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Abstract

Due to the increasing channel density in WDM network, the reliability requirement of each channel has become
increasingly stringent. To meet the stringent WDM reliability requirement, it is necessary to achieve stable
threshold current and wavelength over time. In this paper, we study the design-in reliability of DFB InP lasers
involving the controlling parameters such as p-metal contact, epitaxial regrowth interface, substrate quality and
laser cavity length. We will discuss the influence of each parameter and physical mechanism. We demonstrate
significant reliability improvement with incorporation of design and process optimization. We also discuss the
correlation of reliability degradation and wavelength drift.

Keywords: semiconductor lasers, reliability, wavelength division multiplexing, semiconductor heterojunctions,
semiconductor devices, optoelectronics

1. Introduction

The modern WDM network requires increasing number of channels in order to meet broadband applications.
Due to the increasing channel density, the reliability of each channel has become more stringent than ever. The
reliability requirement expected by the end-users or network operators typically consists of two aspects:
wavelength stability and threshold current robustness. While these two aspects are seemingly two different
specifications, they are essentially correlated. For example, as the threshold current increases during aging, it
requires higher operating bias current to maintain the same level of optical power. The increase in the operating
current consequently results in higher junction temperature and longer wavelength. In the past, most of the
wavelength stability requires <=0.1 nm for 100G DWDM spacing. Recently, many network and/or cable
operators request the laser diode component manufacturers to meet wavelength stability of 0.03-0.09nm (Huang,
2011).

Etched mesa buried heterostructure (BH) InGaAsP/InP semiconductor laser diodes are widely used in
1.3-1.5micrometer wavelength photonic products due to their excellent characteristics of low threshold and high
power (Itoh et al., 1966; Mizuishi et al., 1983; Ishino et al., 1997; Fukuda et al., 1987). However, the BH lasers
tend to show more reliability degradation than the ridge waveguide (RWG) lasers (Huang, 2005). The latter is
often characterized with random failures, while the former tends to show gradual degradation in a more
predictable manner.

In this study, we demonstrate design-in reliability of BH lasers by controlling parameters such as p-metal
contact, epitaxial regrowth interface, substrate quality and laser cavity length. We have achieved significant
reliability improvement by optimizing each parameter. We demonstrate that the BH lasers could meet the
stringent reliability requirement for modern WDM network.

2. Experimental

Edge-emitting distributed feedback (DFB) lasers with O-band (1310 nm and vicinity) and C-band (1550 nm and
vicinity) lasing wavelengths were fabricated. Figure 1 shows the schematic of the DFB buried heterostructure
(BH) laser. Epitaxial layers were grown on Sn-doped or S-doped n-type InP substrates using metal organic
chemical vapor deposition (MOCVD) technique. First, n-doped InP buffer layer of 0.5 micrometer or 1.4
micrometer thickness was grown. An active layer consisting of multi-quantum well structures and separate
confinement heterostructure (SCH) were grown on top of the buffer. The grating layers were grown sequentially.
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The grating contrast was formed by lithography and wet etch using holographic technique. The composition of
the active region was InGaAsP.
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Figure 1. Schematic of DFB buried heterostructure laser

A mesa structure was formed by wet etch. Subsequently, p-InP and n-InP burying layers were grown to form
current blocking. The wafer was then etched into mesa structures covered with dielectric layers. The contact
opening on the dielectric was created by the reactive ion etching (RIE), and the p-metal stack was deposited to
make ohmic contact. The p-metal stack consisted of Au/Ti/Pt/Au on the p-contact area and Cr/Au metallization
on the bondpad area.

Finally, wafers were cleaved into bars to form facets coated with anti-reflective (AR) and highly-reflective (HR)
on the front and rear facets, respectively. Chips were die attached to the AIN submounts to facilitate light vs.
current (LI) testing. The chip-on-submounts were screened by burn-in, and the chips that passed the burn-in
screening were used for life tests.

