1 A Method and System For Determ ning Charge Carrier Lifetime FlIELD OF

| NVENTI ON 5 The present invention relates broadly to a nethod of
det er mi niWG 2HAMEB3carrier lifetine and a system for defETHCAVNGONEr ge
carrier lifetime. 10 BACKGROUND I n sem conduct or applications,

charge carrier lifetine is the average tine taken for an excess charge
carrier to reconbine. It is a significant paraneter governing the
performance of sem conductor devices. jThe charge carrier lifetime can
determ ne factors 15 such as switching speeds of diode and transistor

devi ces, and erfeMgtharhaned System Epf iDetenmining Cbatger Carridrd.ifeticnepower out put
efficiency of light emtting diodes (LEDs). Therefore, to characterize the
performance and quality of a seniconductor device, an accurate neasurenent
of the charlge carrier |ifetine and its related parameters is typically
desi red. FABLD OF INVENEON:t hod to nmeasure the charge carrier lifetine is by
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excitation provided by a short forward current pul se and observing the
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Transi ent Behavi or of Sem conductor Rectifiers,” J. Appl. Phys,. Vol. 26,
no. 11, p.1356, 1955, has since been found to be unreliable for estlnating
the charge carrier lifetime. The above finding is provided in John E. Mhan
et. al of Mnority Carrier Lifetinme in Solar Cells from
Phot(;0 c%gg&gpn- ircuit Voltage Decay," | EEE Transactions on El ectron
Devices, Vol. ED-26, No. 5 May 1979. John E. Mahan et.al. 30 al so describes
anot her techni I cay in
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t echni que in I\/ghan et.al. is arguably nore accurate than the Gossick
t echni qué Rigelly 98€d forward current as the excitation source, the technique
in Mzban et.al. possesses a nunber of limtations. Firstly, as light is the
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Currently, there have been proposed a nunber of dlfferent nmet hods of
determ ning charge carrier lifetime. For exanple, W) 2009/033629, US 6653,
850 and WD 01/04610 describe estimating charge carrier lifetinme based on
observing decay 30 signal profiles fromreflected m crowaves. US 6982567
measures conposition characteristics of a test device with an opti cal

nmet hod for extracting charge carrier lifetime. Yet other nethods use
reflected radi ofrequency signals, infra-red em ssions or |ight-induced
capaci tance etc to estlrrate charge carrler I|fet|rre In these rrethods




3 (decaying) profiles. However, optical |light sources (e.g. a |laser) are
still required for carriers excitation. Such optical light typically do not
penet r at evohonugbsspackage materials. As for the |ight-i rdusedowapassst ance
technique, a highly sensitive capacitance sensor is required to be placed
closely to the sem conductor surface for neasurenent. 5 Therefore, it wll
be appreciated that this technique is not suitable for packaged devi ces.
These various nethods are described i WO 2004/ 070775, EP 1413892, US
7045786, US6369603, US 5049816, US 5977788, US 6275060 and WO 00/ 60368.
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. 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 a p-n junction. The stored charge
25  typically contributes further to the inaccuracy of the technique in Mahan et.al.

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

determining charge carrier lifetime. For example, WO 2009/033629, US 6653, 850 and

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

30 signal profiles from reflected microwaves. US 6982567 measures composition
characteristics of a test device with an optical method for extracting charge carrier
lifetime. Yet other methods use reflected radiofrequency signals, infra-red emissions or
light-induced capacitance etc. to estimate charge carrier lifetime. In these methods, e.g.

radiofrequency signals and infra-red emission are used for observing the recombination



H(f). X(1) ofin(S1l) = 1n(a .e. 1))- In( H(ff)/ D) basedonHooge' snoise
equation S, (f) = a s where Sl is the spectral power density of the noise,
| is the wdfbii/dkbssperati ng current, No is the total nuniper/sghoforoeessghar ge
carriers, f is the noise frequency and aH is a nodel ling paraneter '
accounting for factors influencing bulk quality of the device. The nethod
may further conprise generating respective noi se spectral 20
representations of each recorded noisg spectral corresponding to each
different operating current |, each noise spectral representation
conpri si tdpcavhglepiobieer Howewsrr apticdklight tspuerss gefuactasern a::é sfilr eetqu]?e@yorhand
obtainin ol d d terc of _each noi se
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equipment use techniques such as Quasisteady state photoconductance (QSSPC)
which comprise using infra-red light as an excitation source and the lifetime is measured
from a decay profile; or Transient Photoconductivity Decay (PCD) which comprise using
15 infra-red light as an excitation source and abruptly terminating the light. The decay of the
photoconductance in darkness is monitored for measuring lifetime; or Charge Carrier
Lifetime Photoluminescence (PL) imaging which comprise illuminating a sample area
and capturing the photoluminescence emission with a camera for measuring charge
carrier lifetime. '

20
Hence, in view of the above, there exists a need for a method and system for
determining charge carrier lifetime that seeks to address at least one of the above
problems.
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 to a device; recording electrical noise exhibited by the
device; and determining the charge carrier lifetime t of the device based on the

recorded electrical noise.



The nethod may conprise nodeling - Ga) , where Dis a constant which

mai ntai ns unit consistency and 1) is a function of operating current 1.
D 'T. TWwe woetdes$smay further conprise using- |) to ®#emisGe0@/000368
relationship ( 20in(S1) =Ina/l .e. 1)) In(f) based on Hooge' s noise
equation SI Cf ) = aH where DI2INc. SI is the spectral power density of
the noise, | is the operating current, No is the total nunber of free
charge carriers, f is the noise frequgncy and aN is a nodelling paraneter
accounting for factors influencing bul'k quality of the device. 25The nethod
may further cd’ﬂnprsts;eogdaerratmn@gtheee‘mge |cume|nmfétmépﬁgtdoahprrs@%eér@mgatl ons
of each g t e odln differ oeratlng
curront 170 ok e ARls3 SpR0 dr e GRIEEIRBNTORH <EBER e HEP LS

spectr al r@rasmftfquugnqeso am&tat @lffe@fnt éprd@deaxcyatnomrmlgrdhs aining a y-axi s
intercept value Co of each noise spectral representation. The

met hod may further conprise nodeling G(1)/D based on generating a

5r epr @sent at i Ghe arethemay duitherioemarise podelingreas furstion bloperating cofretthe
correspo nmet hod, the

char ge cg'r;“rj Pglfépieé%f]?}rlre%ge tlth%)(a gé’?%‘éﬁal 5 thS °p8reatt"é¢ ﬁ;i:r?]eéﬁ by using the
maxi mum achi evabl e T obtai ned under the di fferent operating currents. 10
In accordance with a second aspect of the presgnt invention, there is
provi ded a syshemétbed deayecompiisey molalinge rcarri-6+—H felidra® ist Aconstaitem
conprising, an excitation source applying af (&x€(Dati on signal to a device;

a si gnal wars! Niiftaink Unit @ASERHEY 1} geﬁgr%ﬁ)aérquﬁ&%ngﬁphp ng\ %gq'pé/ncg a{’ﬁe\“ ovi

and processor for determ ning carrier e device
based” on°P§alndcusieatiTesnastively. cal noi se. The system may further
conprise a shielded enclosure for shielding the device from el ectronmagnetic
interference. 20The system may further conprise an anplifier coupled

bet ween an outpdne®od ma - -
y further comprise using r = ———to derive a relationship
H(f).G(1)
of In(S,) = In(@,, «.G(I))-In — S |based on Hooge's noise
H(f)/ D
/(f) Ay . . . ,
equation———=—"- where S, is the spectral power density of the noise, | is the

15 operating current, N. is the total number of free charge carriers, f is the noise frequency
and oy is @ modelling parameter accounting for factors influencing bulk quality of the
device. |

The method may further comprise generating respective noise spéctral
20 representations of 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 obtaining a noise gradient k and a y-

axis intercept value C, of each noise spectral representation.

25 ‘ The method may further comprise modeling H(f)/D = f™ where m is a current-
dependent parameter and deriving m as a function of current | based on generating a
representation of the noise gradient k as a function of the corresponding applied
operating currents |.



t he device and the signal analyzer, the anplifier for anplifying the

el ectrical noise. The processor nay determ ne the charge carrier

l'i fetine Wy oawaosdsng two or nore noi se spectral of thepdewsiceel/oe@syh noi se
spectral being exhibited over a range 25of frequencies and at different
applied excitation signals. The processor may nodel T as a function
of operating current and noi se frequency wherein the excitation signal is
the operating current. 30The processol may generate an expression r =D. I,
where Dis a H f).Ggo) constant which maintains unit consistency, H(f) and
& 1) are functihen®etiodnaiayefurtheqgempyisé meodelingeBd) ibaged wnr generating a
respecti i 0. re=,p. i ol ip of
1) 1 SirieppiorBr Hens BRE plior 12 Gy a9y bt ofind cbfietidriizy

equat i on 2BPgd ORGTRING &Yrrenés b he spectral power density of the noise, | is
the 12A. operating current, No is the total nunber of free charge carriers,
f is the noise frequency and aH is a nodel|ing paraneter accounting for
fact oPs i nfl udRBIFEBINALCR @A the Ghasee caieq ifptie. T of the devitpaayreareprissr may
generate respective noise spectral representati ong ofl }ea?h recorded noi se
spect r al usingraespightédrayetageesile di f f énoarihe eperessiomy =Gty eht, wherd ®l isach noi se
spectral representation conprising noise power spectdaF fdensity as a
function r nc nd.obt ai pning a noise.qgradi ent k and a y-axis

i nter ceptfrgéléﬁfnﬁzg%gegy e%%’c%m??oﬁpfggglﬁg@ﬂe 12t g %@%r?? gthfzon. The processor may
nodel H(f)/D = fmwhere mis a current-dependent 15 paraneter and may
derive mas arhuRGhboBe Honf WA R 1 (PAREH 1GRE NE Processor generating a
representation of t noi se gra ien% as a function of the correspondi ng
appl 1@d operating currents I. The processor may nodel G(1) based
on the procesyns NIRBPbEHORTaBoRAEPIESRNE FbqD Of the y-axis intercept

val ue Co as a function of t?’ue corresponé’i ng applied operating currents I.
The processor nmay determ ne the charge carrier lifetime T of the device by
usi ng a wei ghtrgg nR¥ifdAA8y YHHE? cBinpkisd miduBMd NEs EXMCASTbWperlating Turrbht ~!

where Nis a o )
wherein the excitation signal is the operating current.

15
D.l
T=—r
The method may comprise modeling G , where D is a constant which

maintains unit consistency and G(l) is a function of operating current |.

