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Failure Mode Analysis of Photonic Components
on InP Using Low-Coherence Reflectometry:
Case of Burned DBR Lasers

C. Plouzennec, Y. Gottesman, E. V. K. Rao, H. Sillard, A. Plais, and J. Jacquet

Abstract—The high potential of optical low-coherence refletom- coupled to other deliberately incorporated in-situ facilities
etry to investigate the failure mode of InP-based optical devices is such as transmission and edge-electroluminescence (EEL)
demonstrated here by considering two examples of burned (under 055 rements, can greatly help to investigate the device failure
high optical output power and operating temperature) distributed . )

Bragg reflector lasers on InP. In addition to monitoring reflections mOde_ me_Chan'Sms' Mor? precisely, we ShOV\_’ he_re that sugh a
in the conventional reflection mode, these two-section devices (ac-cOmbination alone permits a nondestructive in-situ evaluation
tive amplifier section and passive Bragg section) are further exam- of the optical (by OLCR mode measurements) and also the
ined using other in-situ facilities such as the transmission and edge optoelectronic quality (by EEL mode measurements) of wave-

electroluminescence measurements. A comprehensive analysis ofy jije cavities required for investigating the failure mode of
these data in comparison to a reference device permitted the fol- distributed Bragg reflector (DBR) lasers

lowing: 1) the spatial localization of burning induced damage only
in the amplifier section; 2) some relevant information on the nature
of defects in the damaged region, such as their nonradiative char-
acter and structural modifications in multiquantum wells, which [l. EXPERIMENTAL
tentatively are attributed to the occurrence of intermixing between

well and barrier layers. To demonstrate the high potential of OLCR in the field of

Index Terms—Bragg grating, burning test, distributed Bragg re- optical device failure mode analysis (FMA), we consider here

flector laser, edge electroluminescence, failure mode, integrated the case of monolithically integrated and identically processed
optics, low-coherence reflectometry. DBR lasers on InP substrate. These two-section devices, as

described in detail in [1], are composed of an amplifier section

containing an InGaAsP-based multiple quantum well structure

(active waveguide) and a Bragg section with a bulk InGaAsP
ITH the advent of high-speed optical fiber communiwaveguide realized in a separate growth sequence. The comple-
cations, tremendous progress has been accomplishegdf of whole device, in addition to Bragg grating inscription,

recent years on the development of photonic integration teGiscessitated at least four different growth sequences and inter-

nologies on InP for wavelength-division multiplexing (WDM)megiate etchings. Such as-processed devices with antireflection

applications. The inherent high complexity of these integraticmR) coatings at the facets exhibited remarkably low laser

technologies also initiated, in parallel, a good deal of researﬁneShO'd {in ~ 8 mA) and a reasonably wide wavelength

to improve dgvice yi_eld at reduced cogt and most irmmrtamtléfning range {12 and~15 nm). However, after a burning test

to achieve highly reliable and reproducible performances. ngrried out under voluntarily exaggerated conditions (ten times

obviously necessitated a thorough understanding of the devgﬁg threshold curreni(},) on the active section, twice the tuning

and/or circuit failure modes under exaggerated operation . :
urrent on the Bragg section and an operating temperature close

conditions to test the robustness of the material and also the, - : :
processing technologies. As a result, a variety of testing profé—loo C), two such devices (DBR #1 and DBR #2) failed to
)

I. INTRODUCTION

dures, such as burning and aging, are currently experimen %Ct'on .desp@e no visible me'cha'mlcal damage as conﬂrmed
with using stress conditions (optical, electrical, and therm m optlca_l microscope examination. These degraded devices
far beyond those required for normal device operation. In tHia9€ther with an as-processed reference laser (DBR #R) are
context, we propose and demonstrate here that the conventidi§Fisely considered here for failure mode analysis using

optical low-coherence reflectometry (OLCR) analysis, wheRLCR and other deliberately incorporated in-situ facilities, as
described below.
The OLCR setup shown here as Fig. 1 and described in de-
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Fig. 1. Simplified block diagram of a conventional OLCR setup and the voluntarily incorporated in-situ EEL mode facility to perform spectral &elysi

the DUT is lodged on a sample holder with finey, and= movements and is provided with a facility (A) to inject carriers into the device. The coupling of light

into and out of the DUT is accomplished using lensed SMFs and the spectra of transmitted probe light and/or EEL are recorded by connecting the output fib
to an OSA. The reflectograms are recorded in reflection mode by scanning the reference mirror, and the interference is detected by a detedtorfdegigned
envelop detection.

