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Abstract: We study the output characteristics of spot-size conv€asC)
integrated buried heterostructure (BH) laser diode (LD)fdmyning SSC
with wet etching process. SSC-LD shows large chip-to-ctdgation in
threshold current(,) and slope efficiencyrfsiope compared to LD without
SSC.Iy andngiope are closely related with each other so that the front facet
Nsiopeincreases while the rear facgdope decreases withy. Far-field angle

is also found to be proportional to the front faggipe The trends observed
are explained clearly by a unidirectional loss occurringwphotons travel

from the front to rear facet.
OCI S codes: (250.5960) Semiconductor lasers, (250.5590) Quantum-weéle and -dot de-
vices.
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1. Introduction

Laser diodes (LD’s) are widely used in many fields as cohdigintsources. While application
area covers laser display, optical pickup, and biomedigjrebstics, the main usage of LD is
still signal source in optical communication[1]. Convemntal edge emitting LD has large far-
field angle about 30that causes poor coupling efficiency with a single-mode filoeorder to

reduce the coupling loss, several methods are used suclegsaition of spot-size converter



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

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

In SSC-LD, the slope efficiency)§iope) Of the front facet fone) is generally larger than that
of the rear facetrfreay) [4, 5]. It was shown that the difference ipjope is caused by unidirec-
tional loss that occurs when light propagates along thetime from SSC to the rear facet [6].
According to Ref. [6],nsiope Would be equal for both the facets if the mode transition cecu
adiabatically. Therefore the slope efficiency ratio (SER)nt/ Nrearcan be a figure of merit for
evaluating SSC as well as far-field angle.

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

In this study, SSC-LD with lateral wet-etched taper wasitated. SSC fabrication process
produced wide device performance variation, observed tpuilcharacteristics. This paper
discusses the correlation between the output charadtsristnsope threshold currentlg,),
and far-field angle.

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

Figure 1 shows the schematic structure diagram of the SS@hificated. Fabrication pro-
cess begins by metalorganic chemical vapor depsition grofwpitaxial layers including quan-
tum wells @ = 1.3um), passive waveguide, and lower cladding layer. After that firowth,
the active region pattern with taper is formed though theventional photolithography pro-
cess. The tip width of the taper on the mask image is desigrgdrOin consideration of the
undercut during wet etching.



Active region was etched by HBr3®,:H,0=16:4:100 solution. HBr solution is widely used
in BH LD fabrication process due to its clear etching sidéwatl low etching selectivity [7].

After the wafer was etched in the active region includingetap-n-p current blocking layers,
upper cladding, angb-contact layer were grown successively. Ridge dry etchiadyimide
passivationp-metal evaporation, lapping;metal evaporation, and cleaving process completed
the fabrication. The devices with 6Qén length were composed of 3Q@n-long non-tapered
region, 250pm-long tapered region, and 50m-long passive region.

The characterization of the devices were performed in chig.bThe current-output (I-L)
characteristics were measured using integrating spheylar to rule out coupling loss. Cur-
rent source operated under pulsed-mdgle= tor = 50usec) and the temperature of the device
stage was set at 26.
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Fig. 2. I-L characteristics of SSC-LD's in a chip bar. As previouslyorégd [4, 5], the slope
efficiency from the front facet with SSC is larger than that from the faeet. Inset is the
data for LD’s without SSC. Comparing the two data, I-L curves of SECshow larger
spread.

3. Result

Figure 2 shows I-L data of SSC-LD’s in a chip bar. Although tlevices were located close
to each other in the wafer, I-L characteristic shows larggéatian both innsjope andly. The
deviation is so large that the output power from the fronefa@ries from 20 to 22 mW at 100
mA. Compared with SSC-LD, nearly the same performance wasreed from LD’s without
SSC and the output power deviation is as small as 0.5 mW at 2Q@sin inset of Fig.2. This
shows that material inhomogeneity or etching depth diffeesfor the LD active region does
not affect much the LD performance.

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

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



facet). The reason for the different optical output was &xyd as the nonadiabaticity of the
SSC [6]. The variation observed in I-L curves suggests tha & a chip bar SSC’s nonadia-
baticity varies much from chip to chip. Cho et al. reporteattS8ER depends on the length of
nontapered part in SSC-LD [4]. However, their analysis isapplied to the devices in Fig. 2
that are in a chip bar providing devices with the same noméapactive region length.

From Fig. 21, andnsiopecan be extracted for each device ( Fig. 3). In the chip bar oreds
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Fig. 3. Nfronts Nrean Niront™Nrear @nd SER as functions df,. As Iy, increaseshont also
increases while)ear decreases. This tendency makes SER increases steepli,withe
opposite behavior afiont andnNrear MakeSsont*+Nrear N€@rly unchanged.

