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Strained layer multiquantum well (SL-MQW) lasers incorporating an InGaAsP/ InGaAsP/
InP heterostructure for 1.55 pm emission wavelength, were grown by low pressure metalor-
ganic vapor phase epitaxy (LP-MOVPE). The SL-MQW heterostructures contained either
5 or 7 quaternary QW layers grown under +0.5% or +1% compressive strain between lattice
matched quaternary barriers. Zero net strain (ZNS) heterostructures consisting of 10 com-
pressive QWs grown under +1% strain between tensile strained barrier layers with an equal
and opposite strain-thickness product, were also investigated. The laser devices were pro-
cessed with broad area stripes and ridge waveguide (RWG) structures. The threshold current
density at infinite cavity length per well decreased from 150 to 87A /em with increasing strain
in compressive SL-MQW lasers. The corresponding value measured on ZNS-MQW lasers
was 102A /em?. The absorption losses increased with the number of QWs, but were found
to be always in the range of 1 to 3.6em ™! per well for both device structures. RWG lasers
300pm long exhibited the best performances with compressively SL-MQW heterostructures
containing 7 QWs grown under +1% strain. The threshold currents and slope efficiencies
measured in these devices were between 18-21mA and 0.21-0.26mW/mA per facet, respec-
tively. The excellent uniformity of electro-optic characteristics measured on RWG lasers
demonstrates good control of the fabrication process of the ridge mesas.

Heteroestruturas de InGaAsP/InGaAsP/InP constituidas de miltiplos po¢os quanticos ten-
sionados (SL-MQW), foram crescidas por epitaxia metalorganica em fase vapor a baixa
pressao (LP-MOVPE), visando a fabricagio de dispositivos lasers para emissao em 1.55um.
As heteroestruturas tensionadas SL-MQW contem 5 ou 7 pogos quanticos de material
quaternario crescidos sob compressao biaxial de +0.5% ou +1%. entre barreiras quaterndrias
casadas com o InP. Heteroestruturas com tensao total nula (ZNS), constituidas de 10 pogos
quanticos crescidos sob compressao biaxial de +1% e barreiras sob dilatagao biaxial, cujo
produto tensao-espessura € igual e oposto ao dos pocos, também foram investigadas. Os di-
positivos lasers foram processados com estrutura de drea larga e guiamento “ridge” (RWG).
A densidade de corrente limiar extrapolada para cavidade infinita por po¢o quantico, diminui
de 150 a 87A /ecm? quando a compressdao biaxial aumenta em lasers SL-MQW. O valor corre-
spondente medido em lasers ZNS-MQW & de 102A/cm?. As perdas por absor¢ao aumentam
com o nimero de pocgos, mas situam-se sempre na faixa de 1 a 3.6 ecm™! nas duas estru-
turas de dispositivos. Lasers RWG de 300um de comprimento de cavidade, apresentaram
melhor desempenho com heteroestruturas tensionadas SL-MQW de 7 pocgos crescidos sob
compressao biaxial de +1%. A corrente limiar e a eficiencia diferencial nesses dispositivos
estao na faixa de 18-21mA e 0.21-0.26mW/mA por face, respectivamente. A excelente
uniformidade das caracteristicas eletro-6pticas medidas nos lasers RWG, demonstra o bom
controle obtido no processo de fabricacao da estrutura “ridge”.
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I Introduction

