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Experimental results relative to the performances of real index-guided 
InGaAsP lasers emitting near 1.3 and 1.55 μΐη are described and compared. 
The laser structures discussed are the etched mesa buried heterostructure, 
channeled substrate buried heterostructure, and the double channel planar 
buried heterostructure. The effect of Auger recombination and intervalence 
band absorption on the threshold current and external differential quantum 
efficiency is discussed. The effect of the larger Auger coefficient at 1.55 μπι is 
compensated by a lower carrier density at threshold at 1.55 μπι so that the 
total nonradiative current loss for lasers emitting at 1.55 μπι is not significantly 
larger than that for lasers emitting at 1.3 μΐη. A small linear shunt leakage 
current (~10 mA) can increase the T0 to ~100K. We report threshold currents 
as low as 11 and 15 mA (at 30°C) and continuous-wave operating temperatures 
as high as 130 and 110°C for lasers emitting at 1.3 and 1.55 μηι, respectively. 

I. INTRODUCTION 
Lightwave transmission systems are being installed throughout the 

world at a rapidly escalating pace. These new systems offer higher bit 
rate and longer repeater spacing than conventional systems and thus 
reduce the transmission cost per bit.1 

* AT&T Bell Laboratories.+ Lytel, Inc., Somerville, New Jersey. * General Optronics, 
Edison, New Jersey. 

Copyright © 1985 AT&T. Photo reproduction for noncommercial use is permitted with­
out payment of royalty provided that each reproduction is done without alteration and 
that the Journal reference and copyright notice are included on the first page. The title 
and abstract, but no other portions, of this paper may be copied or distributed royalty 
free by computer-based and other information-service systems without further permis­
sion. Permission to reproduce or republish any other portion of this paper must be 
obtained from the Editor. 

1857 



Most of the lightwave systems installed so far (often called first-
generation systems) use multimode fibers and an operating wavelength 
of about 0.85 μπι.2 Second-generation systems using single-mode fibers 
and an operating wavelength near 1.3 Mm offer longer repeater spacings 
because the loss of silica fibers is lower at 1.3 μτα than at 0.85 μηα.2,3 

Zero chromatic dispersion near 1.3 μΐα for silica fibers allows the use 
of multimode laser sources in single-mode fibers for long-distance high 
bit-rate transmission without significant dispersion penalty.2,3 Al­
though the full potential of lightwave systems operating at 1.3 μχα has 
not yet been realized because it is a relatively new technology, it is 
quite conceivable that a third-generation system operating at 1.55 μτα 
may be extensively installed in the near future because the silica fiber 
loss is minimum at 1.55 μτα.4 Laboratory experiments have already 
demonstrated the high system performance that can be achieved at 
this wavelength.5,6 

Development and subsequent installation of new lightwave systems 
have been driven by the development of new high-quality components, 
namely fibers, sources (lasers), detectors (avalanche photodiode or pin 
photodiode), or integrated front ends, and transmitter and receiver 
electronics. For example, the development of low-cost silica fibers with 
zero dispersion at 1.55 μχη will certainly influence the third-generation 
systems. High-speed integrated circuits for receiver and transmitter 
packages are currently being developed for high bit-rate (>1 Gb/s) 
systems. This paper compares the performance of InGaAsP lasers 
emitting at 1.3 and 1.55 μτη. The former is currently in use in several 
second-generation systems and the latter can be a single-frequency 
source for third-generation systems operating at that wavelength using 
conventional single-mode silica fibers. 

The performance requirements for lasers used in lightwave trans­
mitters usually include linear (kink-free) light-current characteristics 
up to a certain power output (typically ~5-mW/facet, ~0-dBm power 
input to the fiber), capability of high bit-rate modulation, and long 
operating life. Low-threshold and high-differential quantum efficiency 
are desirable (necessary for some systems) in order to reduce the bias 
current and modulation needed from the drive circuitry. Since most 
lightwave transmitters need to operate over a range of temperature, a 
weak temperature dependence of the threshold of the laser is desira­
ble—otherwise, thermoelectric controllers are required inside the 
transmitter package in order to stabilize the laser temperature. The 
conventional InGaAsP double heterostructure laser emitting at 1.55 
μτα may be more sensitive to temperature and have lower differential 
quantum efficiency than a laser emitting at 1.3 μτα. The former is due 
to larger nonradiative Auger recombination rate7,8 and the latter may 
be due to larger intervalence band absorption8,9 at longer wavelengths. 
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The effect of these processes is discussed in detail in Sections II and 
III. We find that the effect of the larger Auger coefficient at 1.55 μπι 
is compensated by smaller carrier density at threshold so that the 
nonradiative Auger current at 1.55 μπι is not significantly larger than 
that for 1.3 μΐα. 

The fabrication of InGaAsP lasers emitting at 1.55 Mm by Liquid 
Phase Epitaxy (LPE) usually requires the growth of an additional 
InGaAsP layer (antimeltback layer) in order to prevent the meltback 
of the active layer in subsequent growth of InP layer.10 

The effect of the thickness of this antimeltback layer on threshold 
current and efficiency of 1.55-/xm lasers is discussed in Section IV. 
Although this layer need not be present when the double heterostruc-
ture is grown by Vapor Phase Epitaxy (VPE), fabrication of Distrib­
uted Feedback (DFB)-type single-frequency lasers usually requires an 
intermediate band gap layer (1.1 to 1.3 μτα) between the active layer 
(1.55 Mm) and InP layers. Antimeltback layers are not needed for 1.3-
μπι InGaAsP double heterostructures grown by LPE, although DFB 
lasers emitting at 1.3 μΐα need an intermediate gap layer (~1.1 μπι) 
between the active layer and the InP cladding layers for optimization. 

