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ABSTRACT.  This work presents some characleristics for both single- and multi-
mode (ibers, such as butt-coupling cfficiency, cigenmodes, and macrobending
effects. Two step-index single-maode fibers with different core radii, 5 and 8.3
pm, are characterized. The coupling efficiency in the former is close 10 96% for
singlemode VCSEL with beam spot size of 3 pm and depends on the injection
cutrent. The sccond type supports (wo inodes and the coupling efficiency
decreases Lo 86% after using a simplc filter consisting of a fiber loop with 12 inm
diameier and 5 windings for removing the higher order LPI!I mode by
macrobending effects. The results show that tbe coupling efliciency in graded-
multimide fibers has radial tolerance wider than that of singlemode fibers and
has a maximum value of §1%.

1. Introduction

The vertical-cavity surface-emitting laser (VCSEL) is a novel type of semiconductor lascrs
which acts as a light source of great scientific and commercial interests. VCSELs offcr a
number of favorable properties like low lasing threshold current dynamic, single-mode
operation, low divergence circular beamns, high packing density, and high-speed eurrent
modulation for multi- Gbilt/s data generation (Deppe et al. 1997, Jung et al. 1997, King et
al, 1998, Wiedenmann et al. 1999). They act as sources for optical fiber systems, which
form the backbone of modern telecommunieation systems. VCSELs can be designed for
emission wavelengths in the range from 850 to 980 nm or even cxtended to 1300 nm,
depending on the semiconductor compounds used as active media in the laser cavity. In
this range of wavelengths, silica fibers have extremely low losses of less than | dB/km. in
optical communieation systems, glass fibers represent the media through which the light
can be transmitted. It is nccessary for application of VCSELs to understand characteristics
of propagation of VCSEL light down optical fibers. This work prescnts some of such
characteristics for both single- and multi-mode fibers, such as butt-coupling efficiency,
eigenmodes, and macrobending effects using a 980 nm wavelength VCSEL.
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2. Device structure and output characteristics

The VCSEL device under investigation has a selectively oxidized structure and is
grown on (GaAs substratc uvsing solid-source molecular beam cpitaxy. In Fig. 1. a
schematic view of the standard 980 nm VCSEL structurc i1s shown. It consists of a one-
wavclength thick central region which contains threc 8-nm thick Ing 9GagsiAs quantum
wells (QWs) cmbedded in Alg>GagyAs space layers to provide efficient carrier
confincment. The botlom distributed Bragg reflector (DBR) consists of 40.5 n-type
Aly 93Gag 7As/GaAs silicon doped layer pairs. The p-type top DBR consists of 18 carbon
doped Alyg3Gag 7As/GaAs pairs. A 30 nm thick AlAs layer is included in the lowest top
mirror pair and is subsequently oxidized for current confinement after a mesa ciching
process. Finally, titanium-platinum-gold (TiPtAu) is used as p-contact and germanium-
gold-nickel-gold (GeAuNiAu) is used as n-contact. Figure 2(a) plots the light output
characteristics of a 4 um aperture diameter selectively oxidized VCSEL. This device has a
threshold current of 1.5 mA and it starts lasing on the fundamental mode up to 6 mA as
indicated by the closed circle, then becomes multimode for higher currents. The indicated
singlemode range reveals maximum singlemode oulput power of 3.5 mW with 30dB side-
mode suppression ratio {(SMSR) as secn from the measured spectra in Fig. 2(b). [t is also
indicated from thcse spectra that the resonance wavelength shifts toward longer
wavelengths with increasing current. This shifl is mainly governed by thc temperature
gradient of the mean refractive index in the VCSEL resonator duc to the joule heating
within the device by scries resistance, non-radiative recoinbination, and reabsorption of
radiation.

Laser omt

Fig. (1). Schcmatic view of wop cnitting VCSEL structure.

3, Theoretical Model

The overlap integral betwcen the VCSEL and the fiber fundamcntal LPy, transverse
modes can be used to calculate the modal butt-coupling efficiency # of the VCSEL into the
flat-cut uncoated optical fibers as can be scen in Fig. 3.
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Outpul characteristics ol a 4 pm aperture oxide-eonlined VCSEL: (a) L-T and 1-V characteristics of
a 4 pm aperturc oxide-confined VCUSEL. the closed circle define the range of singlemode
operation. {b) specira measurcraents with 0.1 nm resolution within singlemode range of 1.5 and 6

mA.

Optical Fiber

VCSLEL

Fig. (3). Schemalic view of coupling elficiency of VCSEL into single-mode fiher.

The butt-coupling ctficiency is defined as (Ebeling, [993):
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.[TEL (x.,y )E; (x,y dxdy

n= (1
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We evaluated this intcgral analytically by assuming a Gaussian function for the
tundamental LPy; mode fields in both VCSEL £;{x,y) and fiber E-{(x,y) with 1/e’-field radii
wor, and wyr, respectively. The eoupling efficiency is obtained in the form
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where A¥” = Ax? + AY%.

