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Reliability Prediction Modeling of Semiconductor
Light Emitting Device

Jingsong Xie Member, IEEEand Michael Pechtellow, IEEE

Abstract—This paper presents a probabilistic-approach-based RAC’s PRISM, SAE’s reliability prediction method, and the
reliability prediction model of semiconductor light emitting CNET reliability prediction model) for reliability prediction
devices. Using this model with given initial light-emitting per- ot ajactronic devices such as LEDs. These handbooks suffer

formance and degradation behavior otherwise determined by - .
experiment, the reliability function of the devices is obtained, and from various shortcomings as per the IEEE 1413.1 standard.

the results correlate well with experimental results. (Modeling the In particular, they do not consider the effect of design and
initial light-emitting performance and the degradation behavioris manufacturing process on the reliability of the devices on a
still an on-going effort and is not included in this paper. Eventu-  syfficiently scientific basis [6], do not provide a definition of the
ally, this model will include both parts of the modeling to provide  ¢4;,re5 and failure criteria (failure modes and mechanisms), or
complete analytical results of reliability prediction.) This study is d t i fid | | of th dicti A ' It
a step to develop a complete physics-of-failure-based reliability ono .glvle. any COln ! enc.:e evel orthe predictions. As a result,
prediction methodology for semiconductor light-emitting devices. the reliability metrics derived from the handbook methods are

It provides an approach and proves the feasibility of determining not indicative of real in-field reliability.

a reliability function based on fundamental parameters of device Testing remains the most common approach to reliability
performance. assessment in industry. Using accelerated testing, designers can
~ Index Terms—Accelerated life test, confidence level, light-emit- complete a life test of semiconductor light-emitting devices
ting diode (LED), log-normal distribution, reliability, semicon-  \yithin a few weeks [8]-[10]. However, using accelerated

ductor light-emitting device. testing to predict reliability of electronic devices in a quanti-
tative manner is a challenge. First, one needs an acceleration
|. INTRODUCTION model to predict reliability using accelerated testing. For

. -~ . example, one of the most widely used acceleration models is
SEIMICONDUC.TO.R I|ght-em|.tt|ng deylces .have bee he Arrhenius model, particularly for semiconductor devices
idely used in displays, optical sensing, signal source

. ; . 'CSuch as the light-emitting device. Second, to determine the
and light sources. Nowadays, semiconductor light-emittin o ORI S .
|:ﬁ’robablhstlc value of reliability including its statistics, such

devices are de§|gned m_to many electron_lc pro_ducts.. & mean time to failure (MTTF) and the hazard rate, one
example, in optical tracking engines built in optical mice

light-emitting diodes (LEDs) are used as a light source and tElso needs a probabilistic distribution model. Unfortunately,

liaht power delivered onto the trackin o i ntial o8 dies and industry practice so far have indicated that neither
gnt power defivered onto the tracking surtace Is essential Igf, - A rhaniys model, which considers the environmental
the functioning of the optical tracking system.

condition of only constant temperature, nor the exponential

Although technological advances in recent years have dfﬂétribution model developed on the basis of constant failure

matically improved their performance, reliability remains an . o L -
issue for LEDs [1]-[5]. For example, although LEDs have rate are suitable for the reliability prediction of semiconductor

nominal operational life of over a million hours, depending u Olilght-emitting devices [1].

ope : » dep 19 upol Depending upon testing to determine the final form of reli-
the application and performance requirements, it can still be d'fBiIit functions is a maior obstacle of developing an analvt-
ficult to locate a reliable LED component with a life span o? y J ping y

10000 to 50000 hours, which usually covers the warranty Ii]Lcal approach for reliability prediction and evaluation. To be

. Sble to predict the reliability of an electronic device before or
?.f 3|_5 %eg.r s.tfolr ac?mr?er0|al p}_rogtuc(:ompzreq to to th((jer ?p- without testing a product, a physics-of-failure-based relation-
Icaland digital applications, a fight source device tends 1o Ogﬁip between the reliability function of the device and its design,
erateT with hlgh current to produce sufficient light output for th%anufacturing process, packaging material, and operating con-
required function. ditions needs to be established. As the first step to achieve the

