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On the Degradation of InGaAsP/InP-Based
Bulk Lasers

Thomas Kallstenius, JakobaBkstom, UIf Smith, and Bpin Stoltz

Abstract—Degradation of InGaAsP/InP-based buried-hetero- structure are still key components in many present day
structure bulk (BH-bulk) lasers has been studied by means fiber-optics systems. Therefore the reliability issues concerning
of electroluminescence (EL), photoluminescence (PL), electron- such LD’'s are still important. Furthermore, the simpler

beam-induced current (EBIC) and transmission electron mi- bulk struct is ideal f tudi f reliabilit bl
croscopy (TEM). Lasers with p/n as well as semi-insulating ulk structure 1s 1deal tor studies of reliability problems

(SI) current-blocking layers were studied. The results show that in connection with the BH-structure itself, since it is the
moderate increases in the threshold current correlate well with same in bulk and MQW lasers. Consequently, a proper
formation of dark defects (DD’s) (i.e., dark-line defects (DLD’s) understanding of the degradation in bulk lasers is important
or dark-spot defects (DSD’s), which cannot be distinguished in also for MQW-lasers.

our case due to the narrowness of the laser stripe.) The DD’s . .

were found to be caused by dislocation loops. The dependence of The microstructure in degrqded InGa,?\sP/InP-base,d bulk
threshold current increase on the number of DD’s is explained in lasers, as well as the associated DLD's and DSD's, has
terms of a model which includes effects due to the DD’s, as well as been the subject of several studies over the years [1]-[4].
changes in the regions outside the DD’s. The latter is found to be Most of these studies involve lasers with p/n current-blocking
responsible for the major part of the threshold current increase. layers and many authors have attributed the degradation to Zn

Values for the ratio between the carrier lifetimes inside and ..~ ) .
outside the DD’s are presented, for the first time. In our lasers, diffusion from the p-InP:Zn current-blocking layer [5]-[7].

strong degradation differs from moderate degradation in that In the present work, a comparison has been made between
DD’s do not form during aging. The presence of dislocation loops degradation phenomena in lasers with the same BH but with
only at the sidewalls of the active stripe in lasers with p/n current-  different current-blocking layers, i.e. p/n and semi-insulating
blocking layers points to the sidewalls as being critical. The near (SI). This is, to our knowledge, the first time such results are

absence of dislocation loops and the smaller increase in threshold ted for SI-I S hi d th Z
current in Sl lasers which have degraded strongly, compared to presented for Sl-lasers. since such lasers do not have any £n

the strongly degrading p/n lasers, suggest that strong degradation in the current-blocking layers, degradation due to Zn-diffusion
is a synergistic combination of damage in the sidewalls and zZn from these layers is not possible. The mechanisms involved
indiffusion from the current-blocking layers. in the laser degradation process are elucidated by a detailed
Index '|'er|*r|s_Degradation7 dis|oca’[i0n, electroluminescence collation of the results obtained from maCt‘OSCOpiC analyses of
(EL), electron beam-induced current (EBIC), InP, laser, photo- the degradation in terms of threshold current and differential

luminescence (PL), transmission electron microscopy (TEM).  external quantum-efficiency, as well as microscopic analyses
by EL, PL, EBIC, and TEM. Our results confirm the earlier
I. INTRODUCTION observations for p/n type lasers and show that although the

changes in the microstructure are distinctly different in the
URIED-HETEROSTRUCTURE  (BH)  INGaASP/INP-yq tynes of lasers, they most likely have the generation of

L based laser diodes (LD’s) are widely used as light SOUrCSgint defects as their common origin. The differences in the
in high-speed terrestrial and undersea optical communicatigfi.rostructure are merely due to the extent of this generation

systems operating in the optical fiber window, 1.0-&M. ¢ hoint defects. A new model is presented for the degradation
In such systems, the reliability of the LD is a crucial factok, threshold current due to the occurrence of DD’s and a

Device failure can lead to serious system downtime and higlyy ,ced carrier lifetime outside the DD’s. The model allows

repair costs, so the reliability of the LD's weighs heavily ifng ratio hetween carrier lifetimes inside and outside the DD'’s

the system specifications. _ , to be obtained from the results for the measured degradation
Although the use of LD’s with multiple quantum-wells;, ynreshold current for the first time.

(MQW'’s) grows rapidly, bulk lasers without an MQW-
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ohmic contacts. Subsequently, the LD’s were mounted ontadcrographs. For the PL mapping, a system from ScanTek
aluminum nitride subcarriers, using an Au-Sn based soldémc., France, with a pump lasera & 1018 nm) was used.

