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This paper investigales the effect ol the conduction band affset energy at the interface belween the scparate confinement
layer (SCL} and the p-cladding on the temperature behavior of InGaAsP lasers emitting at 1.5 gm. The performance of a laser
structure tncorporating an additional Ing g Gag o P barrier at that interlace is compared to that of a regular laser structure. The
results arc analyzed using a comprehensive simulation saftwarc. 1t is shown that the current leakage at the SCL-p-cladding
interface is not the dominant current lass mechanism at room temperature. However, at a higher lemperature an additional
InGaP clectron stopper layer can elficiently reduce the electron leakage current. Finally, our measurements show that above a

critical temperature the absorption loss increases dramatically.
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1. Introduction

There is strong evidence that the temperature sensitivity of
the threshold current of long wavelength lasers is mainly con-
trolled by Auger recombination.'! However, the reason of the
temperature sensitivity of the differential quantum efficiency
(slope efficiency) is not as clear. For 1.3 pm lasers, loss out-
side the aclive region is important because the conduction
band offset between the InP cladding layer and the separatc
confinement layer (SCL) is small.>> Although this conduction
band offsct is not as small for 1.55 pem lasers, loss still has to
be taken into account.

A typical solution te overcome that problem is to grow
the structure in the InGaAJAs/InP system. It is then possi-
ble to take advantage of the type II interface between InP
and Ings2AlpasAs Lo introduce an electron barrier layer on
the p-side using Ing 5o Al 43 As and a hole barrier layer on the
n side using InP* However, in that case the difficulty is in the
growth of Al containing alloys. The typical oxygen concen-
tration in metalorganic vapor phase epitaxy (MOCVD) grown
Ing.saAlg45As is in the 107 e to 108 em ™3 range.” It pro-
duces deep n type levels that increase the intermal absorption
loss and the threshold current density. For 1.55 pm lasers
the internal absorption loss and the threshold current den-
sity have been reporied to be respectively as high as 27 cm™!
and [.1kAfem? for 6 quantum wells (QW) GalnAlAs lasers
(400 zem cavity length).® In the InGaAsP system for the same
number of wells and the same cavity length these values are
of the order of 10cm™! and 0.6 kA/cm? in our work. An in-
termediate approach, utilizing InGaAsP QW and InGaAlAs
barriers with an Ing saAlp sgAs electron stopper layer has also
been investigated. In that case the internal ahsorption losses
arc again in the 20cm™" range, but the clectron stopper layer
was demonstrated to be efficient to decrease the leakage cur-
rent. The use of an electron stopper barrier between the SCL
and the QW has also been experimenied. Tt also demonstrated
to be efficient but in that case it is necessary to introduce
p-doping in the electron stopper barrier to avoid any addi-
tional barrier for holes in the valence band.”-® The p-doping
increases the threshold current by increasing the optical loss
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due to free carrier absorption and intervalence band absorp-
tion (IVBA) in the SCL where the confinement factor is im-
portant. For that type of structure to have no drawbacks, it
would be necessary to use a material with a valence band en-
ergy in between that of the SCL material and that of the QW
barrier. It was also proposed to use multiquantum barriers to
create a virtual barrier on the p-side of the SCL. The advan-
tage in that case is that the energy of the barrier introduced
cant be farge and that it does not require the use of Al or p-
doping of the SCL.% However, in that case it is also essential
that the design of the barrier does not hinder hole injection in
the active region.

To get further insight inte the phenomena reducing the in-
ternal quantum efficiency at room temperature and higher
temperatures we report in this paper on a simple modifica-
tion of the classical InGaAsP laser structure increasing the
electron confinement in the SCL. It consists of increasing the
conduction band offset between the cladding layer and the
SCL on the p-side. For that purpose, a thin Ing g Gag, o P layer
is inserted between the p-InP-cladding layer and the SCL.
The light hole band gap energy of Ingg;Gag 0P coherently
strained to InP is almost the same as that of InP but it has
a type 1 interface with InP. The conduction band energy of
Ings1Gag 9P 1s higher than that of InP. Hence. p-doping is
not necessary in this layer in order 10 avoid any barrier for
hele injection in the active region, The conduction band edge
of InggiGag P is about 30meV above that of InP at 4 K0
and this can be estimated to be alse valid at room temperature
using the model-solid theory.'

