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A detailed analysis of electrical and optical fluctuations of high power (3 W) light-emitting diodes (LEDs) is presented.
A special attention was paid to the measurement and interpretation of simultaneous correlation coefficient between electrical
and optical fluctuations. The simultaneous correlation coefficient was measured not only over frequency range from 10 Hz to
20 kHz, but for the first time in every one-octave frequency band. The presented technique not only permitted to determine
the correlation coefficient dependence on frequency, but also to estimate what part to correlation coefficient is produced by
low-frequency fluctuations with 1/ f, 1/f%, and Lorentzian type spectra, respectively. From the obtained experimental and
calculation results it is determined that the simultaneous correlated part of electrical and optical fluctuations for these LEDs is
related with the defect presence in the active layer or at its interfaces, while the uncorrelated part of electrical noise is caused
by parallel leakage channel in other places, and the resistance of this channel is many times higher than that of p—n junction.
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1. Introduction

Nitride compound semiconductors are widely used
in light-emitting diodes (LEDs) for ultraviolet and visi-
ble spectra [1-6]. However, the nitride-based LED fab-
rication encounters some problems such as a large num-
ber of threading dislocations in the active layer. These
dislocations originate from the interface between GalN
and substrate due to lattice mismatch. This leads to non-
radiative recombination processes that lower the light-
emitting device efficiency and accelerate device ageing
[7].

Investigation of noise is known to yield a valuable
information on dominant physical processes in semi-
conductor materials and structures [8—12]. In this pa-
per we present a comprehensive investigation of noise
characteristics of high power white LEDs. The scope
of investigation was to determine the correlation coef-
ficient between electrical and optical fluctuations over
the measured frequency range and in every one-octave
frequency band, to estimate what part to correlation co-
efficient is produced by low-frequency fluctuations with
1/f, 1/f“, and Lorentzian type spectra, respectively,
and to discuss the origin of electrical and optical noise
sources in these devices.
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2. Investigated LEDs and measurement details

A high power (3 W) white light-emitting diodes, fab-
ricated on the base of blue quantum-well InGaN LEDs
with their surface covered by an YAG:Ce™3 phosphor
layer emitting broadband yellow light, have been inves-
tigated. Operation current of these LEDs isup to 1 A.

Output light power, current—voltage and noise char-
acteristics were measured at room temperature in wide
forward current range. For noise investigation of opto-
electronic devices it is important to measure both the
optical noise (LED emitted light flow fluctuations, de-
tected by photodiode) and electrical noise (LED termi-
nal voltage fluctuations). We used the Cooley—Tukey
fast Fourier transformation for measurements of noise
spectra in the frequency range from 10 Hz to 20 kHz.
The absolute values of power spectral densities of elec-
trical and optical fluctuations were evaluated by com-
paring with thermal noise levels of reference resistors
R.1 and Reo, respectively (Fig. 1). The own noise of
measurement system was eliminated from noise level
measurement by short-circuiting the input of low noise
amplifier. The noise level of photodetector was caused
by thermal noise of load resistor Rp,. A special atten-
tion was paid to the measurement and interpretation of
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Fig. 1. Measurement circuit: LNA low noise amplifier, F' band-
pass filter, Osc. oscilloscope, ADC National Instruments™ PCI 611
card.
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Fig. 2. Typical current—voltage characteristic of investigated white
LEDs (n = 2.1 is the nonideality factor).

simultaneous correlation coefficient between electrical
and optical fluctuations. In order to evaluate the corre-
lation coefficient, the electrical and optical fluctuations
were measured simultaneously, i.e. the processing of
the both noise signals was performed using two iden-
tical channels comprised of low noise amplifiers, fil-
ter systems, analog digital converter (National Instru-
ments™ PCI 6111 card) (Fig. 1). The correlation co-
efficient was directly measured not only over the fre-
quency range from 10 Hz to 20 kHz, but also in every
one-octave frequency range with one-octave digital fil-
ters, having the following central frequencies f. (Hz):
15, 30, 60, 120, 240, 480, 960, 1920, 3840, 7680, and
15360.

A typical current—voltage characteristic of the in-
vestigated white LEDs is shown in Fig. 2. The non-
ideality factor n of the current—voltage characteristic
I = IyexpleUq/(nkT)] is very close to the value per-
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Fig. 3. Photodetector voltage (proportional to the emitted light flow-
rate) dependence on d. c. current of LED.

tinent to charge carrier recombination process in p—n
junction. A deviation from the exponential dependence
is due to the voltage drop in series resistance of the
LED. An emitted light intensity dependence on d.c.
current is presented in Fig. 3: here the photodetector
voltage is proportional to the emitted light flow (or to
the output power).

