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Abstract: We study the output characteristics of spot-size converter(SSC)
integrated buried heterostructure (BH) laser diode (LD) byforming SSC
with wet etching process. SSC-LD shows large chip-to-chip variation in
threshold current(Ith) and slope efficiency (ηslope) compared to LD without
SSC.Ith andηslopeare closely related with each other so that the front facet
ηslope increases while the rear facetηslopedecreases withIth. Far-field angle
is also found to be proportional to the front facetηslope. The trends observed
are explained clearly by a unidirectional loss occurring when photons travel
from the front to rear facet.
OCIS codes: (250.5960) Semiconductor lasers, (250.5590) Quantum-well,-wire and -dot de-
vices.
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1. Introduction

Laser diodes (LD’s) are widely used in many fields as coherentlight sources. While application
area covers laser display, optical pickup, and biomedical diagnostics, the main usage of LD is
still signal source in optical communication[1]. Conventional edge emitting LD has large far-
field angle about 30◦ that causes poor coupling efficiency with a single-mode fiber. In order to
reduce the coupling loss, several methods are used such as integration of spot-size converter



(SSC), insertion of microlens between LD and fiber, and usinga tapered fiber. Among them,
the integration of SSC in LD is the most attractive in that it is cost-effective and efficient in
improving mode matching [2].

SSC integrated LD (SSC-LD) is composed of light-generatingand mode-converting part.
Optical mode generated and amplified in the former gets largein size propagating along the
latter for narrower far-field. Mode-converting part has vertical or lateral taper that transfers the
mode of active waveguide to passive waveguide [3].

In SSC-LD, the slope efficiency (ηslope) of the front facet (ηfront) is generally larger than that
of the rear facet (ηrear) [4, 5]. It was shown that the difference inηslope is caused by unidirec-
tional loss that occurs when light propagates along the direction from SSC to the rear facet [6].
According to Ref. [6],ηslope would be equal for both the facets if the mode transition occurs
adiabatically. Therefore the slope efficiency ratio (SER)ηfront/ηrear can be a figure of merit for
evaluating SSC as well as far-field angle.

The taper formation requires patterning and etching of the taper tip. Minute parts like SSC
taper are much influenced if a deviation is generated during the process. In SSC-LD, wet pro-
cess is usually adopted for the active region etching because it produces better etching sidewall
adequate for growing current block layers in buried heterostructure (BH) LD [7]. However, wet
etching is generally apt to result in inhomogeneous etchingdepth over the wafer and nonuni-
form device characteristics. Dry etching is better in uniformity, but not adequate if epitaxial
regrowth should follow.

In this study, SSC-LD with lateral wet-etched taper was fabricated. SSC fabrication process
produced wide device performance variation, observed in output characteristics. This paper
discusses the correlation between the output characteristics of ηslope, threshold current (Ith),
and far-field angle.

2. Experiment
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Fig. 1. Schematic structure of 1.3µm SSC-LD. The structure is similar to that of conven-
tional BH LD except for the active region etched to taper shape and passive core beneath
the lower cladding layer.

Figure 1 shows the schematic structure diagram of the SSC-LDfabricated. Fabrication pro-
cess begins by metalorganic chemical vapor depsition growth of epitaxial layers including quan-
tum wells (λ = 1.3µm), passive waveguide, and lower cladding layer. After the first growth,
the active region pattern with taper is formed though the conventional photolithography pro-
cess. The tip width of the taper on the mask image is designed 0.7µm in consideration of the
undercut during wet etching.



Active region was etched by HBr:H2O2:H2O=16:4:100 solution. HBr solution is widely used
in BH LD fabrication process due to its clear etching sidewall and low etching selectivity [7].

After the wafer was etched in the active region including taper, p-n-p current blocking layers,
upper cladding, andp-contact layer were grown successively. Ridge dry etching,polyimide
passivation,p-metal evaporation, lapping,n-metal evaporation, and cleaving process completed
the fabrication. The devices with 600µm length were composed of 300-µm-long non-tapered
region, 250-µm-long tapered region, and 50-µm-long passive region.

The characterization of the devices were performed in chip bars. The current-output (I-L)
characteristics were measured using integrating sphere inorder to rule out coupling loss. Cur-
rent source operated under pulsed-mode (ton = toff = 50µsec) and the temperature of the device
stage was set at 25◦C.
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Fig. 2. I-L characteristics of SSC-LD’s in a chip bar. As previously reported [4, 5], the slope
efficiency from the front facet with SSC is larger than that from the rearfacet. Inset is the
data for LD’s without SSC. Comparing the two data, I-L curves of SSC-LD show larger
spread.

3. Result

Figure 2 shows I-L data of SSC-LD’s in a chip bar. Although thedevices were located close
to each other in the wafer, I-L characteristic shows large variation both inηslope andIth. The
deviation is so large that the output power from the front facet varies from 20 to 22 mW at 100
mA. Compared with SSC-LD, nearly the same performance was observed from LD’s without
SSC and the output power deviation is as small as 0.5 mW at 100 mA, as in inset of Fig.2. This
shows that material inhomogeneity or etching depth difference for the LD active region does
not affect much the LD performance.

SSC-LD has SSC and passive waveguide as well as conventionalLD part. Therefore those
additive parts of SSC-LD are the origin of the chip-to-chip performance deviation. SSC trans-
fers optical mode from active/passive waveguide to passive/active waveguide with its adia-
batically varying effective index. The adiabaticity in theeffective index, attained by the taper
structure of SSC, is much influenced by small variation in physical dimensions because of the
fineness of the taper structure.