The great improvement of semiconductor laser perfor-
mance reported in recent years, is largely due to the
advent of strained layer multiquantum well (SL-MQW)
heterostructures. The difference in lattice parameter
between the strained QW layer and the substrate re-
sults in a biaxial strain perpendicular to the growth
direction. The strain produces a tetragonal distortion
of the crystal lattice, which lifts the degeneracy of the
heavy hole and the light hole subbands in the valence
band [1]. Under biaxial compression, the top of the va-
lence band is light hole-like in the in-plane direction,
such that the low effective mass of the hole reduces the
areal carrier density necessary to achieve the population
inversion in a QW laser. Therefore, the current den-
sity at transparency is lower in a compressively strained
QW laser than in an unstrained one. In addition, the
splitting of the spin orbit split-off hole subband in long
wavelength lasers 1s modified in such a way, that only
large momentum wavevectors are possible in the transi-
tions involving Auger nonradiative recombination and
intervalence band absorption (IBVA) losses. These in
turn reduce the threshold current density and increase
the external differential efficiency of 1.55um emission
QW lasers. Hence. devices fabricated with compres-
sively SL-MQW heterostructures have exhibited supe-
rior performances when compared to unstrained QW
devices [2,3].

However, there is a limit to the total amount of
strain that can be incorporated in a SL-MQW structure
without the formation of misfit dislocations, which can
degrade the laser performance and reliability. More-
over, the growth of SL-MQW structures with more wells
can improve the dynamic properties of laser devices in
the 1.55um wavelength range. A greater number of
wells decreases the threshold gain, and therefore in-
creases the differential gain of a MQW laser device.
This in turn improves the frequency response and re-
duces the wavelength chirp, which are important dy-
namic characteristics for applications in high speed and
long distance optical communications. Consequently,
there has been a growing interest recently, in strain
compensated MQW structures, where the barriers are
grown under tensile strain. The strain-thickness prod-
uct of the barriers is made equal in magnitude but of

opposite sign to that of the wells, leading to a struc-
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ture with zero net strain (ZNS). Strain compensated
SL-MQW lasers using the InGaAs(P)/InP system in
the range of 1.55um emission wavelength have demon-
strated excellent electro-optic characteristics [4-7]. An
important aspect for the design of ZNS-MQW lasers, is
the possibility of growing quaternary wells with larger
thickness, which increase the optical confinement fac-
tor as well as the allowed tolerances of well thickness
and interface sharpness. However, the growth of a
greater number of quaternary wells in ZNS-MQW lasers
has been limited by a phenomenon known as wavy
layer growth, produced mainly by the miscibility gap
of the quaternary material usually grown for the ten-
sile strained barrier layers [8,9].

In a recent work, we have reported a systematic
study of the growth conditions of metalorganic vapor
phase epitaxy (MOVPE), for the improvement of struc-
tural and optical properties of InGaAsP/InGaAsP/InP
ZNS-MQW heterostructures with a larger number of
QWs [10]. In the present work, we present the fabrica-
tion of SL-MQW lasers with 1.55um wavelength emis-
sion which incorporate quaternary InGaAsP materials
for the wells and barriers. Compressive SL-MQW lasers
with b and 7 wells as well as ZNS-MQW lasers with 10
wells were fabricated. The laser devices were processed
with broad area stripes and using the ridge waveguide
(RWG) structure. Excellent device characteristics were
obtained for both SL-MQW structures with lattice mis-
matches of the QW layers of 0.5% and 1%. The paper is
organized as follows: in section I, we describe the epi-
taxial growth procedure and the processing undertaken
for device fabrication. Section III presents results ob-
tained for the material characterization of the SL-MQW
heterostructures. Section IV is devoted to the analysis
of broad area lasers in order to extract the relevant ma-
terial and device parameters of compressive SL-MQW
lasers and ZNS-MQW laser structures. In section V,
we describe the characteristics obtained for the RWG
lasers, and finally in section VI, the conclusion is pre-

sented.