center (or a refractive index discontinuity) in the test device be- [ll. RESULTS AND DISCUSSION
comes equal to that in the reference arm, an intense interferenc

) . . L . MeTeNCBlike in the case of a discrete Fabry—Perot type laser, the
signal corresponding to its location in the waveguide cavity will . g : )
. : ailure of a monolithically integrated two-section DBR laser can
be detected (envelop detection) over a distance only dependent. . .
originate from different sources (higher threshold and/or poor
on the source coherence length. The OLCR measurements_ar ;
. o . . tuning). For example, the damage-induced defects can be spa-
carried outunder conditions of single-mode propagation by COi&lly localized either in the amplifier section or in the Bragg sec
pling the probe light into the DUT waveguide cavity using y P 99

lensed SMF (see Fig. 1). The abscissa of the reflectogram thll?g and possibly also in both sections. Furthermore, depending

recorded corresponds to the optical path in air, while the or(ﬂn their specific nature, the defects could be either electrically

naterepresents the retun osses (gvelmiss(P. /Pr)inds, - tic(EoNEE e Tt B e o
whereP, andP; represent respectively the reflected and inc|; oo . yS- study
T .. . . : the failure mode analysis of DBR lasers must necessarily gather

dent light intensities) experienced dbaalized reflectionSuch . : . .
) . ) : ) relevant information on the optical and also the optoelectronic

data can be exploited to qualify the device optical quality (prop; ality of the device in each section separately. To this end

agation losses, scattering induced losses, etc.) and further rgve‘i first employed OLCR in its conventional reflection mode

;oé(r);:allzer;jt(ia;ecfs, :rfei?r/&|pr§§§vr\],??nt[h£ ?ﬁg'tyr'olget::ehiaesxe f()z identify modifications in the optical quality of device cavi-
999 9, y ' b 9 Pies by recording reflectograms. This consisted of detecting and

riences spatiallglistributed reflectionand the resulting reflec- : o . ; .
) atially localizing newly introduced reflection centers in the

togram permits to extract the Bragg parameters. In all cases, Tthe. . L) . N ) .
evice waveguide cavities including modifications, if any, in the

abscissa of a reflectogram can be converted into distance in ch% racteristics of Bragg grating. Later, the setup is operated in

sample from knowledge of the device physical length and trll:eEL mode by injecting carriers in the amplifier section to record

effective group refractive index. ; N o
) : . . L EL spectra at either end of each device: amplifier end or Bragg
Also, since these devices contained a p-n junction in each sec- . .
. o . . : end. These measurements are carried out to monitor the opto-
tion whose injection properties are critical to their performancé ; ; : " .
electronic quality of device cavities and also to learn their light

we have voluntarily incorporated additional in-situ facilities ir%ransmission properties subseguent to burning test
the existing OLCR setup to further qualify the optoelectronic '
quality (nonradiative centers, electroluminescence spectra, etc.) ) i
of the device cavity. These facilities greatly helped to record g OLCRin Reflection Mode

multaneously (in addition to conventional OLCR measurementsWe have reported in a recent paper that OLCR measurements,
in reflection mode) the transmitted probe light spectra [3], [4¥hen performed simultaneously in reflection and transmission
and, most importantly, the EEL spectra under controlled injemodes, permit evaluation of the principal characteristics
tion of free carriers in the device using a lensed SMF and an qpeupling coefficients and Bragg wavelengthg) of a Bragg

tical spectrum analyzer (OSA) (see Fig. 1). Thus, this upgradgrating in monolithically integrated DBR lasers on InP [3]. In
OLCR, in contrast to a conventional setup, gave access to mtimat study, the reflectograms computed using transfer-matrix
itor in-situ the optical and also the optoelectronic quality of thmethod (TMM) have been compared with those recorded by
device cavities to assess on the influence of burning-inducesupling the OLCR probe successively on either ends of the
damage in DBR lasers. device (amplifier end and Bragg end). With that knowledge, we
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Fig. 2. Comparison of reflectograms belonging to the reference [(a) DBRY: 3- Comparison of reflectograms belonging to the reference [(a): DBR #R]
#R] and burned [(b): DBR #1; (c): DBR #2] DBR lasers recorded in thand burned [(b): DBR #1; (c): DBR #2] DBR lasers recorded in the reflection