D.I

T =
The method may further comprise using G{I} to derive a relationship

e.G(I
20 In(S))= ln[g%()j—ln(f) based on Hooge's noise equationm =24 \where

2
c

S, is 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 o is a modeliing parameter
accounting for factors influencing bulk quality of the device.

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

operating current |, each noise spectral representation comprising noise power



r N 25frequency range of each noi se spectral sanpled at an interval of 1
Hz. The N may be fromabout 1 Hz to about 10kHz. The N may be from about 1
Hz t o abowD 200(kiass3 8 The processor may nodel T aeTacRenovewes of
operating current wherein the excitation signal is the operating current.
D.I 5The processor may generate an expression z- = where Dis a constant
G(1) which maintains unit consistency, and (1) is a function of operating
current |I. | The processor may use r g D. to derive a relationship of 1)
in(S1) =In(a .e.1))S (f) a H in(f)based on Hooge's noi se equation

' =wher e Spedifal densityt drea fyretion af frequency denkottaingfg 4 haxisohtecept valetdie

operati ngs g Bhlke é%ffafrsetpg&r?% eﬁl nunber of free charge carriers, f is the

noi se frequency an i ng parameter accounting for factors
i nfl uencing bulk quality of the device. The processor may generate
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spectral corresponding to each different opera current each noi se
spect Pal "PREBdRtianael Bis -axpintsraept HaluseCpaner funsten hthelepsesppndinga
functi on applidd ssevsiHgYourdngs My obtain a y-axis intercept value Co of each
noi se spectral representation. 20The processor may nodel G 1)/ D based on
the processor generating a representation of the y-axis intercept val ue Co

as a functi onimfhetrigthed thesiParsé EriéPIRbiiRe “B1R& HENBe Fhiy K& bStetmined
by using the maximum achievable t obtained under the different operating currents.
10
In accordance with a second aspéct of the present invention, there is
provided a system for determining charge carrier lifetime, the system comprising, an
excitation source applying an excitation signal to a device; a signal analyzer for
recording electrical noise exhibited by the device; and a processor for determining
15 the charge carrier lifetime of the device based on the recorded electrical noise.

The system may further comprise a shielded enclosure for shielding the
device from electromagnetic interference.

20 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
25 of frequencies and at different applied excitation signals.

The processor may model t as a function of operating current and noise

frequency wherein the excitation signal is the operating current.

D.J
H(f)G(D)'

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

30 The processor may generate an expressionr = where D is a

f and operating current | respectively.



The processor nmay determne the carrier lifetime T of the device by
obt ai ni ng 25t he maxi num achi evable T under the different operating
current s.wo0 2011/040888 accordance with a third aspect of tpeTpGee®INI3E6S
invention, there is provided a conputer readable data storage nedi um having
stored thereon conputer code nmeans for instructing a conputer processor to
execute a nethod of determ ning charge carrier 30lifetinme, the nethod
conprising the steps of applying an excitation signal to a 9 device;
recording electrical noise exhibited by the device; and determ ning the

charge carri et lifetime of the device baded on the. recordeld el ECtI’I cal

noi se. 5 BRI EF'DESERISETYONTEE TH¥E to - degyd)oai FRRISIP + He
invention will be better understood an rea&l | y apparent to one of ordinary
skill in the art fromthe (ol low g vvrltten descrlptlon by way of exarrple
only, anép(lsn)tb\(?uﬁ@i(llﬁrr(\q i I ngs, PM whi chHoogs’s isgure 1 is
a schematic diagramillust system for neasuring charge carrier
lifetine of a de cedn an exanple enbodi nment . Figure 2 is a

nat ur al Em@mnt—heg—)c

%;apmetef Snis e ppeatial ppeet dabsityeofstheyndistsD) isvihe
15f requency for Igi t f éVent operating currents neasured froman exanple
organi c gure 3
is a graglhl&gﬁnggiué%h{e%f% hgs ﬁtgtﬁ?'ﬁ%r?%ﬁﬁa gglgg'ﬁfgsa%sfthteﬁglsegeg%e'g ectral
pr of i ¥ esandh okiigy a mogsilingt Rafamgler rseounting é@ﬁemdnsngﬂmpmgmulh qedlityt bfethroi se
spectral dgg&]fl | es in 20Fi gure 2. Figure 4 is a graph of the

| ogarithm val ues of electrical noise levels at 1H2 obtained fromthe noise
spectral profiles in Figure 2 plotted against corresponding current | of

the noi se speghd Proddsebi hiy %@né:rh@UF&p@ctlv%Snmse specfr élgwp‘?esrén'ta?tloﬂs sghemati c
flowchart illustrating a nmet etermnlrégcaar ge carrier fetine in

an exanpPeEMFOISTEAPISe spectral corresppngig do 623 ffgr@ﬁgﬁa@ra@ng ICIUU§f‘? htion of

a conput gactsneisers efrau redERtioRJdedin Reide e&iran denhHhag0g carrier
pe .rgpl di ment &@%AI LE I PTI ON Afltpexarrpl e

lifetime_in an
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exi sti ngCl etéadhousse §futtralepreédedbitioas an excitation source for inferring
lifetime. In the exanpl e enbodi nent, charge carrier lifetime is inferred
froma | ow frequency noise profile exhibited by a device during varying | ow
current oper aTheongocessot heae xanpele HfifDodi ffemheies nbaseai curreai-ésxtenderal noi se

and ot HalAdd L vl SINECR! S8 S8R0 O SHEh 2100y JTeCHATBLE,

enmbodi me can be ext age devitces requency
noi se frgﬁmeiatﬂmna:ereomebtatlaoqof rtdad woiseogradiengnkf iasamt fuhaibor of dhevi a a

si gnal agglak s%%ﬁdlln% EB%}&O%&\?% gl fis font act between the probe of the

measur enent unit I ce un er test, and if the device is shiel ded
fromel ectro-magnetic interference (EM).

The processor may model G(lI) based on the processor generating a
20 representation of the y-axis intercept value C, as a function of the corresponding
applied operating currents |.

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

using a weighted average value of 7 from the expressnonl = LZL where N is a
T

Ilrf

25 frequency range of each noise spectral sampled at 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.



Sone portions of the description which follows are explicitly or inmplicitly
15 presented in terns of algorithns and functional or synbolic

repr esent\0i20n40409830per at i ons on data within a conput er PEESG2910/0T0368 e
al gorithm c descriptions and functional or synbolic representations are the
means used by those skilled in the data processing arts to convey nost
effectively the substance of their work to others skilled in the art. An
algorithmis here, and generally, congeived to 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
el ectrical, i ;
transferred, ”?gﬁgérﬁg%é%r %E)Jar egeﬁ g%aé %@gﬁ?ﬁ%ﬁanhg ngﬁ 8@% fhéin the

Unl ess s@eeiiation siong '%thatoeerabtmerrrﬁr%e and as apparent fromthe follow ng,
it will be 25appreciated that throughout t he present speci fi cati on,
di scussi ons uti I izing terms such as "scanning” a(}al cul ati ng"

"det egm ni ng" r i t| i zj ot i,ng", or
t he I?ke r ef EP et 0 %%gbgg‘tay o%teglglhbgé aatn srgsess'ér{oz:‘ & gprr‘,ﬁﬂeggrD 'ssyélt #‘5{‘}
simlar electronic device, that manr puI ates and transf orms data represented
as physi ®RIChduaiRteinguB coRsistensy ¢ 3 Cdnpaterctioy steneratitgsusenrds data sinilarly
represented as physical 30quantities within the conputer system or other
i nformation storage, transm ssion or di spI ay devi ces. The present
specification SOp se pp tu rf ng,th iogs of the
nmet hods. Sucth%)pargitcgésgoriayﬁ]t? sgé% a?l yG(;{Qn(gt r(%'(r:?%ad ?or'%tI 'Bﬁgrgéquré}ed
pur poses, 35or nmmy conprise a general purpose conputer or other devi ce

&
e oot PR Eace ] i SRS LAHSS Bl e S GRS o I

inherently related to any particular conputer or other appar‘ét us Var i ous
genet@l [suthgospechialchawes Slensity biethesraisaniltit the ogemtisg |cnrrem1cblg datteetordlt h t he
t eachi ng e , ecral zed
appar at o ool hee cho B aHeHEr kit NEE BR300rE B A, % FRCBN A Br el e
structur eCQﬁun%ﬂQ:anﬁﬁGms loﬁrﬁncgerbekajuaptwopﬂnseiemoerput er will appear fromthe
description bel ow In addition, the present specification also
inplicitly discloses a conputer program in that it would be apparent to

t he person skih¢ qfosassphaayr gendiate [aseettivgi Doiseapecialsteppeseotatiohe afet hod
descyg be@a&??&!o‘?dé@)ﬁor@@ s?)@Etrélnéd?r E)Bﬁ&hg Ry é‘aQWFf@rEnfBﬁlé'atJ %uﬁgﬁippt er
programis not intended to an articu ng

I anguagee%‘f'fbl ”Pﬁﬁl%HP'atqpoﬁ?et‘F?é'P@dtOmnrts'ﬂﬂ PP'S%dDOd\f?orS@éP*a@e‘éﬁftsﬁatasaa vari ety
of progr amm.@g of dreguasss aaadmspdjbwntétgrae@f in@teMevase € [ & L48N ROROL the

t eachi ngs 5{ he disclosure contai ned herein. Moreover, the conput er
program egeqtr rEPFRRSSNAY® 0 be limited to any 15particul ar control flow.
There are many other variants of the conputer program which can use
different confrol flows wthout departing fromthe s r|t or s e of the
i nvefqr on. The PR CRE MY &° e(E@/E) rﬁ?%gd o iR RIPYSSSOLISNRER 'Egn?)ut er-

pr ogr am repyedeataiienf afrthed-axis paekpelalvattiess brfanctmqofemtel &rfegpoddifg a
conput er red 20 on any conputer readabl e nmedium The
conput er %gga g}%ﬁﬁ%ﬁﬁgy i ncl ude storage devices such as nmagnetic or
optical disks, menmory chips, or other storage devices suitable for

i nterfacing r bl.e medi um
nter ac1 19 ALREER AL BUERRRE ROUIHPeuHS, SRIPHLES h BB
systdm the maximuasachimeiblem gndeh tresdiffremp lopkratidgicarrehis. GSM nobi | e t el ephone
system 25 The conputer program when | oaded and executed on such a

general - purpose conputer effectively results in an apparatus that

i mpl ement st hle ascersanod withe thirebepea of thet present invention Therei inpenvidenha may al so

be i npl e R r , e sense,
a nodule Is f%%%{@%ﬁé\@ \/\g{regﬁjlrjnnwlﬁge%%d % G gu{ep%ﬂét%%\'vﬁ
conponenfos '"éVUQ’fBG @ @FPUERH rpr@ﬁasﬁp r@ex@umme&om db@fmmge@mgedatner ng

di scycet ejirefirRe! Er@‘h?etmgﬁt%ﬂglﬁ tﬂé hpS a%gf aﬂoé;drt‘aﬂoﬁ’fsu%{e qptire
electronic circuit such as an p i cation ecitic Integrat rcur t

