz<f<3Hz
1 f,Hz
10-18 T T T T T T T T L. A
10 102 103 ]04 T T T T \d,\um‘
10" 10° 107 10" 1
Puc.5 Puc.6

B cemeiicTBe CHEKTpPOB HAac HHTEpecylOT Iapamerp (OpPMBI CIIEKTpa ), TIne
Sy (f)ecl/f7, v 3aBUCHMOCTD BETMYUHBI CIIEKTPOB TOKA M HANPSKEHUS Ha OTIPEIeIIeH-
HOH 9acToTe OT TOKa yepe3 obpaser.

ITapametp GopMBI criekTpa BapbHPYETCsl OKOJIO CAMHUIIBI, YTO TOBOPUT O HAIMYUH
SIPKO BBIPKCHHOW (DIIMKKEPHOM COCTABIISIONICH B ITyMe. 3aBHCUMOCTPH TapameTpa (op-
MBI CIIEKTpa OT TOKa depe3 obpaser mst auona NelK mpencrasnena Ha puc.6. 3xech ma-
pameTrp (GOPMEI CIIEKTPa PACCUMTHIBAICS B HECKOJBKAX YAaCTOTHBIX Juana3oHax. s or-
HOCHUTEIBHO BBICOKOYAacTOTHOM monockl 0,3 k' < f'< 3 x['m HabmomaeTcs HEKOTOPOE
YMEHBIIEHHE ¥ C POCTOM TOKa. DTO MOXKET OBITh OOBSICHEHO YMEHbBIICHUEM (DIMKKEPHOTO
oIyMa W TOSBJICHHEM BBICOKOYACTOTHOTO ILIATO, OOYCIOBICHHOTO COOCTBEHHBIMH IIY-
MaMH yCUIMTENIbHOH cucteMsbl. [losBiaenue BeIOpOCOB mapamerpa GOpMbI CIIEKTpa ¥, pac-
cuutanHoro B nmosioce ot 10 I'p go 300 Iy, muist GobIuX 3HaYEHUH TOKa /; MOKET OBITh
00BsICHEHO MposABICHUEM AononHuTenabHoro HY mcroynuka myma, HampuMmep TeMiepa-

119



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

TypHOH HECTAI[HOHAPHOCTH, KOT/Ia TEMIIepaTypa o0pasiia HadlMHAaeT OBICTPO BO3pacTaTh C
YBEIHMYECHHEM TOKA CMEIICHHS.

s 000X THUMOB TMOAOB, IOCTPOCHHBIX Ha cTpyKTypax Ne3504 u Ne3486, nabdmto-
JIaJTCh 3HAUYUTENbHbIE OTKIOHEHHUS apaMeTpa GOpMBI  OT eAMHHUIBI (puUC.7), KOTOPHIE, B
YaCTHOCTH, MOTYT OBITh BbI3BaHbl HaJIM4YMEM TesierpadHOM KOMIIOHEHTBI, COOTBETCT-
BYIOLIEH B3pbIBHOMY Liymy. [Ipu Hamu4uu TenerpadHoil KOMIIOHEHTHI HapaMeTp (GopMel
CIeKTpa NMPUHUMAET 3Ha4yeHHs y~ 2. JIJs Takoro THNa CMEIIAHHBIX IIYMOB TpeOyeTcs
crenuanpHas nudposas 06paboTka, OCHOBHAsS Uesl M pe3ysIbTaThl KOTOPOi OynyT Kpart-
KO M3JI0KEHBI JlaJiee.

I, A
04 UL AL B AL N AL B L ]

107 10° 100 10* 10° 107 10"
Puc.7
TokoBas 3aBUCHMOCTB CIIeKTpa (GiyKTyauunii Toka u HanpspkeHust nuona NelK mpen-
CTaBJIeHa Ha puc.8.

