1 A Method and System For Determining Charge Carrier Lifetime FIELD OF INVENTION 5 The
present inventian.r. broadly to a method of determining charge carrigr. lifeti system for
determininge\?:%(ayraglelﬁ?%er lifetime. 10 BACKGROUND In semicondllj% él{?ggggﬁ'c@gt}%ﬁr?s, charge
carrier lifetime is the average time taken for an excess charge carrier to recombine. It is a significant
parameter governing the performance of semiconductor devices. The charge carrier lifetime can
determine factors 15 such as switching speeds of,diode and transistor devices, and energy conversion
efficiency of solar cells and power output efficiency of light emitting diodes (LEDs). Therefore, to
characterize the pefidiieiecbamdcSyatany fofmisiaticoniacthatgeiCarderddiefiote measurement of the
charge carrier lifetime and its related parameters is typically desired. 20 One method to measure
the charge carrier lifetime is by creating excess charge carriers in a p-n junction device using an
external exgijaliendrqudes PR short forward current pulse and observing the open-circuit voltage
decay of the device after the excitation source is terminated. This method, as introduced in B.R.
Gossicl?, "On the 25 Transient Behavior of Semiconductor Rectifiers," J. Appl, Phys,. Vol. 26, no.1 1,
p.1356, 1955, hasiacererss foveidien elaiare babia o icestimeativg the detergenvegrighaifetime. The
above findingis<pnavines dndaRiskerMiahaaevahindieasysamenrt afiHnority Carrier Lifetime in Solar
Cells from Photo-Induced Open-Circuit Voltage Decay," IEEE Transactions on Electron Devices, Vol.
ED-26, No. 5 May 1979. John E. Mahan et.al. 30 also describes another technique known as the
Photo-Induced Open-Circuit Voltage Decay in which a light source (such as from a strobe lamp) is
used aian BACHAGROIEECe for inducing an open circuit voltage across a p-n junction device. The
charge carrier lifetime is then inferred from the open voltage decay profile. Such a method for
measuring charge carrier lifetime typically involves a number of sequences starting from 2 creating
excess carriers with %%mo‘%?f(’:%‘fn%?(fm %‘tgﬁéorlaé%rﬁsrbg‘%%gecra\/rﬁ% {ﬁeé"gﬁc%@?c YrIBRE A% kR ation (or
decaying) atiViieBXaRea FlIRsa% ARETRS 'SUBIFUBDIN i Er v v vEttettorarmeieirzbexniactihg the lifetime
parameters pisfogranathensaticaldifling abihe dauryingrsignatiprofdemb can cAkthamahdhis-echnique in
vanan gt.als sl IR S Ac e i UR.CGPSERedlnde gt ises fomyaidayyrent as the

excitation source, the technique in Mahan et.al. possesses a number of |i ions. |?!s°t1‘y, as light is

the excitatiofl S5URe SRP BRIt FEC HMET (R BPL REMPSHES Phdeayemitig iedsh b8t cannot
penetrate 10hrefagh hepaekages e esdbranbeendreyatiis tof picaiyidiffituibtaietiseree the time
decay signagyefile exdubilechby tbe gycessgartarmruiichthamyogessatresambingtion through the
packaged n}at%ri l. dLQ;‘#Sd to measure device parameters via the photo-excitation technique would
typically reqﬁ'ﬁeﬁ e paciages to be removed. This is not desirable as the test is typically meant to be
non-dedtructive. In addition, the use of a 15 light or photo-excitation source means that only the
lifetime of charge Carietstiont de vieesstefaeesnargehaingnitaisy edojtde:iypically=otpagsible to
investigate the Rk carsierssinge Jididaesnot BROSIALS JIRNE-ARYICES, Eurhet.ihg gren voltage

decay from which the charge c?aﬁrner Iif?éilme IS t}é ically inferred has a relatively fast discharge rate
f StHT

(that is, a ref&f78ly AL geoh nﬁ?%u%‘fﬁéé BIRASARRK Sf (KE A8UEE A28 pically only
be performezkiRHm gautietisisapatadyvhEristiieethash 5 daievsat doMbinGosaisis i€, the decay profile
can bexgonsasiably Biieaied dnstheidonaesionreanirbeRRigprIAgitants. obthe measiusirg probes and
instruments {sueh,ge an-asgllasrongk TS A IBLAD Iender e as Imaten afligfiqe inaccurate.
Further, the decay S|gnaﬁ profile may a?so be affected by storedtharge itherentin a p-njunction. The

stored chardé@2BRpR AN ISR iR 16 thEhRE & aclieAernechRidHBARMEER et.al.
Currently, thdfsinavénbé&sraproptseitba: nEinivet refudiétc répemn@ihoit s\Gfitdgte rtrican dE&Re carrier
Carton et e o oS s 30 cras oo b i Tl o e e C 6082567
carrier Jifetim sed.on observing deca signal profiles from reflected microwaves.

measu:%gs c8%1°p§§. on %%gpg?:ﬁg?i%%g '8{‘}/%3%(55?%1e\a}|5c<£h\?viﬁl§°atr? '({)np iilggg n%%rﬁé%?“ea)\(/t?gﬁﬁwg charge
carrier lifetinécHelroYHEF hfellgstiSauses retisbied Fafioft Sttendsnpyifaksanfrs- AideeaiRigions or
light-inducedxapatitancedts. 40 estimatesthangmeartiesdifetimejutitibe s wetmds crathe

radiofrequengy.siapais,and dlreHRH & WSS ARAE 4568 EgE AssivingithesiReombination..

measwring charge carrier lifetime typicaily invelves a number of sequences starting from



WO 2011/040883PCT/SG2010/000368 3 (decaying) profiles. However, optical light sources (e.g. a
laser) are still required for carriers excitation. Such optical light typically do not penetrate through

package m%i%jitjﬁﬁsggr the light-induced capacitance technique, a higgy%i{hy&&% acitance
0

sensor is require e placed closely to the semiconductor surface for measurement. 5 Therefore, it
will be appreciated that-this technique is not suitable for packaged devices. These various methods
are described in WO 2004/070775, EP 1413892, US 7045786, US6369603, US 5049816, US
5977788, US 6275060 and WO 00/60368. Furthermore, there are currently commercially available
equipment for measurin% 10 chargér carrier lifetimes. However, these equipment are primarily

optimized t6" YRR FESHT R MR A BRI S o LERHI8 fof BIRSSSJ8 8Bvices. These
equipment ERTEOMIRIUEOSUNETaKNCIuAsiviber] yustade phlototarislustah ces OS SHE@ywaliich comprise
using infra-regklighteis aanaxsirliaR My GRaing Hiraifetime isirpeasartiammidg e ofile; or
Transient P@%té)y(l:r(?ngu%i’vi%f%)eecay (PCD) which comprise using 15 infra-red light as an excitation
source and gbruplgly {%rmf)natlng the light. The decay of the photoconductance in darkness is monitored
for meéc:Suring lifetime; or Charge Carrier Lifetime Photoluminescence (PL) imaging which comprise
illuminating a samftecapbathe dempiowingitidaphotelwininescprtd amissiatcwitte arcaneea for

measuring ehasaR ciRERHIRRER forElRNSSdR Y WMOLIRABR\G iBE e e Xitis R MeRd for a method

and system, for determining charge carrier lifetime that.seeks to address at least one of the above
problems.n;éaéﬁl\ﬁﬁfkﬁv’%sggéo (ﬁ'éi'ﬁ](?g rvﬁiﬁrgtﬁpgpﬁs%resé%OF?hE@'Hr'gst ﬁﬁﬁ?’/‘gﬂ%ﬁ?‘t’ﬁ%ere is provided a
method of degcligpiniepceriroR GaraepliFetie, Baekasethoaviean BHSIRdahesrss peBdralsplying an
excitation signabtotBedesiceysanateiag elesisionrd/inrisprdnibiesthy thesirwieemangdetermining the

charge Ca”&%l’c%esﬁi & %ﬁ%@%ﬂw@%ﬁ%@% R@E»%dﬁ%é_@‘?%éﬁs%%%%ﬂ SRuIGaLAL %?éégﬁm\é{%ﬁon.

2011/040883PCT/SG2010/000 " _wherein the step of determining the charge carrier lifetime
may compriBBYaRIRG RFHRPET MBI A0 Epde PR BT IRcG Rt £ AEHBRIFGI S SHE MM Being exhibited
over a rangexofdiieq iesttigsamddt diffmaivt repplie drexcitstraresignbds removEde Thistirodamay further

comprise madplipg z29Ha Enciapekapaiatingcyeantangeine fieysmmey Whetrin dhg excitation

Signal 8 (15 GRS e LIS OSSR RPN 52 LR B cgrstan

surfaces are being measured. it is typically not possible o investigate the bulk carriers
since jfight does not penatrate into the devices. Further, the open voltage decay from
which the charge carrier lifetime is typically inferred has a relatively fast discharge rate
{that is, a relatively small RC time constant). Thus, the observation of the decay can
20 typically only be performed within a short time span when the excess carriers recombine
. As such, the decay profile can be considerably affected by the impedance or inherent
capacitance of the measuring probes and instruments (such as an oscilloscope). This
can in turn render the estimation of lifetime inaccurate. Further, the decay signal profile
may also be affected by stored charge inherent in a2 p-n junction. The stored charge
25  typically contributes further to the inaccuracy of the technigue in Mahan et.al.

Currently, there have been proposed a number of different methods of

determining charge carrier lifetime. For example, WO 2008/033628, US 6853, 850 and

WO 01/04610 describe estimating charge carrier lifetime based on observing decay

30 signal profiles from reflected microwaves. LS 6982867 measures composition
characteristics of a test device with an optical method for extracting charge carrier
lifetime. Yet other methods use reflected radiofrequency signais, infra-red emissions or
light-induced capacitance etc. to estimate charge carrier lifetime. in these mathods, e.g.
radiofrequency signals and infra-rad emission are used for observing the recombination



which maintains unit consistency, H(f) and GO) are functions of noise frequency f and 10operating
current | res ectlvel The method may further comprise using t- = to derive a relatlonship H(f).G(I)

ofIn(S1) = In c?em e. ﬁﬁf In basedonHO000e'snoise ) aH =where S, equg%ﬁ {20 spectral

power density of the noise, | is the /2, 150perating current, No is the total number of free charge
carriers, f is the noise frequency and am is a modelling parameter accounting for factors influencing
bulk quality of the device. The method may further comprise generating respective noise spectral 20
representations of each recorded noise spectral corresponding to each different operating current I,
each noise $i5eeYagr SREsENtIIRY o rAPYENIPROMK56W & Spactraktetrsitstihigeufiradtion of frequency,

and obtainingracnoisecrslieBucRNsbackANIRINBICERt AIURLE . eash: NoRBRPeskRlgepresentation.
25The methoslangy Whercomarise mareling IO S Iuheren s curent deoendent parameter

and deriving m as_a function of current | based on generat nga re r senta iono se gradient k
as a functiotFBfthe W@%ﬁ%&%ﬁ'%ﬁﬁl@&%ﬁéﬁ?ﬁg%ﬂ?@ﬁ Ftos surfap dopfaareUrsREPfurther
compri$e mouekinEC(Wib ascpurdmae tatingis teeprésentationsaftdhe: yeasisciatyeceplivadue Co as a

function of mg@vﬁme'}ﬁ’éﬂ%@@aﬂ?é%%@&ﬁg%@&ﬁzb@?‘?@ gelaumiaatop oL ie-Lharge carrier
lifetime t of U% %@%r ?.?S ?ffg lzég%%go?era e value of z-f from the expression -1 = -
A' -1, where N'is a ncy ra Lé% a\fvé%\ﬂ%‘i’ga % an interval of 1 Hz. The N
may be from about 1 Hz to about 10kHz. The N may be from about 1 Hz to about 100Hz. The method
may further comprgghaadelingsfeasadunatipnahoreialiNgailBSR quipment for measuring
10 charge carmrier iifetimes. However, these equipment are primarity optimized fo msasure
silicon wafers, ingots and boules, ie. not suitable for packaged devices, Thess
equipment use techniques such as Quesisteady state photééour;éuétahca k(QSSPC}
which comprise using infra-red light as an excitation source and the fifatime is measﬁred _
from z decay profile; or Transient Photoconductivity Decay (PCD) which comprise using
15 infra-red light 2s an excitation source and a“bruptiy terminating the light. The decay of ths
photoconductance in darkness is monitored for measuring ifetime; or Charge Carrier
Lifetime Photoluminescence (PL) imaging which comprise iliuminating & sample arsa
and capturing the photoluminescence emission with a camera for measuring charge

carriar iifetime.