Traditionally, reliability engineers have used the . L ) . i
MIL-HDBK-217 and progeny (e.g., Telcordia SR_33290al for semiconductor light-emitting devices, this study pro

vides an approach to acquire the reliability function of semi-

conductor light-emitting devices by analyzing the probabilistic
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IFor example, three years has about 26 300 hours. If a device operates dighitselection and use of reliability prediction methodologies, and thus helps in
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of operation. to IEEE 1413.
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characteristics of basic random variables, although the proba  99.997
bilistic characteristics of the basic random variables themselve: . gg gg5 ,
have yet to be otherwise obtained by experiment. These charas® O A
teristics include the variation of a device’s initial light-emission & 97.725 - A
performance, which defines the basic manufacturing quality of &
the device. This study is to pave the way for follow-on research 8
of integrating device design, manufacturing, and operating con:
ditions into the probabilistic model for a complete analytical re-

liability prediction of semiconductor light-emitting devices.
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Radiation output, which is measured either in radiometry or
in photometry, is the essential measure of the performance o.
a I|ght-gm|tt|ng QQV|Ce. T.herefore' the degrgdanon of Sem'coﬂifg. 1. Cumulative probability of LEDs' initial radiation intensity plotted in a
ductor light-emitting devices can be described by a deceasib@normal distribution paper. The samples are 5-mm red LED lamps (600—650
radiation intensity,lv, with operation time. Previous studies nm) from three different manufacturers with the radiation intensity measured at
have given the following relation to describe such degradatigﬂ mA.
behavior [2]:

99.865
Iy = Iyge™ 2.1 B 97,725
0 en £ -
. N o . = O

wherely is the initial value of the radiation intensiffy,, and 5 84,134 e 0.0 S
« is the degradation constant determined by device chemistry-g . oo
and structure, manufacturing process, packaging material, an & 50.000 O
operational conditions, such as environmental temperature, hu @ 5O o
midity, and operating current. This degradation relation is pri- § 15.866 - 5
marily obtained from experiments, and as a resuis, unknown E
as a function of the parameters listed above. It will be the sub- S 2.275 4
ject of future work to determine the relationship betweesnd ©
the parameters based on the failure mechanisms that contribu 0.135 . ;
to the degradation. 0.0000 0.0001 0.0002 0.0003

Due to variations in semiconductor manufacturing and pack-
aging processes, the performance of each individual device
varies. Such variation in the performance of Semiconduaﬁ[}. 2. Cumulative probability of LEDs’ degradation constant plotted using
light-emitting devices is a result of the random distributions afnormal distribution paper (the data obtained from a 20 mA test of 5-mm red
both the initial performance and the degradation characteristi&® lamps).
of the device. Fig. 1 shows some typical distributions of LEDS’
luminous intensity plotted on a log-normal distribution pape&nd moves far away from the original point (i.g..— +oc and
The linearity of the data in the plot indicates a good correlatier/ = — 0) [10].
of log-normal distributions to the variations of LEDs’ radiation For similar consideration, a truncated normal distribution
output. We assume that the initial radiation intensity of semgould be assumed for the degradation constant (see Fig. 2). The
conductor light-emitting devices complies with a log-normadistribution is therefore given by
distribution, i.e., 1 2

fa(Oé) - A\/%O'e b (23)
wherecs is standard deviation and is the mean. Because of
- the positive value of the degradation constant, the distribution
fro.(Ivo) = 1 “(nlvo-p)” 2.2) of (2.3) is truncated equally from both sides of the mean value,

Degradation Constant (1/hr)

552

2 ) " i
2w’ Iy i.e.,u—no < a < p+no. Inaddition, a constard is used as

o a corrective factor to maintain the total probability of 1 for the
whereo’ and ' are both parameters of the distribution angjstribution of (2.3) and is given by

0 < Iyy9 < +o0. In fact, in most cases, this distribution of the

initial radiation intensity is also close to a normal distribution, ey (oy?
because a log-normal distribution mathematically approaches a A= T e 27 du. (2.4)
Yi¥ea

normal distribution when its peak distribution region narrows p-no
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[ll. DISTRIBUTION OF RADIATION INTENSITY Iy In

From (2.1) that the random behavior of the light radiation in-
tensity Iy, at any operation time is determined by the distri-
bution of the initial radiation intensityy, given by (2.2) and
the distribution of the degradation constargiven by (2.3) and
(2.4). Assuming that the two random variables, the initial radia-