Real index-guided lasers are needed as sources for high-performance 
fiber communication systems because these lasers are less susceptible 
to light-current nonlinearities and intensity self-pulsations than gain-
guided lasers.11 Many strongly index-guided laser structures utilize 
reverse biased junctions for current confinement. Leakage currents, 
that is, current flowing around the active region, may be responsible 
for high-threshold and light-current sublinearity in nonoptimized 
structures.12 Since the leakage currents in many cases varies as 
exp{AEg/kT), where AEg is the difference in band gap of the blocking 
layers (InP) and the active region (1.3- or 1.55-/*m InGaAsP), we 
expect the leakage currents in 1.55-μπι InGaAsP lasers to be smaller 
than those in 1.3-μπι InGaAsP lasers. This is discussed in Section V. 

Experimental results from several types of real index-guided lasers 
emitting at 1.3 and 1.55 μνα are compared in Section VI. These results 
show that the 1.55-μπι lasers have somewhat higher threshold current 
(~30 percent at 30°C) and lower light output at 100 mA (~40 percent 
at 30°C). The former, in our opinion, is due principally to smaller 
mode confinement factor (because of the presence of antimeltback 
layer), and the latter is due to the combined effect of lower photon 
energy (~20 percent) and larger intervalence band absorption and free 
carrier absorption at 1.55 μΐη. The measured threshold current as a 
function of temperature for lasers emitting at both wavelengths can 
be represented by the expression Jth ~ /oexp(T/T0), where T0 is a 
parameter determining the temperature sensitivity. Similar TO values 
are observed for lasers emitting at both wavelengths except in cases 
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where leakage current is believed to affect T0. The limitations in high 
bit-rate long-haul fiber communication systems introduced by the 
source linewidth are discussed in Section VII. 

II. AUGER EFFECT 

Since the initial work by Beattie and Landsberg,13 it has been 
established that the band-to-band Auger processes are often a major 
nonradiative carrier loss mechanism in small band gap semiconduc­
tors. We expect the nonradiative Auger rate for 1.55-μπι band gap 
material to be larger than that for 1.3-μπι material. 

The Auger rate (Ra) in undoped semiconductor varies approximately 
as 

Ra = yn3, (1) 
where y is the Auger coefficient and n is the injected carrier density.13 

The radiative recombination rate varies approximately as 
Rr = Bn\ (2) 

where B is the radiative recombination coefficient.14,16 The current 
density of a broad-area laser at lasing threshold (in the absence of 
other recombination mechanisms) is given by 

J = eRrd + eRad 
= Jr + Ja, (3) 

where e is the electron charge and d is the active layer thickness, Jr, 
Ja are the radiative and the Auger component of the current, respec­
tively. The Auger coefficient y in eq. (1) is dominated by phonon-
assisted Auger processes for larger band gap semiconductors and by 
band-to-band processes for small band gap semiconductors. Detailed 
discussion of band-to-band, phonon-assisted, and trap Auger processes 
in direct gap semiconductors are given in Ref. 7. Figure 1 shows the 
calculated y for InGaAsP alloy lattice matched to InP for n = 1018 

cm-3. Because of the uncertainty in the calculation of the absolute 
magnitude of the Auger coefficient, we have plotted y in Fig. 1 
normalized to its value (γ0) for 1.3-μπι InGaAsP. The calculated y0 
~1 x 10-28 cm6 sec-1. The measured values by several authors are 
shown in Table I. Figure 1 shows that the Auger coefficient for 1.55-
μτη InGaAsP is about a factor of 4 larger than that for 1.3-μπι 
InGaAsP. Agrawal and Dutta20 have found that the Auger coefficient 
for 1.55-μπι InGaAsP is about a factor of 3 larger than that for 1.3-
μΐη InGaAsP from an analysis of threshold current of stripe geometry 
InGaAsP lasers emitting at 1.3 and 1.55 μηι. Thus the Auger coefficient 
for 1.55-μπι InGaAsP is about 3 to 4 times larger than that for 1.3-μηι 
InGaAsP. 
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Fig. 1—The relative Auger coefficient γ/γ0 is plotted as a function of band gap of 
InGaAsP. 

