Semicond. Sci. Technal4 (1999) 419-424. Printed in the UK Pll: S0268-1242(99)98599-1

Study of temperature effects on loss
mechanisms in 1 .55 um laser diodes
with In ¢ g1Gag.19P electron stopper
layer

P Abraham t, J Piprek , S P Denbaars an d J E Bowers

Department of Electrical and Computer Engineering, University of California Santa Barbara,
CA 93106, USA

Received 21 October 1998, accepted for publication 2 February 1999

Abstract. The importance of the electron loss from the separate confinement layer (SCL) to
the p-cladding in B um lasers is analysed comparing two structures. One is a regular
structure with strained InGaAsP quantum wells andl® Lm emitting InGaAsP SCL and

the second one incorporates an additiongsi®ay 1P electron stopper layer (about 50 meV
high) at the interface between the p-cladding and the SCL. The results are analysed using
comprehensive simulation software. It is shown that the current leakage at the SCL
p-cladding interface is not the dominant loss phenomenon at room temperature. Instead, the
inhomogeneity of the carrier injection over the QWs is identified as being mainly responsible
for the non-unit internal quantum efficiency. The inhomogeneity increases above threshold
with the current injection and produces increasing carrier recombination losses. However, at
higher temperature (above 60) the additional 1pg1Gay19P electron stopper layer is

efficient to decrease the electron leakage from the SCL to the p-cladding. Itis also shown that
besides the beneficial effect of improving the internal quantum efficiency at high temperature
the electron stopper layer also slightly increases the threshold current by increasing the
carrier density and the absorption loss in the SCL. Finally, our measurements show that above
a critical temperature (9C in this case) the SCL absorption loss increases dramatically.

1. Introduction mechanism is mainly responsible for the non-unit value of
the internal quantum efficiency.
The phenomena leading to carrier and stimulated photon For 13 um lasers, loss outside the active region is
losses in lasers are rather well known. For carrier losses it iSimportant because the conduction band offset between the
Shockley—Read-Hall recombination, spontaneous emission,inp cladding layer and the separate confinement layer (SCL)
Auger recombination and electron leakage through spreadingis small [2]. Although this is not as critical for35.m lasers
current or escape from the active region into the p-cladding it sill has to be taken into account. Belenky and co-workers
region. For long-wavelength lasers there is strong evidencepointed out the importance of the leakage current from the
that the temperature sensitivity of the threshold current is g for 1.3 um lasers [3]. In particular, they investigated
mainly controlled by Auger recombination [1]. However, —experimentally and theoretically the effect of the p-doping
it is not as clear for the temperature sensitivity of the profile of the cladding layer of a.3 um emitting laser. In
differential quantum efficiency (slope efficiency). The the case of an undoped p-cladding—SCL interface they show
differential quantum efficiency is controlled by the internal  that at 323 K (50C) the electron leakage current reaches 20%
quantum efficiency, by internal absorption and by the mirror st the total injection current at an injection current density of
reflectivity. _ _ o ~ 10kAcm 2. Different solutions were proposed to reduce this
The non-unit val'ue of thg internal quantum efficiency is phenomenon. Oneis tointroduce p-doping at the p-cladding—
the result of the carrier loss increase above threshold. In thegc| interface or even in the SCL. This is indeed an efficient
case of an ideal Iasgr with the carrier dgn§ity clamped to its way to increase the energy difference between p-cladding and
threshold value the internal quantum efficiency should be 1. 5¢tive region conduction bands. However, it also increases
Even at room temperature this is not the case in actual lasergpe optical loss due to free carrier absorption and inter-valence
and to understand and |m_pr0\(e the temperature behawourband absorption (IVBA) in the SCL where the confinement
of long-wavelength lasers it is important to know what loss ¢, . is important. Another solution proposed fo8 xm
t On leave from Laboratoire Multi-Matiaux et Interfaces, UniversitC lasers is to grow the structure in the InGaAlAs/InP system. It
Bernard Lyon 1, France. E-mail addressraham@opto.ucsb.edu is then possible to take advantage of the type Il interface
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1.6 N — the conduction band offset between the cladding layer and the
E InGaP barrier ~—. SCL onthe p-side. Forthat purpose, a thisdiGay 19P layer
12C ety — isinserted between the p-InP cladding layer and the SCL. The
S 08 i F, ] conduction band energy of dg:Gay 1P is higher than that
@ |[ninP SCL MQW SCL p-InP of InP and introduces a barrier in the conduction band. This
B 04} nannnn - barrier is about 50 meMd K [11] and can be estimated to be
@ jUUUUU I close to that value at room temperature using the model-solid
w0 InGaP InB theory [12]. The light-hole band gap energy of aGay.10P
04l By LH 1 coherently strained to InP is almost the same as that of InP and
I HH the splitting between the light-hole and heavy-hole valence
20.8 b 016‘ : 0'7' el bands is about 100 meV. Figure 1 shows the band diagram of