reflection mode by coupling the OLCR probe at the amplifier end [see ing&de by coupling the OLCR probe at the Bragg end [see inset of (c)]. As in
of (c)]. The reflectograms of identically processed reference device DBR #g- 2, the experimental and simulated reflectograms of DBR #R (@) taken from
[experimental and computed: (a)] taken from [3] are included here to facilitakdl @€ also included to facilitate comparison.

the identification of burning induced modifications.

suggest a poor transmission across the device. Although one can

now focus our attention on the evolution of reflectograms in thet present assess on the spatial localization of burning-induced
two burned DBR lasers (DBR #1 and DBR #2) in comparisatiamage in DBR #1 [from the presence of additional reflection in
to the reference device (DBR #R). Figs. 2 and 3, respectivelig. 2(b)], the damage localization in DBR #2 is, however, not as
show such data recorded successively by coupling the OLGRaightforward, as will be evident from the data shown in Fig. 3
probe at the amplifier end [Fig. 2(a)]: DBR #R); Fig. 2(b){recorded with OLCR probe at Bragg end). Indeed, from this
DBR #1; and Fig. 2(c): DBR #2); and the Bragg end [Fig. 3(a)figure, one can easily notice that the portion of the reflectogram
DBR #R; Fig. 3(b): DBR #1; and Fig. 3(c): DBR #2). As seemorresponding to the Bragg section of all devices is comparable
in these figures, the locations of principal reflecting planes afjgompare Fig. 3(a)—(c)] excepting few minor variations in re-
labeled on each reflectogram as “in” and “out” for the devictection amplitudes. This striking observation points out a few
facets and “B-J” (butt-joint) for the transition region betweemteresting additional features concerning the damage in DBR
amplifier and Bragg sections. Also, the examples of computé@. First, the Bragg section of this device is free of damage. That
reflectograms belonging to the reference laser (DBR #R) takisn the damage-induced defects seem to be spatially distributed
from [3] are shown here for comparison [see Figs. 2(a) atadbne in the amplifier section. Second, the multiple reflections
3(@)]. detected on either side of B-J in DBR #2 [refer to Fig. 2(c)] are

Turning to Fig. 2, the following two important modificationsmost likely a consequence of probe light round-trips within the
in the reflectograms of the burned devices can be identifigdhmaged portion of the amplifier section, which ultimately led
in comparison to DBR #R. First, the emergence of a well-dés poor transmission across the device. After these early con-
fined reflection peak in the reflectogram of DBR #1 locatedlusions on the presence of damage in the cavities of burned de-
close to the input end~{ 80 xm) of its amplifier section [see vices only accessible to measurements in OLCR mode, we fur-
Fig. 2(b)]. Second, the presence of multiple reflections spretiter monitored in-situ their optoelectronic quality in EEL mode
on either side of the transition region (B-J) of DBR #2 [set learn more about the nature of damage and, if possible, its
Fig. 2(c)] and a nearly absent reflection peak at the out faamigin as well.
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Fig. 4. Evolution of EEL spectra recorded at the amplifier end [Fig. 2(a)] and .
Bragg end [Fig. 2(b)] for different injection currents in the amplifier section of'd- 5. The EEL spectra recorded at the the amplifier end (a) and Bragg end

the reference laser (DBR #R). The thin straight line intersecting the wavelen§@ Of the burned laser (DBR #1) for different injection currents in the amplifier
axis in (b) denotes the transmission threshold (i.e., the fundamental absorpti#ftion. The significant spectral modifications (peak position, half-width, and
in the Bragg section. Note the close correspondence betefin (a)] andA s spectral distribution) seen in (a) as compared to (b) are worth noting.

[in (b)], which clearly denote the optimal functioning of a DBR laser device.