20
Hence, in view of the above, there exists a need for 2 method and system for
determining charge carrier fifetime that seeks fo address at lzast one of the above
probiems.
25
- SUMMARY

in accordance with a first aspect of the present invention, there is provided a
- method of determining charge carrier lifetime, the method comprising the steps of
30  applying an excitation signal fo a device; recording electrical 1/f noise exhibited by the

device; and determining the charge carrier lifetime 1 of the device based on the recorded

electrical 1/f noise;



wherein the excitation signal is the operating current. 15 D 7 The method may comprise modeling -

GU), Where“ iﬁ]ﬁ}ﬁg&ﬁgant which maintains unit consistency and GO) isPaCng 96)1%/49 8erating

f
current I. Di - The method may further comprise usingG(J) to derive a relationship z gﬂ%ﬁ(Sl) =1In
..G()\in(f) based on Hooge's noise equation 51(f - aHwhere D12 Sl is the spectral power density of
the noise, | is the operating current, No is the total number of free charge carriers, f is the noise
frequency and is a modelling parameter accounting for factors influencing bulk quality of the device,
25The method may further comprise generating respective noise spectral representations of each
recorded noise sp&dtestitothespondinl telsavinditfetbat dpegtingrcisrdifelirracmapisempsetral
representatiQr S| j I C ensity as a function of frequency, %ﬁ taining a
y-axis inter%g%%?\%%’pg%w;g%r}ge%%t?%%%gpgggégtréﬁg%rgi%%t%ﬁ . nOlslﬁnS(=,=p?3r1cet‘gr{1ﬂoof3 i} )7: %%r % comprise
modeling G{¥#Darased Pritgenarcitingral miphidtantatpnlotithrctaiis mgerdept value C. as a function of
the corresponding applied operating currents |I. In the method, the charge carrier lifetime T of the
device fmay be deférenimstidgyrumirigrther nmmprisenrantitvables= ehiaioed:wrdestiedifierent operating
currents.  andhaReqrRAG MR RiReRORLRASRECLGHIR BIESeRLIRveDtion, there is provided a system
for determining charge carrier lifetime, the system comprising, an e citation source applying an
excitation signal to a device; a signal analyzer for recording electrical 1/f noise exhibited by the device;

and a processor foi deteimining th carrier lifetime of the device based on the recorded
electrical 1/f noise; at}’ %C%Sfrgg mOCJ]g“”Q T= W where D is a constant

which maintains unit consistency,_H(f-) and G(l) are functions of noise frequency f and
10 operating current | respectivaly.

The method may further comprise Using 1= to derive a relationship

H{.G)
of In(S,) = in{e,, G} - n _ I based on Hooge's noise
H{fy D T
LS o , ,
equanon——'f(—zflx—’f where S, is the spectral power density of the noise, | is the

[l
15 operating current, N, is the fotal number of frae charge carriers, { is the noise freguency
and ow is @ modeling parameter accounting for factors influencing bulk guality of the
gdevice. '

The method may further comprise generating respective rioise spéctrat
20  representations of each recorded noise spectral cdrresponding to each different
operating current |, each noise spectral representation comprising noise power
spectral density as a function of frequency, and obtaining a noise gradient k and z y-

axis intercept vaiue C, of =ach noise spectral representation.

25 ' The method may further comprise modeiing HIfD = " where m is a current-
dependent parameater and deriving m as a function of current | based an genarating a
representation of the noise gradient k as a function of the corresponding applied
operating currents |



wherein the processor may determine the charge carrier lifetime by recording two or more noise
spectral of the device, each noise spectral being exhibited over a range of frequencies and at different
applied excfioR&iiE1e.  The system may further comprise a shield8& EREiI&LPEUSP shielding the
device from electromagnetic interference. The system may further comprise an amplifier coupled
between an output of the device and the signal analyzer, the amplifier for amplifying the electrical
noise. The processor may determine the charge carrier lifetime by recording two or more noise
spectral of the device, each noise spectral being exhibited over a range of frequencies and at different
applied excitation Signa1§thod mae Bréeisserprsemoaseing gdurkassA ehoperat@iipeusrent and noise
frequency wixeraisrtagcexoftation-aigs ahisrthpiopauatiny aureefindidn PFrasessersaayrgaRerate an
expression éﬁpli@@@&%r@ttiﬁgacm@n@@ constant which maintains unit consistency, H(f) and G(l) are
functions of noise frequency f and operating current | respectively. D.I The processor may use-to
derive a relationship of H(f).G(1) In(S1) = in(ak .e.G(l)) In based onHooge'snoise equation 51 (f
)where3t is the speetrsipovsrtidemditycofthenaaiseidrisidhend 2 obiperativigecaime ririsrite the total
number of free charge carriers, f is the noise frequency 5and aH {s almpdqlling parameter accounting
for factors iHfigericimg i quatrgofate gévicdrom thifrpressossor may genevates dsipective noise
spectral representations of each recorded noise spectral corresand%g**t&each different operating
current |, 1GreachdjoiseysReeHeH FRRECSRMAIIQRGPIPESIIINSWS HOoWe! spectral density as a function
of frequency, and obtaining a noise gradient k and a y-axis intercept value C, of each noise spectral

representation. -
The N may be from about 1 Hz to about 10kHz.

10
The N may be from about 1 Hz 1o about 100z,
The method may further comprise modeiing t as a function of operating current
wherein the excitation signal is the operating current.
15 '

DU

L ==
The method may comprise modeling GUy |, where D is a constant which

maintains unit consistency and G(I} is a function of operating current |

D.I

T ==

The method may further comprise using ({} to derive a refationship

a,,.eG(] N
20 in(S,)= }n(—*-‘%}—in( /) based on Hooge's noise equationﬁgﬁ = %\f’_ where
= | .
S, 15 the spectral power density of the noise, | is the operating current, N, is the total
number of free charge carriers, f is the noise frequency and ay is 2 modelling parameter

accounting for factors influencing bulk guality of the device.

25 The method may further comprise generating respective noise spectral
representations of each recorded nolse spectral corresponding to esach different

operating current |, each noise spectral representation comprising noise power



The processor may model H(f)/D = fm where m i%a current-dependent 15 parameter and may derive
m as a function of current | based on the processor generating a representation of the noise gradient k
as a functiopotiise densdyperrdivitrigpplittisspersingodrestaiing a y-aThénmoegsseiumay model G(1)
based on the preeesses generating-as20Eapresentation of the y-axis intercept value Co as a function of
the corresponding applied operating currents |. The processor may determine the charge carrier
lifetime / of he device by 1 using a weighted average value of 7,- from the expression 1 - .- 7 AT
25frequency range B eaRiIforsayspetipal SanmpRst Bt 2aeiing rG4)/6r based PRednFrayinE from about 1

Hz to aboutdgigdznBrier\bmay battomahkept Ldil=tanhaubl Rt b whetetisahdhg  The
processor 1 {@@gggp;%%{,%ggqn of operating current wherein the excitation signal is the operating
current. D.I 5The processor may generate an expression 7," - , where D is a constant GU) which
maintains unit consistency, and G(l) is a function of operating current I. D.l The processor may use r -
G(I) to derive a relatitashittafia the. eb@(ER L& rk(FEmin: bf(Hebaseckandiangesarpibrequation,

=where Si by'using the maximum achisvable 1 oblained under the different operating currents.

in accordance with a sacond aspect of the present invention, there is
provided a system for determining charge carrier lifetime, the system comprising, an
excitation source applying an excitation signal o a device; a signal analyzer for

recording- electrical 1/f noise exhibited by the device; and a processor for determining the

charge carrier lifetime of the device based on the recorded electrical 1/f noise;

wherein the processor may determine the charge carrier lifetime by recording two
or more noise spectral of the device, each noise spectral being exhibited over a range of

frequencies and at different applied excitation signals.

The system may further comprise a shielded enclosure for shielding the device

from electromagnetic interference.

The system may further comprise an amplifier coupled between an output of the

device and the signal analyzer, the amplifier for amplifying the electrical noise.

The processor may determine the charge carrier lifefime by recording two or
more noise spectral of the device, each noise spactral being exhibited over a range

of frequencies and at different applied excitation signais.

The processor may model t as @ function of operaling current and noise

frequency wherein the excitation signal is the operaling current.

oy
H(H.GO'

constant which maintains unit consistency, H( and G() are functions of noise frequency

The processor may generate an exprassionr = whare D s &

f and operating current | respectively.



D, 10is the spectral power density of the noise, | is the operating current, N, is the total number of free
charge carriers, f is the noise frequency and ah is a modelling parameter accounting for factors
influencing BYAk28LUAISEEX the device The processor may generate respedtiiVESedise dactral
representations of 15 each recorded noise spectral corresponding to each different operating current
I, each noise spectral representation comprising noise power spectral density as a function of
frequency, and may obtain a y-axis intercept value C, of each noise spectral representation. 20The
processor may model G(1)/D based on the procegsor generating a representation of the y-axis
intercept value C,_as a function of the corresponding applied operating currents |.

, , The
processor may deTgﬁniﬁg’ﬁ’?és’@érrigfaIYfetHﬁ% Trof Wtﬁy SBRInG 2BARLCATEM G achievable T

under the different operating currents. In accordance with a third aspect of the present invention,

there is proyljg?gch ﬁ?mpegﬁgﬁggible data}ggggge mediug having g{or g S:[hereon computer code

means for instriicting a’compliter préfgg’s$ar fo execute a method of detetmining charge carrier
30lifetime, the method comprising the steps of applying an excitation signal to a 9 device; recording

electrical 1/§M§@1§x@f8itexfby@h§rg®iqg;taélcgg&i@uﬂ%mgrt%mrge garrigrdlifetingeyef the device
based on the recorddd electiical 1/f noise; wherein the step of deteimining the charge carrier

lifetime compisaaeeAAINg o IQrRAUSE FRESHA! é%@swpﬁm%ﬁgm&@%g%% al being
exhibited over a range of frequencies and at different ar%p%}led excitation %gnals. BRIEF DESCRIPTION

OF THE DREMWINES ModeliigoBRBaRe o PR HEntRs BRI B BetRenenbrlsiyativandthgadily apparent

to one of ordiemiey skill in the art from the following written description, by way of example only, and in
conjunction with the drawings, in which: Figure 1 is a schematic diagram illustrating a system for
measuring charger?farrier Iifetirpe of a device in an e ample.embodi{m?nt. Fi%%re 2 isf a natural
logarithmic graph o engggeﬁg\?verm saﬁe&?g?@e%sﬂ?ﬁp@é'aﬁ Vs 'Fr%qs eer?cr? for diTreren '%rf)ser%ting currents
measured fRER dREKREA TS BRgERRSTIBhEURRNATANS e iBash eiarsie eramdammeastent Lrigure 3is a
graphaf expastenbakiupetoal okihregmdirntsohiingisnispesied Pepilasandeigity poted against

correspondifcGuephLahdng,naise SHBRIA BIRBIES GBI 2ng o !figﬂge;gﬂéﬁcg%gr%ﬁ%gntﬁgum ,

logarithm values of electrical hoise levels at 1H, obtained from the noise spectra
plotted agafsPEBRFELHIMIIRG CIRHSPR FEPHAY Albise spectral profiles in Figure 2. Figure 5 is a

schematic flowchart illustrating a carrier lifetime in an example embodiment. method of determining
charge The processor may model H(fYD =  where m is a current-dependent
15 parameter and may derive m as a function of current | based on the processor
generaling & represenialion of the noise gradient kK as a function of the
corresponding appiied operating currenis (.

The processor may model G(l) based on the processor generating a
20  representation of the y-axis intercept valus C; as a function of the corresponding
applied operating currents |

The processor may determine the charge carrier lifetime 1 of the device by

. . R _
using a weighted average value of r, from the expression — = }\?z_" where N is a
T poik

25  frequency range of each noise speciral sampied at an intervai of 1 Hz.
The N may be from about 1 Hz to about 10kHz.