To study the defects, the laser samples were prepared by focused ion beam using life-off technique (Giannuzzi &
Stevie, 1999; Huang et al., JMR 2000; Huang et al., JAP 2000). Scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) were utilized.
The STEM was also equipped with energy dispersive spectroscopy by X-ray (EDS). The samples were analyzed
by Evans Analytical Group (Raleigh, NC).

3. Results and Discussions

Long-term device reliability is typically characterized by the increase in threshold current (Ith) and the decrease
in optical output power (Huang, 2005). The laser degradation associated with the changes in the threshold
current and optical power or overall drop in lasing efficiency are a result of defect formation in the active region.
The reliability of laser devices is often determined by the defects in the active region such as the dark-spot defect
(DSD) and dark-line defect (DLD) (Kallstenius et al., 1999; Fukuda et al., 1983; Chin et al., 1984).

For C-band 1550nm lasers of 550 micrometer cavity length, the typical threshold current and output power are in
the ranges of 12-15 mA and 38-48 mW, respectively. After 24-hour burn-in, the threshold current and output
power increase to 16-19 mA and 35-45 mW, respectively. Figure 2 shows an example of LI characteristics
before and after burn-in stress. After the 24-hour burn-in, the lasers exhibited degradation in both threshold
current and output power. Upon further burn-in stressing, the lasers stabilized with little change. In this case, the
threshold current increased from 16.4 to 25.6 mA, and the output power decreased from 37.0 to 30.3mW.

In the following, we will present experimental data and discuss the determining factors that are responsible for
laser degradation and the defect formation in the active.
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Figure 2. Example of light vs. current (LI) plot of a 1550nm DFB laser before and after 24-hour burn-in. The LI
was taken at 25 C

3.1 P-metal Contact

The p-type metal contact and its interaction with heavily p-doped epitaxial contact layer are critical for device
burn-in and reliability performances. The metal species and the underlying contact epi-layer typically determine
the interfacial reaction. The stability of the interfacial metallic compounds has significant impact in long-term
reliability.

When the interfacial metallic compounds are properly formed, a good Ohmic contact and resultant low laser
resistance can be achieved while maintaining good long-term stability. However, the laser diode could degrade
over time if there are excessive defects or Au diffusion in the p-metal contact. Those defects could propagate
towards the active region during device operation or aging.

3.1.1 Contact Etch

One of the laser degradation mechanisms is associated with defect formation and propagation in the p-contact.
Figure 3 shows the distributions of threshold current change of two experimental groups with different contact
etch conditions. The lasers of both contact etch groups were subjected to the same aging condition with stress
current of 175 mA at the case temperature of 100 C for 48 hours. At the nominal device operating current, the
laser junction temperature was about 30 C above the case temperature (Huang et al., 2007). The lasers in one
group were processed with 240 sec of contact etch by reactive ion etching (RIE) while the lasers in the other
were etched with 80 sec. The Ith change in the former was very small (around 0.8-1.2 mA in median). On the
other hand, the Ith change in the 240 sec RIE was 12 mA, larger by a factor of 12.

Since interfacial diffusion is driven by defects, the quality of the epitaxial contact layer is expected to influence
the defect formation and propagation towards the active region. When the contact etch time is excessive, there
are likely more defects generated by plasma charging damage during the dry etch. Those defects that originate
from the p-contact could subsequently propagate towards the active region over time during aging. The defects
could also enhance the Au diffusion at the p-contact.

The damaged region induced by RIE was likely a superficial layer that behaved as deep traps that captured
conduction electrons. Foad et al proposed the conduction technique to estimate the extent of surface etching
damage (Foad et al., 1993). Morello et al. reported that the damaged depth induced by RIE was about 21-50 nm
measured by the conduction technique (Morello et al., 2006). The damage generation rate depended upon the
energy of impinging ions.