Bragg wavelengthXg). This wavelength precisely corresponds
B. EEL Mode to the laser emission confirming the higkselectivity of Bragg

. . ating. Other interesting features of these EEL spectra worth
As mentioned before, these measurements are carried Oléﬁé
L

injecting carriers in the amplifier section and recording the E i o
spectra on either end of the device (amplifier end and Bragg 1) F_or a fixed injection current,. the spegtra recorded from
end). Here, our objectives are threefold: first to assess the quality  ither end show no peak shift, revealing thereby and as
of p-n junction injection in the amplifier section; second tomon-  €xpected a complete transmission across the Bragg sec-
itor the EL spectral modifications in the burned devices; and 10N _ o

third to investigate the light transmission properties across the2) Also, a marked threshold in transmission [1.47 um,
Bragg section in near-device operating conditions. All these  S€€ Fig. 4(b)] corresponding to the bandgap of quaternary
measurements are of course carried outin comparison to the ref- material in the Bragg guide. . .
erence laser, whose data can be seen from Fig. 4. We compared The EL intensity ratio of the spectra from either end is
in this figure the EEL spectra recorded at either end of the refer-  N€arly close to the value one would expect for transmis-
ence device [Fig. 4(a): amplifier end and Fig. 4(b): Bragg end] ~ Sion through AR coated facets.

for different levels of current injection in the amplifier section. 1) EEL Mode Analysis of DBR #1in light of the above con-

As expected, one can notice in Fig. 4(a) all known characterissitlerations, which establish a framework of reference to ana-
evolutions in the spectra from the amplifier end with increasinigze EEL spectra, let us turn to Fig. 5, which depicts data be-
injection current [5]. These are, for example, a blue-shift of tHenging to the burned device DBR #1 [Fig. 5(a): amplifier end
peak due to band filling, narrowing of spectral linewidth duand Fig. 5(b): Bragg-end]. Let us first recall here that the reflec-
to increased amplification in the device cavity, and further thtegram of this device revealed a well-defined reflection peak
emergence of a sharp peak indicating the commencementarfated around- 80 um near the amplifier end [see Fig. 2(b)].
laser emission)Xy,). Likewise, the EEL spectra from the BraggNow, a simple comparison with the EEL data of reference device
end [see Fig. 4(b)] exhibit a sharp and well-defined drop ifshown in Fig. 4) highlights several important spectral modifi-
transmitted light intensity caused by a higher reflectivity at theations in DBR #1 that can be summarized as follows.

Ymg are as follows.
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1) The abnormally large half-width for the 1-mA spectrun . I— v
from amplifier end f~ 108 nm in Fig. 5(a) compared to 107 b— | DBR #2 [— _lj56
~65 nm for DBR #R; see Fig. 4(a)], which essentially i 3 o
characterized by a preferential broadening on the hig
energy side. .

2) A dramatically reduced EL intensity for all spectra fron  10° ' Vo
the amplifier end compared to the reference deviceirr | " °- :15 mA l
spective of the injected current value. i . nm

3) A surprisingly higher EL intensity for all spectra from . -
the Bragg end [Fig. 5(b)] as compared to their counte  ° I T -7

parts [Fig. 5(a)] from the amplifier end (far more than te| E ” L l

nm

-
-’ ~N

times).

4) Unlike in the reference device, a totally unexpected blu
shift of the EL peaks from the amplifier end compare:
to their counterparts from the Bragg end1554 nm in
Fig. 5(a) compared te-1590 nm in Fig. 5(b)].

