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A theoretical model is presented foi multiquantum well (MQW) lasers emitting at 1.55¢m
based on an InGaAs/InP heterostructure as well as on an InGaAs/InGaAsP/InP separate
confinement heterostructure (SCH). Both MQW structures are lattice matched to InP and
the latter involves barrier and separate confinement layers of InGaAsP with composition
corresponding to 1.3um wavelength emission. We have analysed the influence of the number
of QWs and the cavity length on tlie threshold current density and the external quantum
efficiency, taking into account tlie intervalence band absorption losses in the QW layers. The
threshold current densily presents a minimum value as a function of the number of QWs,
which decreases with increasing cavity length. The external quantum efficiency increases as
both parameters decrease. However, tlic laser characteristics are improved with a smaller
number of QWs in the SCH, due to the enhancement of tlie optical confinement factor.
The results obtained are compared with theoretical predictions of a bulk active layer device

emitting at the saine wavelength.

1. Introduction

Multiquantum well (MQW) lasers have great tech-
nological interest, because the two-dimensional density
of states in the active region offers several advantages
over a bulk active layer. The gain peak increases more
rapidly with tlic injected carrier densityl’], and conse-
quently MQW lasers exhibit a lower threshold current
tlensity and a higher external quantum efficiency.

Much effort lias been devoted to tlie investigation
of MQW lasers emitting in tlic attenuation minimum
wavelength of optical fibres at 1.55um because of use-
ful applications in optical communicationst?l. These de-
vices usually involve a MQW structure which consists
of InGaAs QW layers grown between InGaAsP bar-
rier and confinement layers, and InI’ cladding layers,
all grown Oii an InP substrate. The main reasons for
employing @ MQW structure, are the low optical con-
finement factor of a thin single QW layer and the high

. optical losses in InGaAs duc to intervalence band ab-
sorption. Although many results have been reported
recently on tlie high performance of 1.55p¢m emitting

MQW lasersl?=3]. there is no report on a systematic

study of the dependence of the device characteristics

on tlie geometrical parameters of the laser cavity.

In tliis work, we have undertaken a systematical
analysis of tlie thresliold current density and the ex-
ternal quantum efficiency of 1.55pm MQW lasers, in
terms Of the number of QWs in the activelayer and the
laser cavity length. In section II, we describe the calcu-
lation of tlie QW thickness dependence of the 1.55um
einission wavelength on tlie barrier layer composition.
In tliis study, we have only considered lattice matched
M QW heterostructures on InP substrates. Section III
presents tlie model employed to determine the electro-
optical characteristics of the MQW laser structure. In
section IV, rve describe the results of a simple MQW
structure comprising In;_,GagzAs (x=0.47) QW layers
sandwiched between InP barrier and confining layers.
The InGaAs/InP heterostructure is interesting because
it has fewer growth parameters and involves the switch-
ing of only one V element in the epitaxial growth pro-
cess, and therefore the QW interfaces can be more eas-
ily grown. Moreover, tlie advantages of the two dimen-
sional density of states can be more easily compared to

a bulk active layer device. Finally, section V describes
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the results obtained with the most widely used MQW
separate coafinement heterostructure (SCH), compris-
ing In;_,.GazAs (x=0.47) QW layers sandwiched be-
tween Iny_, GagAsy Py, (x=0.30, y=0.63) barrier and

waveguiding layers, and InP confining layers.

II. QW thickness determination

The em ssion wavelength in the QW layer corre-
sponds to the transition cnergy between the first elec-
tron subbai d (F).) ancl the first heavy hole subband
(Fhn). The energy levels Fy, and E)p in the QW are
calculated using the transcendental eigenvalue equation

given Dyl

t(ln(mw fils ,I}.Lz/2h2)1/2 =
= [mﬂw(AE,_v — E'lg,.h)/m,_, E'“.h]ll

where my (imy) is tlie effective mass of the carriers
(electrons aid lioles) in the QW (barrier) layer, L, is
tlie QW thickness, N is Planck’s constant divided by
27 aid AE.(AL,) is tlic conduction (valence) band
offset. The origin of the energies is at the bottom
of the well for electrons and holes, respectively. We
have considered the band offsets AE./AE, = 0.39 and
AE, /AL, = 0.61 119 where AFE, is the band gap en-
ergy difference between tlie barrier and the QW layers,
respectively. The emission wavelength is then given by

the expression
/\un = l~2398/(Eg + Ele, + Elh.) )

where A is expressed in pm; E,, i, and Fy, are
expressed in eV, and E, is the band gap energy of the
QW material.