Table I—Measured Auger coefficients 
(cm'sec-1) Reference Comment 

5 x IO"29 (CCHS) 
2.3 ± 1 X IO-29 (Total) 
1 x 10-29 (Total) 

<3 x IO"29 (Total) 
3 x IO"29 (Total) 
3-8 x IO-29 (Total) 
2.8-1.5 x KT29 

7.5 X IO'29 

Mozer et al. (1982),β 

Sermage et al. (1983)17 

Henry et al. (1981) 

Su et al. (1982) 
Thompson (1983)18 

Uü (1983)19 

Wintner and Ippen (1984) 
Wintner and Ippen (1984) 

λ = 1.3 Mm 
λ = 1.3 μχ&, optically pumped 
λ = 1.3 μπι, doping dependence 

ofr 
λ = 1.3 μτα 
Fit to data of Su et al. 
λ = 1.3 μπι LEDs 
λ = 1.3 /im optically pumped 
λ = 1.55 μτα optically pumped 

The radiative recombination rate B can be calculated by using the 
Gaussian Halperin-Lax band tails and Stern's matrix elements.14,15 

Figure 2 shows the calculated B/B0 for InGaAsP for n = 1018 cm-3. B0 
is the value of B for 1.3-/im InGaAsP. The calculated B0 = 1 X 10~10 

cm3 sec-1. The measured values lie in the range 0.9-1.5 x 10~10 cm3 

sec-1.21,22 Equations (1) and (2) are strictly valid only for nondegener­
ate electron and hole gas. However, at high injected carrier densities 
(~2 x 1018 cm-3) at laser threshold the electron and holes are degen-
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Fig. 2—The relative radiative recombination coefficient B/B0 is plotted as a function 
of band gap of InGaAsP. 

erate. Degeneracy effects can be introduced by writing y, B as func­
tions of n. Both y and B decrease slowly with increasing carrier 
density.7·8·14·15 

The laser threshold currents are determined principally by the 
magnitudes of y, B, and the threshold carrier density. The latter 
depends to some extent on the laser structure, for example, through 
the mode confinement factor and optical absorption. However, it is 
possible to determine the injected carrier density at transparency ( no) 
from the band structure parameters alone.23 We consider undoped 
materials. Using the Joyce-Dixon approximation24 for the quasi-Fermi 
levels and assuming parabolic bands, we show the calculated no for 
InGaAsP in Fig. 3. The threshold carrier density is usually 30 to 40 
percent higher than no. Note that no for 1.55-μπι InGaAsP (in Fig. 3) 
is smaller than that for 1.3-μπι InGaAsP. This is due to smaller 
conduction band effective mass at long wavelengths. Since the radia­
tive recombination current varies as Bn2, Figs. 2 and 3 suggest that 
the threshold current of 1.55-μηι InGaAsP lasers should be lower than 
that for 1.3-μπι InGaAsP lasers in the absence of Auger recombination. 
This is shown in Fig. 4c. 

Figure 4 shows the calculated radiative and Auger components of 
the current, plotted as a function of temperature, for 1.3- and 1.55-μπι 
InGaAsP-InP broad-area double heterostructure lasers. The radiative 
component is calculated using a constant (temperature-independent) 
absorption loss of 30 cm-1 in the active layer as in Ref. 7. The Auger 
component of the total current is calculated using eq. (1) for Auger 
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Fig. 3—The injected carrier density at transparency for undoped InGaAsP. 

recombination rate, the temperature dependence of threshold carrier 
density (η^) from Figs. 17 and 23 of Ref. 7, the calculated temperature 
dependence of 7, and 70 = 3 x 10~29 cm6 sec-1 (which falls within the 
range of the measured values but is smaller than the calculated value7 

of 1 X 10-28 cm6 sec-1). 
Auger rate calculations using the Kane band model25 result in Auger 

coefficients higher than observed experimentally.7,8 Recently, Haug26 

has calculated the Auger coefficients in 1.3-μπι InGaAsP using the 
band model of Chelikowsky and Cohen27 for InP but with an energy 
gap assumed to be that of 7 = 1.3-μπι InGaAsP. He finds that the 
phonon-assisted Auger processes (CCCHP7) are dominant with a value 
of ~2.5 x 10~29 cm6 sec-1. Using a calculated temperature dependence 
of the phonon-assisted Auger process, this would result in a T0 value 
of 100 to 110K for 1.3-μτα InGaAsP-InP lasers, which is higher than 
the observed value in broad-area lasers (~60 to 70K). There is suffi­
cient uncertainty in the band structure parameters and the carrier 
concentration at threshold that it is unreasonable to expect better 
agreement between calculation and experiment. Figure 5 shows the 
predicted To values (between 300 and 350K) plotted as a function of 
Auger coefficient (at 300K) for two different values of carrier density 
at threshold. The quantity k is the ratio of the Auger coefficients at 
350 and 300K. The smaller value is the calculated result for the 
phonon-assisted Auger processes, and the higher value is that for the 
band-to-band processes. Although the temperature dependence of 7 
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Fig. 4—The calculated radiative and Auger component of the current for lasers 
emitting at 1.3 and 1.55 /tm. (a) Radiative, (b) Auger component, (c) Total. 

has not been experimentally determined, the calculated temperature 
dependence of rath agrees well with that of the measured threshold 
current using short pulses.28 The total threshold current which is the 
sum of the radiative and Auger component is shown in Fig. 4a. The 
smaller JR for 1.55-/xm lasers is approximately compensated by the 
larger JA ■ The above calculation is for an InGaAsP active layer with 
InP cladding layers both for 1.3- and 1.55-/xm lasers. The presence of 
an antimeltback layer reduces the confinement factor, which increases 
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the threshold current of 1.55-μηι lasers over that shown in Fig. 4. This 
is discussed in detail in Section IV. Furthermore, heterobarrier leakage 
due to drift and diffusion may be responsible for increased threshold 
current of 1.3-μπι InGaAsP DH lasers if the p-cladding layer doping 
is too low.29,30 These lasers also exhibit a higher temperature depend­
ence of threshold (lower T0) than is commonly observed. Such het­
erobarrier leakage is smaller in 1.55-μπι InGaAsP lasers because of 
larger barrier height. The high-energy electrons generated in the Auger 
process may also escape (thermionic emission) over the heterobarrier, 
in which case the carrier leakage is expected to be independent of the 
barrier height and p-cladding doping. Shah et al.31 have reported 
observation of hot carriers, and Yamakoshi et al.32 have reported 
observation of carrier leakage in 1.3-μπι InGaAsP-InP lasers. However, 
Henry et al.33 did not observe hot carriers in their experiments. 