The N may be from about 1 Hz to about 100Hz.



Figure 6 is a schematic illustration of a computer system for implementing a method of determining
charge carrier lifetime in an example embodiment. Figure 7 is a graph of computed carrier lifetime
versus operMhPEH#EREin an example embodiment. 10 DETAILED DESERHH B Mi%example
embodiment can provide a system that can address the limitations of 5 existing techniques that use
light as an excitation source for inferring lifetime. In the example embodiment, charge.carrier lifetime is
inferred from a low frequency noise profile exhibited by a device during varying low current operations.
As the example embodiment is based on electrical noise and not using light or optical sources for
excitation, the example embodiment can be extended to packaged devices. Further, low 10 frequency

noise from a deviega8a agsuiral Wishewt SSniirssdstoripRing sdanl aRghgzprbthere i ar

ohmic contact itV\r/]een the probe of the measurement unit and the device under test, and if the device

is shielded 8 ae?ec?ﬁﬁ%'ﬁ %ﬁB%Fﬁfé’??e‘%‘é’ﬁ% "(EMI). Some portions of the description which follows
are explicitly or implicitly 15 presented in terms of algorithms and functional or symbolic
representations of operations on data within a computer memory.;These algorithmic descriptions and
functior¥al or symbift RESTESHtTINeSafiafedM E5REHERA by e WREEAIriStRecamstaprocessing arts
to convey most effectively the substance of their work to others skilled in the art. An algorithm is here,
and general{piEONEERAES 1 hECALERTEHANSIEN et ivawtien 20oprRiNsA¢aRIng to a desired result. The
steps are those requiring physical manipulations of physical quantities, such as electrical, magnetic or
optical signals capable of being stored, transferred, cmbined, compared, and otherwise manipulated.
Unless specifically keatedrotizepmise reand agﬁppwa‘%‘:theﬂ&m@wir@, irstalidveh@5 apfpreciated that
throughout the present specification, discussions utilizing terms such as "scanning", 'calculating”,

"determining”, "repla i@gg},_é’;g rating”, "initializing", "outputting”, or th 'j<e, fefer to the action and
processes (gf‘ com UTeT $yste T@Fﬁ%ﬁé@é’fﬂﬂ%%@@*ﬁ%?ﬂﬁf*%aﬁ}%m “aWaaraSsforms data
represented as physical quantities within the computer system into other data similarly represented as
physicHl 30sgifgnirrResrabittinahaersipoitdpeystiem bisotherdpdorinationrstdrages tiznsotassion or

display deviegfiver of fred ke difesaiisRecHitalingsalsefisslosan ARpat Rnp eHerming the
operations %1; éggng%e [Qtagr%%a%ﬁ(ma ‘b% gﬁecc;all% é:onstructed for the required purposes,
p 0

tpo s..Suc
Of Ta . .
350r may comprise % gengtr%rlsﬁur ose ompﬂ{"er' Fother Hévice selectively activated or 11

The processor may generaie respective noise spectral representations of

15  each recorded noise spectral corresponding to each different operating current |,

each noise spectral representation comprising noise power spectral density as a

function of frequency, and may obtain a y-axis intercept vaiue C, of sach noise
spectral representation.

20 The processor may mode!l G(I)/D based on the processor generating a
representation of the y-axis intercept value C, as a function of the corresponding
applisd operating currents [, :

The processor may determine the carrier lifetime 1 of the device by obtaining

25 . the maximum achievable t under the different cperating currents.

in accordance with a third aspect of the present invention, there is provided a
computer readable data storage medium having stored thereon computer code maans
for instructing a computer processor (o execute a method of determining charge carrier

30 lifetime, the method comprising the steps of applying an excitation signal to a



reconfigured by a computer program stored in tie® computer. The algorithms and displays presented
herein are not inherently related to any particular computer or other apparatus. Various general
purpose maghines may be used with rams_in.accordance with the: hings.herein. Alternatively,
the consir L P B Ty
appropriate.citrestristimeod itz comventiowd|gahe nakcputpbskcoingutémaitkeappear from the description
below. In addition, the present specification also implicitly discloses a computer program, in that it
would be apparent to the person skilled in the art that the individual 10 steps of the method described
herein may be put nitereffetdtcostgoipdtentoneg the chmmgriterprodrimms rotiptarsedctadiegimited to
any particular programming language and implementation thereof..It will be reciated that a variety
of programr iy A B At S e oml e Lo s b et AR ol ™
disclosure cofifeaqezhbiessind Maticver; tpploahepotetipnogganisis not intended to be limited to any
15particular_control fl gﬁ a ay.other variants of the computer program, which can use
different cofit Fﬁg\)/%g\%/ﬁ%ou Bﬁ%ég:rt r%‘h%%ﬁ‘mgd%p‘?’nt or scope of the invention. Furthermore, one
or more of the steps of the computer program may be performed in parallel rather than sequentially.
Such a computer pragsarmEnRydPenStaIRshASOMIBEY SAMPUIRELRAGSP IS MediNim--Fhg camPuter
readable medi ne pg:i orage deyi ch.as magnetic or optical disks, memory chips, or
other storag?g é]g\é/ig}eas%ég?téa I‘gﬁr'f‘n%ﬁfgm&g@it H% 6%%3?3 pﬁfboegeg%ﬁﬁfﬂf’é}. Ph&RoMbuter readable
medium ma§FaBBIFRHIdEH HarPRIHREE IR it RS HERMRIEXENIfE in the Internet system, or wireless
medium such as exemplified in the GSM mobile telephone system. 25 The computer program when

loaded and execuggd,Qn sych, a.geneLak LRSS G0 flectivel |ts.in. an apparatus that
0s of t%gaﬁareferred methoB %%ﬂﬁlgnt%%ﬁaﬁggé% e in Icgr%geqﬁted as

implements the s :
Ihardware it ’&?éfg%‘ré’ feafal ﬁ?t??@"ﬁﬁ?%@v”&%‘g‘é‘ﬁ%, a module is a functional hardware unit

designed for use with 30 other components or modules. For example, a module may be implemented

using discrete elegtgRic2cemapRRPARHiheANFRER 8 RRILBMIAN SIS Slagkppesirguit such as an
Application §£%cific Inte%riﬁéed tCircuit gASIC) Numerous other possibilities exist. Those skilled in the

. i oI¥ 1] :
art will appreciate that the system AR B0 beimplemenisd 4S8 OmBiHRREh SeRAFdlifFe and
software mGHUIEY SeEe in 3N @RERIeLHREHBAALIC diagram illustrating a system for determining
charge carrier lifetime in a device in an example embodiment. The device can be a semiconductor or

organic device. Trfaqg%rr;gigigg@ Q%QQDQ&%\%@@&P%&%@@&@ R"Qisg spectrum of the device

when the devg%%i riven under low current. The sys comprises a grou%dperc?gand

. . Y ] . ,
EMI-shielded Thgtallic EntIBSIRS PI3R GRURSRIIRNS TR TDLPT oRciss rResHANPIRESNRlosure 102
and connectd@Ht® & low-noise excitation source-106. The excitation source 106 can be a current
source. The 10 excitation source 106 is used to drive the DUT 104. An output voltage generated by

the DUT 104 for low.f [ lysis_ is.channelled (at 107) to a low-noise amplifier 108. The
low-noise amplifiﬁgrg?giggj%ﬁ;mgg;l %r?%ﬁ%%%%ﬁfpu veo‘?t%g%acéonrol%?v ﬁ%ﬁﬁ@ﬁc oise analysis.
A Digital SiGFXTal28r 115521 BPREFRORERIPIoNaCiiitng thlatiedy 3esise rieyremsiaetisectrum of the
amplified vaoltagetfrohithecBt)3pttidat/adites i Agopdifter 108. A computing platform 112 is provided for
performing mathematical analysis on the low frequency noise spectrum acquired by the DSA 110 and
for extracting the charge carrier lifetime parameter of the DUT 104. In the example embodiment, the
charge carrier lifetins aréﬁwaefc‘eclfﬂ%r?ﬁ écr?‘eodv ot éﬁ?ﬁ@t'é’%@tmﬁfr@ﬁﬁé’ﬁw&gér%ectrum (in
logarithmic Seele)igstimsiie@byareisigmagiineien operated with a direct current provided by the
source 106. The charge carrier lifetime is modelled as a function of noise frequency and operating
current. The nois tray ity iS. o , I function of frequency, both parameters
errtakdeushnpofsliedian & incab hinctiop. ol Teguancy, Bk

being computed in lggarithmic scale. The e carrier lifetime 1 m a SHIEif the 25

gradient of (RE1ADTR SREETRIIDR REAPH RSN AR BRI SVRRIRTating currents. More
particularly, the charge carrier lifetime is inferred from a shift in the y-intercept of the noise spectral

density in logarithieig,feale URENBHODRIUIASUHARE HheIOiLEmenceOqise pectral densit
Z.

for charge carrier !ifetimeénferqnces is in the range from about 1 Hz to about 1000
exampie embodiment,



30 In an example embodiment, a measurement system is based on Hooge's Law, which states
that the spectral noise power spectral follows the relationship. 12fArc(1) 13 where Si is the spectral
Cartors, and POV IRESLring nse freduency. ah is & modeling paran <ok P kabadhts fo various
factors influencing the bulk quality of the device. 5 Hooge's equation is used in the example
embodiment as the equation is an established model for describing 1/f noise which relates noise
amplitude as a direct linear function of frequenciegs The equation can, thus, be relatively easily
interpreted and remodeled to explain experimental results. It will be appreciated that other noise
models 10(such as Kleinpenning's model) can be traced back to the Hooge's equation. N, can be
expressed PEEAKEDr BRSERIFJe R rrier lifetime T as follows: N - = IT e(2) 15where e is the electron
charge The two abovementioned equations (1) and (2) can be combined to arrive at the following

relationship: a te 8nE@pft@20 embodimssyt eguatmints) alkievs thaticde @itreseftithdinhsiges cdrrier lifetime T
from the nolseRerErhRsoGitedwitBrhesTarueRttién sourcdt illeaRPIRaialed thakin the
foregoing descri tlonmg)%%segych as spectral i!%!gipower d r}rseiEtal i?f nois%wn?ise %Qwer sgectral density,

. eXaMmng charge carrier . 15 10 ] reguency nol
noise specitir and HOISE power Spectral are Used intelChangeably 1o Tafer 10's, - If hatural

logarithmic el exbaed P 3 oMt Feingitdryiag: low current operafions. As the example

embodiment is based on electrical noise and not using light or oplical sources for
excitation, the example embodiment can be extended fo packaged devices. Further, low
10 frequency noise from a device can be acquired without significant distortion via a2 signal
analyzer if there is an chmic contact between the probe of the measurement unit and the
device under test, and if the device is shielded from electre-magnetic interference (EMI).

Some potlions of the description which foliows are expiicitly or implicitly
15  presented in terms of algorithms and functiona! or symboiic representations of
operations on data within & computer'memory. These algorithmic descriptions and
functional or symbolic representations are the means used by those skilied in the data
processing aris to convey most effectively the substance of their work to others skilled in
the art. An aigorithm is here, and generally, conceived {0 be a self-consistent sequence
20  of steps leading to a desired result. The steps are those requiring physical manipulations
of physical quantities, such as electrical, magnetic or optical signals capable of being
stored, transferred, combinad, compared, and otherwise manipulated.

Unless specifically stated otherwise, and as apparent from the foliowing, it will be

25  appreciated that throughout the present specification, discussions utilizing terms such as

‘scanning”, ‘calculaling”, “determining”, ‘replacing”, ‘generating”, ‘“initisiizing”,

“outputting”, or the like, refer to the action and processes of a2 compuier system, or

similar electronic device, that manipulates and transforms data represented as physical

guantities within the computer system into other daia similarly represenied as physical

30 oquantities within the computer system or other information storage, transmission or
dispiay devices.