II Epitaxial growth and device
fabrication

The samples were grown in a horizontal low pressure
(70 Torr) MOVPE reactor operating at 670°C growth

temperature, using a fast vent-run switching mani-
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fold to achieve abrupt heterointerfaces. The group
V hidrides sources are phosphine (PHs) and arsine
(AsH3), whereas the group IIT organometalic sources
are trimethylindium (TMT) and triethylgallium (TEG).
Disilane (SizHg) and diethylzine (DEZn) are used for n
and p type doping, respectively. The SL-MQW laser
structures comprised the growth of the following suc-
cessive layers on a nT-InP substrate: 1) a 0.5 pum thick
n-type InP buffer layer (n = 7 x 1017 em™3), 2) an
undoped active region consisting of a separate confine-
ment heterostructure, which incorporates the SL-MQW
structure sandwiched between two waveguide layers of
InGaAsP material described below, 3) a 1.8um thick
p-type InP confining layer (p = 7 x 1017 em™3), and 4)
a 0.15-0.3 pm thick p*-InGaAs contact layer (p > 101°
em~3). The SL-MQW structures consist of compres-
sively strained QW layers 50 A thick of InGaAsP ma-
terial with bandgap wavelength of 1.65um, and barrier
layers 100 A thick of InGaAsP material either grown
lattice matched or under tensile strain with a corre-
sponding bandgap wavelength of 1.3um and 1.4pum, re-
spectively. The waveguide layers of quaternary mate-
rial have the same composition as the barriers. The
compressive SL-MQW structures included 5 or 7 QW
layers between quaternary lattice matched barriers and
waveguide layers 500 A thick. The amount of strain (¢)
in the QW quaternary layers was nominally +0.5% or
+1%. One sample with 5 QWs and ¢ = +0.5% was
grown with waveguide layers 1000 A thick. The ZNS-
MQW structure includes 10 compressively strained QW
layers (¢ = +1%) 50 A thick of quaternary material
grown between tensilely strained barrier and waveguide
quaternary layers (e=-0.5%) 100 A thick.

Broad area lasers were processed into stripes of 50
and 100 gm widths using a conventional photolithogra-
phy technique. The fabrication of the RWG structure
included a combination of reactive ion etching (RIE)
and wet chemical etching techniques with a photore-
sist mask. The ridge mesas of 5um width were etched
through the pT-InGaAs contact layer and the p-InP
confinement layer down to the upper quaternary waveg-
uide layer. SiOs was deposited by PECVD to confine
the current in the active region only below the ridge.
The p side contacts of the broad area stripes and on
top of the ridge mesas were performed by evaporation
of Ti/Pt/Au. After thinning the substrates down to

100pm thickness, the n side ohmic contact was formed

by deposition of Ni/AuGe/Ni/Au by electron beam.
The laser devices were obtained after cleaving the wafer
into bars of various cavity lengths in the range 240-
1200pm. Finally, the light output power-current char-
acteristics were measured at room temperature under
pulsed conditions at a frequency of 1KHz with current

pulses of 1us width.

IIT Material characterization

After growth, the SL-MQW structures were character-
1zed by double crystal X-ray diffraction and photolumi-
nescence (PL) spectroscopy techniques. Fig. 1 presents
the X-ray rocking curve of a SL-MQW structure grown
with 7 compressively strained QW layers (e=+0.5%).
The zero order diffraction peak yields a resultant com-
pressive lattice mismatch equal to 3.42x 1073, The sep-
aration between the higher order satellite peaks yields
a 168 A period for the sum of the QW and barrier lay-
ers, which is close to the nominal value. The PL spec-
trum measured on this sample at room temperature is
shown in Fig. 2. The relatively narrow emission peak at
1.565um is close to the expected value and reveals good
reproducibility of the 7 QW layers in this compressive
SL-MQW structure. The high intensity and uniform
PL emission measured on different parts of the sample
confirm the good quality of the as-grown material. Sim-
ilar results were obtained with compressive SL-MQW

structures grown with e=+1%, and also grown with 5

QWs.
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Figure 1. X-ray rocking curve of a SL-MQW heterostructure
grown with 7 QWs under compressive strain (e=40.5%)
measured at (400) reflection. Peaks B and InP refer to

the waveguide quaternary layers and the substrate, respec-
tively.
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Figure 2. PL spectrum measured at room temperature of
a SL-MQW heterostructure grown with 7 QWs under com-
pressive strain (e=+0.5%). FWHM is the full width at half

maximum of the PL peak.