Section 2 describes the structures with and: without addi-
tional electron barrier layers (thereafter called respectively
structures W and W/0). Section 3 describes how the absorp-
tion loss and internal quantum cfficiency are measured and
compares the experimental results achieved with structures W
and W/O. These results are analyzed in §4 by simulations of
both structures using an advanced Iaser software.'*

2. Device Structures

The laser structures were grown in a MOCVD horizontal
reactor made by Thomas Swan. The growth temperature and
pressure were respectively 918 K (645°C) and 350 Torr. The
sources were trimethylindium, trimethylgallium, tertiarybuty-
larsine and tertiarybutylphosphine.
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The active region of the laser structures consists of six
5.5-nm-wide 19%-compressive-strain QWs. The barriers are
made of lattice matched 1.25 um wavelength InGaAsP. The
first and last barriers are 17 nm thick and those in between
the QWs are 5.5nm thick. On each side of the QW stack
the SCLs are 100 nm thick and made of 1.15 pum wavelength
InGaAsP, The photoluminescence wavelength of structures
Woand W/0 is 1.5 um. On the p-side of the structure, the
first 130 nm of InP cladding layer next to the SCL was un-
doped to prevent back diffusion of Zn into the SCL. The
thickness of the InggGap 9P layer is 6nm in structure W.
Broad area lasers with 57 jum wide stripes were processed.
The as-cleaved lasers were characterized under pulsed condi-
tions (0.05% duty cycle) for temperatures ranging from 280 K
(17°C) to 39G K (117°C).

3. Experimental Results

For a first order calculation, assuming the internal absorp-
tion loss ¢ and internal quantum efficiency #; to be constant
above threshold and independent on the length of the cavity,
the differential quantum efficiency 5y can be related to ¢; and

i by:
Y (1)

nln| =

where R is the mean reflection coefficient of the laser facets
and L is the cavity length. Cavity lengths between 230 um
and 1 mm were utilized to measure «; and »; using eq. (I).
Table 1 compares the properties of structures W and W/O
at 203K (20°C). In addition to «; and #;, the threshold cur-
rent densities per QW for 700-ptm-long cavities Jy, and for
infinite cavity length Jy~. the transparency current density
per QW J; and the modal gain at threshold per QW were
also measured. The values reported here are characteristic
of state of the art lasers. Ty was calculated for 700-um-long
cavity lasers for temperatures ranging between 293 K (20°C)
and 333 K (60°C}. Although an improvement of the intemal
quandum effictency n; and of the Ty of structure W could be
expected. at room temperature they are comparable to those
of structures W/Q. All the other properties also show almost
identical results. The largest differences are with the internal
absorption losses and the threshold current densities that are
respectively 15% and 14% higher in W than in W/O.

Table 1. Comparison of results for the laser structures W/O and W at 293K
(20°C}. o is the internal quantum elficiency, o; (he internal absorplion
Iogs, Ji and Jp-c the threshold current densities per QW for 700-umi-long
vavities and for infinile cavity length, respectiveley, Ji the transparency
currenl density per QW and gy, the modai gain at threshiold per QW. Ty,
the characleristic temperature of the threshold current, was measured for
letnperatures between 293 K (20°C) and 333 K (60°C),

Structure W/0 Structure W
i .69 0.67

aifem™!) 9.7 112
Ji(A cm=7) 73 §3
T (A em™3) 50 61
JelAcm™) 45 48

galem™"} 8.3 8.2
T K 61 59

P. ARRAHAM ¢ al.

The way the differential quantum efficiency changes with
respect to the temperature was also estimated using a churie-
teristic temperature T,q. The relation used for the fit is

T
T4 = Tgo €XP T
nd

There is a critical temperature 7. that separates the two re-
gions where [y, and 1y have different temperature dependen-
cies.'¥ Table IT shows the values of the critical temperatures
T and the characteristic temperaturcs Ty and Tpq above and
below T, for both structures for 250-um-long lasers. The
only clear difference between the two structures is with T4
below T.. It increases from H3 K to 164 K on adding the
Ing g1 Gag 1P electron barrier layer whereas above T;, the T4
values are about the same. On the contrary, the Ty's (below
T.) of structures W and W/O are close to each other.