The RF power, reactant, carrier gas flow and chamber pressure are also important for the contact etch in order to
minimize the plasma damage (Pearton et al., 1992; Yang et al., 2007; Dylewicz et al., 2010; Cheung et al.,
1994).
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Figure 3. Distributions of threshold current (Ith) change of two contact etch groups. One group was etched with
240sec RIE while the other was etched with 80sec RIE

3.1.2 p-InGaAs Contact Layer Thickness

The contact layer thickness is also found to be influential in laser degradation. Figure 4 shows the Ith change as a
function of contact layer thickness. Laser diodes of different InGaAs thickness ranging from 0.1 to 0.4
micrometer were compared. The contact layer thickness was measured by the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The Ith change of the 0.1 micrometer InGaAs lasers
showed the largest Ith change, suggesting that the lasers with the 0.1 micrometer InGaAs were most vulnerable
to laser degradation. In addition, the range of the Ith changes of the 0.1micrometer InGaAs group was larger than
the others, implying that the process window was less tolerant. As the InGaAs thickness increased, the Ith
change become smaller, indicating that the lasers with the thicker InGaAs were more reliable.

As the InGaAs thickness decreased, it became easier for defects to propagate through the InGaAs layer into the
InP. In addition, the thinner InGaAs also made the underlying InP more susceptible to the plasmas damage
generated during the RIE etch. Finally, the Au diffusion in the Au/Ti/Pt/Au to p+-InGaAs contact was typically
0.1 micrometer in depth and confined to the InGaAs layer (Huang & Vartuli, 2003). The Au diffusion into the
InP became increasingly likely when the InGaAs thickness was 0.1-0.2 micrometer.

Figure 5 shows the TEM images of the defect punch-through in the thin InGaAs layer. The InGaAs layer
thickness in this case was about 0.1 micrometer. The punch-through damaged area was likely due to the variation
in the crystal composition resulting from interfacial diffusion. Figure 6 shows the STEM depth profile scan
across the p-InGaAs and the underlying InP layer. The STEM scan shows the punch-through damage involved
the interfacial diffusion among the chemical species of In, P, Ga and As.

18



Wwww.ccsenet.org/apr Applied Physics Research Vol. 4, No. 2; 2012

Ith change vs. p-InGaAs thickness

20

15 4

10

Ith change (mA)

0 i

005 010 0.15 020 025 030 0.35 040 045
Physical InGaAs contact thickness (um)

Figure 4. Threshold current (Ith) change as a function of InGaAs contact layer thickness. The lasers with thinner
InGaAs contact layer tend to show larger Ith shift during aging
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Figure 5. TEM bright field image of the p-contact to p-InGaAs/InP showing the punch through related to
interfacial diffusion
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Figure 6. STEM depth profile scan of the p-contact to p-InGaAs/InP showing the interfacial diffusion between
InP and InGaAs
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3.1.3 P-metallization

It has been reported that Au/Zn p-contact has adverse effect on laser degradation compared to Au/Ti/Pt/Au
contact (Huang & Vartuli, 2004). The faster degradation in the Au/Zn contact was attributed to defect formation
resulting from the migration of Au. Besides the faster diffusion rate, the alloy spike in the Au/Zn contact could
further accelerate the degradation due to the concentration of current flow in the low resistivity of the alloy
compounds. Figure 7 shows the Ith and power change box plots of the lasers of the Au/Zn/Cr/Au(thick) and
Au/Ti/Pt/Au/Cr/Au(thick) groups. The change in threshold current and output power of the Au/Ti/Pt/Au were
significantly less than those of the Au/Zn. The reliability improvement of the Au/Ti/Pt/Au was attributed to the
diffusion barrier by the Pt layer. As shown by the previous study (Huang & Vartuli, 2004), the Pt barrier
prevented the thick Au from interacting with the InGaAs and underlying InP layers, thus limiting the Au
interfacial reaction. Figure 8(a) and (b) show the TEM images of the Au/Zn/Cr/Au(thick) and
Au/Ti/Pt/Au/Cr/Au(thick) contacts, respectively. For the Au/Zn/Au samples, the Au-rich compounds penetrated
deeper, consuming most or all the p-InGaAs layer. For the Au/Ti/Pt/Au/Cr/Au, the formation of the Au-Ga,
Ti-As and Au-Ga-In metallic compounds was confined to the contact interface.
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Figure 7. Box plots of the changes in (a) threshold current and (b) output power of the lasers of the Au/Zn/Cr/Au
and Au/Ti/Pt/Au/Cr/Au groups. The Ith change is shown by the absolute change before and after 500 hours of
stress aging, and the power change is the ratio of post-aging power after 500 hours vs. pre-aging power
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Figure 8. TEM images of the (a) Au/Zn/Cr/Au and (b) Au/Ti/Pt/Au/Cr/Au contacts