The X-ray rocking curve measured on a ZNS-MQW
structure 1s shown on Fig. 3. The more intense, sharper
and higher order satellite peaks, as compared to the SL-
MQW sample of Fig.1, result from the greater material
volume available for X-ray diffraction due to the larger
number of QWs and barriers in this MQW structure.
The zero order peak slightly shifted towards the tensile
strained material presents a resultant lattice mismatch
equal to —6x10~*. The separation of the satellite peaks
yields a 125A period for the sum of the QW and bar-
rier layers. The corresponding PL spectrum is shown in
Fig. 4, where the peak emission is somewhat shifted to
lower wavelengths relative to the nominal value. The
simulated X-ray rocking curve shown in Fig. 3 was
performed assuming the nominal strain values for the
well and barrier layers. The corresponding bandgap
compositions were deduced from the PL peak position
and the resultant strain measured by X-ray diffraction.
The simulation reveals good periodicity for wells and
barrier layers with thicknesses of 47 A and 79 A, re-
spectively, somewhat smaller than the nominal values,
but in agreement with the shift observed in the PL spec-
trum. The scatter in thickness relative to the nominal
values observed for the SL-MQW and the ZNS-MQW
structures, result from uncertainties in the calibration
procedure of the composition and thickness of the qua-
ternary layers for the wells and barriers. In fact, both
parameters were adjusted for the growth of each MQW
heterostructure in order to obtain the PL peak emission

as close as possible to 1.55um wavelength.
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Figure 3. X-ray rocking curve of a ZNS-MQW heterostruc-
ture grown with 10 QWs under compressive strain (e=+1%)
and barriers under tensile strain (e=-0.5%), measured at
(400) reflection.

_ ZNS-MQW ‘ A =1526 nm
r‘é 10 QWs, £ = +1%
5 T=300K
2
s
Pan)
2 FWHM = 34 meV
[}
k=
—
a.
1300 1400 1500 1600

Wavelength (nm)

Figure 4. PL spectrum measured at room temperature of a
ZNS-MQW heterostructure grown with 10 QWs under com-
pressive strain (6:+1%) and barriers under tensile strain

(e=-0.5%).

IV  Broad area lasers analysis

The light-current characteristics of compressive SL-
MQW broad area lasers grown with ¢ = +0.5% and
+1% and cleaved with different cavity lengths, are pre-
sented in Figs. b and 6, respectively. On both figures,
one clearly observes the expected increase of the thresh-
old current with the concomitant decrease of the slope
efficiency, as the cavity length is increased. However, by
comparing devices cleaved with the same cavity length,
but grown with different strains, one notices a threshold
current decrease and a slope efficiency increase as the
strain increases. These observations are consistent with
the prediction of the reduction of losses due to Auger
recombination and IBVA transitions. produced by the



54 Revista de Fisica Aplicada e Instrumentacao, vol. 13, no. 3, Setembro, 1998

modified valence band structure of the quaternary ma-
terial in the QW layers in the presence of compressive
strain [1,2].

Broad area SL-MQW lasers: 7 QWs
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Figure 5. Output power-current characteristics of broad
area lasers of various cavity lengths for a SL-MQW het-
erostructure grown with 7 QWs under compressive strain

(e=40.5%).

Broad area SL-MQW lasers: 7 QWs
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Figure 6. Output power-current characteristics of broad
area lasers of various cavity lengths for a SL-MQW het-
erostructure grown with 7 QWs under compressive strain

(e=+ 1 %).