the active region with the §1Gay 1P barrier and a detailed

Vertical position (km) sketch of the valence band lineup at thgdiGay19P/INP

interface. It can be seen that the injection of holes through
the light-hole valence band of dg:Gay 19P can be achieved
without overcoming a barrier. So, no p-doping is necessary
in this layer to avoid any barrier for hole injection in the active
region.

Section 2 describes the structures with and without
additional electron barrier layer (thereafter called respec-
tively structures W and W/O). Section 3 describes how the
absorption loss and internal quantum efficiency are measured
and compares the experimental results achieved with struc-
tures W and W/O. These results are analysed in section 4 by
simulation of both structures using advanced laser software

Figure 1. Energy band diagram of laser structure with
Ing.s1G& 19P electron barrier near threshold at room temperature.
The insert shows the light-hole (LH)-heavy-hole (HH) split-up of
the Inyg1Gay 1P valence bandE- andEy are the conduction and
valence bands anél, andF, are the electron and hole quasi-Fermi
levels.

between InP and Bx,Alg4sAS to introduce an electron
barrier layer on the p-side usingolgpAlp4gAs and a hole
barrier layer on the n-side using InP [4]. However, in
that case the difficulty is in the growth of Al containing
alloys. The typical oxygen concentration in MOCVD grown
INgs2Al gagAsisinthe 167-10% cm~3range [5]. It produces
deep n-type levels that increase the internal absorption losd13]-

and the threshold current density. Fob3 um lasers the

internal absorption loss and the threshold current density 5. pevice structures

have been reported to be respectively as high as 27 cm

and 11 kA cm 2 for 6 QW GalnAlAs lasers (40Qm cavity  The laser structures were grown in a metal-organic vapour
length) [6]. In the INGaAsP system for the same number of phase epitaxy horizontal reactor made by Thomas Swan.
wells and the same cavity length these values are of the ordefrhe growth temperature and pressure were respectively
of 10 cnT! and 06 kA cm~2 in our work. An intermediate 918 Kk (645°C) and 350 Torr.  The sources were

approach, utilizing InGaAsP QW and InGaAlAs barriers  trimethylindium, trimethylgallium, tertiarybutylarsine and
with an Iny52Al 0.48AS electron stopper layer has also been tertiarybutylphosphine.

inve.sti.gated [7]. Inthatcase the internal absorptionlossesare e active region of the laser structures consists of six
again inthe 20 cm* range, but the electron stopper layer was 6.5 nm wide 1% compressive strain QWs (figure 2). The
demonstrated to be efficient to decrease the leakage currenty, riers are made of lattice matche®d um wavelength
The use of electron stopper barriers between the SCL and thg,g5asP (1.25 Q). The first and last barriers are 17 nm
QW has also been investigated. This was also demonstrateqy,ick and between the QWs the barriers are 5.5 nm thick.
to be efficient but it is necessary to introduce p-doping in 5 each side of the QW stack the SCL are 100 nm thick
the electron stopper barrier to avoid any additional barrier 4,4 made of 15 um wavelength InGaAsP (1.15 Q). The
for holes in the valence band [8,9]. Again, the p-doping ,,otoluminescence wavelength of structures W and W/O is
increases the absorption loss and the threshold current. Foy g m. On the p-side of the structure, the first 130 nm of
that type of structure to have no drawbacks it would be |5 ¢|aqding layer next to the SCL were not intentionally

necessary to use a material vyith a valence band energy indoped (nid) to prevent back diffusion of Zn into the SCL.
between that of the SCL material and that of the QW barrier. The thickness of the k1Gao10P layer is 6 nm in structure

It was also proposed to use multi-quantum barriers
to create a.V|rtuaI barrler. on the p-side of the SCL. Th_e Ridge waveguide broad area lasers with M wide
advantage in that case is that the energy of the barrier

introduced be dthatitd h ire th f'stripes were processed. The as-cleaved lasers were
introduced can be farge and that It does ot require IN€ US€ ok, 5 4 vterized under pulsed conditions (0.05% duty cycle,
Al or p-doping of the SCL [10]. However, it is also essential

. : . -~ 500 I fort t ing f 290 K@z
that the design of the barrier does not hinder hole injection ns pulses) for temperatures ranging from @
. . . to 390 K (117°C).
in the active region.