For further details regarding the processing, see [8]. In mdghis allowed excitation of the active InGaAsP stripe solely,
cases, the LD’s were mounted with the n-side up, c.f., Fig. tkaving the surrounding InP unaffected, since InP is virtually
In the EL and PL investigations, this configuration is in gener&lansparent at this wavelength. The pump laser was focused
preferable to the p-side up for two reasons. First, the n-sidato the active InGaAsP stripe by maximizing the PL-intensity
is in general much smoother that the p-side, since the fornmrtput from the stripe. The wavelength corresponding to the
has been polished before metallization. Artifacts in the EL aliRL spectral peak from the active stripe was selected using a
PL images due to scattering caused by surface topography gir&ting-based monocromator. For detection of the light signal,
therefore almost completely eliminated in the case of n-sié@ InGaAs-detector with high sensitivity in the 1100-1600
up. Second, the active stripe is only separated from the surfaus range was used. The PL-response was measured along the
by 1-2,.:m for samples mounted p-side up, so any topograptactive stripe using a step size of 0.25 oy:f.

features on the surface will be almost in focus, when the activeln order to obtain further information about the p/n junctions
stripe is imaged during EL. In the casesoe&ide up, the active in the lasers, some LD’s were also studied by means of the
stripe is separated from the surface by approximately, 480 EBIC mode in a scanning electron microscope (SEM). The
of InP, so the surface will be well out of focus. LD’s were connected to an amplifier for detection of the

LD’'s from different wafers that had been removed fronEBIC signal via the subcarrier. A moderately low acceleration
various production runs due to excessive degradation weatage, 5 kV, was used, so that the spread of the electron
studied. Lasers from four wafers with a Sl current-blockingeam in the InP could be kept small without losing too much
layer, hereafter referred to as wafers SI-1 to SI-4, and threignal intensity. According to the Kanaya-Okayama expression
wafers with p/n current-blocking layers, i.e. p/n-1 to p/n-For maximum electron range [9], this voltage should result in
were studied. a width of the interaction volume smaller than Q.61.

The LD’s were stressed by means of accelerated aging. AllAfter the lasers had been studied before and after accelerated
LD’s were aged at a constant current of 150 mA during 50 h aging by means of the methods mentioned above, TEM was
100°C, a so-called “burn-in” test. Some lasers from wafer Sl-ased to obtain more information about specific features in the
were then subjected to additional aging at a constant opti€dl and PL images. Both (100) plan-view and (011) cross-
output of 3 mW during 4000 h at 7@, hereafter referred section TEM samples of the active region were prepared.
to as a “life-test”. The threshold currents and the differenti&lor the plan-views, the method of selective chemical-thinning
external quantum-efficiencies were evaluated and companggls used. The details of this method are published elsewhere
before and after aging. The threshold current was obtainf. For the cross-sections, focused-ion-beam (FIB) sample
from a linear fit of the light-output power response just abovgreparation was used, following the technique described by,
threshold. The differential external quantum-efficiency wesg., Walkeret al. [10]. The TEM studies were performed
compared before and after aging at a fixed current, slightsging a JEOL 2000FX electron microscope at 200 kV.
above the threshold value.

The EL along the active stripe in the LD’s was investigated . RESULTS
both before and after accelerated aging. For this purpose, th
AuU/TIW films on the n-side were partly removed by mean
of selective chemical etching. The LD’s were first etched i
an Au-stripping solution until the Au-layer was removed. Thi
was followed by a removal of the TiW layer in concentrated _ )

H,0, for approximately 15 min. We had no means of removing- \Wafers with Moderately Degrading Lasers
the Au/Pt/Ti films, so those lasers which had such films on bothOur criterion for wafers with moderately degrading lasers
sides, i.e., p/n-3, could not be studied with EL or PL. was an increase in the threshold current of less than 30% for all

The EL was observed with the aid of an IR-sensitive vidicolasers taken from the same wafer after burn-in. Three wafers
mounted on an optical microscope, which had objectives wittith a Sl current-blocking layer, i.e. SI-1 to SI-3, and two
extra long working distances. The EL from parts of the actiwgafers with p/n current-blocking layers, i.e. p/n-1 and p/n-
stripe was observed at 200, 400 and 1000 times magnificati@n fulfilled this criterion. The change in differential external
In order to minimize the signal due to simulated emission at tlygiantum-efficiency after burn-in was almost undetectable. For
facets, the LD’s were forward biased with an injected currettie Sl lasers which had been subjected to a life-test after burn-
below the threshold level. in, wafer SI-1, the threshold current and differential external

Variations in the luminescence along the active stripe weggiantum-efficiency changed in a similar manner, although the
also studied by means of PL mapping. For this, no furthelegradation was lower due to the lower stress level.
sample preparation than that for the EL was necessary. PLBefore accelerated aging, the EL was homogenous along
mapping was also occasionally used during the preparatidme stripe in most samples, as shown in Figs. 2(a) and 3(a).
of plan-view TEM samples in order to make sure that the a few cases, some small dark regions could be observed.
preparation did not introduce any artifacts in the sampl&he resolution of the EL is limited by the diffusion length
This also allowed an exact correlation between features dfithe carriers in InGaAsP, which is about;2n [11]. Since
the PL images and defects observed in the plan-view TEMis is more than the width of the stripe-{ xm), it is not

lE‘)ur results show that the degradation characteristics for
ifferent lasers are essentially the same for all lasers from
ghe same wafer and also that two degradation modes exist.

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on November 29, 2009 at 10:34 from |IEEE Xplore. Restrictions apply.