The present specification also discloses apparatus for performing the operations
of the methods. Such apparaius may be specially constructed for the reguired purposes,
35  or may comprise a general purpose computer or other device seiectively activated or



14 Figure 2 is a natural logarithmic graph of noise power spectral dénsity (PSD) vs frequency for
different operating currents measured from an example organic light emitting diode for illustrating the

above reIati%Q}st% l@r‘%@} Figure 2, five different noise spectral profiles Z%Jﬁgg%ﬁrﬁlﬁm%g]ed for five
different operating currents (ie. 200uA, 5 150uA, 100uA, 50uA and 20uA).. In the example

embodiment, as the test device is operated at low currents for a short duration (e.g. about 2 min), the
test device is not degraded. Hence, the technique in the example embodiment can be non-destructive.
In the example embodiment, the frequency is measured from 1 Hz to 1kHz. As 10 the system is based

on 1/f noise s(t%e(f:trum it will tc)e appreciated thatt the, mode| of the %(rar’q,%e gmot;gdlmentds valid across

the 1/f rangréa yBi1 é"\[ﬁ/dmb agufedtrom bGut 1 Az rt%da nouqel(ﬁ?ﬁg.u owever, ﬂw.ﬂ"Bse also appreciated

that the me@iSBRYhBFERARFE GNP harfdNSEstih semedy FoYroff shBlLEAAZEs 2lilien oo Hz for
facilitating thspecnputaton.ef gantet lifetipoesbasechmesmadierdy wisedeiwit ipthgdreguency range of

15the noise,speaalSRMRIRA Q1AM IRIREA Ohileatvely ARTREARR CHEFEE FRRYSpdRGIGUEreNt used in
the example embodiment is in ﬁ rar%%e c%] abgﬁt 0.3 UA'to about 0.2 mA, fﬁ th? Cl#rrentfls sufficiently
low endugHPREETHIE QgRIAh GrEEHSITRIN] RERAMT AR ERRSPEEGCEMSF Y RRLR, in a
theoreticallgddeetitivee gensipiplotrers trmpoisevibarnespetmdhsserimirabrRigarithmic scale against
frequency f, a gradient of -1, and a y-intercept that increases with the forward current can be obtained.

However, the values of .I.can.not be infer jr fr. iQon oth I ce of another
unknown paramelégr,aé!ggﬁntﬁ% 5%%?0%%%%?%%}{ a?rég'[r?g léﬁ%?ﬁ %gem %édi#e%r?t; ?E%Ff]er the value

oft, the par&FIETETH 18 HBAhE MY B 2PRFRAJA B RRERD SHHSSMR Mg e Yalitha gy i8i’lerved that as
the cutfent stepreaddise thmetstopdeatibednuissrspentrod pet oriesfigeperandutize setsteftept becomes
larger. The igugntersRaveT acqanisaditiabtbe Fhanoe ithihsrhaiaerauriehiistimegldee to current
changes is sigjnific nt in tiélfé%e%ipe%fthﬁ SJVCEHJ% anad trrlee%-tinﬁte é:g‘pta (v\yhi%p r%f ec}g t;g% {Ig\{/}V-frequency
noise magnal‘P de"}f ¥ r?s, 38 78 depen ent onnﬁ'n.e U quality of the' test §aice andt 15 as the test
device doesERevanaderfbCSRIPRHEaFRON BaBRESRC Pt RIBERT Stetearb TS ARRJSER), the
inventors hayetdpedgnisad therktverbtik chraptysantobences atii resnais isulastaniially wnghanged. In

order tg facior g eUsHL of b ilg 0SS ARG ClAL OladiaRt andy-ia Bf‘é?t%i%ﬁ(ﬁ.sb&m&ﬂ that 7 is
i

dependent on the forward current | and 5frequency f as follows; Di =(5) Hé ) where D is a constant
which mainf&hE¥hETHRE SRS &*Eaﬁg’lﬁ?ﬁ? ) TR BEFRNH PErEIAELIBIEOPPUIMY | respectively.

The remodelling of T in equation (5) allows the carrier lifetime 7 to influence the shift in the gradient
and y-intercept of ghaHapisRoMmer spesiral Eompatedsigirend) ccapukinipebgaidatiany(einto equation
(4) results iget grr]:'xoellzo Wiggré?tgp%ttii?&:than sequentially. Such a computer program may be stored
20  on any computer readable medium. The computer readable medium may include
storage devices such as magnetic or optical disks, memory chips, or other storage
devices suitable for interfacing with a2 general purpose computer. The computer readable
medium may also include a8 hard-wired medium such as exemplified in the Infernet
system, or wireless medium such as exempiified in the GSM mobile telephone system.
25  The computer program when lcaded and executed on such a general-purpose computer

effectively results in an apparatus that implements the steps of the preferred method.

The invention may also be implemented as hardware moduies. More particuiar,
in the hardware sense, & moduie is a functional hardware unit designed for use with
3¢ other components or modules. For example, a module may be implemented using
discrete electronic cofnponents. or it can form a portion of an entire electronic circuit
such as an Application Specific Integrated Circuit (ASIC). Numerous other possibilities
exist. Those skilled in the art will appreciate that the system can also be implemented
as a combination of hardware and soffware modules.



Based on the noise profiles 201-205 in Figure 2, the noise spectral density is in the general form of
equation 7 under a constant current (e.g. 201 under current of 20uA). 20In(81) =k in(f)(7) where Co is

the Iogarithr&&%i%&‘eggglt a frequency of 1 Hz and k is the gradient term, Lpdpodelhg nfluence of 7
on the noise gradient, a comparison between 25 equations (6) and (7) shows that H(f)/D can take the

form of H(f)/D = fm. That. is, the gradient of the noise spectral can be modeled via a parameter m, as
shown in equation (8): In(S1) = In(aH(l - m)in(J)(8) 30 16 = By comparing equation (7) and equation
(8), itis inferred that C =.In(c ¢ .e.G(1))(9) A In( f){20) 5 Therefore, in order to obtain carrier lifetime T,
k and G(I) are identified separately. It can be observed from the noise spectral (compare Figure
2) that the boise gradient k increases with the driving or operating current. Thus, m can be modeled as
a 10function of cufipwnel. is Figtherglis diegegh WeelrgibgentRystoMcioFefmeiniradieaIgef the noise
spectral profierinifdgm2 plottediagainst Cairespeikngeut@nishof the neisrspastralsprefiles in Figure

2.15 B)éﬁ-!-,

the gradient ;?é%} A %%(E%Fs)&(f Qt@é\LEQCPﬁg?\(/%?éﬁ}%%%% %O&Vﬁr&y %Q&t & %Q(flleg'p etween
Y-inter(f’ept %?‘fﬁéﬂ’i?@%?ém’? ge\gqﬁvﬁ}ﬁma@ewce is driven wnder low current.

current | educed to where ko Is thé gradient and c is the

The system 100 comprises a grounded and EMi-shielded metallic enclosure 102.

" A device-under-test (DUT) 104 is placed in the enclosure 102 and connected to a low-
noise excitation source 108. The excitation source 106 can be a current source, The

10 excitation source 106 is used to drive the DUT 104. An 'output voltage generated by the
DUT 104 for low frequency noise anatysis is channelied (at 107) to a low-noise ampilifier

108. The low-noise ampiifier 108 is used for ampiifying the DUT output voltage for low
frequency noise analysis. A Digital Signal Analyzer (DSA) 110 is provided for acguiring

the low frequency noise spectrum of the ampiified voltage from the DUT 104 via the

15  amplifier 108. A computing platform 112 is provided for performing mathematical
analysis on the iow frequency noise spectrum acquired by the DSA 110 and for

extracting the charge carrier lifetime parameter of the DUT 104,

in the example embodiment, the charge carrier lifetime parameter is inferred from
20  the electrical low-freguency noise spectrum {in jogarithmic scale) exhibited by the DUT
104 when operated with 2 direct current provided by the source 106. The charge carrier
lifetime s modeled as a function of noise frequency and operating current. The noise
spectral density is modelled as a linear function of frequency, both pérameters being
computed in logarithmic scaie. The charge carrier lifetime is inferred from a shift in the
25 gradient of the noise spectral density in logarithmic scale under varying operating
currents. More particularly, the charge carnier lifetime s inferred from a shift in the v-
intercept of the noise speciral density in logarithmic scale under varying opérating
currents. The low freguency noise speciral density for charge carrier lifetime inferences
" is in the range from about 1 Hz to about 1000 Hz. '
30

in an example embodiment, a measurement system is based on Hooge's Law,

which states that the spectral noise power spectral follows the reiationship:
8,(/) _ Gy
N,

(1)



From graph 302, the following values can be identified: ¢ = 2.465 25ko = 13756 Since k = 1-m (see
equation (10)) ie. m=1-k, H(f)/D=fm can be further established using equation (11) as: 3011(f) =

fl-In(koh-c)( 6[7 E equation (9), it is shown that: Co = In(a ore.G(I)} Ihersiorcnsze= In(a po .0+
IN(G(/))(13) Where as establlshed at equation (7), Co is logarithm value of the electrical noise level at
1Hz. Figure 4 is a graph of the logarithm values of the electrical noise level at 1H, of the -noise
spectral profiles in Figure 2 plotted against corresponding currents 1 of the 10noise spectral profiles.
By plotting Co against current l, it can be observed that the two parameters form a linear relationship

(see linear \gﬁf haﬂf% |n F| &ﬁgggﬁ%&a Ptﬁear%hsm% “nf% gv}@aﬂpgne%amed as

follows : C dient of gra intercept of graph
402) 20HetrcHertoi é@fﬂaﬁo?fsffeﬁs?*'ﬁ'fﬂf merﬁcarriﬁe%th%\rmﬁafﬁf@(Wlsee&meqr)m%p'rs the

proportionaliidaemgeaenaaciavdiniuaafobeaabiainetbisanmiibe-gindie puridiengrsiphe402 in Figure
4.25 Usmqjf tions (3), (5), (15) and H(f)/D=1", the following equations are obtained: S-aio .l .e =
cz11 .es.H ?G )D.j

Hooge's equation is used in the example embodiment as the eguation is an
established modsl for describing 1/ noise which relates noise amplitude as a direct
linear function of frequencies. The equation can, thus, be reiativeiy easily. interpreﬁed and
remodeled to explain experimental results. It will be appreciated that other noise modeis

10 (such as Kleinpenning's model) can be traced back to the Hooge's equation. |

N. can be expressed in terms of the charge carrier lifetime 1 as follows:

N, =— {2)

15 where g is the electron charge.

The two abovementioned equations (1) and (2) can be combined o arrive at the
following relationship:

ayle

Sr’
Jr

(3)

20
Thus, eguaticn {3) aliows an inferance of the charge carrier fifetime + from the

noise spectral associated with the frequency f.
it will be appreciated that in the foregoing description, terms such as spectrai
25 . power density of noise, noise power spactral density, noise spectrum and noise power

speciral are used interchangeably fo referto ;.

in natural logarithmic scaie, equation (3} can be re-written as:

30 InS,) =1In{z, e.0) - In(r) - In(f) (4)



=an.e.f.exp(A/)(17) 30In(S1) = ton(ake)+- (I- m)In(18) 18

Equation (17) indeed satisfies the

general 1/f behavior and describes the 1/f noise spectra well. Therefore, the example embodiment is

mathematically sound. |n other words, the equation (17) describes the 1/£89/§§25)ﬁ)%}{§%§

accounted for

Or'the observation that both the noise gradient and magnitude increases wit

well as it has
operating

current. The noise magnitude (at 1 Hz) is represented by (InlaHel+ ,lIl), while the noise gradient is
represented by (1-m) where m is a current dependent parameter. Based on equation (5), (12) and

(15), the following T equation is obtained:

a h, lsyequation (3), S. where S, is the low frequency

noise (LFN) at all .1-7 frequencies ranging from 1-100Hz and T is the charge carrier lifetime
associated with fri?ﬁéeng)%f ?nngﬁlre Qg%é‘al ‘AEVACE %e?%.n%ﬁ'lpi‘ﬁir 6F E?grﬁfggﬂs"&ﬁ{ﬁ%[} ﬁré’?n equation (3),
it can be pripaswEthiat difmmtHeeRing Ve MATEHIEE Hiamafn geelkafjeatirriehtifetime T
depends orethigidtetiuendy. hersdoscihatabach sneviiishite quanBiglirdhe posreégpandmgsearrier lifetime

at frequency f, ¢an heanition 8552 (k)28 ROME MRS DiRmedeLindhg amRlgembodiment

suggesgs that char

10

18

20

25

30

e .
150uA, %JOUA, 5QuA and 20uA). In the exampie embodiment, as the test device is
operated at low currents for a short duration (e.g. about 2 min), the test device is not
degraded. Hence, the technique in the example embodiment can be non-destructive.

in the example embodiment, the frequency is measured from 1 Hz to 1kHz. As
the system is based on 1/ noise spectrum, it will be appreciated that the model of the
example embodiment is valid across the 1/f range typicaily measured from about 1 Hz to
about 10kHz. However, it will be also appreciated that the measurement range can be
narrowed subsiantially to from about 1 Hz fo about 100 Hz for fadiiitating the
computation of carrier lifetime based on smaller N wherein N is the frequency range of
the noise spectral sampled at an infervai of 1 Hz.