The baud gap eiiergy of In,_,Ga,As,P1_, lattice

matched to InP was determined with the relationl!'l:
E (V) = 1.35 - 0.775y + 0.149y*
The electron effective mass is given by['4:
m,/imy = 0.08 — 0.039y ,

where my is the free electron mass. Tlie heavy hole

effective mass was obtained from a linear interpolation
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of the binaries valnes of GaAs, InP and InAs reported

in Ref. [13], which resnlts in the following expression:

mpy [mg = 0.5z + 0.4(y — 2) + 0.6(1 — )

Note that the values of the energy gap and effective
masses of InGaAs lattice matched to InP, are obtained
using x=0.47 ancl y=1 in the formulas shown above.

The calculated results of the QW thickness for emis-
sion at A,y = 1.55um as a function of tlie emission
wavelength of tlie barrier layer is shown in Fig. 1. Note
that the emission wavelength of the barrier increases as
the barrier height of the QW decreases. Therefore, in
order to maintain the emission wavelength of the QW
structure fixed at 1.55um, the QW tliickness must also
decrease. In this study we have considered two compo-
sitions of the barrier layers: InP and In;_.Ga, AsyPi_,
(x=0.30 ancl y=0.63) corresponding to emission wave-
lentghs of 0.92um and 1.3um, respectively. According
to Fig. 1, the InGaAs QW layer thicknesses necessary
to obtain tlie 1.55um einission with these barrier lay-
ers are 95A and 70A, respectively. These values are
in agreement with reported QW thicknesses of 1.55um
lasers with corresponding similar MQW structures(®7].
We have assumed in tlie following that the gain peak
of tlie MQW laser device has the same wavelength as
in the QW layers. The
barrier thickness in the MQW structures were assumed
tobe 100A.

the ground state transition A

III. MQW laser modelling

We have carried out a simple model of the depen-
dence of the threshold current density (j:z) and the
external quantum efficiency (n...) of the MQW laser as
a function of the number of QWs (n,) and the length
of the optical cavity (L). At threshold, the gain nec-
essary to overcome the optical losses due to the light
transmited through the end mirrors and the internal

absorption of the cavity, is given by the equation(!?]:

Lgin = am + Qiny (1)

where I is tlie optical confinement factor of the active
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Figure 1: Plot of tlie QW thickness against tlie barrier emis-
sion rvavelength in a Jattice matched InGaAs/InGaAsP QW
emitting at 1.55um.

layer. a, isthe mirror loss absorption coefficient:
am = (1/2L)In(1/R1 Ry) ,

where Ry and Ry are tlie end mirror reflectivities. oy
is the absorption coefficient of the internal losses in the

cavity:
Qint = Qg + (l —_ F)CYC + FCYC + I—“CV[VBA

o is tlie scattering l0ss coefficient, «¢ is the free car-
rier absorption loss and «;vpa is the 10ss coefficient
due to intervalence band absorption (IVBA) in the ac-
tive layer. Following Fernier et al.l'4] we have assumed

arvpa to vary linearly with the carrier concentration:
arypa = Kon + aq

where Ky and ap are constants that depend dll the QW
material and n is the carrier density.

In order to determine the carrier coucentration at
threshold n,, from Eq. (1), it is necessary to relate
tlie gain peak ¢ with n. Usually in QW lagers, this
relation can be represented by a logarithmic expression.
Following tlie procedure proposed by Mcllroy et al.[!5],

tlie gy(n) expression can be accurately represented by:

g = golln(n/ny) + 1], (2)
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wliere g and ng are fitting parameters that depend on
the QW structure. Introducing thisexpression into Eq.
(1), we obtain thc following equation for the threshold

carrier clensity:

nen = nofexp(Konin/go) , (3)
where tlie coefficient 3 is given by:
8 = exp{[as+a,+(1/2L) In(1/ Ry Ry)]/Tgo+eo/go—1} .