U NP Ny g P

at
tion intensity and the degradation constant are independent, the Iye
cumulative probability function (CPF) dfy is determined by
the convolution of the probability density functions (PDFs) of
Iyo anda. Considering the domain of < Iyo < +oo for Iy
andy — no < a < u+ no for a (see Fig. 3) Iy +dly
Iy
IV
FIV(IV)E/][IV(IV)CUV 0 U-no a a+da U+ no a
0 Fig. 3. Domain and integral limits of the random variablgsy, o, and !,
p+no Iy et with the shadowed area for (0y).
= / do / fIvo (IVO)fa (Ol)d.[vo (31)
p—no 0 Also paying attention to the relations
whereFry (Iy) is the CDF andfrv (1) is the PDF offy.. To W —1nly o
obtain the expression of PDfv (1), the integration of (3.1) M= 1= (3.7a)
is transformed fromd Iy gd« to dad Iy using the Jacobian of the 1 =, 02' — 0 ’ (3.7h)
transformation [11]. Using (2.1), the transformation gives i
dlvodo = e dodly. (3.2) andx = « for this case, one will have
. . e - . nly —(p —tp)]?
The_n, pl_ug_gmg (2.1)and (3_.2) |nto_(3.1) and_modlfyln_g the inte 1 (Iy) = 1 e*%
gration limits for the same integration domain (see Fig. 3) givés A2/ o2 + 12621y
; ; . By (Iy ,t) .
v v pTno 22
" " X ——e 2dzx (3.8
/ fry(Iv)dly = / dIy / f1vo (v e®) fa(a)e* da. / V2r (38)
0 0 p—no Billv.t)
(3.3) . -
Comparing both sides of (3.3) leads to where the upper and lower integral limit8,(Iy,t) and
By (Iy,t) are functions of, and given by
p+no
fr,(Iy) = / frvo (Ive®) fal(a)e da. (3.4) Bi(lv ) = —nvVo'? +t202  to
p—no 1( Vi ) - o’ + ;
Inly — (4 —tw)
As one can see, (3.4) is a distribution function of radiation inten- B sy (3.92)
sity Iy, and an ordinary function of operation timeCombining
i . nvo'?2 +t?0% i
(2.2) and (2.3) with (3.4) results in By (Iy,t) = — + —
. 2 InTy — (¢ —tp)
p' —InT |4
utno . _% ’ /572 ¥ 1202 (3.9b)
fro(Iv) = / —=—c (%) . .
2ro’ Iy In (3.8), z replacesx as the integral variable. As one can see,
pone ) _ given the initial performance of a semiconductor light-emitting

——e" .y do. (3.5) device by (2.2) and the degradation characteristics by (2.3), (3.8)
AV2mo provides the distribution of radiation intensify at any dura-

To further simplify (3.5), consider the following algebraic idention ¢ for which the device operates.
tity:
) ) IV. RELIABILITY FUNCTION
(z—m)”  (x—p2) o . o -
202 203 To determine reliability, the failure criterion of minimum ra-

, 2\ 2 s 2 o diation intensityly ., is first defined, considering the basic
T — 105 +p207 + (p1—p2)“0io; f . t light itti devi . devi
P (2 402)° performance requirement on light-emitting device, i.e., a device
Yy ! (3.6) isconsidered as failed when its radiation goes below some min-
oTHa? imum valuely,,;,. Using the failure criterion, the CPF &f;
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is determined by integrating (3.8) from 01¢,,.:.. To do that, 9(t) ) .
a new integral variable af is defined as + [ dy——e T —
yA\/ 27r6 V2T
Yy = In IV — (M/ — t/jl) (4 1) T c2 c2
= \/m : : o [8028(3715) - 2(2!/- ) _ 6018(5,& o '1(;- ) (4.7)
Substituting (4.1) into (3.8), (3.9), and reorganizing the equa-
tions gives a two-dimensional integral whereg(t) is given by
Iv min In IV min — (.U’I - f/l')
Fro (Iy min) = / fr, (Iv)dIy 90 = ylr =1y i = Vo + 252 (4.8)
0 i . .
o Ty i (4 t) Now, from the initial performance of a semiconductor light-
Vol231252 emitting device given by (2.2) and the degradation character-
_ dy 1 e—% istics given by (2.3), the time-to-failure function of the device
A2 of (4.4) for cumulative probability and (4.7) for probability den-
> sity has been determined.
C’-’(?ht)
e Tdy (4.2) V. COMPARISONWITH EXPERIMENTAL RESULTS
V2T )
Cily.t) This study provides an approach to determine the reliability
where function [i.e.,1 — F(¢), F(t) given by (4.4)] from given degra-
dation behavior and its random characteristics [i.e., (2.1)—(2.4)],
—_m\/ g2 252
Ci(y.t) = Lﬁ“’ + tﬁ,y (4.3a) otherwise determined by experiment. The purpose of this com-
pu ) ) . :
parison is to verify the mathematical process as well as the
Coly. 1) = n/o'? + 1202 N to (4.3b) degradation assumptions used in the modeling.
yt) = —————+ —y. .