(ASI C). Nunerous other possibilities exist. Those skilled in the art wll

appreci ate that the systemcan also be inplenmented as a conbination of
har dware and software nodules. 12



Figure 1 is a . schematic diagramillustrating a systemfor determ ning
charge carrier lifetinme in a device in an exanpl e enbodi nent. The device
can be a wemrigaogsst or or organi ¢ device. The determ ni rgTiss20@meededn a | ow
frequency el ectrical 5noise spectrumof the device when the device is
driven under |ow current. The system 100 conpri ses a grounded and
EM -shi el ded netallic enclosure 102. A device-under-test (DUT) 104 is
placed in the enclosure 102 and connegted to a | ow noi se excitation source
106. The excitation source 106 can be a current source. The 10 excitation
sour ce 1l0evicg [esodHing aledtical trmiseDigXhibded bin theudpuice v ehd adptemeniegathed by t he
DUT 104 C I 07) to a

| ow noi sgﬂérﬁ%%w rle[erﬁ %%.&fﬁihﬁﬁ‘fﬁgéﬁéﬁmnﬁﬁf m@&%@gﬁﬂg ﬁé%%l for anplifying
t he DUT out put voltage for | ow frequency noise analysis. A D gital Signal
Anal yzer (DSA) 110 is provided for acquiring the | ow frequency noise

spect s umpRIEF DESTRIPTIOROF FHEASRAWIRES he DUT 104 via the 15 anplifier
108. A conputing platform 112 is provided for perform ng mathemati cal

anal ysis on the | ow frequency noi se spectrum acquired by the DSA 110 and

for extracti nEn‘Ibme‘iéiﬂé getr@ahverﬂ.bnlw.ﬁ ablue&epaﬁ@érgfo@a @ reb@iyRdbatét. 1 n the
exanpl e Fnbodl rgené i é%e ?{I’I’I |fet|rre 8meter is inferred from
20t he. eRbabs oL ardian. SoIbHy bRyt URWingIRen ABEripliohnpt Way i)

exhi bi t edxdamypieloalyDeihd irOéorMmmoop\&uhahedraMmdjs an dhickct current provi ded by

t he urce 106. The charge carrier lifetime is nodelled as a function of
noi se” frequency and operating current. The noi se spectral density is

nodel | ed as aFigumree&ris faischenaticodiagnaen iestcating batshstpar toneteassrifieichgrgeonput ed
in |ogarj ] [ A ifetime is inferred froma shift
in the 2E5rg§?a{ﬁt et%feafd%% 'ﬁlgﬁseggg‘%gc rb§{j rA(fé‘ﬁisi ty in logarithm c scal e under
varying operating currents. Mre particularly, the charge carrier lifetime
is inferred f ensity
1 ogar | hmi Gouea &' nguter ogfinkic BisEh oFRbie® bol ol RS HeRBREESE o8 feancy
noi s& spleqyeary demndifferent @pe@has ge'rré@tﬁrm@aswd dommani exasnin ©Eganics light t he
range frgmiiHydibdelin 4 ekBmplRUMbodMiht Hz. 30 I n an exanpl e enbodi nent,
a nmeasurenment systemis based on Hooge's Law, which states that the
spectral noise power spectral follows the relationship: Si (f) aN 13

where Sl is thiguRErtd glaph@nexpdhentdl fuhcBbn bhe rg%cﬁéhts bf ihe doite speerat i ng
is the total nu arr

forward cu er r C ier

t he measﬁlp% ':‘:1'5 "hgigsé Wqﬂ@a@@ﬁ@ﬁt cofigspn grr‘ﬁfi@”; 'Sth 5%9?"8?"?' ?eéc'ﬁounts
for 2ari BgarefAactors influencing the bulk quality of the device. 5

Hooge' s equation is used in the exanple enbodi nent as the equation is an
est abl i shed nodel for describing 1/f noise which rel ates noise anplitude as
a direct |ineRigureuhas iaograph dfrtbelegerithes .valliee of eledtiicah nose, letdisiat bl

lat . .l ; |
Fesal t 5. e ok, 178 RERE S BE A EronBTRR e 2 oot BB BB EARRUR
Kl ei npengiriegt kofitbrindiye srastrpeprofilesivdigmeR. t o t he Hooge' s equation. NI, can

be expressed in terns of the charge carrier lifetine t as follows: N = - 17

e(2) 15where e is the electron charge.
Figure 5 is a schematic flowchart illustrating a method of determining charge

i's

carrier lifetime in an example embodiment.

Figure 6 is a schematic illustration of a computer system for implementing a
30 method of determining charge carrier lifetime in an example embodiment.

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



The two abovenenti oned equations (1) and (2) can be conbined to arrive at

the follow ng rel ationship: =a.l.eS f.r 20 Thus, equation
(3) all owsoamiiabssence of the charge carrier lifetine tchsominneosi se
spectral associated with the frequency f. . It will be appreciated

that in the foregoing description, ternms such as spectral 25power density
of noi se, noise power spectral density, noise spectrum and noi se power
spectral are used interchangeably to ggfer to Si . In natural logarithmc
scal e, equation (3) can be re-witten as: 14 Figure 2 is a natural
| ogarithm c graph of noise power spectral density (PSD) vs frequency for

di ff er enpeaGl b DEESERIPBONS Neasured from an exanpl e organic |ight
emtting diode for illustrating the above relationship. FromFigure 2, five

di fferent noise spectral profiles 201-205 are obtained for five different
operating cur fBS§K3Mpieembodimeat cap prgyidaa systemahatzan Addiess fwuimyitations efhe
exanpse et ReRiquedSthbiBsd BgHt Jdexn eRcilalioPRBIRE 6k AferfiyMifetihe et fhef OF a
short durati n(%e.o%. about 2 m n%, the test device is not degraded. Hence,
t he techﬁi‘?ﬂlfgei Roplnent o FRAree CRBEHIRIRE iBanfered feam delowr lleqyelsy nofset he
exanpl e profidextisied Byhe devitgumnmiay Vasyind aswl cedleritr paratioh. A® tHKldzampe 10 the
systemis

d [ f i | i ill b i dth th
ol " of STRETECAl Eosab ot SRR So8R and o b Fo S SPteah GerEspiwal Ty
measur _edeicritetioraltrmjexamdtdzemboddnenttcabﬂiel-ﬁderidegmpackagéd uédidegbfurﬁte_ﬁ,alo\lu t
: . t . nar substanti.a o
£ F oS bol FeEnEy st FeBEF SR b BRTes Ao SF R e R Rt MO0 carr i o1
| i f eti meanrigzed if thrers feedrl @mibicontact dletwenitse probe of the uezesyrenzemgenivéndlhehe noi se
spectr al dé\ﬁéﬂl@%r félst, %ﬁd ifMEERe i EnidigEl from electrio-rhb%n];egé 8‘%{&%&3@“‘)& ange,

the current us I'n'the exanple enbodinment 1s In nge o ut ‘0.3 uAto
about 0.2 mA, ie. the current is sufficiently |ow enough to avoid
signi fi cant degnadedrtiens @hdheedascrefiont whise falews drrei explicitty or implicitidence, in

a thepr ef}ﬁe?s@rlnt!eé( ihd s A8V iifrithiys Ringt hjn@ﬁbrtaheor”@ilrﬁ@oligp\’&rres%ﬁ%t)ﬁélofS1 in
natural |ogarithm c scal e agai nst frequencg}_ f, a gradient of -1, and a
y- i nt er cBPRIAWANS: oF Sgfe EBI8 §icoRPUIRE PYPARr d hesr Alderithets descrintipas o .

However , funBonsRbugntdlic Tepgrédentidibndard b aned udel @y tthysel SkaRuas vt &g (4) due
to the exi stence of another %E&%‘% ar anet er, Zga,rH in i.nt ercept
|

the y- )
torm PrOCessing arfzdo ZRnyyie € sibstaprs af hewoticlp athest sledt e
Ear anet etheTari. &nra{agmide?] isciobrasaral gje_mﬁfdlly,afbnaéivédh@ﬂﬂal 4 selﬁ%fs@?ﬁisw&ca, it cian
e opser t hat .as, t curren ncreases,, the slope of the noise spectra
becotde SiensdeafiotEe el ik R ERea Rt S iR e atitrtonive
r ecogni sefdphysistl quemtitidsarsgeh as eldeicah anapaetiaor ogtical sifedls kepablel o beiagcur r ent
changes | g klcant 10 1nf i,N e y-intercept (which
éttﬁﬁe?, ?%r\vs;f rfed Eor’nignéd1 cLMggt%Hg%?oicﬁg%@s%%ﬁ%rﬁﬂﬂat g'

reflects requency norse na S, as aH i s dependent on

the bulk quality of the test device and
Unless specifically stated otherwise, and as apparent from the following, it will be

25  appreciated that throughout the present specification, discussions utilizing terms such as
‘scanning”, “calculating”, “determining”, ‘“replacing”’, ‘“generating’, ‘“initializing”,
“outputting”, or the like, refer to the action and processes of a computer systém, or
similar electronic device, that manipulates and transforms data represented as physical
quantities within the computer system into other data similarly represented as physical

30 quantities within the computer system or other information storage, transmission or
display devices.