III. INTERVALENCE BAND ABSORPTION 

Intervalence band absorption is an optical loss mechanism in the 
active region of InGaAsP lasers that can reduce the external differ­
ential quantum efficiency.8,9 The external differential quantum effi­
ciency (vd) is given approximately by 

Vd = —— , (4) 
am + a 

where 
a = Taa + (1 - Γ)α0 

where am is the mirror loss, Γ is the confinement factor, and aa and 
ac are the absorption and cladding layer losses, respectively. For a 250-
μπι long laser the "equivalent distributed" loss am = 40 cm-1 using 
R = 0.35. Figure 6 shows % plotted as a function of a„ for several 
values of Γ. We assume ac — 30 cm-1. The light output L at a current 
AI above threshold is given by L = iidEgAl, where Eg is the band gap 
of the active layer. The light output from 1.55-μπι lasers for a given 
AI and ηά is lower than that for 1.3-μπι lasers because the former has 
lower photon energy. 

Sugimura8 has calculated the intervalence band absorption in III-V 
semiconductors using Kane band model. The absorption is larger for 
small band gap semiconductors and increases with increasing temper­
ature. The calculated absorption (a) normalized to its value (a0) for 
1.3-μπι InGaAsP at 300K is shown in Fig. 7. The calculated a0 is 
approximately 30 cm-1. Henry et al.34 have extrapolated the interva­
lence band absorption in 1.55-μπι InGaAsP from measurements in 
InGaAs. Adams et al.9 have proposed that the high temperature 
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optical loss in the active. 

sensitivity of threshold (low T0) current of 1.6-μπι InGaAsP lasers is 
due to intervalence band absorption. Although this is not the dominant 
mechanism responsible for low T0 of 1.55-μπι InGaAsP lasers, it may 
be why the observed t\d of InGaAsP lasers emitting at 1.55 μηι is lower 
than that for lasers emitting at 1.3 μπι. 

IV. ANTIMELTBACK THICKNESS 
Both 1.3- and 1.55-μπι InGaAsP double heterostructures have been 

grown by LPE and VPE techniques. However, as mentioned previ­
ously, for LPE growth it is necessary to grow a short-wavelength (~1.1 
to 1.3-μπι) InGaAsP layer over the 1.55-μπι active layer to prevent 
meltback of the active layer during the subsequent growth of InP 
layer. A thick antimeltback layer reduces the confinement factor of 
the guided mode and hence increases the laser threshold. However, a 
smaller confinement factor reduces the effect of intervalence band 
absorption and hence increases the differential quantum efficiency. 
We now calculate the effect of antimeltback layer thickness on device 
threshold. 

The threshold gain gth is given by 
r&h = Taa + (1 - Dot, (5) 

Γ = 0.45 

J I L 
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Fig. 7—The calculated intervalence band absorption from Ref. 8 normalized to its 
value for 1.3 jim. 

where Γ, αα, and ac are the confinement factor and the absorption in 
the active and cladding layers, respectively. We assume ac = 30 cm'1 

and a„ = 40 cm-1 and 150 cm-1 for the curves in Fig. 8. The confine­
ment factor is calculated using the analysis of Butler35 for a four-layer 
guide. The refractive index of InP, 1.3-μπι InGaAsP, and the 1.55-μπι 
active layer are 3.21, 3.4, and 3.55, respectively. For the calculated gth 
in eq. (5), the threshold carrier density (nth) is obtained from previous 
calculations. Then the threshold current density at 300K is obtained 
using eq. (3) with fi = 0.9 x 10-10 cm"3 sec-1 and y = 9 x 10-29 cm* 
sec-1. Figure 8 shows the results of the calculation for both </th and % 
as a function of antimeltback layer thickness. Thus, both the threshold 
current and the external differential quantum efficiency increase as 
the antimeltback layer thickness is increased. The former is due to 
larger threshold gain caused by reduced confinement factor as the 
antimeltback layer thickness is increased, and the latter is due to 
lower loss experienced by the lasing mode in the active layer (in the 
above mode) due to smaller Γ. The observed smaller η^ of the 1.55-μΐη 
lasers may also be due to larger free carrier absorption both in the 
cladding and active layer at longer wavelengths. 
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V. LEAKAGE CURRENT 