2586 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 17, NO. 12, DECEMBER 1999

— Au
~Tiw
n-InP:S
n-InP:Si
SI-InP:Fe
InGaAsP
n-InP:Si
p-InP:Zn
p-InGaAs:Zn
.~ i
th
Au
(@
n-InP:S C.
n-InP:Si
p-InP:Zn
InGaAsP
n-InP:Si
p-InP:Zn d. ¢ 80322 500 nm
p-InGaAs:Zn Fig. 2. Sl laser from wafer SI-2. The threshold current increased by 13%
after burn-in. (a) EL from the active stripe before and (b) after burn-in.
() (c) PL mapping after burn-in. (d) A plan-view TEM image from the area

corresponding to the PL mapping showed that a dislocation loop coincided
Fig. 1. Outlines of InGaAsP/InP-based BH lasers with (a) a S| cuwith the DD.
rent-blocking layer and (b) p/n current-blocking layers, both mounted n-side
up.

. o ) ] in Fig. 2(d) shows that a dislocation loop had developed in
possible to obtain information about the internal structure g Dp_ |n fact. a closer look at the original negative reveals

the dark regions. We are, therefore, not able to describe thgsg presence of an additional small loop just below the larger
regions in terms of the established concepts DLD’s and DSQy. The size of the bigger loop is approximately 200 nm.
[1]-{3], [12] and will simple refer to them as DD's. After burn-The sample preparation technique used [8] leaves the active
in, DD’s showed up in most LD’s. For example, several néWyipe unaffected and due to the thickness of this stripe, i.e.,
DD's were found both for the Sl laser in Fig. 2(b) and for the,150 nm, the Burger's vectorb, of the loops could not
p/n laser in Fig. 3(b). These DD's could also be resolved i determined unambiguously. The loops were visible for
the PL images, as shown in Fig. 2(c). g = +[022], whereg is the diffraction vector, whereas only
For the Sl LD's, the threshold current increase vs. th@sidual contrast was obtained fgr= -[022]. Considering
number of DD's is shown in Fig. 4(a). As seen in the Figurgheg - b = 0 andg - b x u # 0 criteria for residual contrast,
the number of DD’s after burn-in is generally larger in LD’Syhereu is a unit vector along the dislocation line, this implies
showing a large increase in threshold current. This also holit b is 4-a/2[011], +a/3[111] or a/3[111].
true after the life-test. The same tendency was found for theThe DD'’s also coincided with dislocation loops in the p/n
p/n lasers in Fig. 4(b). An overall impression was also that th&ser in Fig. 3. Fig. 3(c) shows a dislocation loop-pair, which
DD’s observed after burn-in in lasers from wafer SI-1 showesbincides with one of the DD’s in Fig. 3(b). The size of these
increased contrast after the life-test. loops is about 200 nm and the presence of residual contrast
The defect structure in the DD’s was studied by plarfer g = +[022] suggests thab is +a/2[011], +a/3[111] or
view TEM. The plan-view TEM micrograph of the SI laserta/3[111].
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Fig. 3. The p/n laser from wafer p/n-2. The threshold current increased by 10 R E _ 2~ :3 ]
8% after burn-in. (a) EL from the active stripe before and (b) after burn-in. L ao’e 9
(c) A plan-view TEM image from the same area of the active stripe showing é 8
that a DD coincided with a dislocation loop pair with a starting point in the d
sidewalls of the active stripe. 0
i | I I ] | 1 1 1 1
L . , 24101 2 3 45 6 7 8 9 10
All observed loops appear to coincide with DD’s. The loops New DDs

are closed and are not linked to any other crystal defects. In o
fact, no evidence of other crystal defects whatsoever was found (®)

in our TEM samples. It is interesting to notice that the Ioo’Eig- 4-f 'ang_?fse intthfefShO'd_tCth(f%m \SFSUS inthEIaSi in nlumbef %f g)')D’S/in
. . . . sers from different wafers with (a) a S| current-blocking layer an p/n
in _the Sl laser in Fig. 2(d)_ is located near the Cem.er of t_ rrent-blocking layers. The data points within brackets in (a) were omitted
stripe rather than at the sidewalls, whereas both dislocati@nhe calculations (see text for details). The results of the calculations and the
loops in the p/n laser in Fig. 3(c) have their starting poirﬂymbols used in the graphs are listed in Table |. The dashed lines represent
at the sidewall. One of the latter loops has grown into tn%/egrsi%(;sttﬁ:egyg the high density regions of data points and are only intended
active InGaAsP layer and the other into the p-InP:Zn current-

blocking layer. o
wafers had apparent distinctions, we have chosen to present

the results for each wafer separately.