A satisfactory explanation for all of the above observation 107"
which alone are accessible to EEL mode analysis, can be g
vided by assuming few specific properties for the damaged |
gion in DBR #1. In close agreement with observation 2), tt "2
dramatic reduction in EEL intensity in DBR #1 can be attribute
to the presence of structural and/or line defects (dislocations)
the damaged region, which would act as nonradiative centers
the neighborhood of the amplifier exit end. This means, und 1¢"* L—s 2 : . . :
a uniform carrier injection, only a limited portion of the am- 1,25 1,30 1,35 1,40 1,45 1,50 1,55 1,60 1,65
plifier section closer to the exiting end is alone affected by
severe nonradiative recombination while the rest of it (up to tl.c
B_"J) ,remamed Intact, 1.e., r,wt aﬁeCted by nonradlat_lve recorIEli_g. 6. EEL spectrarecorded at the amplifier end of the burned device DBR #2
bination. Such an assumption, in total agreement with obserwa-ifierent injection currents in the amplifier section. Note the reduced overall
tion 3), further comforts higher EL intensities for the spectril intensity and increased spectral half-width compared to the reference laser
recorded from the Bragg end. Moreover, their spectral distH9 4@
butions would be closer to those recorded from the reference
device [compare spectra of Figs. 5(b) and 4(b)]. On the otheansformation (FFT) treatment to the EEL spectra recorded at
hand, observations 1) and 4), which dictate a higher spectaghigh spectral resolution to identify the dominant resonant cav-
half-width and a marked blue-shift of the EL peaks, permit ories in the guiding structure.
to predict the occurrence of a partial intermixing between well Let us now consider the data shown in Fig. 6, which de-
and barrier layers in the damaged portion of the amplifier. Copicts the EEL spectra recorded from the amplifier end of DBR
sidering the low diffusivity of the matrix elements (in particula#2 at different injection currents. Even though this device ex-
the group V atoms), we rather suspect here a significant tehibits a slightly higher overall EEL intensity compared to DBR
perature rise in the laser cavity and/or an abnormally enhane&d [compare with Fig. 5(a)], it is evident from Fig. 6 that its
defect induced interdiffusion to be at the origin of observatioramplifier section also suffers from nonradiative recombination
1) and 4). In view of these remarks, we now analyze the chaince no lasing action is observed even at an injection current as
acteristics of the burning-induced damage in device DBR #2 high as 15 mA [compared to 5 mA in the reference device; see
deduced from the EEL mode data. Fig. 4(a)]. Besides, despite no measurable peak shift, we how-

2) EEL Mode Analysis of DBR #2\e have seen before thatever notice a marked increase in the spectral half-widt8Y
the OLCR data on DBR #2, unlike in the case of DBR #1, re¥m as compared te65 nm in the reference device) and a sig-
vealed the presence of multiple reflection peaks all originatimgficant broadening on the high-energy side. The latter obser-
in the amplifier section. Also, we have further remarked thattion, as before, permits one to suspect once again the occur-
such reflections might possibly lead to poor transmission acrassice of interdiffusion between well and barrier layers, which
the whole device as judged from the absence of a reflectibare is probably limited to a slight blurring of originally abrupt
at the device out-facet. (This property is further confirmed eketerointerfaces. On the other hand, the high lasing threshold
perimentally by performing direct transmission measuremertdbthis device can be attributed, in addition to defect-induced
using OLCR probe light as source.) Consequently, we have renradiative recombination discussed above, to a high optical
strained the EEL mode analysis to the spectra from the ampalgtivity in the damaged region (for example, propagation losses
fier end but voluntarily extended them further to find out thaugmented by severe reflections and/or scattering) as discussed
prominence of damage-induced reflections limiting transmibelow.
sion across the device. The latter procedure, as detailed in ouAnother important characteristic of the damage induced in
earlier reports [6], [7], consisted of applying the fast FouridDBR #2 as deduced from EEL data is shown in Fig. 7. This
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Fig. 7. Graph showing the location of reflection centers (D1, D2, D3, and B-J) in DBR #2 as deduced from FFT treatment applied to a highly resolved EEL
spectrum (see inset) recorded at the amplifier end (injection cuerdstmA). Notice the absence of a resonant peak corresponding to the global cavity, suggesting
a poor transmission across the device.