Figs. 7, 8 and 9 present plots of the threshold
current density (Jy) as a function of inverse cavity
length (L) and the reciprocal differential quantum effi-
ciency (nez¢) versus L for three samples. Figs. 7 and
8 show measured data on compressive SL-MQW struc-
tures: the former grown with ¢ = 0.5% and 5 QWs,
and the latter with ¢ = 1% and 7 QWs. Fig. 9 shows
plots of the ZNS-MQW laser structure grown with 10
QWs. The straight lines in these figures are least square
fits of the experimental data points. Notice the large
number of devices measured for the ZNS structure and

the excellent uniformity of threshold current densities

obtained. In the following, we describe the modeling
analysis undertaken to describe the experimental data
shown in these figures. A major difference with previ-
ous works, 1s the large number of lasers analyzed here
which are represented by least square fits, and not only
data measured from best devices.

Broad area SL-MQW lasers: 5 QWs, ¢ = +0.5%
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Figure 7. Plots of the threshold current density as a func-
tion of inverse cavity length (a) and the reciprocal external
differential efficiency versus cavity length (b) measured on
broad area lasers for a SL-MQW heterostructure grown with
5 compressively strained QWs (e=+40.5%). The broad area
stripe width (w) and the number of lasers measured are also
indicated.

Broad area SL-MQW lasers: 7 QWs, €= +1%

10 . 6
a)  n°of lasers = 26 b)
w =50 um
NE g ‘
9 £ L
= | J,=061exp(0.0162L7) n,=0.57
-1
J,/QW = 87 Alcm? o =20 cm
0 20 a0 % 500 1000
1/L (em™) L (um)

Figure 8. Plots of the threshold current density as a func-
tion of inverse cavity length (a) and the reciprocal external
differential efficiency versus cavity length (b) measured on
broad area lasers for a SL-MQW heterostructure grown with
7 compressively strained QW layers (e=+1%).



M.T. Furtado et al.

Broad area ZNS-MQW lasers: 10 QWs, ¢ = +1%
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Figure 9. Plots of the threshold current density as a func-
tion of inverse cavity length (a) and the reciprocal external
differential efficiency versus cavity length (b) measured on
broad area lasers for a ZNS-MQW heterostructure. The 10
QWs are grown compressively strained (e=+41%) between
barriers under tensile strain (e=-0.5%) of double thickness.

The exponential behavior observed in the plots of
the threshold current density versus 1/L is a direct con-
sequence of the logarithmic dependence of the material
optical gain with the current density J in a single QW
layer, which is given by the expression [11]:

G =Goln "J;] (1)

where (¢ is the gain coefficient, Jy is the current density
at transparency and 7; is the injection efficiency. The
current density can be assumed equally divided among
the different QWs. Assuming the laser threshold con-
dition, where the gain equals the absorption and mirror
losses in conjunction with equation (1), the exponential
expression of Jyp, as a function of 1/L in a MQW laser
is easily obtained [12]

Y
Jin = Jinj exp (f) (2)

The threshold current at infinite cavity length J;,; and
the parameter Y are given by:

NZJ (871
Jing = 'Oexp< Go) ®)
1 1
Y=—1I— 4
AT (4)

where , 1s the optical confinement factor of the MQW
structure, «; is the internal absorption loss, N, is the
number of QWs and R is the facet reflectivity. The
value of J;,; is given by the intercept at the ordi-
nate of the fit line on the plot of Jy;, versus 1/L using
equation (2). The threshold current density at infinite
cavity length per well J;,;/QW, is an important pa-
rameter commonly used to characterize the optical and
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crystalline quality of SL-MQW lasers [2]. From Figs.
7a and 8a, we find Ji,;/QW = 150 A/cm? and 86.8
A /em? for the compressive SL-MQW lasers grown with
e = +0.5% and € = +1%, respectively. These results
are comparable to data previously reported on similar
compressive SL-MQW laser structures which operate
around 1.55um emission [2,13,14], and they follow the
expected trend with increasing amount of strain. As
the compressive strain in the QW layer increases, the
hole effective mass decreases and the splitting between
the heavy and light hole subbands increases. Both ef-
fects contribute to the observed reduction of J;, ;/QW
with increasing compressive strain. However, we should
point out that most previous works reported on com-
pressive SL-MQW lasers employed ternary InGaAs
QWs [2]. Moreover, the results reported with quater-
nary QWs were obtained in laser structures grown with

lower number of QWs [3,13,14] or lower strain values

[15].