Equation (3) cannot be solved in an analytical form,
but it can be easily solved numerically with few iter-
ation steps converging rapidly by assuming an initial
value of n;, = ng on the rigth hand side. In some ex-
pressions of g(n), a better fit is obtained without the
go term on the rigth hand side of Eq. (2). Then the
equation of n, remains the same as Eq. (3), but with-
out the unity term in the exponential factor of the g8
coefficient. In the next sections we will describe the
best fit employed for each MQW structure. In the cal-
culations of ny, we have assumed the values reported in
Ref. [14]: Ry =R, =04,a,=5cm™!, @; = 25 em™~}
and ap=45 cm~1. The vulue of K, has been calculated
in InGaAs/InP QWsl{'®l| and was shown to be larger
than in tlie bulk and to increase as tlie QW thickness

From the knowledge of n.y, tlie threshold
[14,16]

decreases.

carrier density j:n can be easily calculated from

. 2
Jth = qn, L, Begnyy,

wliere ¢ is the electron charge and B.g is the effective
recombination coefficient. For the latter we have as-
sumed the value Beg = 1.4 x 1071° ¢cm3/s*4. Note
that B.gn?, corresponds to the total carrier recombi-
nation rate, which includes non radiative mechanisms
such as Auger recombinationt!4.

Finally, the determination of ny; allows usto obtain
analytically the external quantum efficiency neye from

the expression(!?:

Unexs = (1/na)[1 + (it /)]

wliere 7, is the internal quantum efficiency that was

assumed to be equal to unity.
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Figure 2. Threshold curreiit density as a function of the
nuinber of wells in a MQW structure, calculated for different
values of tlie -avity length.

V. InGaA:s/InP MQW structures

Tlie InGaAs/InP MQW structures consist of n, In-
GaAs QW layers of thickness L,=95A sandwiched be-
tween InP barrier layers 100A thiclr, which are con-
fined with InP layers. The optical confinement factor
[' was calculated following the procedure described in
Ref. [17], as the product of tlie confinement factor of
the total MQW layers thickness with an average refrac-
tive index of the QW and barrier layers, by the ratio
of thetotal QW thickness (n, L,) to tlie total thickness
of the MQW structure. The values of the refractive in-
dexes of InGaAs and InP used to calculate I' are 3.54
and 3.18[10], 1espectively. In order to determine ngy, we
have used the gain peak data as a function of the car-
rier density calculated by Asada et a~.['~¥hich can be
accurately represented by Eq. (2) with the fitting pa-
rameters: §0 = 862.5cm™! and ng = 3.05 x 101%em=2.
For K¢ we have assumed tlie value reported in Ref. [16]
for L, = 1004 which is Ky = 5.63X 10~ 7em?.

Figure 2 shows tlie dependence of the threshold cur- .

rent density 7., on the number of QWs for three values
of the cavity [:ngth: L=300pm, 5004m and lmm. One
notices that for each curve there is a minimum value

of jin. Tlie value of T' of a single QW layer is only
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2X 1072, and the gain necessary to compensate the op-
tical loses in the laser cavity is very high when n, is
small, and consequently j.» is also high. However, T
increases asn, also increases resulting in the lowering
of j.» for mediuin values of n,. But, as n, increases
further, the optical losses in the cavity also increase re-
sulting in a slight increase of j;, for larger values of
n,. Thus, there 1s a minimum value of 7;; as a func-
tion of n,. The minimum valuesof j;, for each value of
L are the following: 7;»=1.057KA/cm? and n,=13 for
L=300pm, 7;,=0.883RA /cm? and n, =12 for L=500un,
and j;5=0.758KA/cm? and n,=11 for L=1mm. There-
sults obtained for the shortest cavity laser are close to
those reported in Ref. [16] for asimilar MQW structure
comprising QW and barrier layers 100A thick. Note
that j;;, decreases as L decreases in Fig. 2, because of
the exponential clepenclance on theinverseof L inthe 8
coefficient in Eqg. (3). This behaviour is due to alower
mirror loss as L increases, hence reducing the gain peak
at threshold. If we now assume an index guided laser
optical cavity of 2um width and Z=300gum, we obtain
a threshold current ininimum about 6.3mA.

We have also calculated the external quantum effi-
clency nex, fOr a cavity length L=300pm with n, as a
parameter. The values of n.x: obtained for n, varying
from 10 to 18, range from 0.365 to 0.311, respectively.
next decreases as n, and L increase because the inter-
nal losses in the optical cavity also increase. However,
when L becomes very small the mirror losses increase
rapidly resulting in a 2 factor greater than one and
consequently Eq. (3) does not converge, and therefore
the gain peak cannot overcome the lossesin the cavity.
Thispoint will be discussed further in the next section.