graph depicts the results of FFT treatment applied to a highiyso, from the spectral modifications (blue-shift of the peak in
resolved EEL spectrum (spectral resolution of 0.08 nm cor@BR #1 and a marked broadening in both DBR #1 and DBR
pared to 5 nm for all other spectra) presented here as the ing2tin comparison to the reference device) detected in the EEL
of this figure. One can now remark on the following features &pectra, we predicted the occurrence of a partial intermixing
the damaged region that can account for the prominence of between well and barrier layers in the damaged regions of the
flections in the amplifier section of DBR #2. First, the longesamplifier sections. Here, we assumed an interdiffusion process,
resonant cavity detected in Fig. 7 is located-&09,m, which  which probably is originated by a significant temperature rise
precisely corresponds to the location of the butt-joint (B-J) in the the device cavity during burning test and/or caused by an ab-
device. (Its second harmonic can also be seen 2207um, a normally enhanced diffusion promoted by crystalline defects,
distance twice this cavity). Second, there are at least three otimbiich are also found to contribute to nonradiative recombina-
independent resonant cavities (labeled here as D1, D2, andtid® in the damaged region.
in order of increasing amplitudes) that seem to dominate reflec-
tions in the amplifier section. Finally and most importantly, the
absence of a resonant peak corresponding to the device global
cavity (sum of the physical lengths of amplifier and Bragg sec- This paper described a first attempt to implement the OLCR
tions,~ 1100xm) confirms once again the poor transmissioand its upgraded facilities to investigate the failure mode of two
across this device. The close agreement on the location of primenolithically integrated two-section DBR lasers on InP that
ciple defects D1, D2, and D3 in the damaged region as dedud¢etve undergone a burning test under extreme conditions (op-
from EEL (see Fig. 7) and also the OLCR data [see reflectogrdimal, electrical, and thermal). A fruitful combination of two an-
of Fig. 2(b)] is worth noting. As the Bragg section of this devicalytical methods, the OLCR in its conventional reflection mode
is not affected after burning test (deduced from data of Fig. @nd its additional in-situ facility in EEL mode, is employed here
we conclude that the reflections originating in the amplifier sets investigate the properties of burned devices in comparison to
tion at the defect centers D1, D2, and D3 severely limit the trarsfeference laser. The study revealed several features character-
mission across this device. istic of the burning-induced damage. We first employed OLCR

In view of preceding discussions on OLCR mode and EHh reflection mode to monitor the optical quality of device cavi-
mode data, it is obvious that the burning primarily affected th&es comprising the Bragg grating. From these experiments, we
amplifier section of the two tested devices. In DBR #1, the ddeduced that the burning alone affected the amplifier (but not
fective region is principally localized close to the exiting end ahe Bragg) section and then spatially localized the damaged re-
amplifier section, while in DBR #2, it is found to be locatedjions in each burned device. In the second step, by employing
in the neighborhood of the butt-joint and far away from thés in-situ EEL mode facility, we further monitored the changes
amplifier end. This explains the poorer quality of EEL spectria the optoelectronic quality of the burned devices by recording
recorded from the amplifier end of DBR #1, which evidentlfEEL spectra from either end of the device (amplifier end and
are more influenced by a severe nonradiative recombinationBragg end). In addition to a severe nonradiative recombination
the damaged region. On the other hand, in DBR #2, we pi@ad an important defect optical activity, we also noted here sig-
dicted a higher optical activity (defect-induced reflection and/mificant spectral modifications (blue-shift of the peak and/or an
scattering) within the damaged region, which is found to coabnormal broadening of the spectral half-width on the high-en-
tain spatially distributed defects in the neighborhood of the B-drgy side) in the damaged regions. These results are tentatively

IV. SUMMARY AND CONCLUSIONS
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Ier section. Lonsidering the low difiusivity o € matrix ele- PommiésProc. 13th Int. Conf. Indium Phosphide and Related Materials

ments, we predicted a significant rise in temperature spatially lo-  (13th IPRM’01) vol. WP-13, Nara, Japan, May 2001, pp. 178-179.

calized in the device cavity and/or a defect-enhanced abnormal’] Y- Gottesman, “Exploitation of low-coherence reflectometry to the anal-

diffusion duri b . ysis of photonic components and circuits,” Ph.D. dissertation, Univ. of
Iffusion during burning test. Aix-Marseille lll, France, 2001.

In summary, we have shown that a judicious combination [8] Y. Gottesman, M. Pommigs, and E. V. K. Rao, “Detection and localiza-

of analytical techniques—the conventional OLCR and its addi- tion of degradation damaged regions in &8 laser diodes on InP using
. e . . . low-coherence reflectometryMater. Sci. Eng.vol. B 80, pp. 236-240,
tional facilities, as described here—can greatly help to investi- 5501

gate the failure mode of photonic components presently devel-

oped on InP for WDM applications. Indeed, such a combina-

tion alone provides relevant information on the optical and the

optoelectronic qualities of device cavities that otherwise is n6tPlouzennecphotograph and biography not available at the time of publica-
accessible with a single analytical method. As shown recen't‘@}"

[8], these analytical methods can also be employed as a first step

to detect and localize the damaged regions in device reliability

studies because of their nondestructive character. Y. Gottesman, photograph and biography not available at the time of publica-
tion.
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