310™% 2 2 10" 1003 2 20y 3107
Sy, V/Hz LED#1K S, A°/Hz 1Sy, V°/Hz LED#2K S, A°/Hz
1 - N 10-[3 : :
.. 1 , /710 Hz 4 ] 1.
yel 10 510
10—14,: S,ocIls s ]
] E
-16 ]
1 . 10 107 ]
] 107 1 210
o] :
109 =107
SVOCII'4. _— 0 i :
10 e 10720 ; 4
10 103 10 10! 1 10715 T 10"
10* 10° 107 107!
Puc.8 Puc.9
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BunHo, 9To mnst maHHOTO 00pasna TOKOBasl 3aBHCHMOCTB CIEKTpa (QuryKTyanui He
MOJYUHSIETCSl IMIUPUYECKON 3aBucUMOCcTH Xoyxe—KnaiiHnmenHuHa, Tak kak S;oc/ 18
EciH BCe %e pacCunTaTh HOCTOSHHYIO XOyXe, TO Mbl monyduM o ~ 5-107*, Peskuit poct
crekrpa (UIyKTyanuid HampspDKEHHsl Ha OOJBIIMX TOKAaX MOXET OBITh BBI3BaH BIMSHHEM
MOCJIEIOBATENBHOTO CONPOTHBIIEHHS IUOA.

Cnextp daaykryanuii Toka 1t ceeronuona Ne2K Bener ce0st Heckonbko nHave. Kax
BUJIHO M3 pHC.9, IIPU MaJBIX TOKaX CYIIECTBYET Y4acToK, Tae S;oc I;, To ecTh (hopMyia
Xoyxe—KualinenHuHa paboTaeT Jake M TaKOH CIOXKHOW CTPYKTYpPBI, KaK CBETOIMO]] C
KT B akTHBHO#H 0GmacTH. DTO MO3BOISAET PACCUMTATH MOCTOSHHYIO Xoyxe o~ 3-107.
Ipu mpepbinenns Toka /=1 MA xapaktep 3aBHCHMOCTeH Sy i S; Memsercs, Syoc /',
Takast 3aBUCHMOCTb HAallOMHHAeT nopeAeHue IrymoB auoaa NelK Bo Bcem amamasoHe
HCCIIEAYEMBIX TOKOB.

Ha puc.10a u 106 npencraBieHbl TOKOBBIC 3aBHCHMOCTH CHEKTPOB (IIyKTyaruid

HampsDKeHHA U Toka i ceeroauonaa Nel co crpykrypoit Ne3504.
103 10"

§S Vs V*/Hz Syocl % s Sh A’/Hz Spoc 7463
105 LED#1 ' b 1077 LED#
E . e Syocl -17
] 10 0.96 1.52
1 f~10 Hz \ s SI“I//‘/ Srecl
s Syocl™% ' v /
107 LSl
s 18yt a=310" y 107 ’
E Syocl 21 =100 H.
] 100 Hz 10 a6/ fS100 He
] 10
10-167; 103
E 10-24
-17 1 : I, A -25 LA
10 -7\ \HHH‘-G\ \HHH‘-;\ \\!\\\\‘-4\ !\!\\\\‘-3\ \HHH‘-Z\ \HHH‘-I 10 ‘-7\ \HHH‘-G\ \HHH‘-;\ \\\\\\\‘-4\ \\\\\\\‘-3\ \HHH‘-Z\ \HHH‘-I
1 10 107 10 10 10 10 10 10 107 10 10 10 10
Puc.10a Puc.106

N3 puc.10a n 106 BuaHO, 4TO SMIMpHYEcKas 3aBUCHMOCTh Xoyxe—KialtHnennuHa
cIpaBeIInBa U JaHHOTO 00pa3la TOJIBKO Ha yYacTKe CpemHHX TOKoB oT / ~ 0,1 MA 1o
I~ 30 MA. [ocrosHHas Xoyxe, ONpeneIeHHas Ha 3TOM y4acTKe, paBHa o = 3-107.

Hns muoma Ne2 nHa crpykrype Ne3504 u3mepeHus BBIIBUIM 3HAUUTEIbHYIO HecTa-
OMIIBHOCTB Kak AuHaMuuecknx (BAX), Tak U IIyMOBBIX XapaKTEPUCTHUK.

5. Bhusanue 63pv16no20 wiyma

OOHapykeHO, YTO HEKOTOpPbIE U3 IHOAOB I'€HEPHPYIOT B3PBIBHOW IIyM, KOTOPBIi
MPOSIBIISICTCSL B BHJE TejerpadHOi IIyMOBOW KOMIIOHEHTHL. B 3TOM ciyuae mapamerp
(GOpMBI cHIEeKTpa BO3pacTaeT M MPUHUMAET 3HAYCHUE )~ 2, YTO COOTBETCTBYET JIOPEHIIE-
BOH (hopmMe crieKkTpa, KOTopasi B 4aCTHOM CiIydae sIBJsieTcsl pOpMOi cleKTpa Ciry4aiHOro
tenerpaduoro mporecca (CTII).