The internal absorption losses o5 measured for laser struc-
tures W and W/O as a function of the temperature below 7
show very similar behavior. So, according to eq. (1) this
means that the higher value of T,y for structure W is essen-
tially due to the higher value of the characteristic temperature
of the internal quantum effictency T; defined in the same way
as T,q in expression (2). Indeed, Fig. | shows that the inter-
nal quantum efficiency of structure W/O decreases faster than
that of structure W when the temperature increases.

For temperatures above T, the characteristic temperatures
of structures W/O and W degrade strongly and are again the
same. The two structures behave identically. This catas-
trophic degradation of InGaAsP long wavelength laser perfor-
marnce at high temperatures has been attribuled to a pile-up of
carriers, in particular holes, in the SCL.!*" At high tempera-
tures, due to the small conduction band offset of this sysicm
{only 40% of the band gap energy difference is in the con-

(2)

Table I1, Critical temperature T, characteristic temperature of the thresh-
old current Ty and of the differential quantum efficiency T below and
above the critical temperatore for 250-;.m-long laser structures W and
W/O

Structure W/Q Structure W
T. =~ 370K T, 2 370K
T=<T: T>T T < T T=T.
To(K) 52 24 43 20
Thu(X) 113 ta 164 [£4]
= 1. S
g 09 4 :structure W
_& o8 O : structure W/Q
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Fig. I, Measwred internal quantum clliciency ol laser structures W oand
W/0O as 4 function of temperature.
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duction band offset) electrons leak out of the QWs into the
SCLs. This preduces an inbalance in the charge distribution
between the QWs and the SCLs and creates an etectric field
that traps holes in the SCLs. The charge accumulation in the
SCL signtficantly increases the internal absorption loss and
recombination in the SCL that dominate and determine the
temperature behavior at high temperatures.

Our observations are consistent with that explanation.
First, the critical temperature 1s the same for structures W and
W/Q because it only depends on the conduction band offset
between the QWs and the barriers. Second, a strong increase
of the internal absorption loss accompanies the catastrophic
degradation of the laser performance. In structure W/Q the
internal absorption loss at 363 K (90°C) is 17.4cm™'. This
is a 64% increase compared to the absorption loss at 333 K
(80°C) whereas the absorption loss increases only by 10 to
15% in the 293 K 10 353 K (20°C to 80°C) range. Also, above
T:, the T,’s of structures W and W/O are again comparable
because the electron barrier layer of structure W is outside the
SCL and has no effect in preventing the pile-up of carriers in
the SCL.

4. Analysis

2

An advanced laser simulation software'? is used to ana-
lyze the effect of loss mechanisms on the temperature sen-
sitivity of our laser diodes. The software calculates the op-
tical gain in strained quantum wells based on the 4 x 4kp
method including valence band mixing and carrier-carrier
interaction. The computed photoluminescence spectrum as
well as the gain peak wavelength agree well with our mea-
sured data. Muili quantum well (MQW) intervalenceband
absorption (IVBA), Shockley-Read-Hall (SRH)} recombina-
tion, spontaneous emission and Auger recombination are in-
cluded in the calculations. The Auger coefficient was slightly
adjusted to fit the measured threshold current of 118 mA at
room lemperature (laser W/O, length L = 269 pum and width
w = 57 um). Excellent agreement with the light versus cur-
rent measurement is obtained at room temperature for struc-
ture W/O,

Calculations for structures W and W/0 give the same
thresheld current and the same slope efficiency at room
temperature. The magnitude of the SCL. absorption is not
changed automatically by the software with changing SCL
carrier density. A constant value of agep = 13.7 em™! is as-
sumed in all calculations. Since all other loss mechanisms
are included, deviations from the measured threshold current
can be related to changes of agcr.. Due to the additional con-
duction band offset the InGaP layer introduces an additional
resistance that requires the voltage across the structure to be
slightly higher to get the same current. Compared to struc-
ture W/Q this raises the Fermi level in the SCL and thus in-
creases the carrier density and the absorption loss in the SCL.
Some other additicnal effects may also contribute to the ob-
served difference between the absorption loss of structure W
and W/O.