As for the current range, the curment used in the example embodiment Is in a
range of about 0.3 uA to about 0.2 mA, ie. the current is sufficiently low enocugh to avoid
significant degradation and heating of the test devica.

Hence, in a theoretically ideal device, by plotiing the noise power spectral 8, in
natural logarithmic scale against freguency {, a gradient of -1, and a y-intercept that
increases wiih the forward current can be obtained. However, the values of 1 can not be
inferred directiy from eguation (4) due to the axisience of another unknown parameter,

oy in the y-intercept term.

in the example embodiment, to infer the vatue of 1, the parameter-- is remodelied

as a function of | and {.

From Figure 2, it can be abserved that as the current increases, the siope of the
noise spectral becomes steepar and the y-intercept becomes larger. The inventors have
recognised that the change in the charge carrier lifetime 1 due o current changes is
significant in influencing the slo;ﬁe and the y-intercept (which reflects the low-freguency

noise magniiude). That is, as oy is dependent on the bulk guality of the test device and



carriers of a specific lifetime T1 contribute to a noise frequency f,. Therefore, to determine the average
lifetime T, the noise spectral over a low frequency spectrum (about 1 Hz to about 100 Hz) can be
integrated a_&,ae%]%?lggé W WO 2011/040883 PCT/SGZOlO/OOO368 19 4 %’559{5}/055959 equation
(22), a relationship is obtained as: (23) 5where N is the frequency range of the noise spectral sampled
at an interval of 1 Hz. From equation (19), where r = +c)l , the specific frequency charge f*.exp(io.I)
carrier lifetime rf can be derived as 1'-th"c0'-).exp(0.1)(24) 10Thus, by combining equations (24) and
(23), the effective charge carrier lifetime can be degived as follows: 'l") xV,6.1)

as the test device does not undergo significant degradation in the test procedure

{compare Figure 2}, the inventors have recognised that the bulk guality and hance, oy

remains substantially unchanged. in order o factor the effect of 1 on the noise spectral

gradient and y-intercept, it is assumed that 1 is dependent on the forward current | and

.5 frequency f as follows: '
T= _BPI_ (5)
H(/GU)

where D is a constant which maintains the unit consistehcy of equation {5}, H{f and G(I)
are functions of f and | respectively.

16
The remodelling of 1 in equation (5) aliows the carrier lifetime « 1o influence the
shift in the gradient and y-intercept of the noise power speciral (compare Figure 2).
Combining equation (5) into equation (4) results in the foliowing equation:
15 In(S,) = infe, eG(N)}-In _J (6)
| H(/3/ D
Based on the noise profiles 201-205 in Figure 2, the noise spectral density is in
the general form of equation 7 under a constant current (e.g. 201 under current of Z0uA).
20 (S5 )=C,~kIn(/f) {7

where C, is the logarithm value of S, at a frequency of 1 Hz and k is the gradient term.

To model the influence of v on the noise gradient, a comparson between

25  equations (8) and (7) shows that H(f)/D can take the form of H({/D = 7. That is, the

- gradient of the noise spectral can be modeled via a parametar m, as shown in equation
(8): L

In(8,) = Infer, 2. G() ~ (1 — ) in{ /) (8)
30
it is noted that m is not a constant and 1s a parametar dependent on the driving current.



15In the example embodiment, the parameters c, ko and p are derived for each new DUT. Thus, the
technique of the example embodiment can used as a direct measurement of charge carrier lifetime.
Experimentghayng geik conducted on different devices to test validity of 1he-20.feseihed example
embodiment in charge lifetime computation. Table 1 below tabulates the computed carrier lifetimes at
corresponding operating currents and measurement range N. It can be observed that the results are
consistent with theoretical values reported in literature. Devices TypesOperatingComputed Carrier
Lifetime (s)Reported WO 2011/040883PCT/SG2®1L0/000368 20 Current (uA) N=100 N=200N=300
Values from Literature s OLED 20 2.37969E-6 2 41203E-62.41564E-6 - 10.6 50

By comparing equation (7) and equation (8), it is inferred that

C, = Inle, eG()) (9)
k= M =] e (10)
Aln(f)

Therefors, in order to obtain carrier lifetime 1, k and G(I) are identified separately.

it can be observed from the noise speciral (compare Figure 2) that thé noise
gradient k increases with the driving or operating current. Thus, m can be modeled as &

10  function of current |

Figure 3 is a graph of exponential function of the gradients of the noise spectral

profiles in Fig. 2 plotied against corresponding current | of the noise spectral profiles in

Figure 2.
15
By plotting the exponential function vaiues of gradient k versus |, the relationship
between the gradient k and current | is deduced to be
k=1in k.t + ) 1
20

where Kk, is the gradient and ¢ is the Y-intercept of the linear graph 302 in Figure 3.

From graph 302, the following values can be identified:
¢ =2.465
25 k,=13756

Since k = 1-m (see equation (10)) ie. m=1-k, M({f)/D=" can be further established

"using equation {(11) as:

30 m — Jriﬂ-ln(fcg.'m} (12)
D



5.63680E-6 5.56456E-65.57012E-6 100 2.99957E-6 3.03234E-6 ' 3.05634E-6 150 7.58469E-7
7.54432E-77.54354E-7 200 1.40718E-7 3.54343E-7 F 3.56449E-7 SiThinFilm Solar Cell 030

1.57268E5 {6, 1304940 | 8.67/672E-6 PCT/SG2016/000368
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From equation (9), it is shown that:

C, = Inla, eG())
Therefore, C, = In{a,.€}+ In{G()) (13)

where, as established at equafion (7), Cois logarithm value of the electrical noise level at
1Hz.

Figure 4 is a graph of the logarithm values of the electrical noise ievel at: 1H; of
the noise spectral profiles in Figure 2 plotted against corresponding currents 1 of the

noise specirai profiles.

By plotting C, against current |, it can be observed that the two parameters form
a linear relationship (see linear graph 402 in Figure 4). '

Based on graph 402, a linear eguation can be obtained as follows :

C,=8+P - (14)
where B = 49052.1 (gradient of graph 402) and P=-24,7 (y-intercept of graph 402)

Hence, from equations (13} and (14)}, it can be shown that

G(l) = exp(Bh (15)
R is the proportionality between C; and 1, which can be obtained from the gradient of the
graph 402 in Figure 4.

Using equations (3), (5), (15) and H{f)/D=", the foliowing equations are obtained:

_a,de  a,eH(HGD
- f.f' N D.f

S, =a,ef" exp(SI) -an
in(S,) = linfee)+ BI)| - (0 =m)in f (18)

S, (16)
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8.66368E-5 5.2227E-53.89201E-5 7.20 7.37646E-5 4.65043E-5.559 3E 5 Dye-sensitized solar cell 1
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Eguation {17) indeed satisfies the general 1/f behavior and describes the 1/
noise spectra well. Therefore, the example embodiment is mathematically sound. In
other words, the equation (17) describes the 1/f noise behavior well as it has accounted
for the observation that both the noise gradient and magnitude increases with operating

5  current. The noise magnitude (at 1 Hz) is represented by (in(a, e)+ 87}, while the noise

gradient is represented by {1-m} where m is a current dependent parameter.
Based onh equation (5), (12} and (15}, the following 1 eguation is obtained:

10 r= d ‘ Gt

fiTR) axn( B

_ay.de

In equation (3), 5, ., where $, is the iow frequency ncise (LFN) at all

fr

frequencies ranging from 1-100Hz and 1 is the charge carrier lifetime associated with

frequency f in an electrical device (e.g. DUT 104 of Figure 1).

15
Thus, from equation (3}, it can be propesed that:
Sipgd (20)
I T
20 in the example embodiment, caiculating the charge carrier lifetime © depends on
the frequency. Therefore, at each specific frequency f,, the corresponding carrier lifetime
at frequency {, can be written as:
5
RRNA (21)
! T,
25 in other words, the model in the example embodiment suggests that charge

carriers of a specific lifetime 1 contribute to a noise frequency f. Therefore, to determine
the average lifetime 1, the noise spectral over a low frequency spectrum (about 1 Hz 1o

about 100 Hz) can be integrated as seen beiow:



5.52341E-6 3.53445E-62.72916E-6 04 1.65 3.86833E-6 1.13181E-65.51523E-7 2.15 1.80795E-6
4.49732E-71.993E-7 P3HT/PCBM Solar Cell 0. 82 5.3432E-6 3.3249E-61.22233E-6 - 1.5 6.3534E-6

4.6726E-62045] Akoauss PCT/SG2010/000368
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is,.,ﬁ - iaH.e _Naye 22)

Therefore, from equation (22}, a relationship is obtained as:
N _
Z _1_ - ./y_ . (23)
or, ,

5  wheare N is the frequency range of the noise spectral sampied at an interval of 1 Hz.
I
fl—ln(_k(..i-rc}.exp{ﬂ.f)

From eguation (18), wherer = , the specific frequency charge

carrier lifetime 4 can be derived as

r o= ! (24)

£ exp(B.])

10 ‘Thus, by combining equations (24) and {23}, the effective charge carmier lifetime

can be derived as follows;

r N N I—in{kgd +¢)
T 1=1 r.f. r=1 JT
N
v N I-inl byl 40} (28)
D i -exp(S.0)
) ]
15 in the example embodiment, the parameters ¢, K, and p are derived for each new

DUT. Thus, the techmigue of the example embodiment can used as & direct

measurement of charge carrier lifetime.

Experiments have been conducted on different devices o test validity of the

20  destribed example embodimant in charge lifetime computation. Table 1 below fabulates
the computed carrier lifetimes at corresponding operating currents and measurement
range N. It can be observed that the results are consisten! with theoretical values

reported in literature.

| Devices Types | Operating | Computed Carrier Lifetime (s} | Reported
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WO 2011/040883 PCT/SG2010/000368
20
i Current (uA) N=100 N=200 N=300 Values from
. ' Literature (s)
20 2.37960E-6 | 2.41203E-6 | 2.41564E-6
50 5.63680E-6 | 5.66456E-8 | 5.57012E-6
OLED 100 2.90957E-6 | 3.03234E-6 | 3.05634E-5 ~ 10
150 7.58469E-7 | 7.54432E-7 | 7.54354E-7
200 1.4071BE-7 | 3.54343E-7 | 3.56448E.7
Si  Thin  Film 0.30 1.5726BE-5 | 6.13518E-8 | B.87672E-8
Solar Cell (.50 2.50343E-5 | 1.3B555E-5 | 9.8154E-6
1.85 6.00154E-5 | 3.4298E-5 | 2.4548E-5 | ~ 107~ 16"6‘
5.20 §.6636BE-5 | 5.2227E-5 | 3.88201E-5
7.20 7.37646E-5 | 4 65043E-5 | 3.55613E-5
Dye-sensitized 1 5652341E-8 | 3.53445E-6 | 2.72818E-6
solar call 1.65 3.86833E-6 | 1.13181E-8 | 5.51823E-7 ~10¢
218 . 1.80785E-8 | 4 49732E-7 1.983E-7 '
P3HT/PCBM ¢. 82 5.3432E-6 | 3.3249E-6 | 1.22233E-6 -0t
Solar Cell 1.5 §.3534E-6 | 4.6726E-6 | 2.24B12E-6
25 7.6587E-6 | 5OB7BE-6 | 3.77672E-6
3 8 1237E-6 | 6.7625E-6 | 4.55002E-6
0.4 4.12656E-4 | 4 116831E~4 | 4.1124E-4
BiFeQ3/SrTi03 0.5 6.43686E-4 | 5.40305E4 | 8.38972E-4
1 0.06193 0.001886 0.00188 ~10°®
1.5 §5.00272 0.0026 (.00254
1.98 $.00288 0.00266 0.00256
. Table 1

in Table 1, N represents the measurement ranges 1-100Hz (N=100), 1-
200Hz (N=200) and 1-300Hz (N=300) for the different devices.

it will be appreciated that, theoretically, a larger N value produces a more

accurate result as the effects from charge carriers contributing to a wider noise

spectrum are considered. However, it has been observed that the noise ampiitude

relating to higher frequencies is much fower than that at lower freguencies.