We can now compare these results with calculated
values of the electro-optical characteristics of a device
emitting at 1.55um with a bulk active layer. For a
device with an active layer 0.15pm thick correspond-
ing to the minimum value of j, the value obtained
with L = 400pm is j;, ~1.77KA/cm? [1416] and with
L = 300um one obtains 7ex: & 0.29516]. Then, the
threshold currerit minimuin of an index guided laser
with an optical cavity of 2pm width and L = 300um,
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15 10.6mA. The benefits of the MQW structure in the
active layer of the laser device are therefore evident,
in improving tlic clectro-optical characteristics, due to
the higher increase of the gain peak with the injected

carrier density.

V. InGaAs/InGaAsP/InP MQW-SCHs

Tlie InGaAs/InGaAsP/Inl SCII contains a MQW
IhGads QW layers with L, =

70A4. sandwiched between TnGaAsP barrier layers 100A

structure with n,

thick. On each side of tlie MQW structure there are
separate confinement (SC) InGaAsP layers with an op-
timized thickness obtaincd as described below, which
in turn are sandwiched hetween cladding layers of InP,
hence completing the SCH. The composition of the In-
GaAsP material in the barrier and SC layers, respec-
tively, corresponds to a wavelength emission of 1.3um.
We have calculated I' in MQW-SCHs, by extending the
procedure presented in Ref. [L7] as follows. The total
thickness of the optical waveguide includes the SC and
the MQW layers, respectively. The refractive index of
the InGaAs/InGaAsP MQW structure at the centre of
tlie SCH is calculated with the average index described
in Ref. [17]. Then the effective refractive intlex of the
optical waveguide 1s caleulated in tlie same manner,
as tlie average index of the SC layers and the MQW
structure. I' is given as the product of the confinernent
factor i1 the optical waveguide thickness with its ef-
fective refractive index. by the ratio of tlie total QW
thickness (n,L.) to the total thickness of tlie optical
waveguide. The values of the refractive indexes used to
calculate I are the same as above for InGaAs and InP,
and for InGaAsP we have used the formula of Broberg
and Lindgren(!°].

The dependence of the confinement factor oii tlic
SC layer thickness (L,,) of a single QW layer SCII
with 1,, = 704 is presented il Fig. 3, for three values
of the emission wavelength of the InGaAsP material.
Note that L,, corresponds to the thickness of the SC
layer on only one side of the QW. [ increases rapidly

with the SC layer thickness and with tlie lowering of
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Figure 3: Optical confinement factor as afunction of the SC
layer thickness in asingle QW-SCH, caciilated for different
values of tlic InGaAsP (barrier) emission wavelength.

the band gap of tlie InGaAsP material. The optimized
thickness for the 1.3um SC layer isaround 1500A. T in-
creases when the number of wells in the SCH increases,
but the optimized thickness of the SC layer decreases
for larger values of n,. In fact, L;, decreases linearly
from about 1500A to zero as n, increases from 1 to
14, rcspectively. Tlie benefits of the SCH are therefore
evident for increasing I' and consequently reduce n, in
tlic active layer, thus enabling tlie fabrication of a more
simple MQW structure.

Tlie gain peak of an InGaAs/InGaAsP/InP QW-
SCH emitting at 1.55um with 1.3pum emission bar-
rier and SC layers has been calculated by Rosenzweig
et al.’l and can be accurately represented by Eq.
(2) without the gy term on the right hand side with
the following fitting parameters: go=1687.7cm™! and
ng = 1.354 x 10"¥cm~3. In this case: ny represents
the carrier density required to reach transparency for
population inversion. Tlie threshold carrier density is
then determiiied with Eq. (3) without tlie unity term in
the exponential factor of 3, as described in section III.
For the IVBA constant Ky, we have used the value re-
ported in Ref. [16] for L, = 504 which corresponds to
Ko = 9.8x 10" cm?, somewhat larger than before due
to tlie smaller QW thickness. Figure 4 shows the depen-

dence of jy,, on 12, for three valuesof L : 300um, 500pm
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Figure 4: Thrediold current density as a function of the
number of wells in @ MQW-SCH, calculated for different
values Of tlie cavity length.