Ha puc.11 u306paxeH y4acTOK OCLMJUIOIPaMMBI IIIyMa C SIPKO BBIPa)KEHHBIM B3PbIB-
HeIM mymoM (cBetomuon NedK). IllymoBoii mporecc nmmeeT JBa MeTacTaOHIBHBIX CO-

121



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

CTOSIHMS, MEXLY KOTOPBIMH IPOUCXOJT CllydaiiHble mepekinoueHus. [Ipumeps! aKcrie-
PUMEHTaNIbHBIX (YHKIUH IJIOTHOCTH BEPOSTHOCTH (TMCTOrPaMM) JUIs TOKOB CMELICHUS,
paBubix [ =2,15-10° A u /=1,53-10"" A, npeacrasnens! Ha puc.12.

Ipenmnonaras, 4TO T’UCTOrPaAMMa COCTOMT M3 ABYX I'dyCCOBBIX PAaCIpEASICHHH ¢ pa3-
JMYHBIMU CPEAHMMM 3HAUCHMSAMH M, MCIOJIB3Ys CTAaHIAPTHYIO TEOPHIO OOHApY>KCHHs
CHT'HaJIa Ha LIyMOBOM (hOHE, MbI pa3ziesisieM B3PBIBHYIO U IayCCOBY KOMIIOHEHTBI BO Bpe-
MeHHo# ob6macTu™.

8-10* )
"o pdf LED#4k
pdf examples
ja )y ). { 6-10°]
W WVW\ W T
Gi
B S—
Vi 104 Solid line: /=2.15-10° A
. 410 Doted line: 7=1.53-10" A
0 | t

f\ " amﬂm i U AN h’ 2100

0

; U, Volt
-10° -5‘~10'5 0‘ 5~1‘05 1‘0“ 2~1(‘)“
Puc.11 Puc.12
Pa3II€.IH/IB KOMITOHCHTBI, MOKHO HCCJICA0BATH CHCKTpBI B3pI>IBHOFO u I‘ayCCOBa myMa
OTZIENbHO. XapaKTepHbIE CIIEKTPhl UCXOIHOT0, TayCCOBA M B3PHIBHOTO IIyMOB IPECTaB-
JIeHbI Ha puc.13.

2
12 7SV, \% /HZ
10773 —— Total noise spectrum
] Burst noise “4_ Gaussian + RTS
] spectrum /w\/
1o =247 Hz) ’
104 1/f (Gaussian) noise
1 spectrum:
1 7=1.04, gy =810
10754
LED#K
16 f, Hz
10 T T i mann
10 10 10° 10*
Puc.13

CreKkTp OAHOTO U3 BBIACIEHHBIX MPOIecCOB UMeeT (opmy 1/f, apyroii — JopeHieBy
¢dopmy, kotopas coorBercTByer CTII. MHTepecHO, YTO HCHONB3YyEeMbI MeTOl OOHapy-

* Cwu. Takxke crateio: A.B.Bemsakos, JI.K.Jx.®annamme, M.IO.ITepos, A.B.Skumos. “B3pbiBHOl 1
1/f mrym B CBETOM3ITYYaIOIINX M0/1aX Ha KBAHTOBBIX Toukax . Hactosimmii cOopHuk, c. 129.
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xKuBaeT BKiIax 1/f mryma B wactotHoM mauamnasone 30 I'm < f'< 3 k['m, xoTopsIit, O Kpaii-
Hell Mepe, Ha MOPsIZI0K MEHbIIIE HCXOJHOTO HIyMa.

TokoBasi 3aBUCUMOCTB CHEKTpa (IIyKTyaluil TOKa M HAIpsHKCHUS Pas3AelIeHHbIX
KOMITOHEHT Iryma cBetoanona NedK mpencrasiens! Ha puc.14 u 15.