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



15 as the test device does not undergo significant degradation in the test
procedure (conpare Figure 2), the inventors have recogni sed that the bulk
qgual ity amod2bemmaesssaH, remai ns substantially unchanged. pcm/sora®roodsss f act or
the effect of T on the noise spectral gradient and y-intercept, it is
assuned that T is dependent on the forward current | and frequency f as
follows: D.I r = (5 H(f).EIl) where Dis a constant which naintains the
unit consistency of equation (5). H(fyiand (1) are functions off and I
respectively. 10 The renodelling of T in equation (5) allows the
carrier Feqoetiguied Pyt @ GoATAULRS nRfegRaRE Stafed tin the taempytesdTeat algerithys iander cept

of the nGIséﬁyQﬁ?%énté@%@Feﬁrﬁére(r%W@Fcﬁtl?'r&l%ﬁ t€biny gamemm Ein&ﬂf%r' dmer( 5) into
oy

equation (4) results in ol I ow ng” equati on:
_e. §(1)) PPafaluge)Vanogs fgeﬁﬁfalb)PUfpose mashifes B3Vt ke H%ﬁds FIAr&®s 201- 205 i n

Fi gure 2acédﬁ?arﬁt@|vﬁtﬂ tSPREERIRS w@aﬁlA%ra&a.velp %E%otﬂﬁﬂ.?h% oifAr%r@ cn@ﬁﬂé@tlogo 7
under _a constant cuctr under current o u - -
<L 1) Bopaaa e Besrrahe teifag Satiartoen GeY b SapioRras: TheaGRTs B 1 1o
and k i scomentigradgeretalparpgse dempideill appedr ilohiiBs @eserptidn B&lovhe noi se

gradi ent, a conparison between 25 equations (6) and (7) shows that H(f)/D

can take the formof H(f)/D =r. That is, the gradient of the noise
spectral can e additien, ethev ipeesantp apesifidation nals@smplhictyn distlosgsias | compugr: | n( S1)

;n:jn((aglljap%g%‘% Qg‘ tha(t:lt wcmld L?%})Pgréﬁe '}?%8 é%psgn ski gd Bry th%o%lt) ﬁa& ?’%)Iﬁgi ‘35' on ( 7)
steps of the method descnbed herein may be put |nto effect by computer code. The
computer program is not intended to be limited to any particular programming Ianguage
and implementation thereof. It will be appreciated that a variety of programming
languages and coding thereof may be used to implement the teachings of the disclosure
contained herein. Moreover, the computer program is not intended to be limited to any

15 particular control flow. There are many other variants of the computer program, which
can use different control flows without departing from the spirit 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 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 a general purpose computer. The computer readable

medium may also include a hard-wired medium such as exemplified in the Internet

system, or wireless medium such as exemplified in the GSM mobile telephone system.

25 The computer program when loaded 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 modules. More paﬁicular,
in the hardware sense, 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 electronic components, 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 software modules.



nm(10) AIn( f ) 5 Therefore, in order to obtain carrier lifetine T, k and
G1) are identified separately. It can be observed fromthe noise
spectral woaopanesski gure 2) that the noise gradient k ircrsalem/vedsh t he
driving or operating current. Thus, mcan be nodeled as a 10function of
current |. Figure 3 is a graph of exponential function of the

gradi ents of the noise spectral profiles in Fig. 2 plotted against
corresponding current | of the noise spectral profiles in Figure 2.

By plotting the exponential function values of gradient k versus I, the

rel ati onship between the gradient k and current | is deduced to be k =1n

. ' Y- nt. f th
i near "gr aph SO0 i g Seiemh® LidthB EalF o0y sibeb 7, et MG R, o) s
can be i gafief flifeine dn =a deyg® 76 1{NO0 exam@ig5embodiment. STive: edelice  ¢anm bes @e
equation séﬂﬂf&)\ddc?or 0?5 ahic davick/ ﬂféd&%’?ﬂ Rﬁ? sLHatsgg bn %ﬁ&ﬁ%héé%%? elé%frf{“.gl

equation (11) as: rom equation shown

. e. @ P)) nyise seeciue °be€ devigy wheathe eequ (smyersm@w arasst abl i shed at
equatlon (7), Co is logarithmvalue of the electrical noise |evel at 1Hz.
Figure 4 is a raph of the | ogarithmval ues of the electrical noise |evel

at 1Hz of the' %P%sée@dQQFP@Pr'iﬁscﬁ gouaded-ang; Bl ehielded metalig epglasyis i 02.

cor r esporddevitedunteerbs(DUDf104he pk@@@ﬁﬁﬂﬁe%%&ﬂr@' 102" #Hd dPBected to'a lovY
plotting Co a obs rved t hat the two raneters

1
P orm & P rfSaERLAgh shitich 10, be e fiin SopaeriORuan bF B tag sured dgecd on
gr aph0402xcitatibn smace ¢0RIBtUseY t€ drivedite T TR 04 hracutia vorag gen@ra?edl&} the P(14)

DUT 104 for low frequency noise analysis is channelled (at 107) to a low-noise amplifier

108. The low-noise amplifier 108 is used for amplifying the DUT output voltage for low
frequency noise analysis. A Digital Signal Analyzer (DSA) 110 is provided for acquiring
the low frequency noise spectrum of the amplified voltage from the DUT 104 via the

15  amplifier 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 lifetime parameter is inferred from
20 the electrical low-frequency noise spectrum (in logarithmic scale) exhibited by the DUT
104 when 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 noise
spectral density is modelled as a linear function of frequency, both parameters being
computed in logarithmic scale. 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 carrier lifetime is inferred from a shift in the y-
intercept of the noise spectral density in logarithmic scale under varying op?rating
currents. The low frequency noise spectral 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 relationship:
5,0 _ ay
I,

(1)



where p = 49052.1 (gradient of graph 402) and P=-24,7 (y-intercept of graph
402) 20Hence, from equations (13) and (14), it can be shown that 1) =
exp(pl) ( dsp 208/048888he proportionality between Co and |, pemischowanidse
obtained fromthe gradient of the graph 402 in Figure 4. 25 Using
equations (3), (5), (15) and H(f)/D=fm the follow ng equations are
obtained: _a .1 .e aH.eH((f).I) .7D. f = all .e. fexp(13.1)
30In(Sl) =Kln(a He)+ 13.1- (1 - m Inq% 18 Equation (17) indeed
satisfies the general 1/f behavior and describes the 1/f noise spectra
wel | . Theheeords theispedtsah pver dansibitefitbanoise, Innthecaperativaforyasbement. i ot her
wor ds, t td TeddGardd ~ i i Lt has
account eng %?M‘?hdgmggééf’rfs/eatl oﬁdét ﬁﬁﬁerg’gﬂdlf;%te%ﬂg?%gh Sggé':sg?{te &\génr,&y'?r%”g'hi t ude

i ncr eased Mdefing pajagetei dhat @gequats for vafious factass imdgendainedbe pak quality pf the
represenggfedy (1n(aHe)+ 131), while the noise gradient is represented by
(1-m_where mis a current dependent paraneter. Based on equation (5), (12)
and (5_LS), the following T equation is obtained: 10r= (19)

f1-Db( k'(' )L-FeXp(Héogﬁs b@uaﬂ;i@h‘a&iu@@d (Bthe Skarmple é’iﬂ?@fdﬂne;fltlé'()sgtﬁzeh@ng%rﬁ fig aflﬁency

noi se a . regquencies rangin rom1- 7 an IS e

char ge cﬁ%?'@be‘?in?ogﬁf 8 J§§§' ’i‘gat%@d"%et Wg‘FP gﬁ'ﬁ@ﬁc@?'ﬁe pRPUHIR B8R ARl devi ce
(e.g. DUinebbfunefiorofgiegaeritles. The dduistion tanheqbatdigtivelyBasily ihtepstbteB@ngr oposed
that: remodeled to explain experimental results. It will be appreciated that other noise _fnqdels

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 t as follows:

N =X 2)
e

15  where e is the electron charge.

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

_ayde

fr

S, 3

20
Thus, equation (3) allows an inference of the charge carrier lifetime t from the

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

spectral are used interchangeably to referto S, .

in natural logarithmic scale, equation (3) can be re-written as:

30 In(S))=In(a,.el)~-In(r)-In(f) (4)



20l n the exanpl e enbodi nent, calculating the charge carrier lifetime T
depends on the frequency. Therefore, at each specific frequency f" the
correspormongiiwraossser |ifetime at frequency f, can be wectriseno@msoosssa e ' f
= H(21) /zf 25In other words, the nodel in the exanple enbodi nent suggests
that charge carriers of a specific lifetinme T, contribute to a noise
frequency f,. Therefore, to determne the average lifetine T, the noise
spectral over a |ow frequency spectrugy(about 1 Hz to about 100 Hz) can be
integrated as _seen bel ow. WO 2011/ 040883PCT/ SG2010/ 000368 N 19 Sll=aH e =
N .aH 'e(22) Figure 2 he natusaldogaritanic ataphtal oRise PRyer spacrbdansits RSD)i v
obt ai ned f@guency bt ldifferent \Gpératfig Céfrells! heblied MRMYEINC ¥xdrild Cor@inid GhiN0! S€
spectr al sg?rpl éd at an i?l{%perv\gp of 1 Hz. From equation ﬂQ_,Qv%erg 7 = the
speci fi c ®Mited EREG Fernbisgating thergteue rigtionship/ Biom Eiguts 2fiveidiftarentendiset can be
deri VEddaﬁecTﬂal ﬁroﬁfeslzofﬁfﬁdspérécabtﬁ%&{ fo?-f@é_d%T%N?oq{eFBﬁn@%’ﬂbﬁ‘th%. 2gugA | ons
(24) g : 1%&13 ) 10t0u2\, %BUE C;[nhvz(aOu%S].arngg\eC&raHp?er emlbogimlerr?f 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 spectrum, it will be appreciated that the model of the
example embodiment is valid across the 1/f range typically measured from about 1 Hz to
about 10kHz. However, it will be also appreciated that the measurement range can be
narrowed substantially to from about 1 Hz to about 100 Hz for facilitating the
computation of carrier lifetime based on smaller N wherein N is the frequency range of

15 the noise spectral sampled at an interval of 1 Hz.

As for the current range, the current 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 enough to avoid
significant degradation and heating of the test device.

20

Hence, in a theoretically ideal device, by plotting the noise power spectral S; in
natural logarithmic 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 t can not be
inferred directly from equation (4) due to the existence of another unknown parameter,

25  oyin the y-intercept term.

In the example embodiment, to infer the value of 1, the parameter-t is rembdelled

as a function of | and f.