Following the same analysis presented above, we
find Jinf/QW = 102 A/cm? from the data shown in
Fig. 9a for the ZNS structure. There is less avail-
able data reported on J, ; /QW in ZNS structures with
1.55um emission. A lower value of 62A/cm? was re-
cently reported in a strain compensated quaternary
structure with 10 QWs [15], but grown with lower com-
pensation than our samples, since their strain in the
wells and barriers were +0.64% and -0.17%, respec-
tively. Other results were reported employing ternary
InGaAs QWs [5] as well as a lower number of quater-
nary QWs [6,16]. The Jin;/QW values obtained are
somewhat lower than ours. One possible reason for this
discrepancy, are inhomogeneities in the MQW layers
that might be related to wavy layer growth in ZNS qua-
ternary structures, which are known to increase with
the number of QWs [8-10]. However, the value reported
for a ZNS AlGalnAs/AlGalnAs structure grown with
10 QWs [17] is significantly higher than ours. This re-
sult is surprising since the growth of AlGalnAs MQW
structures usually have more flat interfaces.

In addition, we have determined the gain coefficient
using the value of the semilogarithmic slope Y obtained
from the plot of the threshold current density versus
1/L given by equation (2). The calculation of the opti-
cal confinement factor of the SL-MQW laser structures
of Figs. 7a and 8a, yields the values of ;, = 0.0437
and 0.0718, respectively. The higher value of the latter
sample results from the corresponding larger number of
QWs. Therefore, assuming R = 0.3 in the expression
of Y given in equation (4), we find G, = 1329 em~!
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and 1034 cm~! for the samples shown in Figs. 7a and
8a. respectively. These results are consistent with data
reported previously on similar SL-MQW lasers [3,18].
However, the decrease of (G, observed in the SL-MQW
sample grown with higher strain (¢ = +1%) is inconsis-
tent with the increase of the number of QWs as well as
the amount of strain. A possible explanation for this
unexpected behavior might be the existence of inhomo-
geneities among the QW layers, which increase in the
growth direction and consequently reduce the material
gain. On the other hand, following the same analysis
for the ZNS structure and assuming , = 0.0937, we
find G, = 989 em~!.

measured in compressive SL-MQW structures having

This value 1s lower than those

a smaller number of QWs. Possible inhomogeneities
in the QW layers related to the onset of wavy layer
growth in the ZNS structure might be responsible for
the reduction of the gain in this case.

The values of «; and 7; were obtained from the plots
of 1/nezs, versus L using the well known expression [2]:

1 1 oL
== (1 + 2 1) (5)
Next Un IHE

With equation (5) and the best fit lines of 1/79.,+ as a
function of L shown in Figs. 7b and 8b, we obtain the
values: a; = 11.7 em™! and n; = 0.48 for the SL-MQW
with ¢ = +0.5%, and a; = 20 em~! and 5 = 0.57 for
the SL-MQW with ¢ = +1%. From the best fit line of
the ZNS structure shown in Fig. 9b, we find the values
n; = 0.64 and o; = 34 cm~! using equation (5). One no-

tices a significant increase of the internal losses with the
strain as well as with the number of wells. The internal
losses per well «;/QW of these samples correspond to
the values 2.3, 2.9 and 3.4 ecm ™~ for the compressive SL-
MQW structures grown with ¢ = +0.5%, ¢ = +1% and
the ZNS structure, respectively. These results can be
considered quite close compared to more scattered data
reported with similar ZNS-MQW structures [19]. Our
results show that the losses are mainly affected by the
number of QW layers in these structures. In a previ-

ous work, «; was observed to be independent of N, and
decreased with increasing amount of compressive strain
[3]. This discrepancy may be attributed to scattering
losses in the QW interfaces due to the larger number
of QWs used in this work, such that «; is not only lim-
ited by the IVBA losses. However, we must point out
that the value of «; measured in our ZNS structure is
significantly lower than the value reported recently [19]
for a similar structure with the same number of QWs.