Therefore, the inventors have recognised that the higher frequency end of the noise

spectral can be ignored by assuming that the charge carriers contributing to high

frequency noise is negligible. In the experiments for Table 1, it has been observed

that the computed charge iifetime stays substantially within the same order for N =

100, 200 and 300. This indicates that the frequency range is sufficient to yiéid an

accurate measurement of the fifetime. It will be appreciated that the N values are

selectable by a user such that the user can set a smaller value to facilitate the

computation.




0.001880.00186 1.5 0.00272 0.00260.00254 1.98 0.00286 0.0026610.00256 Table 1 In Table 1,
N represents the measurement ranges 1-100Hz (N=100), 1- 200Hz (N=200) and 1-300Hz (N=300) for
the differentdeyices.n.. It will be appreciated that, theoretically, a larggg-Nyaligdatagiices a more
accurate result as the effects from charge carriers contributing to a wider noise spectrum are
considered. However, it has been observed that the noise amplitude relating to higher frequencies is
much lower than that at lower frequencies. 10 Therefore, the inventors have recognised that the higher
frequency end of the noise spectral can be ignored by assuming that the charge carriers contributing
to high frequency noise is negligible. In the experiments for Table 1, it has been observed that the
computed charge lifetime stays substantially within the same order for N = 100, 200 and 300. This

indicates that the Traguéicinvantss S audiQerdssickRphAs R AR MRERIFETRIY B the lifetime. It
will be apprestated thattheddhsiiursgarersetpetalele by ahmeyssirchithatiies uset@anrset a smaller

value to fagjlitatethe fAMRILAIRMRealange TilES, thedoyaniris havs Lespaniapdithatasdong as the

computed results in Table 1 do not exhibit large changes (e.g. a change in the order of 10) upon
increasing B\ H&&8af8HERT range, it can be concluded that a sufficiently high value 5 of N has been
used. Thus, based on the above, Table 1 provides a set of the charge carrier lifetimes under

different currents. #J4sessay < ansedhe Titgtimerornrsnosding teatypea(aemisimes) operating
current of au%%é’é%f%?e%@%&%é%\@n}\ lggémap%%%%t%eW&%mgtj:\éﬂe\!sponding to a typ'z{:ai (or
minimum) operating current of a device as the relevant lifetime parameter. Alternatively,
10  the user can use the average value of the computed lifetimes for a device measured
over a range of operating currents. For estimation of recombination lifetime, the user
may choose the maximum achievabie lifefime for a device measured over a range of

operating currents,

15 The inventors have recognised that in many cases, the change in the noise
gradient is smali under varying forward current conditions, and the value of s largely

influenced by the operating current.

Therefore, in another example embodiment, the algorithm for determining charge
20 carrier lifetime can be simplified by modeliing © as a function of operating current only

(contrast to equation (5)). This leads to a modelling equation of:

7= e (27)

25 Substituting equation (27) into Hooge's Equation (see equaiion (4)), the noise

spectral density can be expressed as:

In(S, = m(ﬁﬁ_{’@}“ in(/) (28}
| D

30  Comparing equation (28} with equation (7),



10 the user can use the average value of the computed lifetimes for a device measured over a range
of operating currents. For estimation of recombination lifetime, the user may choose the maximum

achievable lifetimpe fapa device measured over a range of operating currggtss&hbgdiygntors have
recognised that in many cases, the change in the noise gradient is small under varying forward current

conditions, and the value of T is largely influenced by the operating current. Therefore, in
another example embodiment, the algorithm for determining charge 20carrier lifetime can be simplified
by modelling T as a function of operating currentzinly (contrast to equation (5)). This leads to a
modelling equation of: 25Substituting equation (27) into Hooge's Equation (see equation (4)), the
noise spectyal gﬁ:ﬁ i i expressed as: ( ff.e.G(1)" In(S, ) mép WO 2011/040883 a s
PCT/SG2010/000368 22 Co = ‘ |

or
C, = In{a, .e)+1n{G(I)/ D) (30)
Based on Figure 4 and equation (14}, it can be derived that

G/ D = expl) {313
where B = 48052.1 (gradient of graph 402}
10 |
Therefore, from equations (31) and (27}, the vaiue of 1 under different operating currenis

can be derived in the following expression:

7= d
exp(Al)

(32)

15
As recombination fifetime is typically measured under open circuit conditiens, i
tends to be the iongest achievable duration that a free charge carrier can exist in a
material. Therefors, the maximum achievable 1 in equation (32) under different currents
is taken fo be an estimation of the recombination lifetime.
20

Figure 7 is a graph of computed carrier lifetime versus operating current in an

axampie embodiment. The graph 702 is based on the model ¢ = DL the plot from

Figure 4 pertaining to an example organic light emitting diode and equation (32). The
recombination lifetime can be derived from the peak 704 of the graph 702 of the
25 compuied lfetime,

Figure 5 is a2 schematic fiowchart 500 illustrating a method of deterrhining
charge carrier lifetime in an example embodiment. At step 502, an excitation s‘nghal is
applied tc a device. At step 504, elecirical noise exhibited by the device is recorded.



(29) D or Co=In(allin(G(l) 1 D)(30) 5 Based on Figure 4 and equation (14), it can be derived
that G(I) ID = exp(01)(31) where p =49052.1 (gradient of graph 402) 10

WO 2011/640883 _ PCT/SG2010/000368
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At step 506, the charge carrier lifetime of the device is determined based on the

recorded electrical noise.

_ in one example embodiment, the charge carrier lifetime © of a device ié

5 modelled as a function of operating current and noise freguency. in the example
D.J |

H()GI)

embodiment, the mode! can adopt the form = =

The t model can be substituted into Hooge's noise equatioh to form a
retationship In(S, ) = In{a, 2. G()} - ln[}}(—‘]{)—fg) .
10
The sub-functions in the t model, H{f) and G({l) are then separately identified
based on observing the change in the gradient (k) and 'y-intercept at 1 Hz (Ty) of noise
spectral (in logarithmic scaie) respectively as operating current | applied to the device
varies.
158
For identification of H{(f)/D, the sub-function H{/D is modeled as a function
dependent on " where m is a current-dependent parameter. The expression of m as a
function of current | is then identified by curve-fitting on a graph of noise gradient k

versus current |, The derived expression can be

H(f) . l—!n(koffrc}
— = .

20
For identification of G(l), the expression of sub-function G(l) is identified by
curve-fitting on a graph of y-intercept at 1 Hz, C;, versus current 1. in the example
embodiment, G(1) = exp(Bi},

25 Upon establishing the expressions for H(fyD and G(i), the lifetime of the carrier
contributing to each noise frequerncy f of the noise spectral under an operating current |
is obtained. In the example embodiment. the resuliing charge carrier lifetime for each

; ‘

frequency is 7, = . The average charge camier kfstimenr s
q y /S fi-h\(knlhrj‘exp(ﬁ-]) g .

computed by taking the average of 7, . in the example embodiment, the average lifefime




Therefore, from equations (31) and (27), the value of T under different operating currents can be
derived in the following expression: z' = exP(/67) (32) 15
measured URgeiPReRgsEcuit conditions, it tends to be the longest achievebigsdusasiomibat a free
charge carrier can exist in a material. Therefore, the maximum achievable 7 in equation (32) under
different currents is taken to be an estimation of the recombination lifetime. 20 Figure 7 is a graph of

As recombination lifetime is typically

computed carrier lifetime versus operating current in an example embodiment. The graph 702 is based

on the model 7 -DI the plot from GU),
and equation (32). The recorpbiq
the 25compaitesiffgtihéom — Figtipe

operating current ang-ngise feauency. i dheAramalassaaRodiaent the mole|cag,

=D.l The T model can be substituted into Hooge's noise equation to form@ /)1 \

5
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so as to derive the relationship In(S,) =In

The sub-functions in the 1 model, G(I)/D, are then separately identified based on
observing the change in the y-intercept at 1 Hz (C;) of the noise spectral (in logarithmic
scale) respectively as operating current | applied to the device varies. The expressibn of
sub-function G(IY/D is identified by curve-fitting on a graph of y-intercept at 1 Mz, Co.

varsus current [ in the exampie embodiment, G(1)/D = exp(Bh).

Upon establishing the expressions for G({l)/D, the iifetime of the carrier can be

estimated from the maximum achievable © under varying operating currents.

The inventors have recognised that there are no known reports that have

" succeeded (or even attempted) in extracting charge carrier lifetime from low frequency

electrical noise profiles. The inventors have alse recognised that a low frequency noise
mode! represented by Hooge's equation may contain unknown parameters that are
relatively difficult to quantify.

The example embodiments have modelied the charge carrier lifetime as a
function of frequency and current that can {acilitate extraction of the lifetime paramster
from Hooge's equation.

The inventors have also recognised that the mode! of charge carrier lifetime
can be simplified so that if is a function of forward current only.

in the described example embodiments, measurements on a davice-under-test

can be carried out whether or not the device is packaged or unpackaged since the

Figure 4 Bértaining to an example organic light emitting diode
ation, lifetime can be derived from the peak 704 of the graph 702 of
isvhesehiérisatiie ficametrant 5004 obtratingise methvel of
determining charge carrier lifetirhe’in’@n example embodiment. At step 502, an excitation signal is
applied to aglavics ofdsieRP84: ¢lastrical noise exhibited by the device is recorded. 23 At step 506,
the charge carrier lifetime of the device is determined based on the recorded electrical noise.

one example embodiment, the charge carrier lifetime T of a device is 5modelled as a function of

%%pt the form r

In



H(f )1 D relationship In(S1) = In(aii.e.G(1)) In 10 The sub-functions in the t model, H(f) and GO)
are then separately identified based on observing the change in the gradient (k) and y-intercept at 1

Hz (Co) of npise,speaisgy (in logarithmic scale) respectively as operating £gienid:aamlied to the device
varies. For identification of 110)/D, the sub-function H(f)/D is modeled as a function dependent on

r, where m is a current-dependent parameter. The expression of m as a function of current | is then
identified by curve-fitting on a graph of noise gradient k f 1-in(ko/tc) versus current |. The derived
expression can be 11(f) For identification oR&0O), the expression of sub-function G(l) is identified

by curve-fittj Of Vi > \ , - u ent.l. £xam bodiment,
GO) = exp(g%.%%ﬁgé%pe%tab Fs?%%%ﬁ%% %i%@gsﬁﬁg%ggi gﬁgﬂgnggg%f){gtﬁ% Iifetir%f e(?i‘gt]he carrier

contributing t8"8aERRe frequency f of the noise spectral under an operating current | is obtained. In
the example embodiment, the resulting charge carrier lifetime for each frequency is TI=f The average

charge carrier lifep@d;, ifhe2dxalf 0 BHK e BRBasl ot révaatebsisting Bieauancy [RRrgesof the noise
spectrag r nggg}plﬁgt a&'\%?oirgteéyc%s%f ]éaIFIrizér recombination achvilies. Rather, the example
embodiments can anaiyze low frequency noise spectral profiies of the device for
extracting the charge lifetime of carriers. The low frequency noise behavior can be
acquired without significant distorfion ¥ the measurement set-up is appropriatsly
shielded from external EMI. Further, the noise profile can be monitored confinuously