3. Decomposition of experimental noise spectra
into components and evaluation of variances

Power spectral densities of electrical and optical fluc-
tuations of LEDs and laser diodes (LLDs) at low frequen-
cies f can be presented as a sum of independent spec-
tral components of 1/f, 1/ f<, Lorentzian type (for the
dominant recombination processes with recombination
time 7) and shot noise:

Aell/f Aell/f"‘ Aelng
Sl 1) = T e T
+ Sel sh » (1)
IS (f) = Aph1/5 + Aph1/fe Aphgr T
phsum f fo 1+ (@2nfr)?
+ Sph sh 5 (2)

where quantities A; define the intensities of noise com-
ponents. In general, the number of spectral compo-
nents with Lorentzian type spectrum depends on com-
plexity of the total spectrum.  Such presentation is
very useful for further analysis of noise properties be-
cause it assumes that noise sources with 1/f, 1/f¢,
and Lorentzian type spectra and shot noises are sta-
tistically independent. An example of the assumed
decomposition of the optical noise spectrum is shown in
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Fig. 4. Optical noise spectrum decomposition into components.
Dots are measurement results.

Fig. 4. The experimental results (symbols) are approxi-
mated by Egs. (1) and (2) (Figs. 5 and 6, solid lines). So,
according to the obtained decomposition, the total elec-
trical and optical fluctuations (also including the noise
of measurement system) can be expressed respectively
in the following way:

Uel total(t) =Uel1/f (t) + U 1/ fe (t) + Uel gr(t)
+ Uelsh (t) + Uel syst(t) > (3)

Uphtotal () = Uph 1/ ¢ () + Uph 1/ pa (t) + Uph gr(t)
=+ Uphsh (t) =+ Uph syst(t) ) “4)
where lower indices at fluctuation components indicate
their electrical or optical origin (el and ph respectively)

and the type of noise — 1/ f, 1/ f*, Lorentzian (gr), shot
(sh), or measurement system’s own one (Syst).
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Fig. 5. Electrical noise spectra of white light-emitting diode at dif-
ferent d.c. currents. Dots are experimental results, solid lines are
calculated by Eq. (1).

According to expressions (3) and (4) the electrical
and optical fluctuation variances can be defined as
2 2 2 2
Oeltotal = Tel1/f + Oel1) fo + Oelgr
2 2
+ Oelsh + Oel syst (5)

2 _ 2 2 2
Ophtotal = 9ph1/f + Oph1/fe + Oph gr
2 2
+ Uph sh + Jph syst » (6)
where every variance component ajz in frequency range

from f; to fo now can be determined from the noise
spectral components:

f2
o; = / S;i(f)df . (7)
fi
For the further estimation of the correlation coefficient
in one-octave frequency band (fo = 2f;) it is use-

ful to estimate the variances of electrical and optical
noise components with various spectra in this frequency
band:

2
Avy J2
J%/foct(fc):/ f/ df:Al/flnE:Al/fll’l27
fi .
@)
FA
1 @
O-%/fa oct(fc) = fg df =
f1
3\ 2071 1 Aype
B <4> o — 1 foc 1 (here «Q 75 1)7 (9)
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Fig. 6. Optical noise spectra of white light-emitting diode at dif-
ferent d.c. currents. Dots are experimental results, solid lines are
calculated by Eq. (2).
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Fig. 7. Electrical noise variance dependence on central frequency
fe of octave filter at different d. c. currents.
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Fig. 8. Optical noise variance dependence on central frequency f.
of octave filter at different d. c. currents.
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where f; is the central frequency of the one-octave fre-
quency band filter. The electrical and optical noise vari-
ances for voltage fluctuations in one-octave frequency
band were calculated using Eqgs. (1), (2), (5)—(11); the
obtained dependences on central frequency f. of octave
filter at different d. c. currents are presented in Figs. 7
and 8. An increase of variances at higher f, is related

with the larger contribution of noise with constant spec-
tral density.

4. Evaluation of correlation coefficient between
electrical and optical fluctuations

The simultaneous correlation coefficient was mea-
sured on the basis of this expression:
<uel total(t) * Uph total(t)>

r= (12)
2 42 1/2 7’
(Uel total Uphtotal) /

where brackets (. ..) mean averaging both by time and
by number of realizations, and 02, = (4% ou(t))>
agh total = <“;2>h wotal (1)) are the total variances of electri-
cal and optical fluctuations.