Table T presents data gathered from various SL-
MQW structures grown with different strains and num-
ber of QWs. The lasers were processed with stripe
widths of 50pum where not specified. One notices a de-
crease of Jin;/QW values by a factor around 22-28%
on the same sample when the stripe width increases
from 50 to 100pm. This behavior is explained by the
contribution of current spreading below the broad area
stripe, which are known to increase as the stripe width
decreases. This result implies that the values measured
for the compresslve SL-MQW structure with e=+1%
and the ZNS structure are possibly overestimated by
the same amount. On the other hand, the low values of
7; measured on lasers processed with the larger broad
area stripe may be attributed to an inhomogeneous dis-
tribution of the carrier density below the stripe. In a
previous work [20], we have shown that this effect does
not affect the value measured of «;. Finally, the val-
ues shown for the current density at transparency Jy
were determined using equation (3) with known values
of Jint, G, and «; obtained from equations (2), (4) and
(5), respectively. The results are consistent with data
previously reported [3,21], and are among the best re-
sults obtained on similar SL-MQW structures. As ex-
pected, J, decreases as the compressive strain increases
in the QW layer, due to the decrease of the hole effec-
tive mass in the valence band. However, the decrease
of J, observed with increasing stripe width on the same
sample, results from the corresponding lower value mea-
sured of ;.
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Table I: Laser characteristics of compressively SL-MQW and ZNS-MQW structures

Sample € n’ of n’ of Jint Yiem) Jid/QW r Go n o o/QW Jo
(%) wells lasers  (Alem?)  x10?  (Alem’)  xjo? (cm’™) (em’y  (cm') (Alem’)
B467 +0.5% 7 35 1031 1.6 147 7.8 967 - - - -
B469 +1% 7 19 932 1.41 132 7.18 1186 - - - -
B485 +0.5% 5 30 752 2.13 150 4.37 1295 0.48 1.7 23 58.6
B485 (100pm)  +0.5% 5 12 587 2.3 117 4.37 1200 0.4 5 1 42.5
B486 +0.5% 5 17 762 2.07 152 4.37 1329 0.49 8.5 1.7 64.3
B486 (100um)  +0.5% 5 7 546 2.54 109 4.37 1085 0.44 6.2 1.2 42.1
B486 (RWG)  +0.5% 5 50 891 1.42 178 4.37 1937 0.67 13 2.6 102.3
B487 +1% 7 26 608 1.62 87 7.18 1034 0.57 20 29 379
B531 ZNS 10 52 1025 1.3 102 9.37 989 0.64 34 34 45.2
B531 (RWG) ZNS 10 47 1189 0.997 119 9.37 1289 0.78 34 3.4 70
B553 +0.5% 5 91 606 2.51 121 4.37 1097 0.52 17.8 3.6 435

A\ RWG lasers

The light output power-current characteristics mea-
sured on compressively SL-MQW RWG lasers grown
with 7 QWs and e=+1%, cleaved with 300 pm cavity
length, are shown in Fig. 10. The devices present very
uniform characteristics and operate with low threshold
currents and high slope efficiencies in the ranges of 18
- 21lmA and 0.21-0.26mW /mA per facet, respectively.
These results are among the best reported for compres-
sive strained MQW RWG lasers in the range of 1.55um
emission wavelength [22-24]. Similar laser character-
istics with excellent uniformity along the wafer were
also measured on compressive SL-MQW lasers grown
with 5 QWs and e=+0.5% as well as on ZNS struc-
ture lasers grown with 10 QWs, with both structures
Plots of the threshold

current density and the differential efficiency as a func-

cleaved with various lengths.