2 2 2 2
_I_SV, V°/Hz S[, A /HZ7 10 10'”ng’ V°/Hz SI, A /HL 1077
10 1 10 Hz: Slope =-0.99 10 Hz: Slope = 1.01 E F
1 < B 7 ] Slope =-0.59 Slope=0.96 | .
-19 B L 10°
104 £ 10 1 LED#4K —g 10
El . £ Plateau value £
4100 Hz: Slope = -0.85 — 20 1[)'12*E (10 Hz) of RTS r "
1 < £ 10 7 noise spectra £ 10
1074 E 1 obtained by £
3 r 1 method “A” [ . 20
7 L 102! =10
1100 Hz: Stope = 1.1 f 1[)"3*E Slope =-1.05 F
-14 | [ ] > C
10 3 Current dependence = 10’22 7 E ]041
] of Sy and S; at f=10 E 7 Slope=1.42 £
] Hz and 100 Hz of the LA F b I A L
extracted 1/f noise r -
107"° T 2 - 107 10" PR “‘””\4"‘””” 31022
107 10° 10° 10% 10% 10 10° 10™ 10 10°
Puc.14 Puc.15

Jns dnmkkepHO# (TayccoBoii) KOMIIOHEHTHI Hryma (puc.14) Ha yacToTax aHanm3a
/=10 ' u f=100 'y BenuumHa criekrpa S; oc I. Takum 00pa3oM, 3KCIIEPUMEHT OIIATH T0-
Ka3bIBAeT, YTO TAKUE CIOXKHBIE CTPYKTYPHI, Kak cBeroanoas! Ha KT, ¢ Touku 3penus nry-
MOB BeIyT ce0st Cxoxe ¢ OOBYHBIMH JuogaMu. Mcnoms3ys cooTHommeHHe Xoyxe—
KtaliHIIeHHNHA, MBI TTONy4aeM TTapaMeTp Xoyxe JUTs H3BIedeHHoro 1/f myma o= 8-107°,

CrexTpanbHble XapaKTePUCTHKH B3PBIBHOM KOMIIOHEHTHI HCXOTHOTO Iryma (puc.15)
BeyT ceOe HECKOIBKO MHAYe, YeM y (IMKKEepHON KOMIIOHEHTHL. boiee Toro, oHM UMEIOT
n3noM npu Toke nuona /= 100 MKA, 9TO, B YaCTHOCTH, CBUAETEIBCTBYET O PA3IMIHOM
MIPOUCXOKIECHIN KOMIIOHEHT HCXOHOTO ITyMa.

6. Bovieoowt

1) UccnenoBanbl cBeTOM3IyYalOUINe IHOABI HA CTPYKTypax Ne3504 u Ne3486, nmeromumx
B cBoeM cocrtaBe cioi InAs kBanToBeIX Touek (KT). Kpome KT, crpykrypa Ne3504
nmeet cioit InGaAs KBaHTOBOH SMBI.

2) JluHaMu4YecKHe XapaKTePUCTHKH CBETOANOJOB PAa3IHUaroTcs A cTpykKTyp Ne3504 u

Ne3486. Bee nccnenoBanHble 00pasiel, nMeromue cTpykrypy Ne3486, mmetor BAX ¢

K03 OULHEHTOM HIEaNbHOCTH 1n~2, TO €CTh OCHOBHOM TOK 4Yepe3 AMOJ BBI3BAaH pe-

koMOuHanuen Hocuteneil B oonactu KT, oTBeyaromiei 3a BOSHUKHOBEHHUE U3ITy4EHHS.

Jnsa nuonos co crpykrypoit Ne3504 BAX Hocut Oosnee CIOXHBIN XapakTep U UMeEeT

JIBa y4acTKa C pa3IM4HbIMH KO3()GUIMEHTaMH HAEaTbHOCTH.

Omnupuueckas Gopmyina Xoyxe—KnaliHneHHHHa npuMeHHMa K cBeroauoaam Ha KT,

TOJIBKO B HEKOTOPOM JIHaIla30He TOKOB, IJIe MCCIIEI0BaHHbIe 00pasIibl BEAYT ce0s TakK

e, KaK ¥ OOBIUHBIC JHOJIBI, ¥ XapaKTEPH3YIOTCS IOCTOAHHOM Xoyxe o~ 107,

3

~
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4) B mymax o0pa3moB oOHapy»XEeHBl OTKIOHEHHUS OT 1/f IIyma, KOTOpbIE B HEKOTOPBIX
CITy4Jasix TOBOPAT O HAJIMYHUHU B3PBIBHOTO IIIyMa, IPUBOASIIETO K HecTaOMIbHON paboTe
CBETOJHMOIA.