3.1.4 Dielectric Uniformity

In addition to the difference between the Au/Zn and Au/Ti/Pt/Au, the dielectric conformity after the contact
opening also played an important role. Figure 9 shows the cross-sectional SEM image of the degraded laser due
to Au migration. The sample was prepared by focused ion beam (FIB). As shown by the FIB-SEM, there was no
dielectric coverage at the upper left corner of the laser stripe resulting from overetch. At the corner, the Pt layer
was likely not as uniform and conformal as that on the top. For the area where the Pt layer became thin or
discontinuous, the effectiveness of the diffusion barrier decreased. During device operation, the weak spot
eventually led to direct contact between Au and InP and caused massive Au diffusion into the InP area.

To explain the influence of contact process on defect formation and laser degradation, we have developed a
defect formation and propagation model shown in Figure 10. After contact etch process by RIE, a surface
damaged region was initially formed as marked by “X”. During device operation and aging, the defects under the
current driving force were propagating towards the active region. The defects that entered the active region may
be in the form of point defects initially. The point defects may lead to nucleation and growth of dislocations over
time, eventually forming dark spot defect (DSD) and/or dark line defect (DLD).

Figure 11(a) and (b) show the active region before and after the burn-in degradation, respectively. The active
region before burn-in appeared intact with negligible defect density, while the DSD and DLD defects were
formed at the active region after device degradation. The degradation at the active region led to threshold current
increase and quantum efficiency decrease.
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Figure 9. (a) FIB-SEM showing the Au migration from the contact to the active region. (b) Energy-dispersion
spectroscopy (EDS) showing the Au peak
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Figure 10. Schematic of defect formation and propagation model for BH laser

3.2 Epitaxial Regrowth Interface

Another major laser degradation mechanism was associated with the epi-regrowth interface defects (Fukuda,
1988). The quality of the BH interface between the etched mesa sidewall and burying layer was found to be
critical in reliability performance. The reliability degradation was found to correlate with the residual damage at
the sidewalls of the mesa (Kallstenius et al., 1999). The probable causes of the residual damage included
inadequate removal of process-induced defects and defect generation during the epitaxial regrowth. For the
latter, the III-V ratio and Zn-dopant were typically important factors. The common remedies included the
addition of subsequent wet etch to refine the sidewall surface and the insertion of a buffer layer to prevent the Zn
diffusion (Oohashi et al., 1998). For the former, defects could originate from the RIE-induced steps. The defects
served as the non-radiative recombination sites that were responsible for laser degradation.

22



Wwww.ccsenet.org/apr Applied Physics Research Vol. 4, No. 2; 2012

p-InGaAsP
InGaAsP
InGaAsP (MQW)
InGaAsP

n-InGaAsP

p-InGaAsP
InGaAsP
InGaAsP (MQWY)

InGaAsP
n-InGaAsP

L

Figure 11. SEM image of the active region (a) before and (b) after burn-in degradation. The degraded laser
showed DSD/DLD defect at the active region
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Figure 12. Life test comparison of 0.5 pm vs. 1.4um buffer layers (a) threshold current and (b) power changes