Real index-guided lasers are needed for high bit-rate fiber transmis­
sion systems because of their superior performance over gain-guided 
lasers.11 Many strongly index-guided lasers utilize reverse biased junc­
tions for current confinement to the active region.12 It is generally 
believed that leakage currents, that is, currents flowing around the 
active region, are responsible for high threshold current, light-current 
sublinearity, and poor high-temperature performance of nonoptimized 
laser structures. We have previously analyzed the leakage currents in 
several 1.3-μπι InGaAsP-InP laser structures using electrical equiva­
lent circuit models.12 The leakage current through leakage paths with 
pin junctions varies approximately as exp(AEg/kT), where AEg is the 
band gap difference between InP and the active layer. AEg ~ 0.39 eV 
and ~0.55 eV for InGaAsP lasers emitting at 1.3 and 1.55 μνα, respec­
tively. Thus the magnitude of leakage current is expected to be 
approximately ~exp(0.16 eW/kT) ~ e6 times smaller for InGaAsP 
lasers emitting at 1.55 μπι tnan for lasers emitting at 1.3 μτα. In many 
laser structures the leakage current flows through forward-biased pin 
InP homojunctions.12 A fraction of this current in 1.3-μηι InGaAsP 
lasers can be detected as radiative emission at ~0.95 μηι, which is the 
band gap of InP.36 No emission at ~0.95 /im is observed from 1.5-μπι 
InGaAsP lasers, which suggests that leakage currents through InP 
homojunctions are significantly smaller in these lasers. These consid­
erations do not apply to linear resistive shunt paths. 

VI. EXPERIMENTAL RESULTS 

In this section, we compare the experimental results from several 
types of real index-guided InGaAsP lasers emitting at 1.3 and 1.55 
jum. We first discuss the strongly index-guided lasers. Over the last 
few years, we have fabricated the Channeled Substrate Buried Het-
erostructure (CSBH),37 the Etched Mesa Buried Heterostructure 
(EMBH)38·39 and the Double-Channel Planar Buried Heterostructure 
(DCPBH)40 lasers (see Fig. 9).41 The CSBH laser has a nonplanar 
active region and can be fabricated using one LPE growth. The EMBH 
and DCPBH lasers have planar active regions, which make them 
compatible with the fabrication of DFB and DBR-type single-fre­
quency lasers.42 These structures need two epitaxial growth steps for 
fabrication. Schematic cross sections of these laser structures are 
shown in Fig. 9. 

6.1 Double channel planar buried heterostructure lasers 

The schematic cross section of this device structure is shown in Fig. 
9c. The fabrication of DCPBH lasers involves two epitaxial growth 
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Fig. 9—The schematic cross sections of the (a) EMBH, (b) CSBH, and (c) DCPBH 
lasers are shown. 

steps.40 Briefly, a planar double heterostructure is grown by LPE over 
a n-InP substrate followed by the double channel etching and then 
regrowth. The CW light-current (L-I) characteristics of a DCPBH 
laser emitting at 1.3 Mm is shown in Fig. 10. Note that this particular 
laser operates CW up to 130°C. These lasers typically have pulsed 
threshold currents in the range 15 to 25 mA at 30°C, and external 
differential quantum efficiencies in the range 0.2 to 0.25 mW/mA/ 
facet. The variation of threshold current (Jth) with temperature (T) is 
given by the commonly used expression Ith(T) ~ I0 exp(T/T0), with 
To values in the range 80 to 100K. The higher T0 values of many 
DCPBH lasers when compared with broad area lasers (TO ~ 60 to 
70K) could be due to a small (~10 mA) temperature-independent 
leakage current. This is supported by our observation that lasers with 
low threshold (<15 mA at 30°C) have smaller T0 values than lasers 
with somewhat higher threshold (~25 mA at 30°C). 

Figure 11 shows the L-I characteristics of a DCPBH laser emitting 
at 1.55 μΐη. The doping levels and layer thicknesses of the lasers 
emitting at 1.55 and 1.3 μτα are similar except that the 1.55-μπι double 
heterostructure has an antimeltback layer (~0.15 μνα thick) of 1.3-μπι 
InGaAsP. 
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Fig. 10—Light-current characteristics of a DCPBH laser emitting at 1.3 um. 
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Fig. 11—Light-current characteristics of a DCPBH laser emitting at 1.55 μια. 
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Table II—Performance characteristics of typical DCPBH lasers 

/«h (30°C) 
L(100 mA) 
Efficiency/facet 
To 
U (CW) 

λ = 1.3 μΐα 
15-25 mA 
10-16 mW 

0.2-0.25 mW/mA 
90-100K 

130°C 

λ = 1.5 μπΐ 
20-35 mA 

6-9 mW 
0.12-0.15 mW/mA 

55-65K 
110°C 

Fabrication requirements 
Active area (kinks) 
Antimeltback layer thickness 

<0.3 μΐϊ2 <0.2 μπ? 
0.1-0.15 μτ& 

The performance characteristics of our typical DCPBH lasers emit­
ting at 1.3 and 1.5 μπι are compared in Table II. The parameters 
shown are threshold current, external differential quantum efficiency, 
light output at 100 mA, T0, and the maximum CW operating temper­
ature ( Tmax). The performance of these lasers at both wavelengths are 
acceptable for many lightwave system applications. Nevertheless, we 
are interested in determining to what extent 1.3-μπι lasers are intrins­
ically superior to 1.55-μπι devices and to what extent the present 
differences represent relatively easy-to-overcome technological differ­
ences. The lowest threshold current observed for 1.3- and 1.55-μπι 
lasers are 12 and 15 mA at 30°C. The maximum CW operating 
temperature of these lasers are 130 and 110°C, respectively. 