To obtain more insight into the phenomena reducing the
internal quantum efficiency at room temperature and higher 3. Experimental results
temperatures we report in this paper on a simple modification
of the classical InGaAsP laser structure increasing the At first order, assuming the internal absorption lagssand
electron confinement in the SCL. It consists of increasing internal quantum efficiency; to be constant above threshold
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Table 1. Comparison of results for laser structures W/O and W at

+ 293 K (20°C). n; is the internal quantum efficienay; the internal
p*-InGaAs ; i
absorption loss/,;, the threshold current density per QW for
p 10 18 cm-3 Inp 700m long cavities /., the threshold current density per QW

for infinite cavity length,J;, the transparency current density per
QW andg,, the modal gain at threshold per QW, the

07 x10 17 om -3 InP characteristic temperature of the threshold current, was calculated
for temperatures between 293 K (20) and 333 K (60C).

Structure W/O  Structure W

nid InP m 0.69 0.67

o; (cm™) 9.7 11.2
Inggq Gapg.1g P Jn(Aem?) 73 83
1.1 Jiheo (ACm™2) 56 61

5Q J,r (Acm™2) 45 48

gm (cm™) 8.3 8.2

To (K) 61 59
1.25 Q barriers
1% strain QWs Table 2. Critical and characteristic temperatures of structure W

and W/O for 250um long laser cavities.
115 Q Structure W/O Structure W
T, ~ 370K T.~ 370K
T <T, T>T, T <T, T >T.

n7x1017 cm3 InpP

To=52K Ty=24K To,=48K To=20K
T,q=113K T,=15K T, =164K T, =16K

n5x1018 cm=3 Inp

- 180 ——
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Figure 2. Structure of laser W with an j3;Gay10P €electron 3 s ]
stopper layer. £ 120 r ]
100 | ]
and independent on the length of the cavity, the differential -% sof © structure W/O T ]
quantum efficiency), can be related ta; andy; by: s - & structure W 0 ]
§ 60[ ]
© [
1 i 1 < [
= &L + — (l) (&] 40 P NPT ST S R S R .
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where R is the mean reflection coefficient of the laser (cm)

facets and.. is the cavity length. Cavity lengths between  rigyre 3. Experimental dependence of the characteristic

250 um and 1 mm were utilized to measurgandy; using temperature$, andT,, on the cavity length of the laser structures
equation (1). Five to ten lasers of each cavity length were W and W/O forT < T..

studied experimentally. Within a set of devices, the measured

differential quantum efficiencies and threshold currents were they are comparable to those of structures W/O. All the other
within +4%. For each set of lasers the best, in terms of properties also show almost identical results. The largest
threshold current and differential quantum efficiency, was differences are with the internal absorption losses and the
used for the temperature study. threshold current densities that are respectively 15 and 14%
Table 1 compares the properties of structures W and higherin W than in W/O. It seems that the InGaP layer results
WI/O at 293 K (20°C). In addition tax; andz;, the threshold i higher SCL carrier densities which causes more absorption.
current densities per QW for 7Q0m long cavities/;, and for The way the differential quantum efficiency changes
infinite cavity lengthJ,,., the transparency current density  ith respect to the temperature was also estimated using a

per QWJ;, and the modal gain at threshold per QW were also characteristic temperatuf®,. The relation used for the fit
measured. The values reported here are characteristic of statg,

of the.a'rt Iasers. In part!cular, the threshold current density Na = 140 €X(—T/ Tya). @)
for infinite cavity length is among the lowest reported. For

ridge waveguide broad area lasers it is an important quality There is a critical temperatuf® that separates two regions
criterion because it only depends on the intrinsic quality of the where I, andn, have different temperature dependencies
active region.Tp was calculated for 700m long cavity lasers ~ [14].