5) HUcnomnp3oBanne MeTona oOpabOTKH IIyMa, OCHOBAaHHOTO Ha CTAaHAAPTHOM TEOpHH 00-
HapyXeHHsl CHTHAJA, MO3BOJIMIO BBLICIHUTH B3PBIBHOW IIYM M HCCIEIOBATh €r0 OT-
nensHo. OOHapysKeHOo, 4To Ha (oHe TenerpadHoro myma aeiictByer 1/f mym, nmero-
i HopMabHOe pactpernenenue. [locrosiaaas Xoyxe [Ist BRIACIEHHON QIMKKEpHON
KOMITOHEHTHI &~ 8-107°,

6) Mcnonb30BaHHBIA IIyMOBOW aHalIM3 IO3BOJNIMI BBISBUTh HEHAJE)KHBIC NPHOOpPHI, a
TaKoKe o0Iue ciadble MecTa 00pa3IoB, TaKKe KaK HATMYHE Ae(eKTOB, MIPUBOAAIINX, B
YaCTHOCTH, K MOSBJICHUIO TenerpadHol ITyMOBO KOMIOHEHTHl. Hannuue B3prIBHOTO
IIyMa TOBOPUT O HENOCTaTOYHO BBICOKOH TEXHOJIOTUM M3TOTOBICHHUS MpubOpa.
ViydiieHue TeXHONIOTHH U3TOTOBJIIEHHsS CHIETAET BO3MOXKHBIM CO3JJAHHE CBETOANOIO0B
BBICOKOTO Ka4ecTBa C XOPOIIMMH TEXHHYECKHMM XapaKTEePUCTHKAMH, O YEM CBHJE-
TENBCTBYIOT JJOCTATOUHO HU3KHE 3HAUEHHUS MTOCTOSTHHOM XOyXe.

bnazooaprnocmu

HccnenoBannble 00paslibl M3roToBIeHsl B HayuHo—uccienoBaTenbckoM (QU3HMKO-
TexHu4eckoM uHctuTyTe (Hikeropoackuii rocynusepcuret, naboparopust b.H.3BoHKo-
Ba). JlaHHOE HCClIEIOBaHME M M3TOTOBJIEHUE CBETONMOJOB IMPOBEACHO NPH YACTUYHON
noaaepxxke HATO B pamkax nporpammel “Hayka mast Mupa” SfP-973799 mexny yHu-
Bepcutetamu Huxuero Hosropona u Oitnnxosena (Hupepnangsr). Taxoke sta pabota
Obuta mojaepkana rpantamMu POOU Ne 01-02-16666, Ne 02-02-06298 u “Benymme
HayuHsble mxosbl” Ne HIII-1729.2003.2.
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Low frequency noise in light — emitting diodes with quantum dots
A.V.Belyakov', M.Yu.Perov, A.V.Yakimov, L.K.J.Vandamme"
Nizhni Novgorod State University, Gagarin Avenue 23, Nizhni Novgorod 603950, Russia
"Eindhoven University of Technology, 5600MB Eindhoven, The Netherlands

Review of experimental results on low frequency noise measurements in light —
emitting diodes with InAs quantum dots (QD) is presented. Both I-V and noise charac-
teristics, such as the frequency exponent for the spectrum and dependences of current
and voltage noise on biasing current, are analyzed. Behavior of QD diodes is compared
with behavior of ordinary p-n—junction diodes from the noise point of view. Influence of
burst noise is also studied.

1. Introduction

Joint experiments, Nizhni Novgorod State University — Eindhoven University of
Technology, on low frequency noise measurements in light — emitting diodes (LED) with
InAs quantum dots (QD) layer [1] were made in autumn of 2002. Some experimental re-
sults obtained are presented in this work.

2. Experimental setup and structures of samples

The functional scheme of measurement setup is shown in Fig.1.

Low frequency voltage fluctuations across biased sample were amplified, converted
from analogous to digital form and written to the hard disk of PC as a binary file. This file
was a data source for the multifunctional noise analyzer [2].