1) Lasers with Sl Current-BlockingThe distribution in

Our criterion for wafers with strongly degrading lasers wathreshold current increase after burn-in was quite broad for
an increase in the threshold current of more than 30% aftee lasers from SI-4 when compared to the distribution for
burn-in for at least some lasers from one and the same walasers with moderate degradation. For the majority of the
Two different wafers, one with a Sl current-blocking layer (Sllasers, the threshold current increase was less than 2% with
4) and one with p/n current-blocking layers (p/n-3), fulfilecho measurable change in the differential quantum-efficiency.
this criterion. Since the degradation characteristics for thelseaddition, about one third of the LD’s showed an increase

B. Wafers with Strongly Degrading Lasers
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loops shown in Fig. 5(c) and (d). These loops appear to be
located in the vicinity of the sidewall of the active stripe
and their location along the stripe coincides with the only
DD in the sample. The presence of residual contrast for
g = +[022] suggests thab is the same as for the p/n
laser in Fig. 3. The nature of the larger loop, i.e., vacancy
or interstitial type, could be determined by means of contrast
experiments involving stereographic imaging and observations
of inside—outside contrast using a positive deviation parameter
s and g bright field (BF) diffraction imaging [13]. In
Fig. 5(c) and (d), the inside—outside contrast can be seen in
the form of a change in diameter of the loop parallel toghe
vector. From this contrast change, the loop was determined to
be of interstitial type. This is consistent with results of several
other groups [5], [14], [15].

2) Lasers with p/n Current-Blockingn the lasers from
p/n-3, the increase in threshold current varied between
100-500%. Despite this large increase, any change in external
differential quantum-efficiency was hardly resolvable. No
significant differences could be found in the nonlinearity
of the light-output power when compared before and after
burn-in. In fact, no apparent change in the nonlinearity after
accelerated aging was observed for any of the lasers in this
study. Due to the presence of Au/Ti/Pt metallic films on both
sides of these LD’s, the EL and PL could not be studied.
Instead, LD’s were examined by means of plan-view and
cross-sectional TEM before and after burn-in.

Plan-view TEM investigations showed that in an LD that
had not been subjected to burn-in, Fig. 6(a), no crystal defects
could be detected in the active stripe. In contrast to this, an

Fig. 5. EL images of a SI-LD from wafer Sl-4 (a) before and (b) afte ; 0% i ; _
burn-in, with an increase in threshold current by 62%. The degradation resul[?elg with a 210% increase in threshold current after burn

in an EL image with uneven edges and reduced intensity. Plan-view TEf1, had small dislocation loops<L00 nm) located inside the
investigations of the active InGaAsP stripe after burn-in showed that tigetive stripe, as shown in Fig. 6(b) and (c). The loops were

only DD that existe_d in th‘is LD, and_ Which_ ex_isted even beforg the burn-ir']nore of less homogeneously distributed along the stripe and
corresponds to a dislocation loop with (c) inside contrastgfes [022] and . . .
(d) outside contrast fog = [022]. all loops were situated right at the interface to h&nP:Zn
current-blocking layer.

i , . Fig. 7(a) and (b) show cross-sectional TEM images of two
in threshold current in the range from 30 to 200%, WitQ b5 one before and one after burn-in. As seen in Fig. 7(a),
a reduction in differential quantum-efficiency of about ong,e aciive stripe and the surrounding InP are clearly visible
order of a magnitude smaller. _in the LD not subjected to burn-in, but no crystal defects
_ Before purn-in, the EL was homogenous along the strig,id be observed in any of the layers, except for a contrast
in all LD's. A rare exception was the DD in Fig. 5(b), whichgeviation at the sidewalls of the mesa. Fig. 7(b) shows that
could also be observed before the burn-in, although it is N@je |D that had been subjected to burn-in had essentially the
resolved in the reproduction in Fig. 5(a). Despite that theyme features, except for an additional contrast in the form
threshold current had increased by more than 30% in sogfetwo black lobes (“coffee-bean” contrast) at each of the
LD’s after burn-in, no new DD’s could be detected in any oidewalls of the active stripe. In order to illustrate this more
the LD's. Instead, a new phenomenon was observed in t§garly, a schematic drawing has been inserted in Fig. 7(b).
form of an unevenness in the EL along the active stripe. Thike contrast looks essentially the same as the contrast from
can only barely be seen in the reproduction of the originglsiocation loops observed by de Coometnal. in degraded
EL image in Fig. 5(b). The unevenness was only observeddauble-channel planar BH lasers (DCPBH) [5].
lasers with an increase in threshold current by more than 30% The determination of the Burgers vector for these small
e.g., in the LD in Fig. 5, which had degraded 62%. An overaflislocation loops is difficult because of the presence of residual
impression was also that the EL intensity was reduced to soguntrast. From the TEM cross-section in Fig. 7(b), the loops
extent after burn-in. However, it was not possible to quantifyppear to be located in {111}-planes. Such loops usually
this with our equipment. have a Burgers vector of the type/3){111) [1]. Such a

A plan-view TEM investigation of the LD in Fig. 5 after Burgers vector is, in fact, consistent with a contrast analysis
burn-in showed the active stripe to be almost free from crystafl the loops in plan-view, using different diffraction conditions
defects. The only exceptions found were the two dislocatiavith the electron beam close to the [100] direction. Residual
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Asive
InGaASE

Fig. 6. Plan-view TEM images of the active InGaAsP stripe in p/n-LD’s from wafer p/n-3. In (a), an LD that has not been subjected to burn-in is
shown. No crystal defects were found. The two dark regions to the left side are artifacts due to the sample preparation. In (b) and (c), the same type
of LD is shown after burn-in. The increase in threshold current was 210%. Dislocation loops that are visible at the sidewall of the InGaAsP stripe for
(b) g = [022] and (c) less visible (residual contrast) fgr = [022].