for temperatures ranging between 293 K {2) and 333 K Table 2 shows the values of the critical temperatures
(60°C). Whereas an improvement of the internal quantum T, and the characteristic temperatufgsand T, above and
efficiencyn; and of theTy of structure W could be expected, belowT, for both structures for 250m long lasers. The only
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Figure 4. Experimental internal loss of laser structures W and Figure 6. Comparison of measured and simulated light curve at
W/O as a function of temperature. room temperature. The width of the stripe is/om and the length

of the cavity is 27Qum.
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%—, 09! - structure W recombination in the SCL that dominate and determine the
& . temperature behaviour at high temperature.
_ 9% 08| O:structure W/O . ) . .
S Our observations are consistent with that explanation.
é GE> 0.7 ¢ Q 1 First, the critical temperature is the same for structures W and
s 2 0.6 ® Q W/O because it only depends on the conduction band offset
£3 77 s T, =149K between the QWs and the barriers. Second, a strong increase
T 051 * . | of the internal absorption loss accompanies the catastrophic
s B o degradation of the laser performance. In structure W/O the
k= T,;=106K O . internal absorption loss at 363 K (90) is 174 cmi™L. It
0'4296 ETEE R T is a 64% increase compared to the absorption loss at 353 K
T(K) (80°C) whereas the absorption loss increases by only 10 to
15% in the 293 K to 353 K (20 to 8(C) range. Third,
Figure 5. Experimental internal quantum efficiency of laser aboveT,, theT,; values of structures W and W/O are again
structure W and W/O as a function of temperature. comparable because the electron barrier layer of structure W

is outside the SCL and has no effect to prevent the pile-up of

clear difference between the two structures is Wiithbelow ~ carriers in the SCL.

T.. It increases from 113 K to 164 K when adding the

Ingg1Gay 19P electron barrier layer whereas abdiethe 4. Analysis

T,q values are about the same. The improvement;gf

is observed whatever the laser length (figure 3). In contrast, An advanced laser simulation software [13] is used to analyse

the Ty values (belowr?) of structures W and W/O are close the effect of loss mechanisms on the temperature sensitivity

to each other for all the lengths measured. of our laser diodes. The software calculates the optical
Figure 4 shows the internal absorption loss for laser gain in strained quantum wells based on thex 4 kp

structures W and W/O as a function of the temperature method including valence band mixing and carrier—carrier

below 7. The variation ofw; for both structures is very interaction. The computed photoluminescence spectrum

similar. It means that the higher value®j; for structure W as well as the gain peak wavelength agrees well with

is essentially due to the higher value of the characteristic our measured data. Carrier densities in the QWSs are

temperature of the internal quantum efficiengy, (see calculated assuming thermal equilibrium between carriers

figure 5).T,; is defined in the same way &g; in equation (2). inside and outside the QWs. MQW intervalence-band
For temperatures abovE, the characteristic temper-  absorption (IVBA) ofa;vsa = k,p is considered which

atures of structures W/O and W degrade strongly and aredepends on the local density of holeg) (within the

again the same. The two structures behave again identicallyquantum wellsk, = 35 x 10718 cm? [15]). With higher

This catastrophic degradation of InGaAsP long-wavelength temperature, IVBA is expected to exhibit an Arrhenius

laser performance at high temperature has been attributed tdype increase with an activation energy of 13 meV [16].

a pile-up of carriers, in particular holes, in the SCL [14]. At Otherimportant simulation parameters are the coefficients of

high temperature, due to the small conduction band offset of Shockley—Read—Hall (SRH) recombination £ 108 s™1),

this system (only 40% of the band gap energy difference is spontaneous emissio (= 107° cm~3 s71) and Auger

in the conduction band offset) electrons leak out of the QWs recombination = 8 x 10-2° cm=® s71). The paramete€

into the SCLs. This unbalances the charge distribution be- is considered temperature dependent with an Arrhenius type

tween the QWs and the SCLs and creates an electric fieldactivation energy of 40 meV [17]C was slightly adjusted

that traps holes in the SCLs. The charge accumulation in theto fit the measured threshold current of 118 mA for structure