30 From Figure 2, it can be observed that as the current increases, the slope of the
noise spectral becomes steeper and the y-intercept becomes larger. The inventors have
recognised that the change in the charge carrier lifetime t due to current changes is
significant in influencing the slobe and the y-intercept (which reflects the low-frequency

noise magnitude). That is, as ay is dependent on the buik quality of the test device and



can be derived as follows: N - = N= Nf 1-113(kol +c) .exp(/3j) | _ Ti=1
T1=1 = fl-In(41+c) .eXp(ig.i)\ L, /.1 15In the exanple enbodi nent, the
par amet erwoep1lapssand 13 are derived for each new DUT. Phusc2otemod3sghni que
of the exanpl e enbodi nent can used as a direct neasurenent of charge
carrier lifetime. Experinents have been conducted on different devices to
test validity of the 20 described exanpl e enbodinent in charge lifetine
conputation. Table 1 below tabul ates gge conputed carrier lifetinmes at
correspondi ng operating currents and neasurenment range N. It can be

obser vedasHhe testedewvicoudpes apk undeige stignificani degrafationeini thel teshiptapedurepor t ed
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remains substantially unchanged In order to factor the effect of T on the noise spectral
gradient and y-intercept, it is assumed that © is dependent on the forward current | and
‘5 frequency f as follows: '
D.I
= (5)
H(f).G(I)
where D is a constant which maintains the unit consistency of equation (5). H(f) and G(I)

are functions of f and | respectively.

10
The remodelling of < in equation (5) allows the carrier lifetime t to influence the
shift in the gradient and y-intercept of the noise power spectral (compare Figure 2).
Combining equation (5) into equation (4) results in the following equation:
15 In(S,) = In(@,, e.G(1))-In S (6)
| H(f)/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 20uA).
20 In(S,)=C,~kIn(¥) 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 1 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 = f". That.is, the
- gradient of the noise spectral can be modeled via a parameter m, as shown in equation

(8):

In(S,) = In(ar,, .« G(I)) - (1- m)In(f) (8)
30
It is noted that m is not a constant and is a parameter dependent on the driving current.
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By comparing equation (7) and equation (8), it is inferred that

C, = In(a, eG(I)) (9)
PRRELLICY) R (10)
Aln(f)

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

It can be observed from the noise spectral (compare Figure 2) that the noise
gradient k increases with the driving or operating current. Thus, m can be modeled as a

function of current I.
Figure 3 is a graph of exponential function of the gradients of the noise spectral
profiles in Fig. 2 plotted against corresponding current | of the noise spectral profiles in

Figure 2.

By plotting the exponential function values of gradient k versus |, the relationship
between the gradient k and current | is deduced to be

k=1n (ko.l +¢) (11)

where k, 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:

c=2465

ko = 13756

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

using equation (11) as:

H(f) — fl-In(kp/+c)
D f (12)
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From equation (9), it is shown that:

C, = In(a, eG(I))
Therefore, C, = In(a,, .€)+ In(G(1)) | (13)

where, as established at equation (7), C, 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 I of the

noise spectral 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 equation can be obtained as follows :

C,=pl+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 ca‘n be shown that

G(l) = exp(Bl) (15)
B is the proportionality between C, and |, which can be obtained from the gradient of the

graph 402 in Figure 4.

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

_ayle a,eH(f)G()
- fr - D.f

S, =a,.ef"" .exp(BI) (17)
In(S,) = [(in(e,; )+ B.I)]- (1 = m)In f (18)

S

(16)



9. 8154E-6 1.55 6. 09154E-5 3. 4298E-5 2. 4545E-5 5.20 8.66368E-5 5. 2227E-5
3.89201E-5 7.20 7.37646E-5 4. 65043E-5 3.55913E-5 Dye-sensitized sol ar
cell 1 5.\834i1F046883 PCT/SG2010/000368

18
Equation (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)+ A7), 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 1 equation is obtained: -

1
10 == : 19
fl_ln(kol+C),exp(ﬁ,1) ( )

In equation (3), S, = i 'I'e, where S, is the low frequency noise (LFN) at all

fr

frequencies ranging from 1-100Hz and t 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 proposed that:
S fa 1 (20)
/ T
20 In the example embodiment, calculating the charge carrier lifetime © depends on
the frequency. Therefore, at each specific frequency f,, the corresponding carrier lifetime
at frequency f, can be written as:
S
i o= 2nl (21)
1 7,
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 to

about 100 Hz) can be integrated as seen below:



3.53445E-6 2. 72916E-6 - 10-6 1.65 3.86833E-6 1.13181E-6 5.51523E-7
1. 80795E-6 4.49732E-7 1.993E-7 P3HT/PCBM Sol ar Cell 0. 82 5. 3432E-6

3. 3249E- 6wb.282438ds36 - 106 1.5 PCT/SG2010/000368
19
il S/f N ay.e N.aH.e .
= f = = 22
; { S ; T, T (22)

10

15

20

Therefore, from equation (22), a relationship is obtained as:

—== (23)
1= Tf, T

where N is the frequency range of the noise spectral sampled at an interval of 1 Hz.

I

o , the specific frequency charge
[T exp(B.T)

From equation (19), wherer =

carrier lifetime = 4, can be derived as

- ! (24)

r
I ‘fl—ln(kol+c).exp(ﬁ.])

‘Thus, by combining equations (24) and (23), the effective charge carrier lifetime

can be derived as follows:

E B N _l_ _ N f"m(k"””.exp(,ﬁ.])

E gL e

r= fl—ln k IN) (ﬁ 1) (26)
Y[fTR exp( B
S een)

In the example embodiment, the parameters c, k, and B are derived for each new
DUT. Thus, the technique of the example embodiment can used as a direct

measurement of charge carrier lifetime.

Experiments have been conducted on different devices to test validity of the
described example embodiment in charge lifetime computation. Table 1 below tabulates
the computed carrier lifetimes at corresponding operating currents and measufement
range N. It can be observed that the results are consistent with theoretical values

reported in literature,

2.

| Devices Types | Operating | Computed Carrier Lifetime (s) | Reported

l

15



6. 3534E-6 4. 6726E-6 2. 24812E-6 2.5 7.6587E-6 5.9876E-6 3. 77672E-6 3
8.1237E-6 6. 7625E-6 4.55002E-6 Bi Fe03/SrTi O3 0.4 4.12656E-4 4. 11631E-4

4. 1124E- 4we 200/@0883 PCT/SG2010/000368
20
Current (UA) N=100 N=200 N=300 Values from
‘ Literature (s)
20 2.37969E-6 | 2.41203E-6 | 2.41564E-6
50 5.63680E-6 | 5.56456E-6 | 5.57012E-6
OLED 100 2.99957E-6 | 3.03234E-6 | 3.05634E-6 ~10®
150 7.58469E-7 | 7.54432E-7 | 7.54354E-7
200 1.40718E-7 | 3.54343E-7 | 3.56449E-7
Si  Thin Film 0.30 1.57268E-5 | 6.13519E-6 | 8.67672E-6
Solar Cell 0.50 2.50343E-5 | 1.38555E-5 | 9.8154E-6
1.55 6.09154E-5 | 3.4298E-5 2.4545E-5 ~10*-10°
5.20 8.66368E-5 | 5.2227E-5 | 3.89201E-5
7.20 7.37646E-5 | 4.65043E-5 | 3.55913E-5
Dye-sensitized 1 5.52341E-6 | 3.53445E-6 | 2.72916E-6
solar cell 1.65 3.86833E-6 | 1.13181E-6 | 5.51523E-7 ~ 10
2.15 - 1.80795E-6 | 4.49732E-7 1.993E-7 -
P3HT/PCBM 0. 82 5.3432E-6 3.3249E-6 | 1.22233E-6 ~10%
Solar Cell 15 6.3534E-6 | 4.6726E-6 | 2.24812E-6
25 7.6587E-6 | 5.9876E-6 | 3.77672E-6
3 8.1237E-6 | 6.7625E-6 | 4.55002E-6
04 4, 12656E-4 | 4.11631E-4 | 4.1124E-4
BiFeQ3/SrTiO3 0.5 6.43686E-4 | 6.40305E-4 | 6.38972E-4
1 0.00193 0.00188 0.00186 ~10°®
1.5 0.00272 0.0026 0.00254
1.98 0.00286 0.00266 0.00256
Table 1

10

15

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 é 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.

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 frequency range is sufficient to yiejld an

accurate measurement of the lifetime. It will be appreciated that the N valu::e‘szare

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

computation.
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Thus, the inventors have recognised that as long as the computed re.sults in
Table 1 do not exhibit large changes (e.g. a change in the order of 10) upon
increasing the measurement range, it can be concluded that a sufficiently high value
of N has been used.

Thus, based on the above, Table 1 provides a set of the charge carrier lifetimes
under different currents. A user may choose the lifetime corresponding to a typical (or
minimum) operating current of a device as the relevant lifetime parameter. Alternatively,
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 lifetime for a device measured over a range of

operating currents.

The inventors have recognised that in many cases, the change in the noise
gradient is small under varying forward current conditions, and the value of 1 is largely

influenced by the operating current.

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

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

D.I

o (27)

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

spectral density can be expressed as:

n(f) (28)

_fayeGU))
ln(S,)—ln(——D j In(

Comparing equation (28) with equation (7),

5



Table 1 In Table 1, N represents the neasurenent ranges 1-100Hz
(N=100), 1- 200Hz (N=200) and 1-300Hz (N=300) for the different devices. 5
It will bwoappreessated that, theoretically, a | arger N valise2pnodessses a
nore accurate result as the effects fromcharge carriers contributing to a
wi der’ noi se spectrum are consi dered. However, it has been observed that the
noi se anplitude relating to higher frequencies is nmuch |ower than that at

| ower frequencies. 10 Therefore, the bhventors have recogni sed that the

hi gher frequency end of the noise spectral can be ignored by assuming that
t he char e ca o, GG ntributing to high frequengg noise is negligible. In
t he expe s—fgr—szle 1, it has been observdd”that the conputed charge
lifetime stay substantially within the sane order for N = 100, 200 and
300. Thigsindicates that the frequency range is sufficient to yield an 15
accurate nmeasurenment of the lifetine. It will be appreciated that the N
val ues are selectable by a user such that the user can set a smaller val ue

to facili at t he, c Thus e inventors have
recognise}" H§'+F@ﬁgg?é the conputed results(§ Table 1 do not exhibit

| ar geg changes (e g. a change in the order of 10) upon increasing the
neasurenent range, it can be concluded that a sufficiently high value of N
has beenBasddn Figure 4 and bhastiohakBdt can behderabdthm; Tabl e 1 provi des a set of
the charge carrier lifetimes under different currents. A user may choose
the lifetime corresponding to a typical (or mninun) operating current of a
devi ce asGlUheDEadxpipant |ifetine paraneter. Altergstively, 10 the user can

use the a e ue, of the. co d lifetinmes for a device neasured over
a range 8%38 ?é¥ 16%?*%Hpsgmgggb stimation of recombination lifetine,
the wser may choose the maxi mum achievable lifetinme for a device neasured

over e .of .0 erat n ' ventor have recognised that in
many caszggretoﬁee fr(?ﬁh %@ﬁ ?FB@E‘ \é%lljeeﬂ ‘ffgdeéﬂ%?’e”hm?é?t"\s PR  or war d
current camslet:lerweem ih@dolbhﬁhgvaépwssiaﬁ t is largely influenced by the
operating current. Therefore, in another exanple enbodi nent, the
al gorithmfor determ ning charge 20carrier lifetine can be sinplified by
nodel ling 2 ag a function of operating current onIy (contrast to equation
(5)) Tth‘ to a model ling equation of: Di (#9= 1) (27)
258ubst|tut|ﬁg @quation (27) into Hooge's Equation (see equation (4)), the
noi sé5spectral density can be expressed as:

As recombination lifetime is typically measured under open circuit conditions, it
tends to be the longest achievable duration that a free charge carrier can exist in a
material. Therefore, the maximum achievable t in equation (32) under different currents
is taken to be an estimation of the recombination lifetime. ’
20

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

example embodiment. The graph 702 is based on the model 7 = 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 computed lifetime.