Fig. 7. Cross-sectional TEM of LD’s from wafer p/n-3. (a) An LD that has not been subjected to burn-in. (b) An LD after burn-in with an increase in
threshold current by 194%. The “coffee-bean™like contrast observed at the sidewalls of the active stripe is typical for dislocation loops i(sKetcinsert).

contrast was only obtained fat = =+[022], as shown in IV. DISCUSSION
Fig. 6(c), which implies that the Burgers vectotti$a/3)[111]
or +(a/3)[111]. ) .

In order to study the influence of the dislocation loops oft Wafers with Moderately Degrading Lasers
the p/n junctions, some LD’s were also studied by meansThe majority of the lasers from wafers with moderate degra-
of cross-sectional EBIC before and after burn-in. Results fdation showed DD’s after burn-in, whereas only occasional
two different LD’s after burn-in are shown in Fig. 8(a) andD’s were found before aging. Furthermore, the increase in
(b). The increase in threshold current was 286% and 438#reshold current was found to be related to the increase in the
respectively. In the LD of Fig. 8(a), all p/n junctions in theaumber of DD’s, as shown in Fig. 4(a) and (b). This behavior
BH-structure are clearly visible, c.f., Fig. 1(b). The widths ofvas the same in both S| and p/n lasers.
the lines in the EBIC image are generally of the order of the The presence of DD’s in the EL as well as the PL im-
diameter of the expected interaction volume for the electrages implies that the DD’s correspond to areas of enhanced
beam,~0.3 xm and no variations can be seen along the EBIGonradiative recombination. Therefore, the current density is
lines. In Fig. 8(b), on the other hand, there is no EBIC signptesumably higher inside the DD’s. In addition, the DD’s
right at the interface between active stripe and the p-InP:Zmay have a different absorption coefficient compared to the
current-blocking layer, c.f., Fig. 1(b). The absence of an EBIg€urroundings. We have been able to formulate a model for
signal in this part of the structure was also noted before burnitis degradation in the threshold current. The model includes
for some LD’s of the same type. effects from the DD’s, as well as contributions due to changes
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It follows from (2) and (3) that the total threshold-current,
Iy, can be written as:

Iy, = -V - Neaw [1 +(C- 1)@ 'nDDs:| (4)
TG L
whereV is the volume of the entire active stripe.

Eliseev et al. [17] have shown how inhomogeneities in
the current distribution depend on inhomogeneities in the
surrounding material. In accordance with their theory, we
now introduce a “current self-distribution parametefpp,
which includes the response of the Fermi voltage to changes
in carrier density, excess carrier lifetime, specific resistivity
and characteristic lengths related to current lines through the
DD’s [17]. SinceC — 1, according to the definition in (1), is
equal to(Jpp — Je )/ Ja i, a direct application of (20) in
Eliseevet al. [17] gives

ATDD) £pD
C—-1)=- . 5
( ) < TDD 1+¢pp ®)
Here, mp is the carrier lifetime inside the DD anfd7pp =
DD — Ter- €pp IS given by [17]
du; ) 8- 7Tpp
£DD < dN average (pp + pn) g -7 -WDD - dA ( )

whereU; is the junction voltagep, andp,, are the resistivities

in the adjacent p- and n-InP layers, respectively, dnds the

thickness of the active InGaAsP stripe. We have assumed that

() wpp IS much smaller than the thicknesses of the adjacent p-

Fig. 8. EBIC images of two p/n-LD’s from wafer p/n-3 after burn-in. (a)and n-InP layers.

LD with an increase in threshold current by 286% and (b) by 438%. The NG,th factor in (4) can be obtained from the threshold
requirement for the optical field. Assuming a linear gain,

in the carrier lifetime in the regions of the laser stripe outsidgN) = a(IN — Np), wherea is the gain coefficient andV,

the DD’s. the transparency carrier density, this can be expressed as [18]

Following the theory of Yonezat al.[16], the total injected
current is divided into two components, one inside the DD’s Loy -a- (Nou = No) - L

and one inside the normal (“good”) regions. Assuming that = ag (L = Lpps) + apps - Lpps +am - L (7)
the current-density in the DD’s at thresholép, is €' times  yhere T, is the transverse confinement factorg is the
that in the normal regions/g tu, internal loss in the normal regions;pps is the loss in the
DD’s and «,, is the mirror loss.
Jop = Ja - C (1) By combining (4), (5) and (7), a relation between the

increase in threshold current and the number of DD’s can
the total current-density;;, can be expressed in the followingbe obtained. We assume that the internal losegsnd apps
form [16]: are mainly due to free-carrier absorption and thus proportional
to N. Losses due to scattering can either be included in the
o,y - L-term or be neglected if they are due to the DD'’s, for
which wpp <« L. Neglecting second-order terms, the relation
takes the following form:
wherenpp, is the number of DD’swpp is the effective width At
of a DD andL is the length of the laser stripapp is expected T = <— )
to be of the order of the carrier diffusion length in InGaAsP, “tt

w
Jw=[1H(C =D o) Jeam @

feld]