The threshold current of the 1.5-μπι lasers are slightly higher (~30 
percent) than that for the 1.3-μηι lasers. This is due to the smaller 
confinement factor of the waveguide mode of the lasers emitting at 
1.5 μπι caused by the antimeltback layer. This additional layer is not 
required for double heterostructures grown by vapor phase epitaxy, 
and hence in that case the threshold current may be lower. 

The external differential quantum efficiency per facet of the lasers 
emitting at 1.55 /tm is lower than that for lasers emitting at 1.3 μπι. 
Using ηα = 0.25 mW/mA for 1.3-μπι lasers and 0.15 mW/mA for 1.5-
μπι lasers, the optical absorption of the guided mode using eq. (4) is 
37 and 67 cm-1 for the lasers emitting at 1.3 and 1.5 μπι, respectively. 
In deriving the above, we have used a mirror loss of 40 cm-1, which 
corresponds to a mode reflectivity of 0.35 for our 2.50-μπι long lasers. 
The optical loss of the mode is related to the cladding and active layer 
loss by the following expression: 

a = Taa + (1 - T)ac. (6) 

Using ac — 30 cm-1 for both wavelengths and a calculated Γ = 0.47 
and 0.38 for the 1.3- and 1.5-μπι laser structure, we get aa = 44 and 
127 cm-1 for the active layer losses of the 1.3- and 1.55-μπι laser, 
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respectively, at 30°C. These estimates of the absorption loss are an 
upper limit because eq. (4) neglects the effect of leakage currents, 
which can reduce the efficiency. The external differential quantum 
efficiency can be increased by decreasing the length of the laser. For 
1.55-μιη lasers, a smaller confinement factor can also increase the 
efficiency, as discussed in Section IV. 

The light output at 100 mA is also shown in Table II because it can 
be a measure of the combined effect of threshold current and external 
differential quantum efficiency and also provide an estimate of the 
drive current needed when the laser is used in lightwave transmitters. 
Note that this quantity is smaller for lasers emitting at 1.5 μτα, because 
of the combined effect of lower efficiency and lower photon energy of 
these devices. Shorter lasers should have higher light output at 100 
mA than that shown in Table II. However, the reliability of short 
lasers may be a problem because of higher threshold current (and 
carrier) density. 

The observed temperature dependence of threshold current of lasers 
emitting at 1.3 μιη is lower than that for lasers emitting at 1.5 μπι. 
This is represented by higher T0 value of the 1.3-μπι lasers. We believe 
that a temperature-independent leakage path (leakage current ~10 
mA at 30°C) can be responsible for high T0 (-90 to 100K) of 1.3-μπι 
lasers because low threshold (Ith ~ 15 mA at 30°C) 1.3-μπι lasers have 
lower T0 (~75K). High T0 values caused by leakage current have been 
observed previously in EMBH lasers emitting at 1.3 μπι.43 The smaller 
leakage current in the DCPBH structure enables 1.3-μπι DCPBH 
lasers to operate at temperatures as high as 130°C. 

Spatial hole burning causes transverse mode transitions with in­
creasing injection in strongly index-guided lasers.44 These mode tran­
sitions appear as "kinks" in the L-I characteristics and are undesirable 
for lightwave applications. Spatial hole burning can be reduced and 
the L-I kinks eliminated by reducing the active area of the laser to 
less than ~0.3 μπι2 for lasers emitting at 1.3 μπι44 and ~0.2 μπι2 for 
lasers emitting at 1.55 μπι. This fabrication requirement for kink-free 
operation of 1.55-μπι lasers is more difficult to achieve. 

6.2 Etched mesa buried heterostructure laser 

The light-output-current characteristics of a EMBH laser emitting 
at 1.3 μπι is shown in Fig. 12. These lasers typically have threshold 
current in the range 15 to 30 mA at 30°C and external differential 
quantum efficiency in the range 0.2 to 0.25 mW/mA. The lowest 
threshold current observed for 1.3-μπι EMBH lasers is 11 mA at 30°C 
and the maximum CW operating temperature is 100°C. The variation 
of threshold current (7th) with temperature (T) is given by To values 
in the range 60 to 75K. These lasers with optimized layer thicknesses 
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Fig. 12—Light-current characteristics of a EMBH laser emitting at 1.3 μια. 

and doping levels do not exhibit a sublinearity in the light-current 
characteristics for power less than ~15 mW/facet near room temper­
ature. At high injection, thyristor-like leakage path causes the L-I 
characteristics to roll over.12,48 The fabrication requirements on active 
layer dimensions for low-threshold and kink-free operation of these 
lasers are shown in Table II. 