Let us present the correlation function in the follow-

ing way:

3
<uel total (t> * Uph total (t>> = Z<Uelj (t) " Uph 5 (t)> , (13)

Jj=1

where index 7 = 1 describes the correlation function
for 1/f type fluctuations, j = 2 for 1/f%, and j =
3 for Lorentzian type fluctuations; here we have also
taken into account that the components of shot, ther-
mal, and measurement system noise are uncorrelated.
We also assumed that in the general case not all low-
frequency electrical fluctuations (for example, with 1/ f
type, or 1/ f* type, or with Lorentzian type spectrum)
can be completely correlated with optical fluctuations;
contact or electrical noises in passive layers of LED do
not cause the emitted light intensity fluctuations, i.e.,
every spectral component of low-frequency electrical
noise can be presented as a sum of correlated and un-
correlated parts:

Selj(f) = Seljcor(f) + Selj uncor(f) =

dj Serj(f) + (1 —dj) Sa(f), (14)

here quantity d; shows what part of spectral component
Se1j(f) of electrical noise is related with emitted light
intensity fluctuations.

The correlation coefficient (12) in the overall mea-
sured frequency range, after Egs. (13) and (14), can be
presented as

1/2
5 (o)

r= (15)

)1/2

2 2
(Jel total Uph total
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Fig. 9. Correlation coefficient between electrical and optical fluc-
tuations in one-octave frequency band r. dependence on central
frequency f: of octave filter at / = 20 mA. Dots are measurement
results; thick solid line is calculation data by Eq. (16) with d1 =
0.7, do = 0.45, and d3 = 1; thin solid lines are contributions to
correlation coefficient of 1/f, 1/f%, and Lorentzian type fluctua-
tions; dashed lines present the case asif 1/ f, 1/, and Lorentzian
type electrical and optical fluctuations were completely correlated
(di =d2=d3=1).
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Fig. 10. Correlation coefficient between electrical and optical fluc-

tuations in one-octave frequency band dependence on central fre-

quency f. of octave filter at different d.c. currents. Dots are mea-
surement results, solid lines are calculation data by Eq. (16).

and respectively, for every one-octave frequency band

2 d.o2 2 1/2
;1 ( 705 eloct * 9 ph oct)

J
Toct = .
( o2 .2 ) 1/2
el total oct ph total oct

(16)

An example of the correlation coefficient in one-
octave frequency band 7, dependence on the central
frequency of octave filter and contributions of 1/f,
1/f<, and Lorentzian type fluctuations are shown in
Fig. 9. The quantities d; were determined by compar-

1.0 .
0.8 \\\\:S\r\”\\\\
o N N

o | \\ \
) AL

0.0
10° 10" 10°

/, mA

Fig. 11. Dependence of quantities d; on d. c. current.

ing the experimental data of correlation coefficient with
that from Eq. (16). It is seen that 1/f“ type (o =
1.55) fluctuations have the larger contribution to cor-
relation coefficient at lower frequencies, the contribu-
tion of fluctuations with Lorentzian type spectrum has
a maximum at frequency f = fo = 1/(277), while
the contribution of 1/ f type fluctuations is sufficiently
large in all frequency range. The dependence of corre-
lation coefficient roc on central frequency f. of octave
filter at different currents is presented in Fig. 10. The
decrease of correlation coefficient at higher frequencies
is due to larger contribution of noise with constant spec-
tral density. The obtained results clearly show that cor-
relation coefficient decreases with d. c. current increas-
ing. In every octave the quantities d; were the same,
they only depended on the type of low frequency fluc-
tuations and on d. c. current of LED. The dependences
of the quantities dy and dy on d.c. current is shown
in Fig. 11. The fluctuations with Lorentzian spectrum
were completely correlated (d3 = 1) in all measured
d. c. current interval, but their contribution to the total
correlation coefficient was noticeable only in the fre-
quency range from 100 Hz to 1 kHz.