which is around 2:m [11]. + <1 _ i <TD_D>>
The part of the threshold current which is injected into the o - (Vo -T'ay -a+ag +am) \ 7@
normal regions/¢ i1, can be expressed in terms of the electron Arg ¢pp TG
’ C e x[1— — -1
charge,q, the volume,V, the carrier lifetime,r, and the TGO 1+¢&pp/ \ 7DD
threshold carrier-densityNe 1 [4]: wWDD
- (F22) - nope- ®
Towm = q- Vo - NG 3 The carrier lifetimespp and 7 in (8) are determined by
' TG the lifetimes for the different recombination processes below
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™p/7G AND C VALUESTQSB\I/_VI?EL:_ AS AVERAGE VALUES OF ing ATG/TGO -his.togrgm;, are Shown in Fig' 9. According to
AT/ TGo FOR WAFERS WITH MODERATELY DEGRADING LASERS Table I, the lifetime inside a DD is onIy about half of that
— Aging s | wg ] | Figarew outside. As mentioned above, the observed increase in the
SI-1 Burnin 1% 04 | 21 120 contrast in the EL images from lasers after the life-test is
SI-1 | Bum-in and life-test S20% 03 | 27 4o ® consistent with a further reduction of the nonradiative lifetime
SI-2 Burn-in -8% 05 | 19 4a: + inside the DD’s, c.f.,,7/pp/7¢ for SI-1 after burn-in and
SI-3 Burn-in 1% 06 | L6 da: + life-test. Fig. 4 shows that the degradation is dominated by
p/n-1 Burn-in 6% 03125} 400 the change inrg, since the slope of the lines representing
plo:2 Bum-in = S 2 ® _ the contributions from the DD’s is quite small. This is not

surprising if one considers the changerin to be due to the

threshold: spontaneous and nonradiatide; is expected to injection or creation of point defects and the changeg to
e due to dislocations. It is reasonable to expect the creation of

arise from changes in the nonradiative lifetime during aging. int defects 1o take ol ite a | ¢ of th i
This is most likely caused by point defects in the active strip oint detects fo take place over quite a 1arge part of the active
{ripe, whereas effects due to dislocations are limited to the

which form nonradiative recombination centers [19]. Since. locati h I d their i diate vicinity. The fact
these point defects are unintentional from a manufacturiII ato[f '075 ]emse Vﬁjsaghangg dlr;::)n; 1'?05 \2;'2: )k/J.urn ?n ac
oint-of-view, their number is likely to fluctuate from lase 76 /TG0 average : -—-70 Al i

b y —22% after life-test for SI-1 in Table | is consistent with a

to laser, which will be reflected in a statistical distribution if° ; - _ . ;
the lifetime and, consequently, i/, /on. model in which there is a continuous supply of point defects

¢np can be estimated with the help of (6) for our L@ dl_Jring aging. Furthermore, t_he incr_eas_ed number of lasers
InGaAsP/InP lasers, wher, = 0.15 um and L = 300 um. with large npprs-values after life-test indicates that when the
For 7pp, We use a typical value, 2 ns [20]. From this and th oncen_tratlon_ of point defects becomes Iarge_ln some part of
threshold currentsN .1, was estimated to be aboBt 1018 the active region, they agglomerate and form dislocation loops,

cm~2, which givesépp =~ 3.5. Using this value together with which are then Seen as DD's in t_he EL an_d PL IMages.
the approximate valuesg = 20 cm~! and a,,, = 40 cm™ Although occurring only at one instance in our experiments,