6.3 Channeled substrate buried heterostructure lasers 

We now discuss the experimental results for the CSBH laser (which 
has a nonplanar active layer). The schematic cross section of this 
device structure is shown in Fig. 9b. The light-current (L-I) charac­
teristics of a CSBH laser emitting at 1.3 Mm is shown in Fig. 13. The 
CSBH lasers are fabricated by LPE growth of an n-InP layer, 1.3-μπι 
InGaAsP active layer, p-InP layer, and InGaAs contact layer over a 
base structure that has V grooves etched in it. The base structure has 
a p-InP current blocking layer, which may be LPE grown37 or VPE 
grown46 over an n-InP substrate. Cd-diffusion can also be used to form 
the blocking layer.47 Alternatively, Fe implantation48 or Fe-doped high-
resistivity InP layers49 can be used to limit the current flow to the 
active region in the V groove. All of the above schemes for base 
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Fig. 13—Light-current characteristics of a CSBH laser emitting at 1.3 μνα. 

structures of CSBH lasers yield devices with comparable threshold 
current and efficiency. The threshold current of CSBH lasers emitting 
at 1.3 μϊη is typically in the range of 15 to 30 mA, and external 
differential quantum efficiency is 0.17 to 0.20 mW/mA/facet. Kink-
free operation has been achieved to >24 mW/facet in lasers with active 
area less than 0.3 /am2,50. 

CSBH lasers emitting at 1.55 μτα have been fabricated using Cd-
diffused base structure and Fe-doped InP—grown by Metal Organic 
Chemical Vapor Deposition (MOCVD)—base structure. Figure 14 
shows the L-I characteristics of a CSBH laser emitting at 1.55 μπι 
with a Cd-diffused base structure. The CSBH lasers emitting at 1.55 
μΐη have lower quantum efficiency than lasers emitting at 1.3 μτα. The 
threshold current, quantum efficiency, and T0 values of CSBH lasers 
emitting at 1.55 Mm fabricated using Cd-diffused and MOCVD base 
structures are similar. 

Performances of typical CSBH lasers emitting at 1.3 and 1.55 μΐη 
are compared in Table III. The parameters shown are threshold 
current, efficiency, light output at 100 mA, T0, and maximum CW 
operating temperature. The data are representative of results from 
several wafers of each type. The observed lowest threshold currents 
for CSBH lasers emitting at 1.3 and 1.55 μπι are 12 and 18 mA at 
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Fig. 14—Light-current characteristics of a CSBH laser emitting at 1.55 μηι. 

Table III—Performance characteristic of typical 
CSBH lasers 
λ = 1.3 μηι λ = 1.5 μτα 

Zu. (30-C) 
Efficiency/facet 
L(100 mA) 

15-25 mA 
0.17-0.2 mW/mA 

8-13 mW 
50-55K 
90"C 

25-35 mA 
0.11-0.14 mW/mA 

6-8 mW 
50K 
90'C 

30°C. The maximum CW operating temperatures for the 1.3- and 1.55-
μπι lasers are 120 and 90°C, respectively. 

VII. DISCUSSION 

The information-carrying capacity of a digital link is given by the 
product of the bit rate (B) and the distance (L) between the trans­
mitter and the receiver. It is a common practice to characterize a 
transmission system by its bit-rate-distance product, although this 
may not be the judge of the overall performance.51 

The loss limited transmission distance (L) is determined by the 
minimum number of photons per bit needed by a receiver to detect it. 
It is given by 
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Fig. 15—Bit rate versus repeater spacing for lightwave systems operating near 1.3 
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Fig. 16—Bit rate versus repeater spacing for lightwave systems operating near 1.55 
μιη. 

or 

PR = PT exp(-aL) 

T 1 0 1 PT 
L = — log™ — , 

a PR 

(7) 

where a is the fiber loss in dB/km and PT, PR is the transmitted and 
received power. For loss limit PR varies linearly with the bit rate B. 
The solid lines in Figs. 15 and 16 show the loss limit for 1.3- and 1.55-
μΐα systems using Ρτ = 0 dBm (1 mW). 

At high bit-rate fiber dispersion becomes an important limitation 
because of pulse spreading. The effect of pulse spreading on the 
performance of lightwave systems have been calculated by several 
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authors.52,53 The dispersion limit is usually given by51 (within a factor 
of 2) 

BL < l/(ADa), (8) 
where D is the fiber dispersion and σ is the source linewidth. Com­
mercial silica fibers have zero dispersion near 1.3 μπι and D ~ 15 ps/ 
nmkm at 1.55 μπι. Using σ ~ 3 nm for 1.55-μπι multimode sources, eq. 
(8) suggests that in spite of the high loss limit the bit-rate-distance 
product is limited to 5.5 Gb-km for 1.55-μπι transmission systems 
unless single-frequency sources are used. 

Several schemes have been used to obtain single-frequency emission 
at 1.55 μτα. Cleaved-coupled-cavity,54 external cavity,55 and DFB-
type42 single-frequency lasers have been fabricated using the DCPBH 
laser structure shown in Fig. 9c. Although all of these schemes produce 
essentially single-frequency sources (linewidth <20 MHz) under CW 
excitation, the linewidth under pulsed current modulation is signifi­
cantly larger (1 to 2À).56"58 This phenomenon is usually called fre­
quency chirping and it arises from a modulation of the refractive index 
by the injected current that modulates the effective cavity length. The 
chirp limit using eq. (8) for three different chirp widths is shown by 
the dashed curves in Fig. 16. External modulators must be used to 
eliminate the frequency chirping. 