Dependence of correlation coefficient between elec-
trical and optical fluctuations over frequency band from
10 Hz to 20 kHz on d. c. current is presented in Fig. 12.
Calculation results were obtained from Eq. (15) with
the same quantities d; as in the case for one-octave fre-
quency band (Figs. 10 and 11). It is clearly seen that
there is a very good agreement between experimental
and calculation results.
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Fig. 12. Correlation coefficient r between electrical and optical

fluctuations in frequency band from 10 Hz to 20 kHz dependence

on d.c. current. Dots are measurement results, solid lines represent
calculation data by Eq. (15).
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Fig. 13. Electrical noise current fluctuation spectral density de-

pendence on frequency at different d.c. currents (here S;e0 =

Siel — Sielsyst). Dots are experimental results, solid lines are calcu-
lated by Eqgs. (1) and (17).

5. Discussion

In order to clear up the origin of low-frequency fluc-
tuations of LEDs and considering that light-emitting is
due to charge carrier recombination process in the ac-
tive p—n junction layer of LED it is advisable to present
the measured electrical and optical voltage fluctuation
spectral densities as current fluctuation spectral densi-
ties:

Siel(f) _ Suel(f) Suph(f)

Tg and Siph(f) =

a7
where Ry is the differential resistance of the LED p—n
junction, Ry is the load resistance of the light receiv-
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Fig. 14. Optical noise current fluctuation spectral density depen-

dence on frequency at different d. c. currents (here S;pho = Siph —

Siphsyst). Dots are experimental results, solid lines are calculated
by Egs. (2) and (17).

ing photodetector. The dependences of current fluctu-
ation spectral densities (eliminating the own measure-
ment system noises and thermal noise of load resistance
Ry, of photodetector) versus frequency at different d. c.
currents are presented in Figs. 13 and 14. Both cur-
rent fluctuation spectral densities are proportional to
d.c. current. Eliminating the shot noise component
(with constant spectral density) from the obtained re-
sults we can evaluate the simultaneous correlation co-
efficient in one-octave frequency range rifo including
only low-frequency (1/f, 1/f%, and Lorentzian type)
fluctuations:

2 2 1/2

~ (dJ Ojeloct " 95ph oct)

]:
rlfOCt = 1/2 bl (1 8)
( o2 o2 ) /
ellf oct phlfoct
where the variance
3 3
2 _ 2 2 _ 2
Oecllfoct — E Uj eloct and Uph Ifoct — E Uj phoct *

j=1 j=1

(19)

The calculation results are presented in Fig. 15. It

is seen that the correlation coefficient between low-
frequency electrical and optical fluctuations of LED
only slightly depends on frequency, but it decreases
with d.c. current (or emitting light power) increase.
From the obtained results in Fig. 16 there are presented
the current fluctuation variances (total, correlated, and
uncorrelated parts) of low-frequency electrical noise
dependence on d. c. current at three central frequencies
(fe, Hz: 30, 240, and 7680) of octave filters. A total cur-
rent fluctuation variance of electrical noise is approx-
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Fig. 15. Correlation coefficient between electrical and optical low-

frequency fluctuations (without both shot and measurement system

noises) in one-octave frequency band riso« dependence on central
frequency f. of octave filter at different d. c. currents.
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Fig. 16. The current fluctuation variance (total, correlated, and un-

correlated parts) of low-frequency electrical noise o2, depen-

dence on d.c. current at three central frequencies (30, 240, and
7680 Hz) of octave filters.

imately proportional to d.c. current. Such behaviour
is characteristic of generation-recombination noise (the
1/f and 1/ f* types of fluctuations are also a superpo-
sition of Lorentzian type random processes with appro-
priate relaxation time 7 distribution): in linear samples
S;/I? ~ 1/N (here N is the total free charge carrier
number in sample), but for p—n junctions N ~ I, thus,
the curent fluctuation spectral density .S; and variance
01.2 for LEDs are proportional to I. On the ground of the
fact that radiative recombination of charge carriers can
occur only in the active layer of p—n juncton we can
state that correlated electrical and optical fluctuations
are related with the active layer. There exist random po-
tential fluctuations of parameters of quantum well due

to charge carrier capture by defects in the active layer or
to its interfaces. These potential fluctuations modulate
that part of carriers which recombine in quantum well
and produce the photons. Also we must have in mind
that the larger part (over 85%) of carriers recombines
outside the active layer, where the non-radiative recom-
bination time is very small, and consequently their con-
tribution to the low-frequency noise level is also very
small. A deviation of correlated part UZ-QCOH of electri-
cal fluctuation from proportionality to [ at higher d.c.
currents can be explained by screening effect of electri-
cal noise sources which cause the random modulation
of light emission.