Figure 5 is a schematic flowchart 500 illustrating a method of determining
charge carrier lifetime in an example embodiment. At step 502, an excitation si'g'n'al is
applied to a device. At step 504, electrical noise exhibited by the device is recorded.



in(S1) =.e.q/)In(f) ) C=In(aH*e'GY or C=1In(ce H.e)+In(¥1) | D
Based on Figure 4 and equation (14), it can be derived that 1) / D =
exp(131) (Wodrowmaosssp = 49052.1 (gradient of graph 402) Poersekonspodsom
equations (31) and (27), the value of T under different operating currents
can be derived in the follow ng expression: r = exp(fl/) (32) - As
reconmbination lifetinme is typically measured under open circuit conditions,
it tends to be the |ongest achievablejyguration that a free charge carrier
can exist in a material. Therefore, the maxi num achievable t in equation
(32) undét stipf $CG, ethe ahargeenarsier difetialecof the deviceniseddétemiined baséd tdnethe

reconbi natd | iLd%oise0 Figure 7 is a graph of conputed carrier lifetine
ver sus ogéedrog%dnédg%hérﬁr@r?{%in an D.1 exanpl e enbodi ment. The graph 702 is
based on the nodel 7 = the plot froml) Figure 4 pertaining to an

exanpl e or ganj€,hd Lt ioaedi ad uap i The.reconbi nati on
lifetinme can E‘eohée%e r%ﬁn%rgé@égﬂégfgﬂ% @%}ﬁ%pd&%pﬁe 70 8f§et§'f$8 'S
25conput Bgdelledeas e function of dpegaling duriest and oiseafrequdricpwirhdie es&fple

illustrating a nethod of determ ning chargeb arrier lifetime in an exanple
enbodi meembodinest, the bl camadopt tHedfbino W&&‘—S applied to a device. At

step 504, electrical noise exhibited by fh&)€élice is recorded.

The 1 model can be substituted into Hooge's noise equatioh to form a
relationship In(S,) = In(a,, .e.G(I)) - IH(W/I)/BJ .
10
The sub-functions in the 1 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 (C,) of noise
spectral (in logarithmic scale) respectively as operating current | applied to the device
varies.
15
For identification of H(f)/D, the sub-function H(f)/D is modeled as a function
dependent on f" 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 beﬁ% = fiinlkolse),

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 |. in the example

embodiment, G(l) = exp(Bl).

25 Upon establishing the expressions for H(f)/D and G(l), the lifetime of the carrier
contributing to each noise frequency f of the noise spectral under an operating current |
is obtained. In the example embodiment, the resulting charge carrier lifetime for each

; o

S exp(B.1)

computed by taking the average of r ;- In the example embodiment, the average lifetime

frequency is T, = . The average charge carrier lifetime,r; is




23 At step 506, the charge carrier lifetinme of the device is determ ned
based on the recorded el ectrical noise. I n one exanpl e
enbodi merWO 20Hé468%arge carrier lifetime T of a device i £CHHGAI000¢B6As a
function of operating current and noise frequency. In the exanple

enbodi nent, the nodel can adopt the formr = D. I H(f).Jl)

The T nodel can be substituted into Hooge's noise equation to forma ( f
j1(f)I D The sub-functions in the T nodel, H(f) and (1) are then
separately identified based on observing the change in the gradient (k) and

y-inter C%p%orﬁrsut ( (1:0-) ] do\uﬁ ng ttrqea racglfemnc 3fht'ﬂ1ecno?s% é ee)ctral

respectively as operag|ng/ ren evi cée vari

For identification of H(f)/D t he sub functlon H(f)/D is nDdeIed as a

f unct i onssrepleddear intemval of WHlere mis a current-dependent paraneter. The
expression of mas a function of current | is then identified by
curve-fitting on a graph of noise gradient k ,1-In(koli-c). versus current
. The deriveﬂbex essi on can be i dptifi ati n of

A1), the exp Fefannle eImLH?(‘,jﬂ’P%W é(ﬁ)’}’p'i'f?dl 'HBﬂ?'lqgl Teﬂ@)(?]d‘hﬁ‘ %p? tting on
In

a graph of y-intercept at 1 Hz, Co, versus current e exanpl e

enbodi nent, 1) 131). 25Upon &t, 2l (rp he. expressions for H(f)/D
and GP1) SOt Q’QfWéﬁ'?er@fa@Pn%ﬂ*FelF&@x)ﬁ @E ( ch to each noi se frequency
rrent

f of the noise spectral under an ope at| is obtained. In the
exanpl e enbodi nent, the resulting charge carrler Ilfetine for each
frequency is r= hoc The average charge carrier lifetinme,t, is f/ +C)
cexp(6.1) conplt s¢b-fpctionsiim et Haods)PEYR @e thery separately W@“Eﬁ@&rﬁséd
enbodi n’eBbser\%H@trﬁ.ﬁV&faﬁgéld thé §lihteRepét 11%1 (Cd‘-? of HENHi RS Jee AN (in Icrgarltﬂmlc"\’her e N
is the frequency ran of the noise spectra
scale) resp}/ectlvel as operatlng current | applied to the device varies. The expression of
10  sub-function G(l)/D is identified by curve-fitting on a graph of y-intercept at 1 Hz, C,,

versus current |. In the example embodiment, G(1)/D = exp(pl).

Upon establishing the expressions for G(1)/D, the lifetime of the carrier can be
estimated from the maximum achievable t under varying operating currents.
15
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 also recognised that a low frequency noise
model represented by Hooge's equation may contain unknown parameters that are
20 relatively difficult to quantify.

The example embodiments have modelled the charge carrier lifetime as a
function of frequency and current that can facilitate extraction of the lifetime parameter
from Hooge's equation.

25

The inventors have also recognised that the model of charge carrier lifetime

can be simplified so that it is a function of forward current only.

In the described example embodiments, measurements on a device-under-test
30 can be carried out whether or not the device is packaged or unpackaged since the
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[ car rier.lifetine ¢ e sj. ified s
[ harort ” SRekBg okl SERAPEME £ElIRr el s’ doobd Taenired b iRus not

requil® e pvesjaguriod gf ime Giei rohaithiora sﬂoeobeewai@ntaenod)eate excess charge
carriers. Further, the exanple enbodi ments do not require observing
open-circuit vol tage 5 decay that mrrors excess carrier reconbination
activities. R Rddition Hee examplecemhddiatentsntsse mlvaha&y\p@rlemwmqwdcy noi se

spectral st@?@ffb} ea%qt%nd e iR %lsteOBroﬁPéErgr%te'r n\%r% @%ﬂtﬂ J:drf ?] d MRy of

carriers frequency nol se behavi or can U|r
si gnifi cﬁﬁfacﬂn%ﬂ‘ﬁﬂ'fqt'ﬂﬁ RaFarpelersmeasur enent set-up i s appropri at el y shi el ded
fromesxternal EM. Further, the noise profile can be nonitored continuously

10over a perigd of tine (ie. not wwthin a short observation peri od)
I n addition, H@‘%x%‘?’@%@ﬂ“%ﬁ?@“tﬁ@”rC@Vﬁﬂpv%lpﬁnéP'ﬁﬁ?%trp'éﬁﬁbePént and

st eps f oguaitghg semitopbastbr Hevtedbast f @ffettRe ¢HIGS cHRikY iiRkGnRPRItASUtNJ
current Sué‘.ﬂg feg)%ttrg)%tlap gn tsho(?Jrcl:c-:l-sf e{'tlreneplgt?orr%necan %e 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 to be measured. Further, the example embodiments can
provide a relatively quick and cost-effective method to grade electronic g?dgets
such as solar cells and LCD panels. In 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 lifetime (1.4) is one
significant material parameter that can affect the efficiency of a Si solar cell. It can
- determine 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 limit for a voltage that
a solar cell can generate. Thus, by monitoring the variation of the charge carrier lifetime
throughout the solar cell manufacturing 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