Dispersion limitations can also be important for 1.3-μπι systems at 
high bit rates. In most optical fibers, the dispersion D is greater than 
1 ps/nmkm at wavelength separation Δλ > 10 nm from the zero 
dispersion point. Using D = 1 ps/nmkm, we get the dashed lines in 
Fig. 15 as the dispersion limit for multimode source linewidths of 15, 
30, and 50À, respectively. The longitudinal mode spacing of a 2.50-μπι 
long 1.3-μπι InGaAsP laser is ~9À. This suggests that the 30À line in 
Fig. 9 may be a practical limit for 1.3-μπι systems using multimode 
sources. Furthermore, it is well known that the emission spectrum of 
a 1.3-μπι InGaAsP laser under microwave modulation (>2.5 Gb) is 
considerably broader (because of the appearance of many longitudinal 
modes) than for low bit-rate (<1 Gb) modulation.59 This broadening 
is due to band filling, which becomes significant for modulation 
frequencies larger than inverse carrier recombination times. Thus, for 
high bit-rate-distance operation near 1.3 μπι it is necessary to use 
single-frequency sources unless the emission spectrum under modu­
lation is within ±10 nm of the zero dispersion wavelength of the fiber. 

VIII. CONCLUSION AND SUMMARY 

We have compared the performance of real index-guided InGaAsP 
lasers emitting at 1.3 and 1.55 μπι. The 1.3-μπι lasers have somewhat 
lower threshold current (~20 percent) than 1.55-μπι lasers. This is 
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principally due to the smaller confinement factor of the 1.55-um lasers 
due to the presence of the antimeltback layer in our LPE grown lasers. 
The VPE growth technique does not require the presence of antimelt-
belt layer; thus essentially similar threshold current can be realized at 
both 1.3 and 1.55 μπι. The measured median threshold current at 30°C 
from several wafers of our CSBH and DCPBH lasers are 15 to 25 and 
20 to 35 mA for lasers emitting at 1.3 and 1.55 um, respectively. The 
lowest threshold current observed at 30°C are 11 and 15 mA for lasers 
emitting at 1.3 and 1.55 «m, respectively. 

The temperature dependence of the threshold current is given by 
the commonly used expression Ith(r) ~ To exp( T/T0) with T0 ~60-75K 
for 1.3-μπι lasers and 55- to 65K for 1.55-um lasers. A small temper­
ature-independent leakage current (~10 mA) is believed to be respon­
sible for high To values (-100K) of some 1.3-um DCPBH lasers. The 
nonradiative Auger recombination process that increases with decreas­
ing bandgap is believed to be responsible for the low To values of the 
long-wavelength (both 1.3 and 1.55 μπι) InGaAsP lasers. The effect of 
the larger Auger coefficient at 1.55 um is compensated by lower carrier 
density at threshold at 1.55 um so that the total nonradiative current 
loss for lasers emitting at 1.55 um is not significantly larger than that 
for lasers emitting at 1.3 um. This results in similar T0 values for 1.3-
and 1.55-um lasers. 

The measured efficiency of the 1.55-μπι lasers is smaller (~20 
percent) than that for 1.3-μπι lasers. This may be due to the combined 
effect of larger intervalence band absorption and free carrier absorp­
tion at longer wavelengths. The smaller efficiency combined with 
lower photon energy (~20 percent) at 1.55 μπι than at 1.33 μπι makes 
the light output at a given operating current (~100 mA) of the 1.55-
μπι laser lower by ~35 percent than that for 1.3-μΐη lasers. This shows 
that the transmitter circuitry will need higher drive current when 
1.55-μηι lasers are used. The higher operating current may have some 
reliability implications. The external differential quantum efficiency 
for 1.55-μιη lasers can be increased by fabricating short lasers. How­
ever, the reliability of short lasers may be a problem because of higher 
threshold current density in these devices. 

Capacitance associated with leakage junctions is believed to influ­
ence the high frequency modulation capability of index-guided lasers 
that use reverse biased junctions for current confinement. We have 
fabricated 1.3- and 1.55-μπι lasers that can be modulated at high bit 
rates (>2 Gb/s). The laser linewidth under modulation is found to be 
significantly broader than that under CW operation. The phenomenon 
is called frequency chirping and arises from the modulation of the 
carrier density that modulates the refractive index of the guided wave. 
The measured chirp width of the 1.55-μπι laser is larger than that for 
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the 1.3-μπι laser, because of the larger variation of refractive index 
with carrier density at longer wavelengths. The thickness of the 
antimeltback layer in our 1.55-μηι lasers determines to some extent 
the measured chirp width; for example, lasers with larger antimeltback 
layer thickness have smaller confinement factor and hence have less 
chirp. If the laser is modulated at bit rates higher than the relaxation 
oscillation frequency, the chirp width is significantly enhanced. Since 
relaxation oscillations are damped in strongly index-guided lasers we 
expect these lasers to have less chirping at high bit rates (>1 Gb/s) 
than weakly index-guided lasers. The external cavity-type single-
frequency lasers have been fabricated from our multimode lasers.60 

These single-frequency lasers exhibit less chirp (~2) than the multi-
mode lasers due to frequency pulling effect.61 Such frequency pulling 
effects can reduce the chirp width of distributed feedback type of lasers 
also. A chirp of 1À limits the bit-rate distance product to 160 Gb-km 
for 1.55-μτα transmission systems using conventional silica fibers. 
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