It of the devices ranges from 7.8 to 8.6 mA. The correlatioig,afith Ngont andnrearis obvious
from Fig. 3. Asly, increaseshsont inCreases angear decreases. This tendency results in steep
increase of SER with,. In this chip bar, SER ranges from 1.44 to 1.89. Due to the sipo
behavior offsont andnrear the total slope efficiencyjfont + Nrean S€EMS to be independent of
lth, remaining almost unchanged around 0.485 W/A.

Nsiope IS proportional to the photon density at the facet, assurthieglifference in effective
index is negligible. Therefore the reason for the differeincnsiopeis different photon density
between the two facets. Figure 4 explains why the differemoars. Among the right-traveling
photons with density 1R is reflected toward the taper at the front facet whose refigciis
R. All the photons reflected are not coupled to the active waikgand some of them are
lost as radiation. Letting the fraction of the photons rgted to the active mode be (<
1), the effective reflectivity of the front facet Ra that is less thamiR. The existence of the
unidirectional loss can, therefore, be interpreted as aédlectivity coating, resulting in higher
Nsiope Of the front facet because photon distribution is concéadr@n the vicinity of lower
reflectivity facet [8].

Figure 5 is SER of several chip bars versgsHorizontal and vertical error bar indicate the
standard deviation df, and SER, respectively. Devices of each chip bar showedteedency
similar to Fig. 3. Mean values of the chip bars also show priamuality betweeny, and SER.
Mean SER of SSC-LD chip bars was between 1.2 and 2.0 vifilearies from 7.1 to 10.2
mA, which is much larger than the range of SER in a single claip Bhis shows the large
spatial variation of the fabrication process of SSC-Igisn; has mean value between 0.26 and
0.33 W/A that can result in extinction ratio difference exdieg 1dB in direct modulation LD.
LD with perfectly adiabatic SSC would have SER=1 afd= 6.6 mA from linear regression
analysis plotted in blue line in Fig. 5, coinciding closeljttwthe measured data of non-SSC
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Fig. 4. (a) Schematic plan view figure of SSC-LD. Assuming facetct¥ity R, the frac-
tion of reflected photons among the right-traveling photonR.i&\s photons propagate
further along the SSC region, part of them are lost as radiation and fRallg coupled to
active waveguide mode wheog < 1) is the fraction of photons recoupled. (b) Equivalent
non-SSC LD is with front facet of reflectivitiRa.
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Fig. 5. Iy, of chip bars versus SER. Each symbol indicates the mean value, ahdrihe
zontal and vertical error-bars indicate the standard deviation of SHRawithin a chip
bar, respectively. This shows that the trend within a single chip bar ( Fig &so applied
between the chip bars. SER=1 means equal output efficiency at bdtdrctts that can be
observed from LD without SSC.



LD. However, the coincidence is somewhat accidental becther gain medium property —
length, average confinement factor, existence of taperestep. — is different in spite of the
same total cavity length.

As far-field is Fourier transform of the near-field, mode exgan is inevitable for narrow
beam emission [9]. But the large optical mode expanded isargd to have small recoupling
efficiency to the original waveguide unless SSC is perfeatiabatic. It suggests that far-field
angle may be related withjope OF Ith. Figure 6 shows horizontal far-field angle ( full width at
half maximum ) of devices in a chip bar as a functionggpe The far-field angle increases

62 @ i

7.2 ® .
g ® horizontal angle
E 70 F ° .
s L 1
v 6.8 [ b
Q
5 o0 °
)
O 6.6 ° ° b
Q )
2
g 64 ° T
o [ ] [ I ]
Q
8

6.0 1 1 1 1 1 1
0.255 0.260 0.265 0.270 0.275 0.280

front facet slope efficiency (W/A)

Fig. 6. Horizontal far-field angle of SSC-LD’s versggont. AS Nsront iNCreases, far-field
angle also increases. Small far-field angle originates from largefisédmode that causes
large unidirectional loss.

from 6.2 to 7.2 with nont. This data shows that LD with larggyone has advantage in high
optical power transmission owing to both the good coupling emission efficiency. Because
Nfront IS proportional tdy,, rather largdy, 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 SS@ #hueir I-L characteristics
were discussed. The variation in SSC produced during ejchincess madéy, and Nsjope
vary widely compared to non-SSC LD. It was found thagn: increases while)eor decreases
with Iyh. SER increases from 1.2 to 2.0 over the wafer whjjéncreases from 7.1 to 10.2 mA.
Far-field angle is also correlated witl3jope SO that SSC-LD with highefon: has narrower di-
vergence angle. These relations can be explained by uctidinal loss that occurs when photon
travels from the front to rear facet.