15 Further, the exanple enbodi nents can devel op a portable test
platform for qualifying sem conductor devices based on effective charge
carrier |wbebimaossst hout using |ight excitation sourcespcTise2ploabdses m can
be useful for packaged or encapsul ated devices as |ight cannot penetrate
t he packaged material. Wth 20 electrical excitation, the platform enables
the lifetime of both the bulk and surface carriers of the test devices to
be measured. Further, the exanple enbggiments can provide a relatively
qui ck and cost-effective nethod to grade el ectronic gadgets such as sol ar
cel | s andobusDepbmigussto henerapldyed and, insthkedecrnapianutachoidg tee dESicwafersrandi de a
quality &p Qéﬂé'oé station for nonitoring the charge carrier lifetine

t hr oughout a solar cell manufacturing process. Such a station can
provi de val uable information on the influence of individual processing

steps on the GR¥IGRhGEEAPSIREADF tﬁ@éxé&bl@%tﬁdnrﬁ@mt dah B |le§ﬁeﬁt99ro‘?lc' at ed

that the effective charge carrier lifetinme ) 1s one significant
nat er Pal AFRMANRTSYSteRy %éﬁhwamwhewem F'@p@]@y'tmayab%imm@naweé@q | t

can det espiwareVBEEHBE aldPh NSRS bem ré@eateamtﬁﬁwcérhsuﬂeuQyétéﬁan of a
cel l andP88 contribute to the current Q can al so determ ne

t he uppePOPi3dinpiycting fyg F%’BB“?B%S"W&W&P °88$‘I‘°téréﬁ1m§§'f?€r%ft the exgmele py
noni t or i eghtolienerari ation of the charge carrier lifetinme throughout the

sol ar cell manufacturing process, valuable information about the influence
of 1 ndividual processing steps on the charge carrier lifetinme and
subséquent | y, Tha cdmputee spstemod0tacmepiszs abeomb.ntai medule BO2, mmnmoe!ules
enbodine rQV,i 6 e to he e

st al | o anea S ke HSarBie a1 Moud 556 88 rp ALY gRig R oBgr Bl 8 =™

The net hdspkay®08yanedprinter 6H& exanpl e enbodi nent can be i npl enented on a
conput er system 600, schematically shown in Figure 6. It may be inpl enented
as software, such as a conputer program being executed within the conputer
syst em 600, ambeiaesiputrit Madule O engrnnertedytot @ rrogTotaronetwatkuB2 tvige anet hod
of the exapgye team@eabémaév.cé%we 16 UL oS! %%Oothgomrhétear TP UL er

nodul e 602, 1 nput nodul es such eyboard 604 and nouse 606 and

pl ural i t PedorioBYSIemSs ueh e%ogqléﬁeweavw Sl oraysle Arra Ntwate(WAND . " he

conput er Tnecwnqslﬁéﬁmbauu@%wmi &t ERarfple ORBILESS aNgrlowesder fsh%t\ﬁ Rlaactjaxﬁ t
e nternet oOr

sui tabl e transcei ver dev nabl e access to e.
ot her nef\%67%e Mﬁw&rﬁ'ﬁj@'}ﬂbﬁg(a?“ﬂc?céﬁag%y AaroRsy KR ﬂwzgr TOF FOMRUER! Net wor k
(WAN) .  Thdungod giso mutlideg HAmbér dfhep@QuIPLtI/O) ttedissesafdpexa/pRoro618, a

compaler Mg g2 (it d5PrkePtoat 1O iRty o1 I BRRPRABOEE 1 0 |

interfaces, for exanple 1/0 20interface 624 to the displ ay 608, and 1/0O
interface 626 he .c nput er
nodul e 602 ty TRQ C%F’%Oﬁgﬁgl ca? Qéwtaerénnc’dlurll §§2c a(?lp e %ﬁ“ %‘%@ Véa in a
manner kmbamomrcﬁqevlebt@%&)an@m & Insthnien kiodwen tcethe\msorasml.leclznﬁ the relevarfhe

appl i cati gn programis typically supplied to the user of the conputer
system 6 encoded on a data storage nmedi um such as a CD-ROM or fl ash
meno?y carrier (e.g. a USB thumb drive) and read utilising a correspondi ng

data storage ﬁﬁé"a‘bﬁ] égtl'oﬁepr‘aéra% q@%l(.satn?r%%h&?% Qﬁ‘e Qé@r of e %Bmdufé?t ! gn

program is 30read and control In 1tS execution dgl’ ocessor

| nt er medPERIRMSERR HHeodd ﬁl"o@r%ﬁﬁ’ d"é?@gﬁaVSé'Uab@Hﬁ'blqss ﬁe@D Py ORAWSBZO 27

enbodi MemetndM ldamdr 1gé«g,loaar Ussgtht,mrramm a7 felall &n.s.agqpeo@ésﬁdhe.dgnaﬁatl on as
br oadl y descrl %%gw nts are, _Ilhere ore, to be considered

in all r&SRI& @”?"?IOE efg%t?l gragﬁ syise Padt (Tihe; arRlication program ‘is

30 read and controlled in its execution by the processor 618. Intermediate storage of
program data maybe accomplished using RAM 620.

It will be appreciated by a person skilled in the art that numerous variétions
and/or modifications may be made to the present invention as shown in the specific



28 CLAIMS 1. A nethod of determining charge carrier lifetime, the nethod
conprising the steps of: 5applying an excitation signal to a device;

r ecor di ngwel2ecitosbgsal noi se exhi bited by the device; andpcrT/SG20108€6388 N ni ng
the charge carrier lifetine T of the device based on the recorded ‘

el ectrical noise. 102. The nethod as clainmed in claim1l, wherein the step of
determ ning the charge carrier |ifetinme conprises recording two or nore

noi se spectral of the device, each nopge spectral being exhibited over a
range of frequencies and at different applied excitation signals. 153.The
met hod asmbpdimepts withast gieparting ffigm ther spithpr sedpsgoitigeinventiom ass brpafliynct i on
of oper afbdGnedr hSi i Lt atl ignal is
e Al Syl M S b R e Ui S i
=, wher ebpiliustrative pnesnatrestijgtiveonst ant whi ch mai ntains unit consistency, H(f)
and 1) are functions of noise frequency f and operating current |
respectively. 5. The nmethod as clainmed in claim4, further conprising using

Dl r =to derive a relationship of In(S, ) =1In(a He.  Il)) In f based
Hf). JI)H(f)1 D 25 on Hooge's noise equation Si(f) =-aH where Sl is the
spectral power density of the noise, | is the operating current, Nic is the

total nunber of free charge carriers, f is the noise frequency and aHis a
nodel | i ng paranmeter accounting for factors influencing bulk quality of the
device. 29



6. The nmethod as clainmed in claim5, further conprising generating
respective noi se spectral representations of each recorded noi se spectral
cor r esponstongitiaocssach di fferent operating current |, eaebTc260/08¢368t I al
representation conprising noise power spectral density as a function of
frequency, and obtaining a noise gradient k and a y-axis intercept value Co
of each noi se spectral representation. 7. The nethod as clained in
claim6, further conprising modeling Bgf)/D =r1 where mis a
current - dependent parameter and deriving mas a function of current 10l
based onCh&dMSat i ng a representati on of the noise gradient k as a function
of the correspondi ng applied operating 'currents 1. 8. The net hod
as clainmed in claim®6, further conprising nodeling 1) based on generating
a representatiton of thhethgd arf sdétatraining ptchatgeu ecaBieradifetinfainthe ometifod15t he

correspoe%ggsiﬁgméﬁgpgggr ating currents I. 9. The nethod as cl ai ned
3 or 14,

in clains erein the determining of the charge carrier lifetine T

of a ®evice cBRRYINgAES axsitatipnesional ¢he dgviaeer age value of N rf fromthe

expressi on - recbrding Ble8frRaMdise ExHibiRAUS WY dedReeaf €ach noise r N
20spectral sanpled at an interval of 1'Hz 10. The net hod as

claimed in cl @ptRIOININGBP ShArgenearier lfetime mod thsudevicebases emtha recordag.
2511. Thegetrkathdise cl @aimed in claim 10, wherein the Nis fromabout 1 Hz to
about 100Hz. 12.The nethod as clained in claim2, further conprising
nodeling T as a function of operating current wherein the excitation signal

is the operatpng cwké Ridthod &clBimed in claim 1, wherein the step of determining the
charge 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. ‘

15 3. The method as claimed in claim 2, further comprising modeling t as a
function of operating current and noise frequency wherein the excitation signal is the
operating current.

4. The method as claimed in claim 3, wherein 7 = where D is

g
H(HGID'
20 a constant which maintains unit consistency, H(f) and G(l) are functions of noise

frequency f and operating current | respectively.

5. The method as claimed in claim 4, further comprising using

D.I

7 = —————to derive a relationship of In(S,)=In(a,.e.G(I) —ln(—f—J based
H(HGW) )= nle )

H(f)/ D
S, (/) _ %y

2

25 on Hooge's noise equation where S, is 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 oy is a modelling parameter accounting for factors influencing bulk

quality of the device.



13. The method as clainmed in claim12, whereinr = where Dis a {I)
constant which maintains unit consistency and 1) is a function of
oper ati ngvounrnabsss. 14. The nethod as clai ned in cl ai mpE3iscRemionesss

conprisingl using 5r =to derive a relationship of In(S1) =1n a ‘
.e. I)In(f)based on Hooge's GJ aH noise equation S1(f)where SI is the
spectral power density of the noise, | is the 12 operating current, No is

the total number of free charge carriggs, f is the noise frequency and aH
is a nodelli ng paraneter accounting for factors influencing bulk quality of
t he devi ce. The mathod Tafe claimed dnagaign & rfedheérncemnatisind genetatinger

conpri si Rgkr@efRY abdisw fﬁe%ﬂﬁptﬂe\ﬁ?eééﬂta%%ﬁpgf:tﬁféh rr%%r%%ﬁmr\@k'eo%eetf ieach |

recorded noi se spectral corresponding to eac erent operating current
|, each ﬁB"r%%"’@H@(St gl e2ebr é’@@ﬁ?’&tl%fﬁﬂﬁ‘ﬁprquﬁrﬁﬁb hoieaeh poRise speetralal

density asprésdrtan &mtsifg ReisE %Wer spadtehl @ahétynésng fanatroaxcsforédakﬁéfept
val ue_Co of %ach noi se. spectral resentatjo hod as

cl ai ned PRI QPRRIANgsA nojset W@F"e(%rlfpla iy al’fﬁd@l‘?’ﬁ%f“dﬁ")‘? I§°b%fs§ﬂ°'bﬁ°§éner ating
a represepéatal iprédentdtony- axi s i-ntercept value Co as a function of the
correspondi ng applied operating currents I. 20 17. The method as
claimed in clains 12 or 13, wherein the carrier lifetime T of the device is
det er mi ned usvng t fiee methodias alahhm/mbckla:mTeoﬂnhaémaﬂnphmﬁeg rricaelirey H(fﬂDent

operating£yrrent s aﬁr]e%t XCI % par m%tg %ig"%rgv'br?@pwﬁ%saé g{. trpl‘i{;?ré?pt etinme,

the system conpri sing si gnal
to al@evl basechon anaﬂatlagnal lypaseﬁtartlon of thred noige gratienti lcas arfonst@rectfrﬁbl ted by

the devig g?. Qﬁgdﬁgvﬁpg"e oper t"g%gﬁgé}ﬁé por for determ ning the charge carrier

l[ifetine ase e recorded el ectrical noise.

8. The method as claimed in claim 6, further comprising modeling G(l)
based on generating a representation of the y-axis intercept value C, as a function of
15 the corresponding applied operating currents I.

9. The method as claimed in claims 3 or 4, wherein the determining of

the charge carrier lifetime t of a device comprises using a weighted average value of

1
7, from the expressnon—:xf-z_, where N is a frequency range of each noise
. T g 28

20  spectral sampled at an interval of 1 Hz.