and 1mm. One notices that a lower j;, iS obtained in
conjunction with asmaller n, compared to Fig. 2. The
reason is the increase of T in the SCH due the InGaAsP
SC layer. Tlie minimum values obtained for tlie thresh-
old currciit density are as follows: j;,=0.66KA/cm?
and n,=7 for L = 300um, ji,=0.535KA/cm? and n,=6
for L = 500um, and j;;,=0.44KA/cm? and n, = 5 for
L, = Imm. Tlie optimized SC layer thickness decreases
frorn 1000A to about 750A, as n, increases from 5 to
7, respectively. One also notices a decrease of j;;, as
L increases, for tlie same reasons described for tlie In-
GaAs/InP MQW laser structure in the previous sec-
tion. If we assume an index guided optical laser cavity
of 2pm width and L = 300um, we obtain a threshold
current min mum about 4mA. The external quantum
efficiencies calculated for MQW-SCHs with L = 300pm
range from 7.x;=0.376 to 0.36 for n,=5 to 7, respec-
tively. These values are higher than those obtained for
the same cavity length in an InGaAs/ITnP MQW laser,
because of tlie larger increase of the gain peak with
carrier density in the MQW-SCH.

We have also coiisidered for tlie MQW-SCH a more
realistic value of tlie carrier density at transparency ex-
tracted fromr experimental data reported in Ref. [8],
which gives ng = 1.72 x 1018ecm~=3. This higher value

is attributed to additional losses involving a high den-
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Figure 5: Inverse of tlie external quantum efficiency as a
function of the cavity length in MQW-SCH, calculated for
differeiit values of tlie number of wells.

sity of electronic states at the interfaces in the MQW
layers, which have to be saturated before gain can be
obtained. Using this larger value of ng, the calcuiated
values of j;; are somewhat shifted to higher values rel-
ative to Fig. 4, but with little modification of n,. In
this case, tlie minimum j;5 values obtained are the fol-
lowing: jip=1.143KA/cm? and n,=8 for L = 300um,
7in=0.928KA/cm? and n,=6 for L = 500um, and
Jtn=0.762KA /cm? and n,=5 for L = Imm. Note that
the j;, values are close to those predicted for the In-
GaAs/InP MQW laser. The threshold current min-
imum of the index guided cavity of 2pm width and
L = 300um, is about 6.8mA. However, ney is lower
than tlie previous case, the calculated values obtained
with L = 300um vary froin ney:=0.35 to 0.323for n,=5
to 8, respectively; but they are still higher than those
calculated for abulk active layer device emitting at the
same wavelength.

The dependence Of tlie inverse of n.x on the cavity
length is shown in Fig. 5, with n, as a varying pa-
rameter. In this calculation, we have assumed the ex-
perimental value of the carrier density at transparency
ng = 1.72 x 10¥%m™3. As expected, 7.x: decreases as
L and n, increases. However, one notices that for short
cavity lasers, asL decreases rex; saturates and then de-
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creases, because the mirror losses become important.
This effect is more pronounced for a lower n, due to
the smaller optical confinement factor. Therefore, tlie
maximum value of 5.y decreases asn, also decreases in
conjunction With an increasing value of L. In very sliort
cavity lasers, the gain does not overcome the losses of
tlie optical cavity and Eq. (3) has no possihle solution,
hence tlie device cannot lase. These results arein agree-
ment with reported data on short cavity QW lasers of
GaAs/GaAlAs, mhere an increase of tlie threshold cur-
rent was observed for L < 300um [20].

V1. Conclusion

In conclusion, we have presented atheoretical model
for the dependence of the electro-optical characteris-
tics of 1.55um MQW Jasers on geoinetrical parame-
ters of the optical cavity. We have analyzed two lat-
tice matched MQW structures: InGaAs/InP and In-
GaAs/InGaAsP/InP SCHs comprising 1.3um emitting
SC layers. We have demonstrated the influence of the
number of QWs and tlie cavity length on the thresh-
old ciirrent density and tlie external quantum efficiency,
taking into account tlie intervalence band absorption
losses in the QW layers. The threshold current density
Jin has a minimum value as a function of n,, mhich
decreases as L increases. The external quantum effi-
clency 7ex: iNCreases as n, and L decreases. The min-
imum values of j;, and corresponding values of n, are
lowered in InGaAs/InGaAsP/InP MQW-SCHs, due to
the enhancement of the optical confinement factor in
tlie SCH. The results obtained in both MQW struc-
tures present improved electro-optical characteristics,
compared to a device with a bulk active layer emitting

at the same wavelength.
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