The current calculation is based on a drift-diffusion model
including thermionic emission at heterobarriers. Thermionic
emission of electrons from the SCL can be identified as mi-
nority carrier current in the p-InP-cladding layer. The incre-
ment of this electron leakage current divided by the increment
in total current above threshold leads Lo a leakage related dif-
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ferential efficiency meqy that is found to be 98% in both de-
vices at T = 293K (20°C). Thus, leakage losses are quite
small in our case and the InGaP stopper layer does not have a
marked effect at room temperature,

This picture changes at higher temperatures. Figure 2 plats
the calculated reduction of slope efficiency 4. internal el-
ficiency 7, and leakage related efficiency 1.y for both de-
vices. Upto T = 333 K (60°C), nicar remains above 909% and
the eflect of the InGaP laver is negligihle. But at 7 = 353K
(80°C), nieqr 18 strongly reduced, indicating escalating clec-
tron leakage due to the spreading of the Fermi distribution
of electrons towards higher energies. Under these conditions,
the InGaP layer starts to be beneficial in reducing electron
losses. The leakage current reduction is visible in a plot of
the electron current density of both structures (Fig. 3). Elec-
trons are injected into the MQW from the n-InP on the left-
hand side and mostly recombine within the MQW, but a small
electron current remains on the right-hand-side in Fig. 3, indi-
cating electron leakage into the p-InP cladding. With stopper
layer, this leakage current is slightly reduced (solid line).

The slope efficiency 14 in Fig. 2 also decreases with higher
temperature but not as strongly as that measured due to the
constant absorption coefficient agep, in our caleulation, In re-
ality, ascL increases with higher temperature due to a higher
SCL carrier density. In agreement with the experimental tech-
nique, the internal efficiency n; in Fig. 2 is calculated from

1 ; e . -
09| M k@_b%—q&:h‘“’"’ﬂa
. ea 4
B“ ! \“\':\
c 0.8 . . TR
g oo o e
= 0.7 - \\“!h\
B RN
Z 0.6 - n e .
=] d S
£ kY
in 0.5 .
« : structure W RO
i O structure W/O
4 L . - T I S
280 290 300 310 320 330 340 350 360
T{K)
Fig. 2. Caleulated external differential quantum efficiency. internal guan-

tum efficiency, and leakage-related diflerential cfficivney of structures
W/O und W as a function of emperature.
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simulations at different laser lengths using eq. (1), The com-
puted values of ;{7 ) are within the standard deviation of the
experiment (the plot 7 ' (L) results in different #; if unrea-
sonable ny data are excluded). However, the n; (T) calcula-
tion clearly shows the measured impact of the InGaP layer at
higher temperatures.

5. Conclusions

‘We proposed a simple way to increase the electron con-
finement in the SCL of long wavelength lasers by introduc-
ing an InGaP electron barrier layer on the p-side of the SCL.
The comparison of the behavior of laser structures with and
without the confinement layer shows that current leakage over
the SCL-p-cladding interface is not the dominant carrier-1oss
mechanism at room temperature.,

The effect of the In(raP stopper layer is to improve the in-
temal guantum efficiency of the laser above 333 K (60°C) but
below the critical temperature T, of 370K (97°C). However,
it also slightly increases the carrier density in the SCL. that
increases the SCL absorption loss and the threshold current,
Due to the small conduction band offset in the InGaAsP sys-
tem, the band bending in the SCL above T. produces a car-
rier pile-up that dramatically degrades the performance of the
laser. In that regime the increase of the electron confinement
in the SCL does not improve the behavior of the laser.
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