10. The method as claimed in claim 9, wherein the N is from about 1 Hz to
about 10kHz. | ’ '

25 11. The method as claimed in claim 10, wherein the N is from about 1 Hz
to about 100Hz.

12. The method as claimed in claim 2, further comprising modeling 1 as a

function of operating current wherein the excitation signal is the operating current.
30



31 19. The systemas clained in claim 18, further conprising a

shi el ded encl osure for shielding the device from el ectromagnetic

I nt er f er ewO&011/040883 20. The system as cl ai ned i n cl ai PeTk8200/088868 f ur t her
conprising an anplifier coupled between an output of the device and the
signal analyzer, the anplifier for anplifying the electrical noise.

21. The systemas clained in any one of clains 18 to 20, wherein the
10processor determ nes the charge carmper lifetinme by recording two or nore
noi se spectral of the device, each noise spectral bei nghlexhi bited over a
range of fre nci | fif.er | jtatieh signal s..

22. gThe systglr‘!?’as ?ﬁ%ﬁﬁ%@g‘? r?gct{%ﬁﬁg%,cfwmﬁe#%ﬁ?ﬁ%%@ E)Fog——s&'gef?o@é?? t as
15a function of operating current and noise frequenc erein the

exci t at i ANy aIch Baiptanswpl cansisienayandéx(l) is a function ofxperating ceryentém as
claimed in claim 22, wherein the processor generates D.I an expression r =,
where D is a constant which maintains unit consistency, H(f).J1) 20H(f)
and 1) are fifinct TBRs™Msthashiase claiegdielfc\Fldmard. ofyeheat iegREisinge vsing
respectivelyg, 24. The system as g{gi g%(ii]i n claim 23, wherein the

pr oceSsorr #1s€5-tb. derive =t celatonship o In€d, atl ns#'ﬁ—ezt)—iln(ﬁ)b)ased bn(Hodde'se. (1))
Hf). Q1) (N \H(f) | D based

S, (2f ) . %n where S, is the spectral power density of the noise, | is the

c

noise equation

operating curreht, N. is the total number of free charge carriers, f is the noise frequency
and ay is @ modelling parameter accounting for factors influencing bulk quality of the
device.

10 |

15. The method as claimed in claim 14, further comprising generating

respective noise spectral representations of each recorded noise spectral
corresponding to each different operating current |, each noise spectral
representation comprising noise power spectral density as a function of frequency,

15 and obtaining a y-axis intercept value C, of each noise spectral representation.

16.  The method as claimed in claim 15, further comprising modeling
G(l)/D based on generating a representation of the y-axis intercept value C, as a

function of the corresponding applied operating currents |.

20
17. The method as claimed in claims 12 or 13, wherein the carrier lifetime
1 of the device is determined using the maximum achievable t obtained under the
different operating currents.
25 18. A system for determining charge carrier lifetime, the system

comprising,
an excitation source applying an excitation signal to a device;
a signal analyzer for recording electrical noise exhibited by the device; and
a processor for determining the charge carrier lifetime of the device based on
30 the recorded electrical noise. ‘



a H on Hooge's noise equation S( f ) =where SI is the spectral power
density of the /2 25no0ise, | is the operating current, N, is the total
nunber ofwbnes/mabsmsge carriers, f is the noi se frequencycasd2eidoneses
nodel | i ng paraneter accounting for factors influencing bulk quality of the
device. 32 corresponding to each different operating current |, each noise
spectral representation conprising noise power spectral density as a
function of frequency, and obtaining g noise gradient k and a y-axis

i ntercept value Co of each noise spectral representation. 26. The
systemas clained in claim25, wherein the processor nodels H(f)/D =r

where mis a gyrrefifg %?&%W%thlﬁﬁ{e@i”ﬁt aa.nanm% 46kt CSorAbAsing! o Whielden Of

current | based on 't processor generating a representation of the noise
gr adi ent eRC'Q%Ufaf%ﬁ’ﬁk‘ﬂ'ﬁ"B@l"!ﬁdQVr'@ E@Preé%cﬁ@mﬂgﬁgt'%ﬁﬁ' rfes@naSper ati ng currents |.
10 27. The systemas clainmed in claim25, wherein the processor
nodel s (1) based on the processor generati 1% a representation of the

t'e

y- aX|§ i nter c€pt vAMRISYEEM@s LIAINRE; iNoRlatps o dPr EUPEA TIPS PR
oper at i ngmplifisregiupldd bévd@nTae cﬁmﬂtam A8 ddvadeTaAd ithe WigHdltandl zer, e,
wherein the ? cessor bﬁaélq the charge carrier lifetime T of the
devi ce b§MRY %Soraa%ffﬂﬂfﬂ GRFGY OB N1 val ue of T./ fromthe expression
-= z , where Nis a frequency range of each r noise spectral sanpled at an
interval of 1 029 The &s ¢l ai ned a er el the Nis
from anout 1 21 of M oIt OToRTE AgeE IhangyTees) dais 1P E e MR SR
wher 80 n ploeedsarddterommeb the charge daorierbiifetmé 0HrecoRrBng two or more nonse
spectral of the device, each noise spectral being exhibited over a range of
frequencies and at different applied excitation signals.

22. The system as claimed in claim 21, wherein the processor models 1 as
15  a function of operating current and noise frequency wherein the excitation signal is the

operating current.

23. The system as claimed in claim 22, wherein the processor generates

. D.I . . L . .
an expressionr = —————, where D is a constant which maintains unit consistency,

H(NHGW)

20 H(f) and G(l) are functions of noise frequency f and operating current | respectively.

24, The system as claimed in claim 23, wherein the processor uses

D.I

=—H(f).G(1) to derive a relationship of In(S,) = ln(aH.e.G(I))_ln(Lj based

H(f)/D
/(f)

on Hooge's noise equation is the spectral power density of the

<

25 noise, | is the operating current, N, is the total number of free charge carriers, f is the
noise frequency and ay is a modelling parameter accounting for factors influencing bulk

quaility of the device.

25. The system as claimed in claim 24, wherein the processor generates

30 respective noise spectral representations of each recorded noise spectral



33. The systemas clained in claim?21, wherein the processor nodels T as a
function of operating current wherein the excitation signal is the

oper at i Nngwown11AALSS3 34. The system as cl ai ned i npclraicGr@adpossher ei n
the processor generates 30an expression r = D. I, where Dis a constant

whi ch maintains unit consistency, and 1) G) is a function of operating
current |. 33 35. The systemas clained in claim 34, wherein the
processor uses D.I r =to derive a relgbionship of In(S, ) =1In a.e GI)\
In(f) based on Hooge's 1)D S(f) a H noise equation=where SI is the
spectral cpuespordagsitoy eaghofdiffanentnapseating icurteneé I S@pbr abiseg spectreint, No

is the t anal1g i har i o | S ncy and
aH is a %@%fﬁ{ng p%%%%{"gfng@%ggﬁ&efﬁgé#tﬁ%%Eé‘%'t&orgsstalhﬁp Ptﬁdgn(gﬁ {r}%ﬁﬁe&& quality
of the de@ndcebtaining3s.nolecgrmdiantrk asd A ataxisd interceptavaiugs;, aheadh moisee

pr ocessokpganthéiresentitighsPect i ve noi se spectral representations of each
recorded nol se spectral corresponding to each different operating current

|, eaeh noi se spectral representation conprising noise power spectral

density as a bgnct T8 $9btehi @gUMNMEd RNElaiRP DSl Whereil 1R ipPoddat6r RRIAEISVAl ue Co
of each ngj se g,pectral _representation. 7. The systemas clainmed in

15 37. ,
cl ai m 36 1WReT &1 WeRE f5r & EWEtdepenfiensPREEMPIen aRd AedivVes M At akBetselr
gener at i Rgrrént’ 1568 RltAé bRitesdoridePeatinyiSreprdsehetiBh of Hdifois® gafiehtikunct i on

of the corr ndi applied operating currents |. EB.The system as cl ai ned
'n ol ai més 330001 the EariaskopdihS sPBlaeRF=ing er TR
10
27.  The system as claimed in claim 25, wherein the processor models G(l)
based on the processor generating a representation of the y-axis intercept value C,
as a function of the corresponding applied operating currents |.

15 28. The system as claimed in claims 22 or 23, wherein the processor

determines the charge carrier lifetime 1 of the device by using a weighted ayerage

A!
value of 7, from the expressionl = -]—ZL where N is a frequency range of each
' T e

noise spectral sampled at an interval of 1 Hz.

20 29. The system as claimed in claim 28, wherein the N is from about 1 Hz
to about 10kHz.

30.  The system as claimed in claim 29, wherein the N is from about 1 Hz
to about 100Hz.
25
33. The system as claimed in claim 21, wherein the processor models 1 as

a function of operating current wherein the excitation signal is the operating current.

34, The system as claimed in claim 33, wherein the processor generates

30 an expressionrt = al{-)- where D is a constant which maintains unit consistency, and

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



20t he carrier

lifetime t of the device by obtaining the maxi nrum achi evabl e
T, under the different operating currents. 39. A conputer readabl e data

st orage mwoi2unvdaesssng st ored t hereon conputer code nmean®cii®G20nave3get i ng a

conmput er processor to execute a method of determ ning charge carrier
lifetime, the method conprising the steps of: 25applying an excitation
to a device; recording electrical noise exhibited by the device;

si gnal

and

determi ning the charge carrier |lifetigg of the device based on the recorded
el ectrical noise.

10

15

20

25

30

35. The system as claimed in claim 34, wherein the processor uses

T =—Pito derive a relationship of In(S,)=In @y eGU) —ln( f )based on Hooge's
G(I) D
. . S,(f)  ay . . L
noise equation I ——where S, is 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 @ modelling parameter accounting for factors influencing bulk quality of the

device.

36. The system as claimed in claim 35, wherein the processor generates
respective noise spectral representations of 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 obtains a y-axis intercept value C, of each noise spectral representation. »

37.  The system as claimed in claim 36, wherein the processor models
G(l)/D based on the processor generating a representation of the y-axis intercept

value C, as a function of the corresponding applied operating currents |.

38.  The system as claimed in claims 33 or 34, wherein the processor determines

the carrier lifetime 1 of the device by obtaining the maximum achievable 7 under the

different operating currents.

39. A computer readable data storage medium having stored thereon
computer code means for instructing a computer processor to execute a method of
determining charge carrier lifetime, the method comprising the steps of: »

applying an excitation signal to a device;

recording electrical noise exhibited by the device; and

determining the charge carrier lifetime of the device based on the recorded

electrical noise.