[4] and assuming thator < 76, (8) can be approximated bythe_ d|sappearan§:e of one DD after purn—m for wafer SI-
1 is consistent in the sense that it is accompanied by a
Aln _ <_ ATG) + <1 _ ATG) < ¢pp ) <T_G _ 1) corresponding reduction ify,, c.f., Fig. 4(a). This leads one to
Iy TGo TGo 1+¢pp/ \ 70D raise the question whether point defects are annihilated as well
. (@) o (9) asDD's.In fact, the change 'mA_rG/TGO is sl_ightly nege}tiye
L for some lasers from SI-3, c.f., Fig. 9(a), which makes it likely
The ratio 7 /Amp is expected to be approximately thehat annihilation of point defects also occurs. However, in most
same for all lasers from the same wafer. cases it is swamped by a larger contribution from the creation
Equation (9) represents a linear relationship betweefi new defects.
Aly, /Iy, and npps and has been used to evaluate the dataThe C' values for the wafers were also calculated, using
in Fig. 4. For a given wafer and a given slope of the liné5). As seen from Table |, they fall in the range 1.6 to
(and thus a given ratiec;/7pp) We have first let the line pass2.7. Interestingly, these values are of the same order as the
through each of the data points in turn. From this, we hawerresponding values reported for AlGaAs/GaAs-based lasers
obtained the correspondinlyr¢ /7o for each point. The slope by Yonezuet al. [16], who obtained” ~ 2, in an experiment
was then varied until the smallest standard deviation for tisémilar to ours and by Kobayaskt al. [21], who obtained the
distribution of A7 /7o values was obtained for each wafervalue 2 using thermal diagnosis of DD’s. This implies that the
The data points within brackets in Fig. 4(a) were excludddfluence of DD’s on the injected carriers is almost the same
in the evaluation, since they gave rise to distorted;/7go in AlGaAs/GaAs and InGaAsP/InP-based lasers. However, a
distributions and abnormally large standard deviations. Alsanaller size of the DD’s in the latter case makes the presence
removing the data point near 40% for wafer SI-1 after burf DD's less severe.
in plus life-test causedpp/7¢ to go from 0.4 to 0.3. The The wafers used in our investigations are wafers that
corresponding value after burn-in only was 0.4. This implidsave been removed from various production runs due to
an increased nonuniformity within the laser after the life-tegheir showing exceptionally large levels of degradation. It is
which is more consistent with our observation that the DDisteresting to note that all the lasers from the same wafer
showed an enhanced contrast after the life-test. The data poiegrade about equally much, c.f., Figs. 4 and 9. Since the
within brackets in the third quadrant in Fig. 4(a) showed stress conditions were the same for all lasers, this implies that
behavior different from all the others and was not includeithe source of point defects was built into the wafer at some,
in the fitting. This data point is discussed further below. Tharesently unknown, stage of the manufacturing process. The
data points represented by black dots in Fig. 4(b) belong ittentity of the point defects involved as well as the physical
wafer p/n-2. Although they show a behavior similar to that ahechanism behind the formation of DD’s are presently not
the data points from p/n-1 in Fig. 4(b), they were consideradear. The fact that the DD’s were found to coincide with
too few in number to allow a meaningful evaluation. dislocation loops in both Sl and p/n lasers suggests that the
The evaluated ratios ofpp /7 and the averages for themechanism is the same in both types of lasers. Several authors
Ar¢ /7o distributions are shown in Table I. The correspondhave attributed the formation of dislocation loops in the active
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Fig. 9. Histograms showing the distributions it /7¢o for wafers with moderately degrading lasers.

INnGaAsP stripe to Zn diffusion from the layers adjacent to thefter burn-in in the EL images. This is different from the
active stripe [5], [6]. In our lasers, one of the faces of the striproderately degrading lasers and suggests that some type
is, in fact, in contact with a fairly large source, viz. the pef highly localized defects exist along the stripe. Although
InP:Zn contact layer, as seen in Fig. 1. In the case of p/n lasaislocation loops were the exception rather than the rule in
Zn diffusion from the p-InP:Zn current-blocking layer throughhese Sl lasers, the location of the few loops in the active stripe
the sidewalls of the stripe is also possible, c.f., Fig. 1(bas the same as for the large number of loops in strongly
Consequently, loops caused by Zn indiffusion at the sidewallegraded p/n lasers, i.e., at the sidewall. In the latter case,
of the active stripe should only be possible in p/n-lasers but n@imerous small dislocation loops showed up after burn-in, as
in Sl-lasers. In view of this, it is interesting that the dislocatiogeen in Figs. 6 and 7, which suggests that the formation of
loop in the SI laser in Fig. 2(d) is located toward the centghe loops is strongly related to the structural and chemical
line of the active stripe, whereas the dislocation loops in th@nditions at the sidewalls.

p/n laser of Fig. 3(c) have starting points at the sidewall. It The missing EBIC signal after burn-in in regions corre-
appears as if the sites for the formation of dislocations aggonding to the sidewalls of the active stripe in Fig. 8(b)
governed by the strongest source of Zn, with the sidewaligincides with the presence of dislocation loops in that area.
taking precedence in the p/n type lasers. Not only is thge EBIC signal originates in the depletion regions of the
conce_ntration of Zn higher in t_he p/n currept-blocking layep/n junctions [22] and an absent EBIC signal suggests that
the sidewalls may also contain some residual damage Qqug carrier recombination rate is enhanced in these regions. de
to, e.g., phosphor deficiency or from the reactive ion etchingyomanet al. [5] have observed a similar phenomenon and
(RIE) steps. This is discussed more in detail in the next sectiqhey attribute the EBIC effects at the sidewalls of their lasers

to the presence of dislocation loops of the same type as ours.

In view of this, it is interesting to note that lasers with the same
In the SI-LD’s, which degraded strongly, a certain degrdeBIC pattern could be found before burn-in as well, whereas

of unevenness could be observed along the entire strigiglocation loops were only found after burn-in. Judging from