We had two types of LEDs with different structures (see Fig.2). Both types have
InAs layer of QDs in p-n—junction. Light-emitting diodes having index “K” in their name
belong to structure No. 3486. Samples without this index belong to structure No. 3504,
which has an additional InGaAs layer of quantum wells (QW).

Both structures have n"-GaAs substrate and n'-GaAs buffer layer with concentration
of carriers n=10"% cm™. Layer n-GaAs is a matrix for QDs growing. An active region of
LEDs is represented by InAs QD layer and placed in the middle of p-n—junction. Layer of
p'-GaAs is also buffer one.

In the difference, the structure No. 3504 has an additional InGaAs QW layer.

! Phone: +7-8312-656153; Fax: +7-8312-656416; E-mail: belyakov@rf.unn.ru
2 Phone: +31.40.247 3242; Fax: +31.40.243 0712; E-mail: L.K.J.Vandamme@ele.tue.nl
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3. I-V characteristics

Semiconductor diode has I-V characteristic /(¥) and differential resistance R, as ex-
pressed by eq. (1). Here n — an ideality factor of a diode, V7=kpT/q —thermal potential, /,
— saturation current, R, — series resistance.

[-V characteristic has been measured in two ways: “manually” with help of digital
multimeters and “automatically” by the special setup on LabVIEW basis. In the most of
cases [-V characteristics measured by both methods concur each other. But also there
were difference in I-V characteristics for some diodes probably caused by the difference
in heating of samples during slow “manual” and fast “automatic”” method.

Typical I-V characteristic for diodes with structure No. 3486 is presented in Fig.3
(sample #2K). It was found that I-V characteristics for diodes without QWs have an ideal-
ity factor n=2. It means that the main current though the diode is due to recombination in
the QDs region that causes the emitting of the light. Carrier recombination time is 7=10"
sec. Series resistance of diodes appears at current /~0.9 A and has a value Rg=0.25+1
Ohm.

Diodes of structure No. 3504 with additional QW layer show more complicated be-
havior of I-V characteristic. An example of such I-V characteristic is presented in Fig.4.
There are two regions with different ideality factors, which are not equal to n=2 as for di-
odes of structure No. 3486.

Note that for several diodes with QWs in their structures it became impossible to
make noise measurements due to unstable behavior.

4. Spectral characteristics

We used Hooge's empirical relation (2) for 1/f noise [3] applied to diodes by
T.G.M.Kleinpenning [4] for analysis of low frequency noise in LEDs with QDs in active
region. Here « — the Hooge’s parameter showing level of 1/f noise per one carrier, / —
current through the diode, ¢ — elementary charge, 7 — carrier recombination time. From
eq. (2) it follows that spectrum is proportional to the biasing current: S; () oc/.

Spectra of voltage and current noise are connected via differential resistance of the
diode: Sy ()y=(dV/dDy*-S; (f)=R7-S;(f). Thus, spectrum of voltage fluctuation is in-
versely proportional to the current: S (f)oc1/1.

The set of spectra S)(/,) measured at different currents through the LED without QW
is shown in Fig.5. Current through the diode was changed from 100 pA up to 200 mA
with decreasing of noise power.

Here we are interested in a frequency exponent y, where S, (f)«c1/f7, and de-
pendence of current and voltage spectra at fixed frequency on biasing current.

The dependence of frequency exponent on biasing current is presented in Fig.6 for
LED #1K. This value varies near unity y~1. Here y was calculated in several frequency
bands. There is a decrease of y with an increase of the current through the diode for the
frequency band of 0.3 kHz < f< 3 kHz. It may be explained by the effect of decrease of
1/f noise and appearance of high frequency plateau caused by noise of the amplification
system. Appearing of excursions at higher currents /, for the factor y that is calculated for
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the band from 10 Hz up to 300 Hz can be explained by additional low frequency noise
source. It could be, for example, temperature nonstationarity, when the temperature of the
diode is increased very fast with bias current increase.

For both types of diode structures No. 3504 and No. 3486 strong deviation of the
frequency exponent y from unity has been found (see Fig.7). Some of these deviations are
caused by burst noise represented by random telegraph noise component. In such a case
y~2 and spectrum has a Lorentzian shape. Advanced digital treatment described below
was applied for such mixture noise.