SCL increases significantly the internal absorption loss and W/O atroom temperature. Excellentagreement with the light
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Figure 7. Calculated external differential quantum efficiengy Figure 9. Calculated electron and hole density in the QWSs in
internal quantum efficiency; and leakage related differential structure W for two biases above threshold.
efficiencyn,.., of structures W/O and W as a function of
temperature. layer. The increment of this electron leakage current divided
by the increment in total current above threshold leads to
5000 Iln.P‘ a leakage related differential efficiengy,,, that is found
P- to be 98% in both devices & = 293 K (20°C). Thus,
3000 ;rf 2158*;1/\ leakage losses are quite small in our case and the InGaP

stopper layer cannot have much effect at room temperature.
This picture changes at higher temperature. Figure 7 plots the
. calculated reduction of slope efficiengy, internal efficiency
electron leakage: .. .
1000 540 Alcr (W/O) n;, and leakage related efficiengy,, for both devices. Upto
L p T = 333K (60°C), n;.qx remains above 90% and the effect of

Electron Current Density (A/cnf)

800 [ = =~ -structure W/O 526 Alent (W) the InGaP layer is negligible. But&t= 353 K (80°C), 0.«
600 | structure W) _ ] is strongly reduced, indicating escalating electron leakage
04 05 06 07 08 09 1 due to the spreading of the Fermi distribution of electrons
Vertical Position (1m) towards higher energies. Under these conditions, the InGaP

layer starts to be beneficial in reducing electron losses.
Figure 8. Calculated electron current density of structures W/O  Figure 7 gives differential changes above the threshold. The
and W as a function of the vertical position in the laser structures. absolutdeakage current reduction at 353 K is visible in a plot
of the electron current density of both structures (figure 8).
versus current measurement is obtained at room temperaturé&lectrons are injected into the MQW from the n-InP on the
for structure W/O (figure 6). left-hand side and mostly recombine within the MQW, but
Calculations for structures W and W/O give the same a small electron current remains on the right-hand side in
threshold current and the same slope efficiency at roomfigure 8, indicating electron leakage into the p-InP cladding.
temperature. The magnitude of the SCL absorption is not With stopper layer, this leakage current is slightly smaller
changed automatically by the software with changing SCL (solid line). For a vertical position of.8 um in figure 8 it
carrier density. A constant value afc; = 137 cmlis reduces from 540 to 526 A cm.
assumed in all calculations. Since all other loss mechanisms  The slope efficiency, in figure 7 also decreases with
are included, deviation of the calculated threshold current higher temperature but not as strongly as measured due to
of structure W from the measured threshold current can bethe constant absorption coefficianjc; in our calculation.
related to changes afsc, (figure 4). The reason is that In reality, asc;, increases with higher temperature due
due to its conduction band offset with InP the InGaP layer to a higher SCL carrier density. In agreement with the
introduces a small additional resistance. This is evidenced byexperimental technigue, the internal efficiengyn figure 7
a discontinuity of the electron quasi-Fermilevel in the InGaP is calculated from simulations at different laser lengths using
layer in the calculated energy band diagram of the device equation (1). The computed values @f(T) are within
in figure 1. The additional resistance requires the voltage the standard deviation of the experiment (the pipt(L)
across the structure to be slightly higher to obtain the sameresults in differeny; if unreasonabley, data are excluded).
current. Compared to structure W/O this raises the Fermi However, they; (T) calculation clearly shows the measured
level in the SCL and thus increases the carrier density andimpact of the InGaP layer at higher temperature°@pdue
the absorption loss in the SCL. Some other additional effects to reduced electron leakage.
may also contribute to the observed difference between the A striking feature of figure 7 is the difference between
absorption loss of structures W and W/O. n; and n.... According to standard textbooks [18], both
The current calculation is based on a drift-diffusion numbers should be identical in ridge waveguide broad
model including thermionic emission at hetero-barriers. area lasers with negligible spreading current loss as long
Thermionic emission of electrons from the SCL can be as all recombination losses are clamped above threshold.
identified as minority carrier current in the p-InP cladding Thus, the difference indicates that our recombination losses
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increase above threshold. The calculated increment inperformances of the laser. In that regime the increase of the
SCL recombination per mA injection current is orders of electron confinement in the SCL does not have any effect to
magnitude too small to explain the efficiency difference. The improve the behaviour of the laser.

answer must be related to quantum well recombination losses.
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