An uncorrelated part of current fluctuation variance
02 o OF €lectrical noise is ~I2, but the variance of
voltage fluctuations 02 o = OZunconfts A cONSL.
The obtained result can be explained in such a way: in
parallel to p—n junction there is a leakage channel (in
surface regions or in other sites than the active layer)
the resistance of which is many times higher than the
resistance of p—n junction, and the current fluctuations
in this channel have no influence on optical power fluc-
tuations.

6. Conclusions

A detailed analysis of electrical and optical fluctua-
tions of high power LEDs was carried out. It was shown
that decomposition of total low-frequency fluctuation
spectrum into 1/f, 1/f“, and Lorentzian type spec-
trum components is very useful for correlation anal-
ysis of noise properties. The correlation coefficient
between electrical and optical fluctuations was eval-
uated not only over frequency range from 10 Hz to
20 kHz, but also for the first time in every one-octave
frequency band. The presented technique permitted
to determine the correlation coefficient dependence on
frequency and to estimate what part to correlation coef-
ficient is produced by low-frequency fluctuations with
1/f, 1/f“, and Lorentzian type spectra, respectively:
1/f< type (a = 1.55) fluctuations have the larger con-
tribution to correlation coefficient at lower frequencies,
the contribution of fluctuations with Lorentzian type
spectrum has a maximum at frequency fy = 1/(277)
(here 7 is the relaxation time of recombination process),
while the contribution of 1/ f type fluctuations is suffi-
ciently large at all frequencies. On the ground of ob-
tained experimental results and calculation data we can
state that the correlated part of electrical and optical
fluctuations for the investigated LEDs is related with
the defect presence in the active layer and its interfaces,
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while the uncorrelated part of electrical noise is caused
by the parallel leakage channel the resistance of which
is many times higher than that of the p—n junction.
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KORELIACINE SVIESOS DIODU ELEKTRINIU IR OPTINIU FLIUKTUACLJU ANALIZE

V. Palenskis, J. Matukas, B. §aulys

Vilniaus universitetas, Vilnius, Lietuva

Santrauka

Pateikta detali didelés galios (3 W) balta Sviesa spinduliuojan-
¢iy diody elektriniy (diodo itampos) ir optiniy (Sviesos spinduliuo-
tés galios) fliuktuacijy koreliacijos analiz¢. Tiriamy diody pagrinda
sudaro melynos Sviesos InGaN diodai, kuriy pavir§ius padengtas
YAG:Ce ™3 fosforo sluoksniu, spinduliuojanciu plagiajuoste geltong
Sviesa. Tyrimai atlikti kambario temperattroje labai placiame tie-
sioginés srovés intervale. Elektriniy ir optiniy triuk§my spektrai
ir koreliacijos koeficientas iSmatuoti dazniy srityje nuo 10 Hz iki
20 kHz; be to, koreliacijos koeficientas pirma karta iSmatuotas ir
kiekvienoje nurodytos dazniy srities oktavos juostoje. Eksperi-
mentiniai triuk§my spektrai skai¢iavimo patogumui iSreiksti 1/ f,
1/ f¢ ir relaksacinio triuk§my spektry suma. Toks triuk§mo spektro
iSskaidymas i atskirus sandus patogus dar ir tuo, kad triuk§my Sal-
tiniai, lemiantys Siuos triuk§my sandus, yra statistiSkai nepriklau-

somi, o tai labai palengvina elektriniy ir optiniy fliuktuacijy korelia-
cijos analizg. Nustatyta koreliacijos koeficiento priklausomybé nuo
oktavos juostos centrinio daZnio, atsizZvelgiant tik i ZemadaZnius
triuk§mus: 1/ f< (« &~ 1,55) triuk§mo inaas didZiausias yra tik Ze-
muose dazniuose (<1 kHz), generacinio-rekombinacinio (relaksa-
cinio) triuk§mo didZiausias inaSas yra esant dazniui fo = 1/(277)
(&ia 7 — relaksacijos trukmé), o triuk§mo, turinéio 1/f pavidalo
spektra, inasas i koreliacijos koeficienta yra didelis visame tirtame
dazniy intervale. [vertinta, kokia 1/f ir 1/ elektrinio triuk§mo
(dispersijos) dalis lemia optinj triuk§ma su tokiu pat spektru. Paro-
dyta, kad koreliuotaja elektrinio triuk§mo dali lemia defektai, esan-
teékio kanalas, kurio varZa yra Zymiai didesné nei diodo sanduiros
varza.