3.3 Substrate Quality

Reliability characteristics of wafers with different substrate vendors and buffer layers are summarized in Table I.
The laser chips of 360 micrometer cavity were stressed with a constant stress current of 150 mA at 100 °C. The
p-contact of the lasers was Au/Zn. For 0.5 micrometer buffer, there appeared to be variation between wafers. The
Iin change after 1000-hour aging was as high as 47 %. Such variation could be attributed to the quality of the
substrate. For 1.4 micrometer buffer, the life test performance appeared to be more robust and consistent than the
0.5 micrometer buffer. For example, the Ith degradation from A-3 and A-4 was smaller than that from A-1 and
A-2. Figures 12 (a) and (b) shows the comparison of threshold current and power changes between the two
buffer layers. The 1000-hour life test data indicated that the incorporation of thicker buffer layer resulted in
significant reliability improvement. The threshold current degradation after 1000 hr was reduced from 22 % to
16 %. The power degradation was reduced from 8 % to 5 %.
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Table 1. Life test performance of wafers from different substrate vendors

Vendor Buffer Sample size 1th(1000hr)/Tth(0) (%) Ith(1000hr)/Tth(0) (mA)
A-1 0.51 14 47 4.80
A-2 0.51 13 27 2.50
B-1 0.51 8 13 1.46
B-2 0.51 8 7 0.90
C-1 0.51 8 20 1.68
C-2 0.51 8 22 1.61
A-3 1.4 8 6 0.4
A-4 1.4 8 33 2.5
C-3 1.4 8 20 1.70
C-4 1.4pn 8 12 0.93

To understand the reliability improvement in the thick buffer structure, the mesa etch and regrowth defect
mechanism was proposed as shown in Figs. 13(a) and (b). In the thin buffer structure, the mesa etch punched
through the substrate and the epi-regrowth was interacting with the defects in the substrate. The mesa
etch/substrate interface became defective as marked by “x” in Figure 13(a). During the aging, the defects were
likely migrating toward the active region and degrade the lasing efficiency. In the thick buffer structure, there
was no interaction between mesa etch and the substrate. Consequently, the active region was less susceptible to
the defect formation during aging.

Alternatively, the reduction of laser lifetime in the thin buffer structure could be related to the growth and
propagation of dislocation networks arising from the substrate crystal due to recombination enhanced defect
motion (Fukuda, 2000). The defect motion could occur via climb and glide motion.

(a) (b)

p p
n-buffer
p
N-substrate
N-substrate

Figure 13. (a) BH laser with 0.5um buffer layer (b) BH laser with 1.4um buffer layer

3.4 Laser Cavity Length

Figure 14(a) shows the burn-in Iy, shift as a function of laser cavity length. Figure 14(b) shows the burn-in Iy
shift as a function of stress current density. The current density is defined as the stress current divided by the
cavity length. The burn-in Iy, shift seemed to show stronger dependence of the cavity length compared to the
current density. For the cavity length dependence, the Iy, shift seemed to be the larger for the 1000 micrometer &
1250 micrometer long lasers, which were attributable to the thin InGaAs layer and the higher number of defects
in the long cavity lasers. It was also noted that other additional degradation mechanism such as mechanical stress
could be introduced for longer cavity lasers. The mechanical stress caused by the mismatch of the thermal
expansion coefficients between the InP laser chip and AIN submount became more important as the laser cavity
increased (Westphalen, et al., 2009). The current densities of the 1000 micrometer & 1250 micrometer lasers
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were among the lowest, suggesting that the current density was not the dominant effect. This was also supported
by the short cavity data where the Ith shift of the 300 micrometer lasers was the lowest despite of the highest
current density. The larger Ith change at the current density of 0.35mA/micrometer was attributed to the thin
InGaAs. The test group of 0.35 mA/micrometer was based on 1000 and 1250 micrometer long lasers. The
InGaAs contact layers of the lasers were about 0.1 micrometer, thinner than those of the other groups with the
InGaAs thickness of 0.2 to 0.4 micrometer.
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Figure 14. (a) The Ith changes of the lasers with different cavity lengths (b) The Ith changes as a function of
current density. The current density was defined as the current divided by cavity length

3.5 Robust Design-in Reliability Performance

We have succeeded in suppressing laser degradation by means of optimization in contact opening process and
regrowth. In the following, we will discuss the influential parameters of lasing wavelength and its correlation
with laser reliability. We will show that the wavelength stability of the designed-in buried heterostructure lasers
would meet the state-of-the-art stringent wavelength stability requirement.