In the experiment, a life test of 130 AlinGaP 5-mm LED
Equation (4.2) is the probability of failure; that is, the perlamps was performed at an operating current of 100 mA, which
centage failure of a group of samples after being operated féigher than the LEDs’ rated operating current of 20 mA, to
a period timet. In other words, the probability given by (4.2)reduce the test time. First, the initial radiation output and degra-
is also the probability of a sample whose operationat lier ~ dation constant, used in the model for time-to-failure prediction,
time-to-failure) is shorter than Considering the time as a Were obtained from the experimental data and the results are
random variable of time-to-failure this time, one obtains therovided in Table I. The results show that the samples have an

time-to-failure function average initial light output of about 100 mW/Sr at 100 mA and
Ty (!t degrade 50% in an average time period of about 70 h. Using the
T Ve21i22 Ca(y,t) experimental data in Table I, at any given time-to-failtiréhe
F(t) = dy 1 e%ﬂ Le_ =2 dr. two-dimensional integral of (4.4) can be calculated to obtain the
A2 V2r analytical results on cumulative probability of failure. Then,
- Ciy:t) (4.4) all of the samples were tested to failure so that time-to-failure

probability became experimentally available by determining the
samples’ percentage failure for different lengths of operation
Fime. A comparison was then made between the two results on

The reliability functionR(t) is then given byl — F(t). The
time-to-failure density function is obtained by taking the deriv

tive of (4.4) time-to-failure probability for the operating current condition of
() = dF(t) (4.5) 100 mA.
Todt ) Fig. 4 shows the comparison of the experimental and ana-

(%tical results on probability of failure plotted in a log-normal
paper. It can be seen that the analytical results correlate well with
the experimental results. In addition, both results show good lin-

a(t) 9(t) earity in the plot, again indicating that the time-to-failure func-

L] / h(t,y)dy = h(t,g(t)) g (t) + / Wi(t,y)dy (4.6) tion and the reliability function of LEDs can be approximately

dt . modeled with a log-normal distribution. The results shown in

¢ ¢ Fig. 4 also make it clear that the distribution is not exponen-
whereq is a constant, and obtain the PDF of time-to-failtre tj5] as assumed by the MIL-HDBK-217 and Telecordia predic-

To do that, one substitutes (4.4) in (4.5) while paying attenti
to the following derivative identity:

which can be expressed in terms of tion methods. In addition, it should not be mistakenly consid-
Calg(t),4] ered that the exponential distribution shown in Fig. 4 is linear
1, _92®) 1 _a2 in a log-normal paper, because it is only a fraction of the entire
f(t) = —==g'(t)-c" e~ T du
AV 2T . V2 curve.
Cilg(t),t]

4More accurately speaking, the results obtained from the model are semi-
3Since item repair is not a topic discussed in this article, the term “operatioraaialytical due to the involvement of experimental data in the analysis. Note that
life” and “time-to-failure” are considered the same and used identically. all “analytical” results referred in the following text have this nature.



222 IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 3, NO. 4, DECEMBER 2003

TABLE | REFERENCES
INITIAL RADIATION PERFORMANCE DEGRADATION CHARACTERISTICS AND . L
FAILURE CRITERION USED IN THE RELIABILITY PREDICTION [1] P.Lall, M. Pecht, and E. Hakinfstimating the Influence of Temperature
on Microelectronic Reliability Boca Raton, FL: CRC Press, 1997.
P [2] M. Ott, “Capabilities and reliability of LEDs and laser diodeSyhat's
Parameter Value Nat ?lmt i New in Electronicsvol. 20, no. 6, Nov. 2000.
' )y atural 10garithm [3] M. Fukuda, “Laser and LED reliability updateJ: Lightwave Technal.
and ¢’ in (2.2 4.632 and 0.825 ' y up 9 Q
H# 2.2) of mW/Sr vol. 6, pp. 1488-1495, Oct. 1988.
uand oin (2.3) 0.096 and 0.052 1/hr [4] J. Salzman, Y. L. Khait, and R. Beserman, “Material evolution and
; gradual degradation in semiconductor lasers and light emitting diodes,”
nandAin (24) 1.85 and 0.9357 N/A Electron. Lett, vol. 25, no. 3, pp. 244—246, Feb. 2nd, 1989.
Failure criterion in [5] M. G. Craford, “LEDs challenge the incandescents, |HEE Circuits
percentage degradation 10 %o and DevicesSept. 1992, pp. 24-29.
Lymine M [6] M. G. Pecht, “Reliability engineering in the 21st century—A focus on