Current dependence of voltage and current noise spectra for LED #1K are show in
Fig.8. It is clear that Hooge—Kleinpenning empirical relation doesn’t suit for this diode,
since Syoc/'®. But if we culculate Hooge’s parameter anyway we find a~ 5-107*. Fast
increasing of voltage noise spectrum at higher biasing current could be caused by the
influence of diode seriese resistance.

A behavior of spectra for diode #2K is different (see Fig.9). There is a region at low
current where S;oc . It means that Hooge-Kleinpenning relation works even for such
complicated structure as QD LEDs. Thus, we calculate Hooge’s parameter o~ 3-107.
The behavior of Sy and S; changes at current /= 1 mA and become S;oc /' that is similar
to dependence for diode #1K in the whole region of investigated currents.

Current dependences of voltage and current noise for diode #1 with QWs in its
structure are shown in Figs. 10a and 10b. It is seen that Hooge—Kleinpenning relation is
aplicable only in the region of biase currents from /~ 0.1 mA to /=~ 30 mA. Hooge’s pa-
rameter = 3-10* has been found here.

Diode #2 with structure (No.3504) appeared to be very unstable from both DC and
AC points of view.

5. Influence of the burst noise

It was found that several samples produce burst noise appearing as random telegraph
signal (RTS). In such a case y=2 and spectrum has a Lorentzian shape.

In Fig.11 a part of the waveform of raw noise obtained from LED #4K is depicted.
Raw noise has two metastable states and random switching between them. Typical prob-
ability density functions (pdf) of raw noise for current /=2.15-10° A and 7=1.53-10"* A
are depicted in Fig.12.

Assuming that raw pdf consists of two Gaussian distributions with different mean
values and using the standard signal detection theory in a background noise we split burst
and Gaussian components in the time domain™*.

After splitting it is possible to study spectra of noise components. Typical spectra of
raw, Gaussian and burst noise are presented in Fig.13. Spectrum of Gaussian component
has 1/f'shape; spectrum of burst noise has a Lorentzian shape. The surprising result is that
the detection method shows a 1/f contribution in a frequency range of 30 Hz < /<3 kHz
at least one order of magnitude below the raw spectra.

* See also: A.V.Belyakov, L.K.J.Vandamme, M.Yu.Perov, A.V.Yakimov. “The burst and 1//noise in
light-emitting quantum dot diodes”. This issue, page 129.
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Current dependences of voltage and current noise spectra of detached noise compo-
nents for LED #4K are presented in Figs. 14 and 15.

Spectral values of 1/f component at frequencies /=10 Hz and /=100 Hz are propor-
tional to diode current, S; oc 1. Thus, experiment shows that such complicated structures as
LEDs with QDs have similar behavior from the 1/ noise point of view as ordinary diodes.
Using Hooge—Kleinpenning relation we obtain Hooge’s parameter o= 8-107.

Behavior of spectral characteristics of the burst noise (see Fig.15) differs from be-
havior of the 1/f component. Moreover these characteristics have a break at the diode cur-
rent ;= 100 pA. It means that detached components have different physical origin.

6. Conclusions

1) Diodes with structures No.3504 and No.3486 have been studied. These structures have
TaAs QDs layer and structure No0.3504 has an additional InGaAs QWs layer.

2) 1I-V characteristics of LEDs studied are different for structures No.3504 and No.3486.
All samples with structure No.3486 show I-V characteristic with ideality factor n=2. It
means that the main current though the diode is due to recombination in the QDs re-
gion that causes the emitting of the light. Diodes with structure No.3504 show more
complicated I-V characteristic having two regions with different ideality factors.

3) Empirical Hooge—Kleinpenning relation is applicable to LEDs with QDs. Behavior of
samples for some range of diode currents is the same as for ordinary diodes with
Hooge’s parameter o~ 107,

4) Some diodes show deviations from 1/f noise. It is due to the burst noise that leads to
unstable work of diode.

5) Using the standard signal detection theory in a background noise we detached the
burst noise and studied it separately. It was found that another part of raw noise is
Gaussian and has 1/f spectrum. Hooge’s parameter for detached 1/f component is
ax107

6) Noise analysis used allows us to find non-reliable diodes and its weak points such as
existence of defects yielding the burst noise. Such burst noise shows that technology
of manufacturing of diodes in not high enough. Improving of technological process
will allow creating diodes of a good quality because Hooge's parameter for 1/f noise is
rather low.
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