The lasing mode of the DFB lasers is defined by the diffraction grating structure. The structure builds a one
dimensional interference grating (or Bragg’s grating), and the grating provides the optical feedback for the laser
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(A. Yariv, 1989). The lasing wavelength of the DFB laser is determined by the grating pitch and effective
refractive index, as shown in Equation-1 where Appg is the lasing wavelength, n. is the effective refractive
index, A is the grating pitch and m is the order of grating.

Apre = 2 neg A/ m (D

One primary cause for the wavelength shift is heating. As the temperature change occurs, the bandgap of the
semiconductor laser and the thermal expansion change. As a result, the refractive index and the grating pitch
show temperature dependence. The other factor is mechanical stress. The mechanical stress induced by the
oxidation at the interface between the semiconductor and optical coating film was observed in 980 nm high
power GaAs lasers (Martin-Martin et al., 2008; Landi et al., 1999). The stress at the laser facet is expected to be
significantly less for the InP lasers due to the suppression of facet oxidation. The other type of mechanical stress
is packaging stress induced by the die attach soldering process. Such packaging stress was created by the thermal
expansion mismatch between the laser chip and the AIN heat sink submount. To isolate this factor, the solder,
the soldering condition, and the submount used for the wavelength drift study were the same.

Experimentally, there are two common causes for wavelength drift of DFB lasers. One is related to the Ith
increase during aging, and the other is related to heat generation. The former is widely observed in the constant
power operation where the bias current is increased during device aging in order to maintain the same optical
output power. The latter typically occurs in the constant current operation mode where the output power drop
would lead to heat generation. The temperature rise would cause wavelength to increase (red shift).

In the following, we discuss the wavelength drift for the constant power operation mode. Table II shows
examples of Iy, shift and resultant wavelength shift for both 1310 nm and 1550 nm DFB lasers. For 1310 nm
lasers, the wavelength shift rate was measured to be about 0.0220 nm/mA. The Iy, shifts after 1000 hr and 5000
hr life test aging were 0.40 and 0.47 mA, respectively. As a result, the deduced wavelength shifts based on the
Ith shift were estimated to be 0.0085 and 0.0103 nm, respectively. It was shown that the magnitude of shift from
laser degradation was small compared to the modern DWDM wavelength requirement of 0.03-0.09nm. For 1550
nm lasers, the wavelength shift rate was measured to be about 0.0065nm/mA. The Iy, shifts after 1000 hr and
5000 hr life test aging were 1.04 and 1.90 mA, respectively. As a result, the deduced wavelength shifts based on
the Iy, shift were estimated to be 0.0068 and 0.0123 nm, respectively. Again, the wavelength drift from intrinsic
laser degradation was small compared to the modern DWDM wavelength requirement of 0.03-0.09 nm.

Table 2. Ith shift and WL drift data of 1310nm and 1550nm DFB BH lasers

Aging Cavity (um) dWL/dI (nm/mA) Ith shift (mA) WL shift (nm)
1000hr 300 0.0220 0.40 0.0085
5000hr 300 0.0220 0.47 0.0103
1000hr 550 0.0065 1.04 0.0068
5000hr 550 0.0065 1.90 0.0123

4. Conclusion

We have discussed the key process parameters responsible for robust reliability performance. For p-contact
effect, the contact etch, p-metal and dielectric uniformity were among the important factors. The defect
formation and propagation model was developed to explain the effect of p-contact. For mesa etch interface, the
wet etch and regrowth were found to be influential. For substrate quality, the thickness of buffer showed
influence in laser degradation likely due to the defect formation between the substrate and epi-regrowth
interface. The 1.4 micrometer thick buffer appeared to offer a good remedy in I, change reduction.

The laser degradation showed stronger correlation with the laser cavity length than the current density. For
example, the 300 micrometer long lasers showed the smallest Ith degradation despite of the highest current
density.
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