predicting the reliability of electronic products and systems,Pinc.
5th ICRMS vol. 1, Dalian, China, Aug. 2001, pp. 1-19.
[7] IEEE P1413.1 D3.0 Draft 1413.1 Guide for Selecting and Using Relia-
99.865 ] bility Predictions Based on IEEE 1413uly 19, 2002.
{71 Experimental [8] Cycled Temperature-Humidity-Biased Life TeEDEC Standard
97795 + « Exponential JESD22-A100-B, Apr. 2000.
' [9] Steady State Temperature Humidity Bias Life TeY/JEDEC Standard

+ Analytical EIA/JESD22-A101-B, Apr. 1997.
84.134 [10] High Temperature Storage Te3EDEC Standard JESD22-A103-A, July
1989.
50.000 [11] A.PapoulisProbability, Random Variables, and Stochastic Proc8ss

ed. New York: McGraw-Hill, 1991.
! B [12] G. A. Korn and T. M. KornManual of Mathematics New York: Mc-
15.866 2&?@»«%‘*%»%9”' Graw-Hill, 1967.

2275

Cumulative Probability (%)

0.135 ' !
1 10 100 Jingsong Xie(S'98—-A'00-M'03) received the B.S. degree in engineering me-
: : chanics from Tsinghua University, China, the M.S. degree in naval architecture
Time to Failure (hr) and ocean engineering from Tokyo University, Japan, and the Ph.D. degree in
) . . . mechanical engineering from the University of Maryland, College Park.
Fig. 4. Comparison between experimental results and the analytical resultgje is currently a Research Faculty Member with the CALCE Electronic Prod-
obtained from (4.4) on reliability prediction of an LED operated at 100 mA. Thgcts and Systems Center at the University of Maryland. He was previously a
experimental data analyzed using the exponential distribution is also plotteddgmponent Reliability Engineer with Microsoft and a Visiting Assistant Pro-
show its difference from the other two. fessor in the University of Maryland. His research interests include electronic
component reliability and qualification and other areas including thermal man-
agement and EMI/EMC. He is an author of over 20 technical publications.
VI. CONCLUSIONS AND FUTURE WORK Dr. Xie is a member of the American Society of Mechanical Engineers
o o ) ) (ASME) and the International Microelectronics and Packaging Society
A reliability prediction model is developed for semiconductoiMAPS).
light-emitting devices. The comparison between the analytical
and experimental results on LEDs verifies the effectiveness of
the model to predict time-to-failure probability or reliability of
semiconductor light-emitting devices given their initial light- _ _
emitting performance and degradation characteristics. In ad¥ichael Pecht(S'82-M'83-SM'90-F'92) received the B.S. degree in acous-

. - . . . . tics, the M.S. degree in electrical engineering, and the M.S. and Ph.D. degrees
tion, this comparison reveals that the time-to-failure funCt'QH engineering mechanics from the University of Wisconsin, Milwaukee.
and reliability function of LEDs can be represented by a l0g- He is the Director of the CALCE Electronic Products and Systems Center at
normal distribution. Fh_e Univer_sity of Maryland, C_ollege P_ark, a}nd a FuI_I Prof_essor with a three-way
. . . int appointment in Mechanical Engineering, Engineering Research, and Sys-
As future work, this model still needs an analytlcal approad s Research. He serves on the boards of advisors for various companies and
to determine the initial radiation performance and the degradansuits for the U.S. government, providing expertise in strategic planning in

tion characteristics of a semiconductor light-emitting device e area of electronics products development and marketing.

h | Ivtical diction b ible. In ad .Dr. Pecht is a Professional Engineer and a Fellow of the American Society
that a complete analytical prediction becomes possible. In a g"MechanicaI Engineers (ASME). He served as Chief Editor of the IEEE

tion, its device structure and chemistry, manufacturing proce$8ansACTIONS ON RELIABILITY for eight years and on the advisory board
packaging material, and operational conditions should be #-/EEE Spectrum He is currently the Chief Editor foMicroelectronics

. L . . Reliability, an associate editor for the IEEERANSACTIONS ONCOMPONENTS
cluded to predict the reliability of the device based on its MaBscyginG, AND MANUFACTURING TECHNOLOGY, and on the advisory board

ufacturing quality and operational conditions. of the Journal of Electronics Manufacturing



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