tion of cavity length for the ZNS structure are shown

in Fig. 11 for 50 laser devices. The device parame-
ters extracted from these plots and other similar plots
for the compressive SL-MQW structures are presented
in Table I. One notices a close similarity with the cor-
responding values measured on broad area lasers from
the same wafer, although the values of J;,,;/QW are
This dis-

crepancy can be attributed to the existence of a lat-

somewhat higher in RWG laser structures.

eral diffusion current in the RWG structure that oc-

curs through the QW and the waveguide layers, which
has been shown to increase with the cavity length [25].
Hence, the values measured of J;; are somewhat higher
for RWG lasers of longer cavity lengths, and the val-
ues measured of J;, ;/QW and G, exhibit an apparent
increase. On the other hand, the absorption loss of
RWG lasers shown in Table I, increases for the com-
pressive SL-MQW structure grown with e=+5%, but
remains unchanged for the ZNS structure. The former
result indicates that additional scattering losses, prob-
ably related to roughness of the ridge sidewalls, were
introduced by the processing steps involved in the fab-
rication of the ridge mesas. However, these losses are
not significant since such RWG lasers operate with a
low threshold current and a high differential efficiency
as shown above. Besides, the unchanged behavior of
the absorption loss in the ZNS structure, shows that
the processed ridge mesas in the present work are of
excellent quality when performed under optimal condi-
tions. It should be pointed out that our ridge mesas
are about twice wider than those reported in most pre-
vious works, and the number of wells in both compres-
sive SL-MQW and ZNS-MQW RWG laser structures is
also higher. This explains the higher threshold currents
measured in this work when compared to some previous
reports on similar SL-MQW RWG lasers [22-24].
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RWG SL-MQW lasers: 7 QWs, ¢ = +1%
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Figure 10. Output power-current characteristics of RWG
lasers cleaved with 300um cavity lengths. The SL-MQW
heterostructure was grown with 7 compressively strained
QWs (e=41%). I;n and dP/dI represent the measured
threshold currents and slope efficiencies, respectively. The
ridge mesa stripe width (w) and the number of lasers mea-
sured are also indicated.

RWG ZNS-MQW lasers: 10 QWs, e = +1%
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Figure 11. Threshold current density (a) and external dif-
ferential efficiency (b) measured on RWG lasers plotted as a
function of cavity length for a ZNS-MQW heterostructure.
The 10 QWs are grown compressively strained (e=+1%)
between barriers under tensile strain (e=-0.5%) with dou-
ble thicknesses.

VI Conclusion

We have successfully grown compressive and ZNS
InGaAsP/InGaAsP/InP SL-MQW lasers heterostruc-
tures by low pressure MOVPE for 1.55pm emission
wavelength. The characterization by X-ray diffraction
and PL analysis demonstrate an excellent structural
and optical quality of the quaternary materials in the
heterostructures grown for the laser devices. Broad
area stripe and RWG structure lasers exhibited excel-
lent electro-optical characteristics with low threshold
current densities, high differential efficiencies and low

internal losses. As the strain increases in compres-
sive SL-MQW lasers, the threshold current density de-
creases and the slope efficiency increases, in agreement
with predictions expected by the strain increase in the
valence band structure of the QW material. The low
threshold current at infinite cavity length measured on
compressively SL-MQW lasers grown with 7 QWs and
e=1% as well as in ZNS-MQW lasers are among the best
obtained in similar structures with the same number
of quaternary wells. In addition, the absorption losses
per well remained very low, although they increased
somewhat with the number of wells, possibly due to
the corresponding increase of inhomogeneities along
the growth direction. Finally, the RWG laser electro-
optical characteristics are comparable to the best re-
sults obtained in recent works. The good uniformity of
laser characteristics and the small incremental losses of
the RWG structure, demonstrate good control of the
fabrication process of the ridge mesas in this work.
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