10 over & period of time {ie. not within a short observation pariod),

in addition, the example embodiments use relatively simpler equipment and
steps for acquiring electrical noise profiies under varying operating currents ‘an‘d
’ axiracting the lifetime parameters.
15
Further, the example embodiments can develop a portable test platform for
qualifying semiconductor devices based on effective charge carrier iifetime without
using light excitation sources. The platform can be useful for packaged or
encapsulated devices as light cannot penetrate the packaged material. With
20  electrical excitation, the platform enables the lifetime of both the bulk and surface
carriers of the test devices 1o be measured. Further, the example embodiments can
provide a relatively quick and cost-effective method to grade electronic gadgets
such as solar cells and LCD panels. In addition, the example embodiments can
provide a guality confrol station for monitoring the charge carrier lifetime throughout
25  a solar cell manufacturing process. Such a station can provide valuabie information
on the influence of individual processing steps on the device performance. For
lusiration, it will be appreciated that the effective charge carrier lifetime (1) is one
significant material parameter that can affect the efficiency of a Si solar cell. it can
determing whether photogenerated carriers can reach the junction of a cell and
30 contribute to the current of the cell. it can also determine the upper iimit for 2 voltage that
a solar cell can generaie. Thus, by monitering the variation of the charge ca.rrier lifetime
throughout the solar cell manufacturing process, valuable information  about the
influence of individual processing steps on the charge carrier lifetime and subseguently,
on device performance can be obtained. The exampie embodiments can thus provide a



In another example embodiment, a simplified model of r = is adopted, G(I)

(.e.G(1) ) In(f) so as to derive the relationship In(S1) = ml D) The sub-functions in the T model,
GOWD, aregdhen sepaiately identified based on observing the change ingheycntareaptat 1 Hz (Co) of
the noise spectral On logarithmic scale) respectively as operating current | applied to the device
varies. The expression of 10sub-function G(1)/D is identified by curve-fitting on a graph of y-intercept at
1 Hz, Co, versus current . In the example embodiment, G(I)/D = exp(01). Upon establishing the
expressions for G(1)/D, the lifetime of the carrier €&n be estimated from the maximum achievable T
under varying apealing et B0l hibyed albHURRIBFALRFECRARISRL LAY IhEfE-anao known
reports that have succeeded (or even attempted) In extracting charge carrier lifetime from low
frequency Stetaizesebise profiles. The inventors have also recognised. that a low frequency noise
model represented by Hooge's equation may contain unknown parameters that are 20relatively difficult
to quantify. TheLxameleprbpsimests-Ravamadelsskhiechasge sarrigidirinae as a function of

nd cunent hal can fadlitale extraction, of fne felime parameter iom Hegag s equation. 25
The inventSrSHave alsd recogniseé afthe model of ¢ z?rge carrier Yif%?imgcan be simplified so that
it is a functienftopfenrart earferRTOPIe” PPRTERSHPEIR SHRCHES ROt TG TR FRBjRe G Y& ance on the
device to ceie=@GASSChaigacatigrsiduythern 818 examplecethbodthedts’ teerodregiire observing
open-circuit valtage 5. decay that mirrors excess carrier recombination activities. Rather, the example
embodiments can analyze low frequency noise spectral profiles of the device for extracting the charge
lifetime of carriers. The low frequency noise behavior can be acquired without significant distortion if
the mé&surement$eteprisuupprppaatdflstroideeel aneseRpaisanEiebtherpHieasidesprofile can be
monitored GRIHML0M R, BOSNEEB1 RETIOH Afdinsad ignd at piitainyacs bath ohsanval GuPLEod). In
addition, thgig g%g em ogrigég%%use relatively simpler equipment and steps for acquiring electrical
noise profiles tnder varying operating currents and extracting the lifetime parameters. 15 Further,
the example embodiments can develop a portable test platform for qualifying semiconductor devices

based on effective chargemasriendifeden@0®ith aunosiedighzexcitatiorr saivees. EMiZevptatform can be
useful for pagkaged.anensapsuaird devices asdigbt sannat perelrairtheibrekagedimaterial. With
network systems such as Local Area Network (LAN)} or Wide Area Network (WAN).
The computer module 602 in the example includes a processor 618, a Random
Access Memory (RAM) 620 and a Read Only Memory (ROM) 622, The computer
maduie 802 also includes a number of input/Qutput (/D) interfaces, for example /O
20  interface 624 to the display 608, and /O interface 826 to the kevboard 604.

frequency and current that c cilitate
q y l,}%m

The components of the computer module 602 typically communicate via an
interconnected bus 828 and in a manner known {o the parson skilied in the reievant
art.

25

The application program is typically supplied o the user of the computer
system 800 encoded on a data storage medium such as a CD-ROM or flash
memory carrier (e.g. & USB thumb drive} and read utilising a carresponding data

- storage medium drive of a data storage device £€3C. The application program is
30 read and controlled in its execution by the processor 818, Intermediats steraga of
program data maybe accomplished using RAM €20.

It will be appreciated by a person skilied in the art that numerous vanations

and/or modifications may be made to the present invention as shown in the specific



20 electrical excitation, the platform enables the lifetime of both the bulk and surface carriers of the
test devices to be measured. Further, the example embodiments can provide a relatively quick and
cost-effectivg meathaq,ia.grade electronic gadgets such as solar cells and:E&E:paRRkRsH addition, the
example embodiments can provide a quality control station for monitoring the charge carrier lifetime
throughout 25 a solar cell manufacturing process. Such a station can provide valuable information on
the influence of individual processing steps on the device performance. For illustration, it will be
appreciated that the effective charge carrier lifetiie (Ter) is one significant material parameter that can

affect the efjeienye0la i 3plaaelldl CAAREraine HNEler BhalgRperAlRccaigrs,can reach the

junction of a cell 0 contribute to the current of the cell. It can also determine the upper limit for a
voltage thaf'@8SStEF cENECRIFSFEhERRRIMANS BYF it RIFMJAE FARSIHBIFOI R ERRRTE dlrrier lifetime
throughout ithdissitatieedinah aotutsdtativeg process valuable information about the influence of individual
processing steps on the charge carrier lifetime and subsequently, on device performance can be
obtained. The example embodiments can thus provide a 26 robust technique to be employed and
installed on a manufacturing line of Si wafers and Si solar cells. The method and system of the
example embodiment can be implemented on 5 a computer system 600, schematically shown in
Figure 6. It may be implemented as software, such as a computer program being executed within the
computer system 600, and instructing the computer system 600 to conduct the method of the example
embodiment. 10The computer system 600 comprises a computer module 602, input modules such as
a keyboard 604 and mouse 606 and a plurality of output devices such as a display 608, and printer
610. The computer module 602 is connected to a computer network 612 via a 15 suitable transceiver
device 614, to enable access to e.g. the Internet or other network systems such as Local Area
Network (LAN) or Wide Area Network (WAN). The computer module 602 in the example includes a
processor 618, a Random Access Memory (RAM) 620 and a Read Only Memory (ROM) 622. The
computer module 602 also includes a number of Input/Output (I/O) interfaces, for example 1/0
20interface 624 to the display 608, and 1/O interface 626 to the keyboard 604. The components of
the computer module 602 typically communicate via an interconnected bus 628 and in a manner
known to the person skilled in the relevant art. 25 The application program is typically supplied to
the user of the computer system 600 encoded on a data storage medium such as a CD-ROM or flash
memory carrier (e.g. a LISS thumb drive) and read utilising a corresponding data storage medium
-drive of a data storage device 630. The application program is 30read and controlled in its execution
by the processor 618. Intermediate storage of program data maybe accomplished using RAM 620. 27
embodiments without departing from the spirit or scope of the invention as broadly described. The
present embodiments are, therefore, to be considered in all respects to be illustrative and not
restrictive. 26



CLAIMS 1.A method of determining charge carrier lifetime, the method comprising the steps ot
applying an excitation signal to a device; recording electrical 1/f noise exhibitedfgyribe devicsssrd
determining'the charge carrier lifetime t of the device based on the recorded elggirical 146 Roise; |
wherein the step of determining the charge carrier lifetime comprises recording two or more noise
spectral of the device, each noise spectral being gxhibited over a range of frequencies and at different
applied excitation signals. 2.The method as claimed in claim 1, further comprising modeling T as a

function of operating current and noise frequency wherein the excitation signal is the operating current.
3.The method ed In claim a constant which maintains unit consistency, frequency f and

operating current | respectively. DI 2, wherein r, where D Is H(f).G(I) NO and G(l) are functions of
noise 4. The methodaasrethivde gl ndetami@ngurchereoeprisindfetmey rihe HIBWDE) to derive a
relationship of defadding veadtess G/))) dosed \EIf), D ,( on Hoope's noise equation 5f)

applying an excitation signal to a devics;
recording elecirical 1/ noise exhibited by the device; and
detarmining the charge carrier lifetime t of the device based on the recorded
stectrical 14 noise; .
' wherein the step of determining the charge camier lifeime compiises
recording two or more noiss spectral of the device, each nolse speciral being
exhibited over a range of frequencies and at different applied excitation signals,

2. The method as claimed in calm 1, further comprising modeling < as 8
‘ fdnction of operating cunen{ and noise frequency whersin the exciistion signal Is the
operating current,

DJ
HNGWD'
a constant which maintains unit consietency, H(f) and G{l} are funciions of noise
frequency f and operating current | respectively.

3. The method as claimed in claim 2, wherain = where D is

4, “The method as clalmed in claim 3, further comprising using

_DJ
T HUHGWD

T fo derive a relationship of In{S,)=In{a, .e.G{I))mm{EE%-;-E) based

on Heoge's noise et:n.uat‘u:r'tELI(E":l =% where S, Is the spactral power density of the

noise, | is the operating current, N, is the total number of free charge carriers, fis the
nolse frequency and oy is a modeliing parameter accounting for factors influencing bulk
quslity of the davica,

5. The method es caimed in claim 4, further comprising generating
raspective nolse spéctm% representations of each recorded nolse spectrsl
corresponding to each different operating current {, sach nolse spectal
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-L-- = --where Si Is the spectral power density of the Pffic noise, | is the operating current, isk is the
total number of free charge carriers, f is the noise frequency and afi is a modellFQIrisaEame@ 0368
accounting for factors Influencing bulk quality of the device. 5. The methockagctaimsginglaim 4,
further comprising generating respective noise spectral repreésentations of each recorded noise
spectral corresponding to each different operatinggcurrent |, each noise spectral AMENDED SHEET
IPEA/AU 29 representation comprising noise power spectral density as a function of frequency, and

obtaining a noise gradient k and. a y-axjs intercept valye, Cc, of each nogise spectral representation.
6. The methodﬁ’&?&\ﬁ?gg Fﬁ”c'fg%??é," %ﬁ%%gﬁﬂg ﬁﬁga )E‘(?f%fn:o?%vﬁ%{?een%'ls a
current-depen@ehepEiaRgete PR SRRAGRG TN & YT SiesreRt et Basb 837 Jel&rating a
representatiorspédine rpreseptafidient k as a function of the corresponding applied operating currents I.
7. The method as claimed In claim 5, further comprising modeling G(I) based on generating a
representation of thg axis ¥He eapby akiSidirfed InccAIRCH OOrpld R SpFESP ARdBBgREIRd operating -
currents B.The. pgihod aa glaimaer d0:6lithsa2-ahaePealnvhg Asledniningpbibs-sharge carrier
expression-| =where N

lifetime r of a device comprises using a wei Iﬁted erage value of th from th
I@p %o the fidke S‘emtk rq“‘l“”mzo. . The method as

is a frequency rgﬁsgag SF EaCRNoRE RPRfF gﬁré A cs’,ampl-t'ad5 atan interval of

claimed In claiffEPsRANEIRG FhREeR QRaiNe SHBBRE Yt to about 10kHz. 10. The method as claimed in

claim 9, wherein the N Is from about 1 Hz to about 1001-tz. 11. The method as claimed in claim
1, further comprisingfmoddiegneisod functmed i pedetindurtirencomprsiainmiededirgi@fion signal is the
operating currgges on generating a representation of the y-axis intercapt value C, as & function of

the corresponding applied operaiing currents |

8. ° The method as claimed in claims 2 or 3, wherein the determining of
the charge carrier lifetime 7 of a device comprises using a weighted average value of

N
7, from the expresslon}»*.:mi—z_l-. where N is & frequency range of each noise
! T ] Tﬁ

spectrat sampled at an interval of 1 Kz

g, The method as clalmed in claim 8, whersin the N is from about 1 Hz o
about 10kHz. '

10. The msthod as claimed in claim 8, wherain the N is from about 1 Hz to
about 100z,

11. ' The method as ciaimed In claim 1, further comptrising modaling tas a
function of operating cument wherein the excitation signal is the operating current.