B. Wafers with Strongly Degrading Lasers
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this, there seems to exist small and highly localized defeather hand, no dislocations could be observed, apart from some
in the sidewalls of the active stripe already before the burnecasional dislocation inside the active region. However, the
in. The defects may be due to an inadequate removal of tleevenness in the intensity of the EL radiation, taken together
sidewall damage in these lasers during processing. Furtiath the absence of dislocations, indicates that there must at
evidence for the presence of damaged sidewalls is the conttaast exist some residual damage at the sidewalls. This damage
deviation at the mesa sidewalls seen both before and afitetarge enough to affect the recombination rate, but not large
burn-in in Fig. 7. enough to generate dislocations. In the moderately degraded Sl
The relative increase in threshold current was consideraltégers, dislocations were found at the DD’s, as was the case
larger than the reduction in external differential quantumwith the p/n-type lasers.
efficiency. This implies a negligible change in the internal In view of this, we interpret the groups “strong,” “moder-
absorption. Therefore, the dislocation loops and any defectsaite,” and “no degradation” as representing various degrees of
the sidewalls of the active stripe act as sinks for the injecteesidual damage at the sidewalls of the mesa. Probable causes
carriers by forming strong nonradiative recombination centexs, such damage are inadequate removal of process-induced
which is consistent with the EBIC result. defects, such as defects from the reactive-ion etching steps
Hence, it appears as if the strong degradation has its origind also the presence of defects related to an uncontrollable
in some type of damage at the sidewalls of the active strigdess of, e.g., phosphorous atoms from the mesa sidewalls
Furthermore, the observed lower threshold current increasediring regrowth of the epilayers. When the amount of residual
the Sl lasers (0—200%) compared to the p/n lasers (100-5008anage is large, strong sites for nonradiative recombination or
shows that the concentration of point defects is lower in ttoeirrent-leakage develop right at the sidewalls of the active
Sl lasers. This is consistent with the fact that these lasers mgion. When the amount is moderate, such sites develop
not have a Zn-doped current-blocking layer adjacent to tieside the active region. The location of the sites depends
defect ridden sidewalls of the active region. It also relatem the extent to which point defects are able to enter the
well to out observation of the numerous small loops in the pactive region. Thus, damage at the sidewalls should not only
lasers, since de Coomant al. have suggested that such loopbe able to generate point defects; it should also encourage
are caused by Zn diffusion [5]. Wittot al. [23] have also local nucleation and growth of dislocations, if strong enough.
attributed interstitial loops in the Zn-diffused region of InPrhis will absorb point defects and prevent them from entering
to an agglomeration of In interstitials, which are generatatde bulk of the active region. The fact that the strongly
by a kick-out reaction when diffusing Zn interstitials araelegraded p/n-type lasers show dislocation loops which have
incorporated on the In sublattice. developed enough to be resolvable in the TEM also shows
We therefore suggest that the strong degradation in somettidt when a Zn-doped layer is present, it will cooperate with
our p/n lasers is a synergistic effect caused by residual damaige residual damage and cause an even stronger injection of
at the sidewalls of the active stripe in combination with Zpoint defects.
diffusion from the current-blocking layer. It has been shown
earlier that Zn diffusion into the active InGaAsP stripe gen-
erated nonradiative recombination centers [7]. Anomalously V. CONCLUSIONS
large Zn diffusion from the current-blocking layer into the The analysis of degraded InGaAsP/InP-based bulk lasers
mesa due to dry-etch damage has been reported by Kend@esulted in the following conclusions:
al. [24] Oohashet aI[25] have increased the lifetime of their In our lasers, moderate degradation in InGaAsP/InP-based
lasers by the insertion of a diffusion barrier for Zn in the forBH |asers is connected with the appearance of DD’s (DLD’s
of an undoped InP layer next to the mesa sidewalls. or DSD's) in the EL images. These DD's are caused by the
presence of dislocation loops. DD’s were found in lasers both
) ) _with p/n and SI current-blocking structures. Differences in the
C. Relationship Between Moderate and Strong Degradationgcation of the loops point to indiffusion of Zn as being of
The results presented above enable us to draw some conifiyportance in the creation of the dislocations.
sions regarding the relationship between the groups “WafersAn analytical model is proposed in which the DD’s and
with Moderately Degrading Lasers” and “Wafers with Stronglpart of the increase in the threshold current are due to
Degrading Lasers.” However, it is important to note that theonuniformities in the current distribution caused by the
occurrence of moderately or strongly degrading lasers gyeesence of dislocations. A comparison of the model with
sporadic effects and should be considered as being due to gaperimental results showed the carrier lifetime in the DD’s
turbations in an otherwise very stable production process. Ttoebe about half of that in regions outside the DD’s. This is,
overwhelming majority of lasers do not show any measurakltie our knowledge, the first time quantitative estimations of
degree of degradation. The two groups differ not only in terntkis ratio have been presented. The model also shows that the
of the degree of degradation, as displayed by the changecontribution due to changes in the carrier lifetime in those
Iy, they also show distinct microstructural differences. Thearts of the laser stripe which do not have DD'’s is responsible
strongly degraded lasers of p/n type have a large number the major part of the increase in threshold current. The
of small dislocation loops right at the sidewalls, whereas thefluence from the DD’s plays only a minor role. The former
moderately degraded ones have dislocations in DD’s inside tieemost likely caused by the presence of point defects which
active region. In the strongly degraded Sl-type lasers, on tfegm nonradiative recombination centers during aging.
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Strong degradation was found to be different from moderates]
degradation in that DD’s are not formed in this case. Thr?‘q
presence of many small dislocation loops at the sidewalls
of the active stripe in p/n lasers and the jagged appearance
of the EL images from Sl lasers point to the conditions ditdl
sidewalls as being a critical factor in this case. The near
absence of dislocation loops and the comparatively smaller
increase in threshold current in Sl lasers which have degrao[é
strongly suggest that strong degradation is due to a synergistic
combination of residual damage in the sidewalls of the actiV¥]
stripe and Zn indiffusion from the p-InP:Zn current-blocking
layer. [18]
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