4. Experiment and analyses

The setup used to measure the spatial distribution of the butt-eoupling efficiency
consists mainly of a high precision three-axes piezoelectrically (PE) driven stage and
digital control electronics. Within the travel range of 100 um for each direction, the spatial
resolution is better than 50 nm. The optical output power from a singlemode VCSEL is
launehed into the fiber whieh is mountcd on the PE driven stage and is measured by using
an optical power meter.
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Fig. (4). Experimental setup for spatial distribulion of the coupling efficicncy.

Two step-index single-modc fibers {(SMF) with diffcrent core radii are used. The first type
has core diameter D, = 5 pm and field radius wyr = 2.95 um. Figure S5(a) shows the
mcasured spatial variation of the butt-eoupling efficicncy 5 (closed squares) from the 950
nm wavelength VCSEL with wyg;, = 3 um at 2 mA driving current into this SMF. The
maximum measured value of # is 96% wheu the offset Ar between the fiber and the
VCSEL axes is zcro. The solid line in this figure stands for the calculations using Eq. (2)
along with the given field radii of both the VCSEL and the fiber. It is clear that the
ealculations fit well the observed data exccpt at the central region. This may be due to the
reflected light at the fiber facet which amounts 4% when the light is passing from air to the
glass fiber. The measured peak values of # are plotted in Fig. 5(b) at different driving
currents (open squares) and show a decrease as the driviug current is increased. This is
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attributed 1o shrinkage of the laser spot size wy, by the thermal lensing as measured and
illustrated in Fig. 5(b) by the closed triangles. Also the dashed line in Fig. 5(b) represents
the spot size calculated from the present L-1 and V-1 characteristies using the method given
in Ref. (Mahmoud ef al.. 2001). It becomes clear that the calculated spot size wy; could
reproduce the observed data and shows mode shrinkage as the current is increased.
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Fig. (5). Butt-coupling efficiency # fron the 980 nm singlemode VCSEL into the singlemode fiber with
Geld radius wy. = 2,95 pm: (a) measured spatial distribution al 2 mA driving curremt (elosed
squargs) at which the VCSEL ficld radius is wy; = 3 pm and the calculated one {solid line}, and
(b) the measured peak values of ; at diffcrent currents {open squares) and the calculated values
(solid line). The right axis of (b) plets the measured (closed triangles} and caleulated (solid ling)
beam spot sizc at differenl currents.

The second type of SMF has core diameter Dr = 8.3 um is a standard telecommunication
SMF for 1.3 pm wavelength. For such fiber, the given 950 nm operating wavelength along
with numerical aperture N4 = 0.11 of the fiber results in a frequency parametcr V =
tDpNA /7 = 3.02. Stepindex fibers provide propagation of the fundamental mode up to
V =2.405, and two modes up to ¥ = 3.83. Hence the second-type fiber supporis two
modes. Higher order LP,; mode filtering is realized by using a simple filter consisting of a
fiber loop with 12 mm diamcter and 5 windings. The same filter was also used in Ref.
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(Mahmoud, 2002), but at 820 nm wavelength. The losses of LP;; mode in this case are duc
to the macrobending of the fiber. Figure 6 shows the spatial distribution of # where the
solid squares represent the mcasurements withoul filtering, the triangles represcnt the
measurements with filtcring, and the dotted line stands for the differencc between them.
The spatial distribution of the difference has two loops, which charactcrize the higher order
LP;, mode. Tbe solid line in this figure represents the calculated » using equation (2)
which fits the measured data with filter, which is not the casc without filtering.
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Fig. (6). Spartial disiribution of the butt-coupling efficiency for SMF with D =8.3 ym from the VCSEL with
wy=3 um at 2 A driving current. The closed squares represcnt lthe measnred daia withont

(iltering, the solid (fangles represent the measured ones with [llering, the dashed line represents
the difference hetween thein, and the solid line stands for the calculations using Eq. (2).

The spatial distribution of n,, for a 50 pm Graded-Index (GI) multi-mode fiber is also
measured using the samc single-mode VCSEL with wy; = 3 um. The measured data are
depicted in Fig. 7. The figurc indicates that # has radial tolerance wider than that of the
SMF and has a maximum value around 81%. Equation (2} can not be used to reproduce the
measured data because this type of fibers has a large core diameter and large numerical
aperture, whicb then supports a large number of modes.
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Fig.{7). Spatial distribntion of the buti-coupling efficiency itom a VCSEL with wyy = 3 um into the graded-
index multi-mode fiher with Dp =50 pin.
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4, Conclusion

We characterized the propagation of light cmitted from 980 nm VCSELs down both
single- and multi-mode fibers. The butt-coupling cfficiency, eigenmodes, and
macrobending effects in such fibers were investigated. In the case of singlemode fiber with
a diameter of 5 pm, the efficiency is maximized al 96% and showed current dependence
due to the thermal lensing of the laser beam and the associated spot size shrinkage. As the
diameter of the fiber incrcased to 8.3 pm, the fiber was found to support higher-order
modcs, and the coupling efficiency decreased to 86% after using a simple filter consisting
of a fiber loop with a 12 mm diamcter and 5 windings. The results also showed that the
coupling cfficicney in the 50 pm graded-multimide fihers has a wider radial tolerancc
comparcd with that of single-mode fihers having a maximum value around 81%.
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