12. The method as cigimed in claim 11, wherein r=%. where D is &

constant which maintzins unit consistency and G(f) is a functien of operating curent |,
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12. The method as claimed in claim 11, wherein r - DJ where D is a 0(1), constant which maintains unit
consistency and G(l) Is a function of operating current I. AMENDED SHEET 1PEA/AG28@/000363. The
method as claimed in claim 12, further comprising using r =(0 to derive a relatiogghin<af1863/& ha(
t.G(1)) In(f)based on Hooge's GD noise equation Si (f) - L. where Sl is the spectral power density of
the noise, | is the 12,ific operating current, 1?4, igghe total number of free charge carriers, f is the
noise frequency and at., is a modelling parameter accounting for factors Influencing bulk quality of the

device. 14. Theﬁg)et ;‘geas?]1 glg&@?sm dglz%lgg ]l§ %hjar}her&ongpr{%p%gg&?sriatm 5§spectlve noise
spectral representations of each recorded noise spectral corrésponding to eacn different operating

current |, each,noige spegiiol re RLBESHAL QR GREPL gneEeh _v&q?%ggq;ndgg%gfsas a function of

frequency, and olb®&iing a y-aida Intercept value Co af eaéh noise Spectral representation. 15.
The method as claimed in glz(%\ 14, further comprising modeling CM/D based on generating a
representationﬂeﬁm*}ﬂ@eﬂs‘i}'nerc viiee © inthe meitBbreykitenstyishoneiteg! dpled operating
currents |. 10.The method as claimed in claims 11 or 12, wherein the carrier lifetime | of the device is
determined usRR§BREFAERA I B &N &SRS heAREFITER caTE Giffds et iRE BRI Wrents. 17.A
system for detenhimnirisg = hexiplirga priervidtet pvepthing Yetdutosninineige dolieyediiyion tbeurce applying an
excitation signabdea device; a signal analyzer for recording electrical 1/f noise exhibited by the device;
and a processor for determining the charge carrier lifetime of the device based on the recorded

electrical 1{f noise; ‘1 wherein éﬂ\e rgsc%%rgw%;e&;}m %}hﬁr&%‘?r emcé%gll_%r #L%telrrggngy recording .two
or more noise spectral of the device, each noise spectral being exhibited over a rang !of frequencies

e
|
and at different®3PRfE XRR8 SRS oS PRRFER HEE | SERTRE) noise sp

corresponding to each different opersting curment |, sach noise spectral
representation comprising noise powsr speciral dansity es a function of frequency,
and obtaining a y-axis inisrcept value G, of sach nolse spectral representation,

18, The method as claimed in caim 14, furiher comprising modeling
GOYD based on generating & representation of the y-axis intercept value C, as 8
function of the corresponding applied operating currents |,

18. The method as dalmed in claiims 11 or 12, wherein the camier lifelime
1 of thd device is determined using the maximum achisvable © obtalned under the
different operating curments,

i7. A system for delsrmining charge camier lifelime, the system
comprising. - ) .

an excitation source applying an excitation signat to a device;

8 signal analyzer for recording siectricai 1/f nolse exhibited by the device;
and ‘

a processor for determining the charge carrier ifetime of the device based on
the recorded slectrical 1/ nolse; .

_wherein the processor determines the charge carrier lifetime by recording two

oF more noise spectrel of the device, each noise speciral being exhibiied over &
range of frequencies and at different applied excitation signats.
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31 . -18. The system as claimed In claim 17, further comprising a shielded enclosure for shielding
the device from electromagnetic interference. 19. The system as claimed ipgtaknsdi1h06038
further comprising an amplifier coupled between an output of the device and the sigial 3palyzsr; the

amplifier for amplifying the electrical noise. 20. The system as claimed In any one of claims 17 to
19, wherein the processor models T as a functiorgpf operating current and noise frequency wherein
the excitation signal Is the operating current. 21. The system as claimed in Claim 20, wherein the

processor generates an expressionr - H(f).0(1), where D Is a constant which maintains unit
consistency, H(f) and G(I) are functions of noise frequen‘cé:éf and operating current | respectively.

22. The system as ciHimed ¥ GETHA™ 23\ GRiRer, th&BIBcEosBirtiee samprsingser stdeliierve a relationship
of in(S1) =In(c@neasHrs) i shielirp fedvisoirmairftranamisticinediener (f) - = -a,where Sl is the
spectral power density of the 12 fig, noise, | is the operating current, NI, is the total number of free
charge carriers, f is the nofEe:lgerNay aRErRS ik cpdetingDasaripter asrRRRHRGfPT factors

* influencing bull Al BLAR 4RRn an &R OB SAIPECElAULE2 g ein the

processor geng%;goj%g%t%g% nRise,sReciralrepresentations of each recorded noise spectral
corresponding to each different operating current |, each noise spectral representation comiprising

noise power spectral density as a function of frequency, and obtaining a noise gradient k and a y-axis
intercept value Co o?@ach%%&d?a?‘?@b?@é%rﬂ%&ﬁ?%ﬁﬂ[ﬁﬁ' SHEE FHepENtRU 32 24,
The system aspora#sred mpdita M3, fwittiveiol trergiitg ewrsen rrabaisd-fdibendn wileasie meis a
current-dependsediafis agiatel 1B cpdakigsukas a (unction of current | based on the processor
generating a representation of the noise gradient k as a function of the corresponding applied

operaling curtents |, 25 Wiyl Ui s He 0 L &3 pgiel e processor models G()
t ntgrcep?f va

based on the processor generating a representation of the y-axis e%ﬂtgss a function of
the corresponcﬁn@@p@ﬂ%em@%@urm D Is & c3hstIiavEkAREnanE IMResBsheims 20 or 21,
wherein the processor determfA&s )charge carrier lifetime T of the device by using a weighted
average 1" 1 vilfuendfafl) frerfuntieeqi redsi raqbency wrelrepblating fleguanespsam@s.of each

22, The system as claimsd in claim 21, whersin the processor uses

PTG .
H(N)GD)

to derive a relationship. of m(s,)mxn(a,,.e.o(f))-m[H U{) fp)mw

S_,._sz ). -ffN-fi-whem 8 is the spectral pawer denstty of the

[ 4
noise, i Is the operating cument, N is the total number of free charge carmriers,  is the

on Hooge's noise eguation

noise frequency and oq is @ modelling parameter accounting for factors influencing bulk
quallly of the device. -

23. The systern as claimed in claim 22, whersin the processor generates
respective . noise spectral representations of each recorded noise spentral
correspording to each different operating current |, esach noise spectral
rapresentation comprising noise power speciral density es a funciion pf frequency,
and obtalning a noise gradient k and a y-axis intercept value C, of each noise
spectral representation. '
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T noise-spectral sampisd at an Interval of 1 Hz. 27. The system as claimed in claim 26, wherein
the N Is from about 1 Hz to about 10kliz. 28. The system as claimed In clapa 23 Gvineretnibe N Is
from about 1'Hz to about 100Ftz. 29. The system as claimed in any one ofgglaifkd 24972811
wherein the processor models T as a function of operating current wherein the excitation signal is the
operating current, 30. The system as claimed in glaim 29, wherein the processor generates DJ an
expression r - -, where D Is a constant which maintains unit consistency, and GV) G(l) is a function of

operating current L. gg. T syst m as C‘%If’ﬂeéi i|n &ﬁlm %0 Wherel&the Drocesso §es DJ derive a
Saced on Hoo es NoISe & uatlon :ﬁj - awhere Sl Is

relationship of in(8/) = G(I) in f
the spectral p é‘é}f@f’fh'é AGHEE Tmm??{ﬁ@%ﬂﬁr&?? N@?satﬁ@%‘falcﬁumber of free
charge carriermthéﬂmﬁsﬂm{a@%ﬁh@aﬁ”@@ hspeswsgipian At diemasedtindiag for factors

Influencing bulksgLiahtyief shidvalexespondingihpritiboppstting asnelatsted in claim 31, wherein the
processor generates

. 25. The systam as claimed in claim 23, whersin the procegsor modeis G(l)
based on the processor generating a representation of the y-axis intercept value G,
as a fundlion of the corresponding applied operating currents |

26.  The systemn as ciaimed in ciaims 20 or 21, wherein the processor
determines the chargs carrisr lifetime ¢ of the davice by using a welghted average

value of 7, from the expressiol ;,_,.....Z;._ whara N is 8 frequency range of gach
LTI #

noise‘spectral sampled at an interval of 1 Hz.

27. The system as clalmed in claim 26, wherein the N is from about 1 Hz
to about 10kMz. ‘

28. ‘The system as ciaimed In clalm 27, wherein the N is from about 1 Hz
to about 100Kz,

28. The systerm as claimed in any one of daim 17 to 28, wherein the
procassor models ¢ as a function of operating current whereln the excitation signal is
the opersting current. '

30. The system as claimed in ciaim 28, wherein the processor generates

an expressionr = -&%—;—)—. where D is a constant which maintains unit consistency, and

G(l) is a function of operating current L.

31. The system as claimed in clalm 30, whereln the processor uses

r =%to derive a relationship of In(§,) = b(&gf_?_ﬁﬂ) ~{f)besed on Hooge's
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respective noise spectral representations of each recorded noise spectral corresponding to each
different operating current I, each noise spectral representation comprising nmﬁwgﬁ%

density as a function of frequency, and obtains a y-axis intercept value C, of e nol %
representation. 33. The system as claimed In claim 32, wherein the proce 8?‘?{%&%@ éﬁ /b
based on the processor generating a representation of the y-axis intercept value C, as a function of the
corresponding applied operating currents I. 3. The system as claimed in claims 29 or 30,
wherein the processor determines the carrier lifetime s of the device by obtaining the maximum

achlevabie r' under the tﬂlffére;r'])t opela hege%nigetggs %o ggmﬁ)yutﬂhee%dsabl‘emqﬁta storage
[

medium havmgmsforegat ereph comuter CO e means or mstruc nga computer processor to execute

a method of d I r mﬁ me ri pplying an
excitation S|gn% to a %gvr%é?r!géiso n%%l&%al 1 nmgfeé)%d)?%pé%g :%%l%:g%ﬁ%g%r% determining

"the charge carfigt ﬁféf’rﬁ@fﬁefﬂ'ég 180 85 SR &°F SRR e PRI e \yherein the step

of determiningd¢#deeharge carrier lifetime comprises recording two or more noise spectral of the device,
each noise spectral being exhibited over a range of frequencies and at different applied excitation
signals. AMENDEDZEHER#dRBimfelds cieimed in claim 31, wherein the processor generates

respective noise spectral representations of each recorded noise speciral

coresponding 1o esch different operating current [, sach nolse spectral

representation comprising nolse power spectral density as a function of frequency,

and obtains & y-axis Intercept value C, of sach noise spectral representation.

33. The system as ciaimed in claim 32, wherein the processor models
G{I¥D based on the. processor generating a representation of the y-axis intercept
value C, as a funclion of the corresponding applied operating currents |,

34. The systarm as claimed in claims 28 or 30, wherein the processor
determines the carrier lifetime 1 of the device by obiaining the maximum achlevable
T, under the different operating cumrents.

35, A computer reagdable data storage medium bhaving stored therson
computer code means for instructing a computer processor o exacte a msihod of
determining charge carrier lifetime, the method comprising the steps of:

applying an excitation signal to a device;

recording elecirical 1/f noise exhibited by the device; and

determining the charge carvier iifetime of the device based on the recorded
aleciical 17 noiee;

wherain the step of dstermining the d‘targe camior lifefime comprises
recording two or more noise spectral of the device, each noise spectral being
exhibiied over & range of frequencies and at different applied excltation signais,
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