I-L characteristics of SSC-LD is generally different for each facets. As in Fig. 2 slope ef-
ficiency from the facet near SSC (front facet) is larger than that from the opposite facet (rear



facet). The reason for the different optical output was explained as the nonadiabaticity of the
SSC [6]. The variation observed in I-L curves suggests that even in a chip bar SSC’s nonadia-
baticity varies much from chip to chip. Cho et al. reported that SER depends on the length of
nontapered part in SSC-LD [4]. However, their analysis is not applied to the devices in Fig. 2
that are in a chip bar providing devices with the same nontapered active region length.

From Fig. 2,Ith andηslopecan be extracted for each device ( Fig. 3). In the chip bar measured,
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Fig. 3. ηfront, ηrear, ηfront+ηrear, and SER as functions ofIth. As Ith increases,ηfront also
increases whileηrear decreases. This tendency makes SER increases steeply withIth. The
opposite behavior ofηfront andηrear makesηfront+ηrear nearly unchanged.

Ith of the devices ranges from 7.8 to 8.6 mA. The correlation ofIth with ηfront andηrear is obvious
from Fig. 3. AsIth increases,ηfront increases andηrear decreases. This tendency results in steep
increase of SER withIth. In this chip bar, SER ranges from 1.44 to 1.89. Due to the opposite
behavior ofηfront andηrear, the total slope efficiency,ηfront +ηrear, seems to be independent of
Ith, remaining almost unchanged around 0.485 W/A.

ηslope is proportional to the photon density at the facet, assumingthe difference in effective
index is negligible. Therefore the reason for the difference in ηslope is different photon density
between the two facets. Figure 4 explains why the differenceoccurs. Among the right-traveling
photons with density 1,R is reflected toward the taper at the front facet whose reflectivity is
R. All the photons reflected are not coupled to the active waveguide and some of them are
lost as radiation. Letting the fraction of the photons recoupled to the active mode beα(<
1), the effective reflectivity of the front facet isRα that is less thanR. The existence of the
unidirectional loss can, therefore, be interpreted as a lowreflectivity coating, resulting in higher
ηslope of the front facet because photon distribution is concentrated on the vicinity of lower
reflectivity facet [8].

Figure 5 is SER of several chip bars versusIth. Horizontal and vertical error bar indicate the
standard deviation ofIth and SER, respectively. Devices of each chip bar showed cleartendency
similar to Fig. 3. Mean values of the chip bars also show proportionality betweenIth and SER.
Mean SER of SSC-LD chip bars was between 1.2 and 2.0 whileIth varies from 7.1 to 10.2
mA, which is much larger than the range of SER in a single chip bar. This shows the large
spatial variation of the fabrication process of SSC-LD.ηfront has mean value between 0.26 and
0.33 W/A that can result in extinction ratio difference exceeding 1dB in direct modulation LD.
LD with perfectly adiabatic SSC would have SER=1 andIth = 6.6 mA from linear regression
analysis plotted in blue line in Fig. 5, coinciding closely with the measured data of non-SSC
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Fig. 4. (a) Schematic plan view figure of SSC-LD. Assuming facet reflectivity R, the frac-
tion of reflected photons among the right-traveling photons isR. As photons propagate
further along the SSC region, part of them are lost as radiation and finallyRα is coupled to
active waveguide mode whereα(< 1) is the fraction of photons recoupled. (b) Equivalent
non-SSC LD is with front facet of reflectivityRα .
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Fig. 5. Ith of chip bars versus SER. Each symbol indicates the mean value, and thehori-
zontal and vertical error-bars indicate the standard deviation of SER and Ith within a chip
bar, respectively. This shows that the trend within a single chip bar ( Fig. 3) is also applied
between the chip bars. SER=1 means equal output efficiency at both thefacets that can be
observed from LD without SSC.



LD. However, the coincidence is somewhat accidental because their gain medium property –
length, average confinement factor, existence of taper shape, etc. – is different in spite of the
same total cavity length.

As far-field is Fourier transform of the near-field, mode expansion is inevitable for narrow
beam emission [9]. But the large optical mode expanded is expected to have small recoupling
efficiency to the original waveguide unless SSC is perfectlyadiabatic. It suggests that far-field
angle may be related withηslopeor Ith. Figure 6 shows horizontal far-field angle ( full width at
half maximum ) of devices in a chip bar as a function ofηslope. The far-field angle increases
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Fig. 6. Horizontal far-field angle of SSC-LD’s versusηfront. As ηfront increases, far-field
angle also increases. Small far-field angle originates from large near-field mode that causes
large unidirectional loss.

from 6.1◦ to 7.2◦ with ηfront. This data shows that LD with largeηfront has advantage in high
optical power transmission owing to both the good coupling and emission efficiency. Because
ηfront is proportional toIth, rather largeIth can be the criteria of selecting SSC-LD considering
that SSC is adopted in LD for higher fiber-coupled power.

4. Conclusion

SSC integrated BH LD’s were fabricated by wet-etching SSC and their I-L characteristics
were discussed. The variation in SSC produced during etching process madeIth and ηslope

vary widely compared to non-SSC LD. It was found thatηfront increases whileηrear decreases
with Ith. SER increases from 1.2 to 2.0 over the wafer whileIth increases from 7.1 to 10.2 mA.
Far-field angle is also correlated withηslopeso that SSC-LD with higherηfront has narrower di-
vergence angle. These relations can be explained by unidirectional loss that occurs when photon
travels from the front to rear facet.


